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The macrophage response to HIV-1: Intracellular
control of X4 virus replication accompanied by
activation of chemokine and cytokine synthesis
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During human immunodeficiency virus (HIV)-1 infection, T lymphocytes and
macrophages play dual roles. They are the primary targets for virus replica-
tion, but they are also primary effector cells in acquired and innate immunity,
respectively. The authors are now investigating how these roles come together
in the response of human monocyte-derived macrophages (MDM) to certain
HIV-1. The authors and others have previously shown that MDM permit entry
of some X4 virus strains, but control viral replication intracellularly. In the
present study, viral DNA synthesis, entry into the nucleus, and transcription
to RNA were all observed in X4 virus-infected MDM. MDM arrested HIV-1
replication prior to expression of mature capsid antigen p24 and production
of cell-free infectious viral particles. Cell-associated transmissible HIV-1 was
detected by cocultivation of infected MDM and susceptible T lymphocytes. A
second protective response of MDM to specific R5 as well as X4 HIV-1 was iden-
tified in rapid and extensive secretion of tumor necrosis factor-3, macrophage
inflammatory protein-13, and RANTES. These findings support the view that
MDM act aggressively to control HIV-1 replication: X4 strains by severely lim-
iting the progeny virus production and R5 strains by producing 3-chemokines
competent to block virus entry into target cells. Optimizing these innate im-
mune responses offers another means to control HIV-1 infection in the human
host. Journal of NeuroVirology (2002) 8, 599-610.
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Introduction

Macrophages, unlike CD4-bearing T lymphocytes,
control the outcome of their human immunodefi-
ciency virus (HIV)-1 infection. T cells are suscep-
tible to all known HIV-1 strains, but macrophages
resist productive infection by certain HIV-1. Such
host range can be determined at the level of surface
receptors for virus (Weiss, 1982). Both T lympho-
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cytes and macrophages carry CD4, the major recep-
tor for HIV-1 (Capon and Ward, 1991). Two princi-
pal coreceptors for HIV-1 have also been identified.
CCR5, a p-chemokine receptor, is required by cells
for replication of R5 virus strains previously known
as macrophage-tropic, non—syncytium-inducing, or
slow-low (Alkhatib et al, 1996; Choe et al, 1996;
Deng et al, 1996; Dragic et al, 1996). CXCR4, an
u-chemokine receptor, is required for infection by
lymphotropic, syncytium-inducing, or rapid-high
HIV-1, now termed X4 (Feng et al, 1996). Many pri-
mary strains of HIV-1 can use more than one core-
ceptor (Deng et al, 1996; Bjorndal et al, 1997; Bleul
et al, 1997; Bazan et al, 1998; Zhang et al, 1998). In
early studies, viral host range in many HIV-1 clones
was shown to map to the envelope glycoprotein that
mediates entry into cells (O’Brien et al, 1990; York-
Higgins et al, 1990; Shioda et al, 1991). These obser-
vations suggest that the susceptibility of human cells
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to HIV-1 is determined at the stage of virus entry, de-
pending upon the presence or absence of a required
viral receptor (Alkhatib et al, 1996; Deng et al, 1996).

This prediction was confirmed with regard to the
pivotal role played by CCR5 in the replication of R5
HIV-1. Many transformed human cells lack CCR5,
but once CCR5 is expressed via transfection, they
acquire susceptibility to R5 virus replication (Choe
et al, 1996; Deng et al, 1996; Dragic et al, 1996;
Cheng-Mayer et al, 1997). Primary T lymphocytes
and macrophages both display CCR5, in part as a
function of differentiation (Bleul et al, 1997; Naif
et al, 1998), consistent with their susceptibility to
R5 HIV-1. However, susceptibility to X4 HIV-1 does
not follow such a clear course. Even in the target cell
lines specifically engineered to determine the corre-
lation between receptor utilization and virus replica-
tion, there are discrepancies between efficient recog-
nition of CXCR4 and virus expression (Cheng-Mayer
et al, 1997). Such discrepancies are most apparent in
the restricted infection of macrophages by X4 viruses,
which were originally defined as incapable of repli-
cation in macrophages (O’Brien et al, 1990; York-
Higgins et al, 1990; Shioda et al, 1991). Previously,
we showed that X4 HIV-1 can bind and fuse with
primary macrophages, but fail at later stages of infec-
tion (Potash et al, 1992). Corroboration was provided
in reports that macrophage carry CXCR4 (McKnight
et al, 1997; Zaitseva et al, 1997; Yi et al, 1998) and
that CXCR4 and CD4 mediate fusion between pri-
mary macrophages and X4 HIV-1 (Bazan et al, 1998;
Schmidtmayerova et al, 1998). Finally, primary X4
viruses have been identified that productively infect
macrophages (Simmons et al, 1998), potentially as a
result of a lower requirement for cell surface CXCR4
(Tokunaga et al, 2001), in contrast to the bulk of pre-
vious work (O’Brien et al, 1990; Shioda et al, 1991;
Schmidtmayerova et al, 1992, 1998; Huang et al,
1993; Mori et al, 1993; Fouchier et al, 1994). We and
other investigators reported viral DNA synthesis in
X4 HIV-1 infected macrophages (Schmidtmayerova
et al, 1992, 1998; Huang et al, 1993; Mori et al, 1993).
Thus, macrophages impose restriction upon X4 virus
replication intracellularly, implying a macrophage-
specific cell function, different from receptor display,
that arrests the HIV-1 life cycle.

In addition, binding of X4 HIV-1 and its en-
velope glycoprotein gp120 induces several differ-
ent responses in macrophages, some of which may
be protective. For example, laboratory-adapted X4
HIV-1 and their gp120 were shown to induce Ca?"
uptake (Liu et al, 2000), secretion of unidentified
neurotoxins (Giulian et al, 1993), apoptosis (Zheng
et al, 1999), and membrane tumor necrosis factor-u
(TNF-u)—driven induction of apoptosis in neighbor-
ing cells (Herbein et al, 1998). One of the first stud-
ies in the area indicated that HIV-1 activation of
macrophages to interleukin (IL)-1x and TNF-u se-
cretion does not require virus replication (Merrill
et al, 1989), a key attribute of the various X4 HIV-1

responses (O’Brien et al, 1990; Shioda et al, 1991;
Schmidtmayerova et al, 1992, 1998; Huang et al,
1993; Mori et al, 1993; Fouchier et al, 1994). Our re-
cent work demonstrated that macrophages respond
to certain R5 and X4 HIV-1 by secretion of abun-
dant TNF-u and p-chemokines (Choe et al, 2001),
all of which are proposed to function during HIV-1
pathogenesis and control. Thus, macrophages engage
in characteristic innate immune responses of secre-
tion of proinflammatory cytokines TNF-x and IL-1u,
as well as other physiologically relevant factors by
exposure to HIV-1, independent of productive virus
infection.

The present work had two goals. First, with the
long-term goal of defining antiviral immunity to
X4 HIV-1 in macrophages, we chose first to iden-
tify the site of the restriction in the HIV-1 life cy-
cle. We adopted this course because of relative ease
of conducting well-defined assays of viral DNA,
RNA, and protein expression in contrast to a search
within the rather large body of cellular antiviral el-
ements. Second, turning to extracellular products
of macrophages, we proposed to extend our recent
study to more closely define the time course of
chemokine and cytokine synthesis after macrophage
activation by HIV-1. This study reports two dis-
tinct and powerful responses of macrophages with
the potential to limit the spread of HIV-1 in the
human host.

Results

Monocyte-derived macrophages resist productive
infection by X4 HIV-1

We first used the levels of extracellular p24 to rank
different X4 HIV-1 species during replication in
monocyte-derived macrophages (MDM) for the pro-
ductivity of infection. Six X4 viruses were tested for
replication in MDM derived from 14 different donors
(Table 1). The R5 recombinant virus, NLHXADA-GP
(Westervelt et al, 1991), used as a positive control,
productively infected MDM from all donors, yielding
25 to 130 ng p24 per ml culture supernatant. The six
X4 viruses synthesized little p24, with the most pro-
ductive, NDK and HTLV-IlIg, reaching 2% to 9% the
levels attained by NLHXADA-GP in the same batch
of MDM, consistent with other reports (Collman et al,
1989; Ho et al, 1992; Hirsch et al, 1996). Thus,
many X4 HIV-1 strains produce low levels of p24 in
MDM, confirming that by this criterion they can be
distinguished from R5 HIV-1 strains.

MDM permit viral DNA synthesis and nuclear
transport during X4 HIV-1 infection

Our goal is to determine the stage in the vi-
ral life cycle at which MDM impose restriction
upon X4 virus replication. We compared synthe-
sis of strong stop DNA, the first product of reverse
transcription, and gag region DNA in NDK- and



Table 1 Replication of X4 viral clones and strains in MDM
determined by p24 expression

X4
Experiment R5GP Z6 PG NL4-3 NIT-A IIIB NDK
1 80,650 29 74 — — — —
2 53,310 — 75 696 — — —
3 63,180 — 135 45 — — —
4 24,885 — — 44 — — —
5 30,600 — — — 271 557 —
6 45,500 — — — 105 — —
7 55,400 — — — 42 — —
8 131,000 — — — — — 2265
9 48,300 — — — — — 1270
10 73,200 — — — — — 2085
11 46,200 — — 17 1055 — 1945
12 46,000 — — — 217 4030 2890
13 55,000 — — — — — 863
14 48,300 — — — — — 1217

Note. MDM were infected with NLHXADA-GP at 0.25 to 0.5 pg
p24 per cell and with various X4 strains at 1 pg p24 per cell and
evaluated at the peak of GP infection (12 to 14 days) for p24 levels
in culture supernatants.

NLHXADA-GP-infected MDM by quantitative poly-
merase chain reaction (PCR) (Figure 1). Note that
lysates of NLHXADA-GP—-infected cells were diluted
when appropriate to generate signals that fall within
the standard curve of amplification of 8E5 cell DNA;
the dilution factor is indicated in Figure 1. The ab-
sence of detectable PCR products at 0 h indicates
that there was no contaminating viral DNA present
in viral stocks. Twenty-four hours after infection, the
levels of strong stop and gag DNA were similar in
NDK- and NLHXADA-GP—infected MDM, indicating
similar efficiencies of viral entry and reverse tran-
scription, which is consistent with the results of pre-
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Figure 1 Forms of viral DNA present in MDM infected with R5
or X4 HIV-1. MDM were infected and at the indicated times af-
ter infection cells were harvested for amplification of viral DNA
by PCR as described in Materials and Methods. The products of
10,000 cells or a 2-fold or 20-fold dilution of their product were
electrophoresed. A standard curve of amplification of viral DNA
in graded numbers of 8E5 cells was run in parallel for comparison.
N indicates NDK-infected cells, G indicates NLHXADA-GP-
infected cells.
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vious studies (Schmidtmayerova et al, 1992, 1998;
Huang et al, 1993). Viral DNA copies increased in
both populations of cells and the ratio of incomplete
to completed DNA molecules was similar in both
populations of cells, suggesting that the completion
of reverse transcription of NDK and NLHXADA-GP
were comparable. However, the rate of increase in
DNA burden was lower in NDK- than in NLHXADA-
GP—infected cells. These data rule out the possibility
that viral entry leading to reverse transcription within
24 h is the major limiting factor in NDK infection of
MDM. It should be noted that other X4 viruses, for
instance NL4-3, failed to synthesize detectable DNA
in infected macropahges (data not shown), consistent
with a major block to replication at virus entry as
previously described (Fouchier et al, 1994).

We repeated the infections and gag amplification
and used densitometry to determine DNA copy
number (Figure 2). The viral DNA burden increased
in NLHXADA-GP-infected MDM, reaching about
1800 copies per 10,000 cells 18 days after infection.
DNA burden increased in NDK-infected MDM more
slowly, reaching a peak of about 300 copies per
10,000 cells at the end of observation. The difference
between viral DNA burdens in cells infected by NDK
and NLHXADA-GP was insufficient to account for
the magnitude of differences in the production of
P24 core antigen (Table 1). Therefore, we continued
analysis of post—-DNA synthesis phases during HIV-1
replication in MDM.
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Figure 2 Viral DNA burden in MDM infected with R5 or X4 HIV-1.
MDM were infected and viral DNA was analyzed as described in
Materials and Methods. The signal from the autoradiogram was
subjected to densitometry and the viral DNA copy per 10,000 cells
was calculated. Open squares indicate PCR products present in
NLHXADA-GP-infected cells, closed circles indicate products in
NDK-infected cells.
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Figure 3 Viral DNA localization in MDM infected with R5 or X4
HIV-1. MDM were infected and 3 or 6 days after infection, as indi-
cated, were harvested and fractionated into nuclear and cytoplas-
mic; lysates were standardized and were subjected to PCR ampli-
fication of HIV-1 gag DNA as described in Materials and Methods.
N indicates NDK-infected cells, G indicates NLHXADA-GP—
infected cells.

- 286 bp

To determine whether the block to X4 virus replica-
tion occurred during nuclear entry of viral DNA, we
fractionated NDK- or NLHXADA-GP—infected MDM
into nuclei and cytoplasm, and then performed PCR
upon the isolated compartments (Figure 3). We used
amplification of the chromosomal gene i globin as a
control for fractionation. Nuclear DNA was standard-
ized in reference to the pu globin signal, and cytoplas-
mic fractions were diluted by the same factor, as indi-
cated in Figure 3. The localization of viral DNA was
similar in NLHXADA-GP- and NDK-infected MDM.
In both infections, viral DNA was associated with the
nuclear fraction by 3 days after infection, and almost
absent from the cytoplasm at that time. The very low
signals of u globin DNA in cytoplasmic fractions indi-
cated that they contained little nuclear DNA. Because
viral DNA synthesis continued until 14 to 18 days
after infection in other experiments (Figure 2), it is
possible that some reverse transcription takes place
in the nucleus. We conclude that nuclear entry of
viral DNA is efficient in X4 HIV-1-infected MDM.

MDM permit transcription of X4 HIV-1

To determine whether the nuclear DNA of X4 HIV-1
is transcribed in MDM, we extracted total cellular
RNA from infected MDM and subjected it to re-
verse transcriptase (RT)-PCR using primers to am-
plify doubly spliced or unspliced viral RNA (Klotman
et al, 1991) (Figure 4). In this experiment we also in-
cluded HTLV-IIIz infected MDM, because they pro-
duced detectable p24 (Table 1) (Collman et al, 1989).
Cell lysates were diluted prior to amplification to
obtain signal within the standard curve to facili-
tate comparison of RNA levels among infected cells.
MDM infected by NLHXADA-GP, NDK, or HTLV-III
produced comparable levels of doubly spliced mes-
senger RNA (Figure 4, panel A). That the amplified
product arose from viral RNA and not DNA is indi-
cated in the absence of product when reverse tran-
scriptase was omitted. The experiment was repeated
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Figure4 Forms of viral RNA present in MDM infected with R5 or
X4 HIV-1. MDM were infected and RNA was isolated as described
in Materials and Methods. RNA was incubated with (+) or with-
out (o ) reverse transcriptase for synthesis of cDNA and both pools
were then subjected to amplification using the primers which am-
plify tat, rev, and nef doubly spliced mRNAs (panels A and C),
or gag unspliced mRNA (panel B) as described in Klotman et al
(1991). Cells from the same experiment were used for amplification
shown in panels B and C.
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and PCR was conducted using primers for the gag re-
gion, which amplify unspliced or genomic RNA, as
well as primers for doubly spliced RNA (Figure 4,
panels B and C). All RNAs were detected in each in-
fected MDM population. In this experiment, the lev-
els of tat and rev mRNAs differed among the infected
cells; however, this may be a result of MDM donor
variation, because there were no pronounced quan-
titative differences in RNA levels in the experiment
shown in panel A. Thus viral RNA can be synthesized
in MDM infected by X4 HIV-1, confirming that X4 vi-
ral DNA can enter the nucleus and integrate in MDM.

MDM restrict the production of cell-free but not
cell-associated progeny X4 HIV-1

To evaluate completion of the HIV-1 life cycle,
we chose to measure the production of infectious
progeny virus, which requires genomic RNA, the
replicative enzymes, and processed envelope but
may not require mature viral particles (McCune et al,
1988; Sato et al, 1992; Vogt, 1996). To be able to de-
tect changes in titer of progeny virus with time, we
cocultured MDM at different times after infec-
tion with autologous peripheral blood lymphocytes
(PBL). After 6 h of culture, nonadherent PBL were col-
lected and cultured separately from MDM. As shown
in Figure 5, the levels of progeny virus, determined
by transmission to PBL, rose over the course of MDM
infection by NDK. Day 7 after infection, no progeny
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Figure 5 Kinetics of production of infectious progeny virus in MDM infected with R5 or X4 HIV-1. MDM were infected with 0.1 pg p24
ADA per cell or 2.0 pg p24 NDK per cell, and at 7, 14, and 21 days after infection, an equal number of autologous PBL were exposed to
MDM for 6 h and then cultured separately. The levels of extracellular p24 produced by MDM (Donors) or by PBL from each infection was
measured at the indicated time points. Open squares indicate ADA-infected cells, closed circles indicate NDK-infected cells.

virus was detectable, indicating that the NDK used
to infect donor MDM was not carried over into the
target PBL. However, on day 14 or 21 after their infec-
tion, NDK-infected cells produced infectious progeny
within fivefold the level produced by ADA-infected
MDM. Thus, HIV-1 produced by NDK-infected MDM
was efficiently transmitted to T cells by cell-cell con-
tact. In contrast, the amount of p24 in HIV-1 secreted
by MDM infected with R5 or X4 virus differed signif-
icantly. Fourteen days after infection, ADA-infected
MDM produced 51,000 pg p24 per ml and NDK-
infected MDM produced 17 pg p24 per ml culture
medium. These findings suggest that the amount of
p24 secreted does not reflect the extent of transmissi-
ble HIV-1 produced by infected MDM. Knowing that
virus transmissible by cell contact was synthesized
by X4 HIV-1-infected MDM, we compared the pro-
duction of cell-associated and cell-free progeny virus.
PBL were infected for 6 h with supernatants of autol-
ogous macrophages standardized for p24 content or
by coculture with equal numbers of ADA- or NDK-
infected macrophages. Extracellular p24 was assayed
in infected PBL as a measure of the virus transmitted
(Figure 6). Both ADA- and NDK-infected MDM effi-
ciently transmitted HIV-1 to PBL by transient cocul-
ture (Figure 6B). However, only ADA-infected MDM
produced infectious virions; NDK secreted by in-
fected MDM was not infectious (Figure 6A). Our
results support the view that there are qualitative
differences in the requirements for cell-free and cell-
cell transmission of X4 HIV-1 from macrophages and
the conclusion of other investigators that mature vi-
ral particles are dispensable for cell-cell transmis-

sion (Sato et al, 1992). These findings indicate that
certain X4 HIV-1-infected MDM can produce infec-
tious progeny virus capable of spreading to suscepti-
ble lymphocytes. Our findings also introduce a new
cell-specific control of retroviral life cycle through
which MDM restrict the production of infectious vi-
ral particles, although permitting synthesis of other
viral products.
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Figure 6 Comparison of infectivity of progeny of MDM infected
with R5 or X4 HIV-1 by cell-free and cell-to-cell transmission.
MDM were infected with 0.1 pg p24 ADA per cell or 2.0 pg p24
NDK per cell and 14 days after infection, extracellular virions were
harvested, standardized by p24 content, and used to infect autol-
ogous PBL (panel A) or PBL were infected by 6-h coculture with
infected MDM (panel B). HIV-1 expression by PBL was measured
by the levels of extracellular p24 at the indicated time points.
Open squares indicated ADA-infected cells, closed circles indicate
NDK-infected cells.



Macrophage responses to HIV-1
604 IH Chowdhury et al

35000 7000
{
|

MIP-1¢ (pg/mi)
RANTES (pg/ml)

2000 -

1000 4

0 8

e |

A0000

TNF-o: (pgiml)

10000 4

16 24 32 40

hours after exposure

Figure 7 Time course of secretion of u-chemokines and TNF-x by MDM infected with R5 and X4 HIV-1. MDM were infected with the
indicated HIV-1 species or were cultured with 1 ug per ml LPS and supernatants were collected at the indicated times for measurement

of the levels of MIP-1u, RANTES, and TNF-u by ELISA.

X4 and R5 HIV-1 elicit the rapid production

of u-chemokines and TNF-p

We have recently found that certain strains of HIV-1,
independent of coreceptor phenoytpe or replication,
induce MDM to secrete u-chemokines and TNF-u
(Choe et al, 2001). Here, we tested four virus strains
for the time course of induction of these factors as
a first step to constructing a pathway of MDM acti-
vation (Figure 7). As we previously reported, ADA
and HTLV-IIIz induced synthesis of macrophage in-
flammatory protein (MIP)-1u, RANTES, and TNF-y,
but YU-2 and NL4-3 did not. We can exclude that
differences in cells used to produce virus con-
tribute to the effect in our previous observation that
NLHXAD4-GP activates cells whereas YU-2 does not,
although both are produced by transfection (Choe
et al, 2001). Although each of these factors was in-
duced by 8 h after exposure, the kinetics of their
production differs. TNF-u reached a very high peak
at 8 h after ADA or HTLV-IIIy infection that was
maintained over 24 h. By contrast, RANTES produc-
tion increased over 40 h after infection. We were
able to distinguish exposure to HTLV-III5 from ex-
posure to ADA in the kinetics of MIP-1u synthe-
sis. HTLV-IIIp induced continued synthesis over 40 h
but ADA- or lipopolysaccharide (LPS)-induced syn-
thesis reached a peak at 8 h after exposure. Simi-
lar results were obtained with different macrophage
donors (data not shown). This difference may relate
to affinity or occupancy of a receptor for HIV-1 that
is unknown, but that is different from CD4, CCRS5,
or CXCR4 (Choe et al, 2001). Similarly, the speci-
ficity for sequences within the envelope required for
this activation is not straightforward, appearing to
consist of determinants both within and outside the
V3 region, as we previously discussed (Choe et al,
2001).

Discussion

The results presented here demonstrate that MDM
actively control HIV-1 replication at several levels.
MDM arrested X4 HIV-1 infection prior to the pro-
duction of mature p24 and transmissible virions. Cer-
tain X4 and R5 HIV-1 also induce innate immune
responses by macrophages in synthesis of R5 virus,
inhibiting u-chemokines and the inflammatory cy-
tokine TNF-u (Choe et al, 2001). Such studies support
the view that a global appreciation for HIV-1 repli-
cation must include awareness of the set of cellular
functions modulated by virus exposure. Considering
that a “smoldering” infection may persist despite ap-
parently efficacious antiviral therapy (Fraser et al,
2001; Zhu et al, 2002), cellular responses to HIV-1
unlinked to high-level virus replication may have
significant impacts upon health.

One important conclusion of our results is that the
host cells may impose restriction on virus replication
after entry into cells at stages involving maturation of
structural proteins and virions. The recognition that
the host cell can impose both early (at entry) and late
(after proviral formation) restrictions on viral repli-
cation is consistent with more than 30 years of retro-
viral research (Weiss, 1982). In quantitative terms, R5
NLHXADA-GP-infected MDM synthesized sixfold
more viral DNA than NDK-infected cells (Figure 2),
but NLHXADA-GP-infected MDM synthesized up to
200-fold more p24 than NDK-infected cells (Table 1).
This places a defect in the replication of these X4
HIV-1 strains in MDM after viral entry and viral
DNA synthesis. Very similar results on NDK infec-
tion of MDM have been reported (Schmidtmayerova
et al, 1998). A final subset of X4 HIV-1 that produc-
tively infects macrophages has also been identified
(Simmons et al, 1998). This unique group broadens



the definition of tropism; but the efficiency of their
infection obviates their use for investigation of the
macrophage responses to nonproductive X4 HIV-1
infection.

We continued our comparison of R5 and X4
HIV-1 infection of MDM in evaluation of nuclear im-
port of viral DNA, transcription of viral RNA, and the
synthesis of progeny virus. Using cell fractionation,
we demonstrated that X4 HIV-1 DNA can enter the
macrophage nucleus. Schmidtmayerova et al. (1998),
in similar experiments, found inefficient nuclear en-
try of viral DNA in NDK-infected MDM and attributed
the absence of p24 to this block in replication.
We interpret their data somewhat differently. They
reported a 1000-fold difference in p24 production be-
tween MDM infected with R5 and with X4 HIV-1, con-
sistent with our findings, and only a 10-fold differ-
ence between these cells in HIV-1 DNA localization in
the nucleus (Schmidtmayerova et al, 1998). We sug-
gest that their data support ours in identifying a step
following nuclear entry of viral DNA that restricts X4
HIV-1 infection of MDM prior to p24 synthesis. From
our studies, this block follows DNA integration and
RNA synthesis. We found comparable levels of both
doubly spliced and unspliced viral RNA in NDK-,
HTLV-lIllz—, and NLHXADA-GP—infected MDM
(Figure 4). Because X4 HIV-1-infected macrophages
produce viral RNA and some viral proteins, we
speculated that they might also produce a p24-poor
form of virus transmissible by cocultivation.

Previous studies have shown that cell-to-cell trans-
mission of HIV-1 is extremely efficient and may dis-
pense with the requirement for mature virions char-
acteristic of cell-free virus transmission (Sato et al,
1992). Studies reported here confirmed this proposal:
X4-infected MDM transmitted virus to lymphocytes
by coculture (Figures 5 and 6). The increase in titer
of transmissible progeny HIV-1 over the course of
NDK infection of MDM is a clear indication of active
synthesis of an infectious form of virus. However, it
was necessary to compare the titer of cell-free and
cell-associated forms of progeny virus to determine
whether the minor component of p24 produced by X4
HIV-1-infected MDM accounted for viral transmis-
sion. If so, standardization of cell-free X4 and R5 virus
by p24 content should also standardize virion infec-
tivity. Because NDK-infected MDM produced very lit-
tle p24, their supernatants were concentrated relative
to those of ADA-infected MDM, but cocultures were
carried out with equal numbers of NDK- and ADA-
infected MDM. We found that cell-free NDK pro-
duced by MDM was not infectious, but that progeny
virus from the same cells was infectious through
coculture. We conclude that there are circumstances
in which mature Gag protein is dispensable for HIV-
1 transmission, such as in the instances shown here,
during cell-cell transmission from infected MDM to
T cells.

Atthistime, we can only speculate about the reason
that X4 HIV-1 fails to produce p24 in MDM, despite

Macrophage responses to HIV-1
IH Chowdhury et al 605

the completion of preceeding steps in viral replica-
tion and its replication competence in T lympho-
cytes. It has been suggested that signals induced by
HIV-1 envelope binding to a coreceptor determine the
outcome of viral infection after entry (Littman, 1998).
However, dual-tropic HIV-1 can employ CXCR4 on
CCR5-negative MDM for entry and productive in-
fection (Yi et al, 1998), indicating both that signals
through CXCR4 do not obligatorily abort HIV-1 pro-
duction and that signals through CCR5 are not neces-
sary for productive MDM infection. Ligation of CCR5-
and G; protein—mediated signal transduction have
been shown to enhance the replication of X4 HIV-1
in CD4-bearing T cells (Kinter et al, 1998), a clear
demonstration that ligand binding of chemokine re-
ceptors can influence the efficiency of HIV-1 repli-
cation, independent of virus entry. Our observations
and those of other investigators (Schmidtmayerova
et al, 1992, 1998; Huang et al, 1993; Mori et al, 1993;
Bazan et al, 1998; Yi et al, 1998) indicate that the func-
tion of the viral envelope glycoprotein in controlling
host cell range of HIV-1 extends beyond interactions
with receptors on cell surfaces to influence intracellu-
lar processes during viral replication. There are also
precedents for induction of antiviral activity during
nonproductive HIV-1 infection, such as X4 infection
of MDM studied here. We have recently shown that
infection of primary or transformed T lymphocytes
by attenuated virus induced the synthesis of still un-
known antiviral factors, which block HIV-1 transcrip-
tion within the cell of origin as well as in by stander
cells exposed to conditioned medium (Simm et al,
2000, 2002).

The majority of X4 viruses characterized do not
productively infect macrophages, as determined by
viral protein production. As shown here, such X4
HIV-1 can persist in MDM and can be transmitted to
T cells during cell-cell contact. Our findings raise the
possibility that macrophages in the human host simi-
larly carry and transmit such X4 HIV-1. The finding of
a key residue determining X4 utilization in viral en-
velope sequences from alveolar macrophages of HIV-
1-infected persons supports this proposition (Itescu
et al, 1994). More recently, an end-stage simian
immunodeficiency virus (SIV) was described with
properties of transmission very similar to those de-
scribed for X4 HIV-1 here. SIVp3s9 can infect primary
macrophages, although infected cells do not produce
detectable viral core antigen (Holterman et al, 2001).
Nonetheless SIVpzs9-infected macrophages produce
virus transmissible by cocultivation to primary lym-
phocytes as we observe for X4 HIV-1. It is tempt-
ing to suggest that X4 virus characteristic of disease
can reside within a macrophage reservoir, produc-
ing transmissible virus. Macrophages thereby create
a barrier to disease progression by blocking the
production of infectious virions, but the barrier is
imperfect because cell-to-cell transmission of virus
is maintained. Cell-to-cell transmission of X4 HIV-1
from infected macrophages or microglial cells may
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have particular significance in the context of HIV-
1-associated dementia. Multinucleated giant cells,
generally referred to as the hallmark of HIV-1 in-
fection of the nervous system, consist of synctia of
macrophages and/or microglial cells, presumably as
a result of the display of fusogenic viral envelope
on the cell surface permitting fusion with cells dis-
playing viral receptors (Sharer, 1992). Because cell-
to-cell transmission of HIV-1 requires surface de-
position of viral envelope (Sato et al, 1992), our
study indicates that X4 HIV-1—-infected macrophages
have the potential to contribute to the generation
of such pathological cellular structures. Moreover,
reports from many investigators indicate that X4
HIV-1 or gp120 is toxic to neurons (reviewed in Kaul
et al, 2001). Our findings support the possibility that
macrophages display X4 HIV-1 envelope, available to
bind receptors on other cells, initiating this apoptotic
cascade.

Many functional abnormalities have been at-
tributed to HIV-1 infection of macrophages (Meltzer
and Gendelman, 1992). It may now be appropri-
ate to consider protective pathways initiated in
macrophages by HIV-1 exposure or infection. Unlike
infected T lymphocytes, macrophages infected by X4
HIV-1 fail to secrete infectious progeny virus and
constitute a dead-end for virus propagation through
cell-free HIV-1. However, such interaction is not neu-
tral. Findings reported here and previously by our-
selves and others indicate that certain X4 and R5
virus strains induce innate immune responses by
macrophages (Merrill et al, 1989; Choe et al, 2001)
and may block local productive infection of both
lymphocytes and macrophages by R5 virus through
secretion of u-chemokines (Schmidtmayerova et al,
1996; Swingler et al, 1999; Choe et al, 2001;
Fantuzzi et al, 2001). It is important to note that
the same virus-inhibiting factors, MIP-1x and MIP-
1u, were found in brain macrophages from HIV-1—
infected patients with dementia, but not without de-
mentia (Schmidtmayerova et al, 1996), suggesting
that such responses accelerate, rather than diminish,
disease progression. Another report indicates that pa-
tients with higher concentrations of MIP-1u/u and
RANTES in cerebrospinal fluid experience less neu-
rological impairment than those with lower levels
of u-chemokines (Letendre et al, 1999). Only further
studies will determine the balance of protective ver-
sus destructive consequences of the interaction of
HIV-1 with macrophages, an essential step for shift-
ing this balance in favor of the HIV-1-infected human
host.

Materials and methods

Cells

Human monocytes were isolated by elutriation from
blood collected from healthy, HIV-1-negative donors
and were cultured at 2-3 o 10° cells per well in

Dulbecco’s modified Eagle’s medium (DMEM) with
10% antibody-positive human serum and 10% giant
cell tumor conditioned medium (Sigma, St. Louis,
MO), antibiotics, and glutamine. Greater than 98%
of cells were nonspecific esterase positive. Mono-
cytes were allowed to adhere and differentiate to
macrophages (MDM) for 5 to 7 days prior to infec-
tion or transfection. PBL were harvested from the
same elutriations and were cultured in phytohemag-
glutinin and IL-2 (Biotest, Denville, NJ).

HIV-1 propagation and infection

The X4 molecular clones, HIV-1 pN1T-A (Sakai et al,
1988), pNDK (Ellrodt et al, 1984), pNL4-3 (Adachi
et al, 1986), pNLHXADA-PG (Westervelt et al, 1991),
pZ6 (Srinivasan et al, 1987), and strain HTLV-IlIg
(Popovic et al, 1984); R5 clones pNLHXADA-GP
(Westervelt et al, 1991), and Yu-2 (Li et al, 1991),
and R5 isolate ADA (Gendelman et al, 1988; Li et al,
1991) were used in this study. Virus stocks were pre-
pared by calcium phosphate-mediated transfection
of proviral DNA into RD cells, by chronic infection of
H9 cells, or by passage in macrophages (Gendelman
et al, 1988). Virus was harvested by low-speed cen-
trifugation of cell supernatants. Viral particles were
concentrated by centrifugation at 12,000 0 gand were
quantified by the p24 enzyme-linked immunosor-
bent assay (ELISA) kit for p24, HIV Ag kit (Coulter,
Hialeah, FL), and frozen in aliquots at o 80°C until
use. MDM were infected with 1 to 2 pg p24 per cell
by X4 viruses and 0.1 to 0.5 pg p24 per cell by R5.
Infection was monitored by measurement of p24 in
cell supernatants, by analysis of viral DNA or RNA
synthesis by PCR, or by virus transmission studies as
described below. For experiments involving PCR, vi-
ral particles were collected by ultracentrifugation, fil-
tered through 0.45-um filters, and treated with type II
bovine pancreatic DNase (Sigma) at 4000 U per ml in
40 mM Tris-HCI, 6 mM MgCl,, and 2 mM CaCl, for
1 h at 37°C, prior to infection. Infections were per-
formed by incubating virus with target cells for 2 h at
37°C; unfused virions were then washed off and cells
were cultured under standard condition as described
above.

PCR amplification of HIV-1 DNA and RNA

At the time points indicated below, MDM were har-
vested for PCR by gentle scraping and centrifugation
at 200 o g. After two washes in phosphate-buffered
saline (PBS), dry cell pellets were frozen at o 80°C un-
til the completion of the experiment, at which time
all samples were processed in parallel. Lysates were
prepared by resuspending cell pellets in equal vol-
umes of solution A (10 mM Tris, pH 8.3, 100 mM
KCl, 2.5 mM MgCl;) and solution B (10 mM Tris,
pH 8.3, 2.5 mM MgCl,, 1% Tween, 1% NP40, 60 ug
proteinase K per ml) to a final concentration of 5000
cell equivalent per ul, followed by incubation at
55°C for 1 h and at 95°C for 15 min. PCR was per-
formed under standard conditions (Inis et al, 1990)
as we described previously (Sova and Volsky, 1993;



Chowdhury et al, 1996). In brief, 2 ul of the cell
lysate (equivalent to 10,000 cells) were mixed in 25 ul
buffer consisting of 10 mM Tris (pH 9.0), 50 mM KCI,
1.5 mM MgCl,, 0.2 mM dNTPs, 0.2 to 0.6 mM each
primers, and 2.5 U Taq polymerase (Perkin-Elmer-
Cetus, Norwalk, CT). Amplification was performed
for 30 to 40 cycles of 94°C for 1 min, 55°C for 1 min,
and 72°C for 1 min, followed by extension at 72°C
for 15 min. Cell equivalents in lysates were deter-
mined by amplification of the cellular u globin gene
as described (Bauer et al, 1991) and densitometry of
the PCR products; cell lysates were accordingly nor-
malized for amplification of HIV-1 DNA. Two sets
of primer pairs were used for amplification of dif-
ferent regions of the HIV-1 genome, corresponding
to incomplete (strong stop) and gag regions, respec-
tively. Map positions are reported in reference to the
NL4-3 genome. Primers M667 and AA55 (Zack et al,
1990) were used to amplify a region of 140 bp of
strong stop DNA. HIV-1 DNA containing the gag re-
gion was detected using the primer pair RR1 (1312—
1337) and RR2 (1695-1720), which produce a frag-
ment of 408 bp. The radiolabeled probe for strong
stop DNA was M669 (Zack et al, 1990) and for gag
DNA was SK19 (Ou et al, 1988). Blotting, transfer, hy-
bridization, and autoradiography were performed ac-
cording to standard techniques (Ausubel et al, 1989).
HIV-1 DNA was quantified by densitometry in refer-
ence to PCR products of a standard curve of graded
numbers of 8E5 cells, which contain 1 copy of vi-
ral DNA per cell (Folks et al, 1986). To permit reli-
able quantitation of viral DNA in infection kinetics
experiments, after initial amplification and gel anal-
ysis as described above, samples with signals above
the linear range of the standard curve were diluted
and reamplified along with other samples. The di-
lution factor is noted in figures. For analysis, HIV-1
RNA was isolated from HIV-1-infected MDM 14 days
after infection using Trizol (GIBCO-BRL, Gaithers-
burg, MD) according to the manufacturers’ instruc-
tions. cDNA synthesis was conducted using the Su-
perscript RT kit (GIBCO-BRL) and the downstream
primer SK39 (Ou et al, 1988), for the detection of un-
spliced RNA. gag region cDNA was amplified and
detected as described above. The doubly spliced vi-
ral mRNAs were reverse transcribed using the down-
stream primer ART7, and cDNA was amplified using
the sense primer US and the antisense primer ART-7
as described (Klotman et al, 1991). tat, rev, and nef
products were detected by using 3*P-labeled probe
S3, and tat and rev messages were detected using
the probe S2 as described (Klotman et al, 1991). The
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