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ent donors and in twins. The second phase concentrated on
just five HIV strains with higher MOIs, using earlier time
points for comparison of the initiation and complete RT
products (cDNAs) to determine the site of action of host
genetic effects during first round of replication. CCRS geno-
type, CCRS and CXCR4 expression, and HIV replication were
also correlated for each donor and donor pair.

(i) Phase I. Monocytes or MDM from three pairs of ID twins
and three pairs of URDs were infected with a large panel of 14
primary isolates and with the laboratory adapted strain HIV-
BaL. Two of the isolates (1127 and BaL) always replicated to
high levels, and seven (933, 1114, 1117, 1124, MW, 1097, and
333) produced either undetectable or very low levels of p24
antigen at all time points in all donor monocytes/MDM. How-
ever, six primary isolates (1123, 1039, 1044, 1067, 1068, and
1076) varied in the level of productive infection from low to
intermediate to high, depending on the host cell donor. Other
primary isolates used in the second phase of the study were
also classified in a similar fashion as high (1192), variable
(1101), or low (1052) (54).

In the three pairs of ID twins, the hierarchies of replication
of HIV strains in both monocytes and macrophages were iden-
tical and the kinetic curves of p24 were very similar. BaL, 1127,
and 1123 replicated to high levels in both members (Fig. 1A
and B) of the twin pair, with the others all being low replicat-
ing. In contrast, the patterns of replication of the 15 isolates in
three pairs of unrelated donors were discordant, as shown with
the pair URD1 and URD2 (Fig. 2). For example, five HIV
strains replicated to high or intermediate levels in URD2 but
to lower levels in URDI. In contrast, strain 1068 replicated to
higher levels in URD1. Only three produced similar levels of
p24 in both URD1 and URD2. Two of these (BaL and 1127)
were consistently high replicators in all donor cells.

HIV DNA was quantified as complete RT products by hot
PCR to detect HIV DNA replication at 7 and 14 days, as ear-
lier studies showed HIV DNA levels to peak and plateau at 7
days (54). Overall there was a high correlation between HIV
DNA level and EC HIV p24 antigen (r = 0.88, kappa = 0.57,
P = 0.001 [data not shown]), suggesting that any restriction to
HIV replication occurred at or before RT. However, in some
HIV-monocyte/MDM cultures where production of HIV anti-
gen was very low or undetectable, HIV DNA levels were mod-
erate, indicating that restriction of replication could also occur
after RT. This was observed in 30% of low productive infec-
tions of monocytes but was less common in 5-day-old MDM
(5% [see below]).

Within the three ID twin pairs, both the HIV DNA and p24
antigen levels were similar for each primary isolate and Bal
(r = 0.97, kappa = 0.88, P = 0.001 [data not shown]). The
maximum differences in the productive infection were <1 ng of
p24 antigen per ml and <500 copies of HIV DNA by PCR.
However, within the three pairs of URDs, the HIV DNA and
p24 antigen levels for the variable strains usually differed sig-
nificantly (» = 0.01, kappa = —0.09, P = 0.2 [data not shown]).
These concordant patterns of HIV kinetics between ID twins
and discordant patterns in URDs were observed at any stage of
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maturation of monocytes into MDM (1, 3, and 5 days [see
below]), although the differences were greater in 1-day-old
monocytes (where HIV production is generally lower) (54, 75).

Overall, phase I showed that one-third of the 15 isolates
showed variable replication kinetics for HIV DNA and p24
antigen in different donors, but this variability was almost elim-
inated in ID twins. Although HIV DNA was initially measured
at a fairly late stage (7 and 14 days) in phase I, the high
correlation with p24 antigen suggested that the host genetic
effect acted before or during RT (or possibly on intercellular
spread). These hypotheses were tested more intensively in
phase IL.

(ii) Phase II. MDM at an intermediate stage of differentia-
tion (day 3) were infected with four primary isolates selected
for high (1192), variable (1068 and 1101), or low (1052) levels
of replication and also with the laboratory-adapted HIV strain
BaL. All were infected with the same MOI of 0.1 TCIDs/cell,
which was higher than in the first phase of experiments, to
facilitate detection of HIV DNA during the first cycle of in-
fection before virus spread. The kinetics of HIV p24 antigen
and HIV DNA were compared between the members of the
five ID twin pairs, three NID twin pairs (data not shown), and
seven pairs of URDs. However, HIV DNA was measured ear-
lier in this phase, at days 1, 3, and 7 after infection. As expect-
ed, 1192 replicated to high levels and 1052 replicated to low
levels in most (but not all) donors, whereas 1068 and 1101
showed variable levels. The patterns of HIV replication were
concordant within all of the ID twin pairs, with the same hier-
archy of peak p24 antigen levels and similar levels of HIV
DNA obtained at various time points, especially for the vari-
able HIV strains. The overall correlation within the twin pairs
for each of the five isolates was high (r = 0.98, kappa = 0.90,
P = 0.0001 [Fig. 3B]), especially for the variable strains as
shown in Fig. 4. The levels of incomplete and complete HIV
RT products (HIV ¢cDNA) and p24 antigen levels were much
less variable for 1068 and 1101 within twins than within the
URD pair (Fig. 4 and 5, respectively). In five of seven URD
pairs, there was marked discordance in HIV DNA levels. Over-
all, there was a very poor correlation within all URD pairs (r =
0.29, kappa = 0.04, P = 0.6 [Fig. 3C]).

In some of these pairs (three ID twin pairs and two URD
pairs) hot PCR was repeated with primers detecting the initi-
ation products of HIV RT, showing similar correlations in
most cases (Fig. 4 and 5 show data for strain 1068), suggesting
a restriction to productive infection at a stage pre-RT. How-
ever, with 1052, a consistently low replicating isolate as mea-
sured by p24 antigen, full-length HIV DNA levels were low but
the incomplete DNA levels were higher, suggesting a restric-
tion both before and during RT (Fig. 5).

Overall, there was a very high correlation between HIV
DNA levels (at days 3 and 7) and EC HIV p24 antigen levels
(at days 7 and 14) in each of the HIV-MDM cultures (r = 0.93,
kappa = 0.70, P = 0.0001 [Fig. 3A]), similar to the results in
phase I. There was a high correlation of >90% between HIV
DNA levels and p24 antigen levels at day 7 and 14 for each
strain. However, in HIV-MDM cultures where productive in-

FIG. 4. Phase II: ID twin pairs. Shown are correlations of the kinetics and levels of replication of five HIV isolates with the proportions of CCR5-expressing cells
in 3-day-old MDM from ID twin pair CG (A) and PG (B). Three-day-old MDM were infected with four primary isolates and BaL at a higher MOI of 0.1 TCIDs/cell,
and replication kinetics were examined by assays for EC p24 antigen and DNA PCR. HIV DNA was detected by quantitative PCR using two sets of primer pairs, one
detecting 320-bp DNA fragments spanning the LTR-gag region of nearly full-length HIV DNA and the other detecting 140-bp fragments of the initiation products, in
the R-US5 region of the LTR, of RT to assess entry at day 1 and thereafter. Membrane CCR5 and CXCR4 expression by MDM was examined by flow cytometry using
specific monoclonal antibodies 2D7 (LeukoSite) for CCRS and 12G5 (R & D Systems) for CXCR4. The proportion of cells expressing CCRS and CXCR4 above control
levels is shown. Note the similarity in kinetics between peak of HIV p24 antigen and HIV DNA with variable isolates 1068 and 1101. HIV DNA levels for strain 1052
were low for the first 3 days and then decreased concordantly in both members of the twin pair. EC p24 antigen was undetectable at all stages.
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FIG. 5. Phase II: URD pairs. Shown are correlations of the kinetics and levels of replication of five primary HIV isolates with the proportions of CCRS5 and
CXCR4-expressing cells in 3-day-old MDM from URD pairs. Experimental conditions are as for Fig. 4. Note that even with a high proportion of cells expressing CCRS,
there is pre-RT restriction of replication of the CCR5-using strain 1068 (panel A).
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FIG. 6. Correlation of proportions of 3-day-old MDM expressing CCR5
within URD pairs (A) and within ID twins (B). Membrane CCR5 and CXCR4
expression by MDM was examined as described in the legend to Fig. 4.

fection was persistently very low or undetectable, 5% (15 of
300) showed moderate levels of HIV DNA (even at day 3).
Thus, the restriction to replication in this 5% appeared to be
between the stage of near completion of RT and production of
extracellular virus (i.e., post-RT).

In some HIV-MDM cultures, extracellular fluid levels of re-
verse transcriptase of infectious HIV, HIV DNA, and p24
antigen levels were all tested, and a good correlation was ob-
served (data not shown).

Genotyping and expression of CCR5 in macrophages from
twins and URDs. The presence of the CCRS5 A32 deletion in
twin pairs and URDs was sought by PCR to determine the het-
erozygous or homozygous genotype. No homozygotes for the
A32 mutation were found, but two ID twin pairs (KW/MW and
RG/PG) and three URDs (CR, NS, and SH) were identified as
heterozygotes (Table 1). The heterozygous state did not ap-
pear to alter the level of replication of the two high-replicating
isolates in both ID twins and URDs.

The proportions of cells expressing CCRS were measured by
flow cytometry and found to be more similar within ID twin
pairs (Fig. 6B) than within URD pairs (Fig. 6A) (r = 0.81 and
P = 0.01, for identical twins; » = 0.58 and P = 0.2 for URDs).
There was wide variability in the proportion of CCRS5-express-
ing cells in both the wild type and the CCRS A32 heterozy-
gotes, ranging from <1 to 67% for the wild-type CCRS and
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from 18 to 32% for CCR5 A32 heterozygotes. Hence, the dif-
ferences between the means were not significant (P = 0.35;
Student’s ¢ test).

Importantly, there was also little correlation between the
proportion of CCRS5-expressing cells and the level of replica-
tion of HIV-1 isolates, as shown in Fig. 7. Moderate levels of
productive infection were observed even at low levels of CCRS
expression, except for one URD where <1% of MDM ex-
pressed CCRS. No primary isolate replicated in these cells, and
BaL replicated poorly, with low HIV DNA and p24 antigen
levels. The very low HIV DNA level was consistent with a
block at entry (Fig. 7A).

Sequences of the output strains from MDM infected with
primary HIV-1 isolates. The 15 viral strains initially used to
infect three pairs of ID twins and by URDs were sequenced for
the V3 region of the envelope gene and nef, vpr, vpu, and vif
genes. Sequence alignment and slanted cladograms were con-
structed and inspected for clustering of consistently low, con-
sistently high, or variably replicating strains. As the restriction
to replication at virus entry was most common, the V3 regions
were the most carefully examined. However, as post-RT re-
striction was also observed, the accessory gene sequences for
these isolates were examined too.

There was no consistent clustering of the five low- or three
high-replicating strains for any of the five genes, indicating
there was no consistent sequence motif in any individual gene
facilitating high or low replication (data not shown). However,
the low-replicating strain 1052 clustered separately from the
high or variable strains in the V3 region (Fig. 8A).

The sequences of the predominant output strains from HIV-
infected macrophages from the first two pairs of ID twins and
the first two pairs of URDs (in phase II) were also compared
as cladograms for V3, vpr, and vif. There was a closer associ-
ation of the V3 (Fig. 8A) and vpr (Fig. 8B) sequences of strains
from ID twins than from URDs. For both V3 and vpr, the
strains from the ID twin pairs clustered on the same branch on
7 of 10 occasions but did so for the two URD pairs (1 versus
2 and 3 versus 4) on 0 of 10 occasions (P = 0.0015, Fisher’s
exact test). This discrepancy could not be explained by the dif-
ferences in viral replication affecting sequence variability, as
sequence variability within twin pairs was reduced in both high-
and low-replicating strains. These experiments strongly suggest
that host factors influence viral strain selection from quasispe-
cies.

DISCUSSION

In phase I of this study, we confirmed and extended the
findings of our previous study with a much larger panel of 15
primary HIV isolates used in both 1-day-old monocytes and
5-day-old MDM from three ID twin pairs and three URD
pairs. The primary isolates could be classified as consistently
high, consistently low, or variably replicating isolates in mono-
cytes and macrophages. These patterns were confirmed in
phase II, demonstrating that isolates selected as high, low, or
variable retained these characteristics in a further set of exper-
iments. The variable strains identified in phase I were obvi-
ously the strains most affected by host cell genetics, and this
continued to be true for variable strains in phase II. A host cell
genetic effect was also observed at various stages of maturation
of monocytes into macrophages, despite the increasing permis-
sivity for tropism and productive infection in more advanced
stages of maturation (days 3 to 7 after adherence). Using
quantitative highly sensitive hot PCR to detect and quantify
the first round of HIV RT products during replication (within
the first 3 days) we observed in both phases of the study a high
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FIG. 7. Phase II: URDs. Shown are correlations of levels of HIV replication measured as HIV DNA and EC p24 antigen of 5 HIV-1 strains with CCR5 and CXCR4
expression in 3-day-old MDM from URD pairs (A and B). There were marked restriction of HIV BaL and complete inhibition of the primary isolates (A) when the
level of expression of CCRS was below the threshold of detection, but in panel B, where only 2% of cells expressed CCR5 above control levels, all strains entered the

MDM and replicated well. Experimental conditions were as for Fig. 4.
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and significant correlation between HIV DNA levels and EC
p24 antigens in isolates which consistently replicated to inter-
mediate or high levels and in most of the low-replicating iso-
lates. Therefore, the host cell restriction to HIV productive
infection in variable isolates occurred prior to RT. This was
verified by showing a similar correlation between early and late
RT products and EC p24 antigen levels. The same pattern was
seen in low-replicating viral strains, regardless of host genetics,
except isolate 1052. This consistently low replicating isolate
showed higher levels of HIV DNA produced by initiation RT
primers than levels produced by complete RT primers within
the first 3 days (first cycle), suggesting restriction during RT,
probably determined by the viral genotype. High-replicating
isolates demonstrated HIV DNA levels exceeding 10,000 cop-
ies/million cells, whereas in low-replicating isolates HIV DNA
ranged between 100 to 500 copies/million cells. In both phases
of the study, HIV DNA levels showed a high and significant
correlation within members of the ID twin pairs and discor-
dance between URD pairs in most cases, especially with the
variable strains. In 5% of infections with low-replicating vi-
ruses in MDM and 30% of such infections in monocytes, there
was a substantial nonproductive infection, with undetectable
levels of HIV p24 antigen but moderate levels of HIV DNA. In
most cases, these HIV DNA levels were significant for several
days and then declined.

Taken together, these findings indicate that the major re-
striction to HIV replication in monocytes and macrophages
occurs pre-RT, complementing previous work from our labo-
ratory and others (51, 73). Furthermore, there is clearly a
group of isolates which constitute approximately one-third to
one-half of primary isolates (this study and reference 54)
whose replication is markedly influenced by host cell genetics,
and the major site of impact of this genetic effect is also
pre-RT. We and others have previously shown (12, 36, 51, 56)
that the site of restriction in monocytes/macrophages is likely
to occur after binding to CD4. The results of the present study
suggest that the major host genetic restriction effect is also
after binding to CCRS. The likely site of restriction is later
during viral entry or uncoating (7).

Membrane CCRS levels on T lymphocytes have been re-
ported to vary markedly between individual donors (49), and
here we show this is also true for macrophages at the same
state of differentiation (3 days after adherence). This variability
appears to be genetically determined in macrophages, in view
of the significant correlation between CCRS expression within
twin pairs but not within URD pairs. Surprisingly, there was a
poor correlation between level of productive replication and
CCRS expression except at very low levels. HIV (especially
HIV DNA) replication could be seen at very low or undetect-
able levels of CCRS expression in MDM, suggesting that the
threshold of CCRS receptor expression which restricts HIV
entry is lower than that detectable by flow cytometry. In view of
this lack of correlation of threshold of CCR5 with HIV DNA
levels, it seems likely that there may be unidentified host cell
genes affecting the pre-RT stage of HIV replication, especially
in view of the correlation between low, intermediate, and high
levels of HIV DNA and levels of EC p24 antigen. The marked
differences in these HIV DNA and p24 antigen levels in the
variable isolates between URDs and between members of the
non-ID twin pairs suggest that it may be possible to define
these gene clusters further. The use of as high an inoculum as
possible and highly sensitive PCR within the first 3 days to-
gether with the excellent correlation between day 3 HIV DNA
levels (during the first round of HIV replication in macro-
phages) and p24 antigen levels at days 7 and 14 argue for a
predominant effect on HIV entry other than spread through
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the cell cultures. Nevertheless, host cell genetic effects on HIV
spread are to be examined by in situ PCR as an extension of
these experiments.

As discussed above, CCRS appears to be the major corecep-
tor facilitating HIV entry into macrophages. However, isolates
utilizing CXCR4, CCR3, CCR2b, Bonzo, and Bob have also
been identified. The importance of CCRS as a coreceptor for
T lymphocytes has been demonstrated by the inability to infect
primary T cells from almost all of the individuals who are
homozygous for the A32 mutation. This has recently also been
reported for HIV infection of macrophages (54, 62). However,
some strains are able to circumvent the absence of functional
CCRS by utilizing other coreceptors such as CXCR4, CCR3,
CCR2b, and STRL33 (Bonzo), and probably also GPR15
(Bob) and GPR1, or HIV strains infecting CCRS A32 homozy-
gous individuals (46).

There has been some debate about the importance of the
CCRS A32 heterozygous state in determining susceptibility to
infection. Recent studies have demonstrated reduced amounts
of CCRS expression on the surface of mononuclear cells in
heterozygotes and lower HIV load in vitro (21, 32, 45). Several
studies have now also demonstrated a correlation between the
heterozygous state and slower progression of HIV infection,
suggesting at least some impairment of HIV replication in vivo,
although it is not the sole determinant for long-term nonpro-
gression of disease (11). In this study we sought evidence for an
effect of the A32 mutation in the heterozygous state as an
explanation for the marked host genetic effects on restriction
of HIV entry and uncoating. In heterozygotes, there was a
slight decrease in the mean proportion of MDM expressing
membrane CCRS antigen, but this was masked by high vari-
ability of expression. However, in the small number of het-
erozygotes in this study, there was no clear effect on the con-
centrations of EC p24 antigen or intracellular HIV DNA after
infection of these cells with primary HIV isolates. In general,
all primary isolates replicated to similar levels in heterozygotes
and wild-type CCRS cells.

Recently, evidence that the differences between high- and
low-replicating isolates may also be due to restriction at stages
following RT (33, 50, 69) or due to the variable rate in virus
spread in cultures (71, 75) has been reported. In a minority of
low or variably replicating viruses in this study, the restriction
to replication was found to be post-RT, suggesting that some
isolates are indeed controlled by post-RT host cell mechanisms
(and possibly at the level of viral spread).

The current results resolve some of the controversy between
differing reports of tropism for monocytes/macrophages occur-
ring in the early stages of HIV replication or conversely in the
late stages after RT. Restriction of replication clearly can oc-
cur at both stages, but the predominant effect with most clin-
ical strains is pre-RT. Other studies have mostly used labora-
tory-adapted strains of HIV. Integration of proviral DNA has
also been reported to be essential for viral transcription and
productive infection in MDM (20). Therefore, nuclear impor-
tation into macrophages (which do not undergo mitosis), inte-
gration, or transcription may be defective or influenced by host
cell genetics in some HIV strains. Furthermore, viruses with
high replication efficiency could also be more responsive to
activation of virus transcription induced by cytokines (such as
tumor necrosis factor alpha, interleukin-1, and interleukin-6)
or B-chemokines (37, 53, 58, 60, 77).

All 15 HIV strains used in phase I were sequenced for the
V3 region, in view of its importance in HIV coreceptor binding
and entry. They were also sequenced for the accessory genes
nef, vpu, vif, and vpr, reported to influence HIV replication in
macrophages, particularly at post-RT stages (6, 43). However,
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of V3 and vpr sequences from ID twin pairs than from URD pairs.

no common or similar V3 sequence motifs responsible for
restricting HIV entry into macrophages were identified, nor
did we find any common or similar accessory genes sequence
motifs which may have accounted for post-RT-transcription
restriction of replication.

After infection of macrophages from the first two pairs of ID
twins and the first two pairs of URDs, the predominant output
HIV strains were compared for the effects of host cell genetics
on the selection of strains. This was apparent by inspection of
the cladograms and showed a significant degree of association
of the sequences from two regions of HIV strains within pairs
of ID twins compared with that within the pairs of URDs.

These studies provide strong support for the notion of viral
and host protein interactions at multiple levels within the viral
replication cycle within the cells. Each of these interactions
could provide a potential bottleneck for viral replication (e.g.,
very low levels of membrane CCRS5 with or without the ho-
mozygous CCRS5 A32 mutation). Hence, these bottlenecks may
be defined by the interaction of a specific viral protein and
a critical host protein. This is likely to define the selection of
the predominant strain from within the infecting quasispecies.
Therefore, it is not surprising that viruses emerging from the

cells of identical twins are very similar, whereas virus output
sequences from unrelated donors differ. As the bottleneck may
occur at any stage, such a difference at any one gene may select
different viral sequences appropriate to the host cell protein
sequence. For example, where two donor cells have similar
levels of expression of the same coreceptors on the cell mem-
brane and the bottleneck is at the level of cell proteins involved
in transport of the preintegration complex to the nucleus, this
may select certain strains in the quasispecies through vpr rather
than V3. Nevertheless, vpr and V3 sequences must be linked
within the same genotype, unless recombination occurs, and
this will usually be apparent in comparisons in unrelated do-
nors as shown here. The importance of this type of selection in
vivo compared with immune selection needs to be better de-
fined.

This study demonstrated clearly that the predominant effect
of host cell genetics on HIV replication in monocytes/macro-
phages was manifest as restriction of replication predominantly
prior to RT. To a much lesser extent, there was also post-RT
restriction. Although CCRS appears to be required for HIV
entry into macrophages, our findings suggest that this is likely
to be only one of several host factors determining the level of
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HIV replication in these cells. We are currently expanding this
approach to involve T lymphocytes and more ID/NID twin
pairs and family studies to define other host cell gene clusters
influencing the early stages of HIV replication. Preliminary
results with NID twin pairs have shown a host genetic effect
intermediate between ID twins and URD pairs, as expected.
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