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Virus derived from the infectious, pathogenic, molecular clone of simian immunodeficiency virus (SIV) called
SIVmac239 replicates poorly in primary rhesus monkey alveolar macrophage cultures. Variants with three to
nine amino acid changes in the envelope replicate 100 to 1,000 times more efficiently in these macrophage
cultures than parental STVmac239. Early events, including virus entry into cells, were analyzed by measuring
the amounts of newly synthesized viral DNA 14 to 16 h after infection of macrophages by using a quantitative
polymerase chain reaction method. SIVmac239 was found to enter macrophages with an efficiency similar to
that of the macrophage-tropic derivatives. The assay indeed measured newly synthesized viral DNA since
detection was inhibited by the reverse transcriptase inhibitors azidothymidine and foscarnet and by heat
inactivation of the virus stock prior to infection. Furthermore, entry of SIVmac239 and macrophage-tropic
variant into macrophages was inhibited by monoclonal antibody against CD4. Analysis of the time course of
viral DNA accumulation showed that although initial entry of SIVmac239 into cells occurred normally,
subsequent logarithmic increases in the amounts of viral DNA associated with spread of virus through the
macrophage cultures was blocked. Increasing the amount of SIVmac239 incubated with macrophages
increased the amount of virus entering the cell, but this could not overcome the block to replication. Thus,
restricted replication of STIVmac239 in macrophages is determined by the envelope, but surprisingly it is not

due to restricted virus entry.

CD4* T lymphocytes are major targets of human immu-
nodeficiency virus type 1 (HIV-1) infection in vivo, and
depletion of these cells is clearly a major factor in the
development of AIDS in humans. However, cells of mono-
nuclear phagocytic lineage, including monocytes in blood,
microglial cells in the brain, and macrophages in other
tissues, are also targets of HIV-1 infection in vivo (1, 16, 21,
22, 25, 51). The more primitive ungulate lentiviruses do not
target CD4* lymphocytes but replicate and persist primarily
in macrophages (for reviews, see references 5, 34, and 50). It
is currently not clear whether the infection of monocytes/
macrophages by HIV-1 is simply an evolutionary remnant or
is an essential element for HIV-1 persistence, dissemination,
or disease progression.

Since simian immunodeficiency virus (SIV) infection of
rhesus monkeys mimics many of the important features of
HIV-1 infection of humans, it is an important model for the
study of AIDS pathogenesis. SIVmac, like HIV, uses the
CD4 protein as its initial receptor (7, 18, 28), has a similar
genome organization (4, 10, 12, 13), infects both lympho-
cytes and macrophages (2, 8, 14, 15, 31, 39, 47), and is able
to cause AIDS in the common rhesus monkey (10, 12, 13, 19,
20, 24). Virus derived from the infectious, pathogenic,
molecular clone SIVmac239 replicates poorly in macro-
phages (11, 31). Variants competent for replication in mac-
rophages evolved during the course of infection of several
rhesus monkeys with cloned SIVmac239, and the emergence
of these macrophage-competent variants was associated
with the development of a characteristic encephalitis and
giant-cell pneumonia (11, 19, 31). Sequence changes in the
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envelope gene (env) were found to be the primary determi-
nants of the replicative capacity of these variants for mac-
rophages (31). Ability to replicate well in macrophages can
be imparted by as few as three or as many as nine amino acid
changes in the envelope glycoprotein (31). None of the
contributing changes were located in the region of SIVmac
that corresponds to HIV-1 V3, a domain of the gpl20
glycoprotein that can contribute to HIV-1 macrophage tro-
pism (17, 35, 44, 48).

The block to replication of at least one HIV-1 strain
(NLA-3) in human macrophages has been previously local-
ized to early events that include virus entry into the cell (35).
However, one recent study concluded that two strains of
HIV-1 that replicate very poorly in macrophages are still
able to enter these cells and retrotranscribe their genomes
(43). We analyzed the ability of several cloned SIVs to enter
rhesus monkey macrophages. SIVmac239 was found to
enter macrophages with an efficiency similar to that of the
closely matched variants with high replicative capacity for
macrophages. Thus, although sequences in env are respon-
sible for the deficient replication of SIVmac239 in macro-
phages, the block to SIVmac239 replication in macrophages
is located at some step subsequent to virus entry.

MATERIALS AND METHODS

Plasmids. SIVmac239 proviral DNA has been subcloned
as two segments, p239SpSp5’ and p239SpE3’ (19). env gene
sequences of p239SpE3’ have been replaced with corre-
sponding sequences of SIVmac316 to construct macrophage-
competent recombinant viruses. SIVmac239/316ENV, SIV-
mac239/316SU, and SIVmac239/316TM contain the entire
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FIG. 1. Envelope sequences of cloned viruses. Numbers indi-
cate the amino acid number in env (31). Amino acid changes at
positions 67, 176, 382, 573, and 767 have been shown to contribute
to the macrophage tropism of SIVmac316.

envelope, SU portion, and TM portion, respectively, of the
macrophage-competent SIVmac316 (31). A plasmid which
encodes a virus called MER having only three amino acid
changes (V-67—-M, K-176—E, and G-382—R) in env was
constructed by using restriction enzyme sites HindIII (nu-
cleotide [nt] 6239), Dral (nt 7505), and Banl (nt 8158) (31).
Nucleotide and env amino acid numbering systems are as
previously described (31, 38).

Virus. SIVmac239 and its derivatives were prepared by
transfection of CEMx174 or COS1 cells with DEAE-dextran
as previously described (9, 32). Virus stocks containing high
infectious titers were prepared from culture supernatants of
CEMx174 cells 7 to 10 days after transfection or by infection
with virus stocks prepared by transient expression in trans-
fected COS1 cells. Culture supernatants obtained near the
peak of virus production were harvested, and aliquots of
filtered (pore size, 0.45 pwm) supernatant were stored at
—70°C. Virus stocks used for evaluation of virus entry were
subjected to DNase I digestion (5 pg/ml; Worthington,
Freehold, N.J.) for 30 min at room temperature in the
presence of 0.01 M MgCl, before filtration. COS1 virus
stocks were prepared from culture supernatants of the cells
2 to 3 days posttransfection. The amount of virus was
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FIG. 2. Virus production in alveolar macrophages. Virus stocks

containing 0.1 ng of p27 gag antigen harvested 3 days after trans-
fection of COS1 cells were used to infect 3 x 10° cells.
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standardized by assay of p278“® antigen with a commercial
antigen capture kit (Coulter Corp., Hialeah, Fla.) or by
determination of 50% tissue culture infectious doses
(TCIDs,) in CEMx174 cells.

Cells. The human T-B hybrid cell line CEMx174 was
maintained in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum, 100 U of penicillin per ml,
and 100 pg of streptomycin per ml. Alveolar macrophages
were obtained from bronchoalveolar lavage specimens from
healthy, mature rhesus macaques that were serologically
negative for SIV, type D retrovirus, and simian foamy virus.
At least 95% of the cells were demonstrated to be macro-
phages on the basis of morphologic criteria, adherence to
plastic flasks, cell surface markers, and opsonizing activity, as
described previously (11, 39, 46). Macrophages were main-
tained in Iscove’s modified Dulbecco’s medium supplemented
with 5% heat-inactivated fetal calf serum, 10% human type
AB serum (GIBCO, Grand Island, N.Y.), 100 U of penicillin
per ml, 100 pg of streptomycin per ml, 10 ug of gentamicin per
ml, and 0.25 p.g of amphotericin B per ml at a concentration of
5 x 10° cells per ml in 24- or 48-well flat-bottom plates. The
culture medium was changed twice weekly.

Quantitative PCR method for detection of newly synthesized
SIV DNA. The procedure used for quantitating newly syn-
thesized viral DNA was adapted from that originally de-
scribed by Zack et al. (49) and by Cann et al. (3). Macro-
phages or CEMx174 cells (2 % 10° to 10 x 10°) were infected
with DNase-treated SIV at 37°C for 2 h. Cells were washed
to remove residual virus and incubated for the indicated
times. At the time of harvest, macrophages were detached
with 0.5 mM EDTA in phosphate-buffered saline (PBS),
washed twice with PBS, lysed in urea lysis buffer (4.7 M
urea, 1.3% [wt/vol] sodium dodecyl sulfate, 0.23 M NaCl,
0.67 mM EDTA [pH 8.0], 6.7 mM Tris-HCI [pH 8.0]), and
extracted with phenol-chloroform, and the DNA was precip-
itated with ethanol (49). To avoid extraneous contamination
with SIV DNA, DNA isolation and polymerase chain reac-
tions (PCRs) were performed as suggested for highly sensi-
tive PCR methods (23). To detect SIV DNA, we used two
sets of primers: for R/U5 sequences, M95 (nt 535 to 555)
(5'-GGCTGGCAGATTGAGCCCTGG-3') and M9 (nt 714
to 694) (5'-GATGGGAACACACACTAGCTT-3'); for gag
sequences, M97 (nt 1065 to 1085) (5'-AACTCCGTCTTGTC
AGGGAAG-3') and M98 (nt 1206 to 1186) (5'-CCAACAGG
CTTTCTGCTAATC-3'). For normalization, B-globin DNA
was amplified with primers 5'-ACACAACTGTGTTCA
CTAGC-3' and 5'-CAACTTCATCCACGTTCACC-3' (42,
49). One oligonucleotide of each primer pair was end labeled
with 3P by using T4 polynucleotide kinase. Each PCR
contained 0.25 mM each deoxynucleoside triphosphate, 50
mM KCl, 10 mM Tris HCI (pH 8.3), 6 mM MgCl,, 0.1 mg of

primers M95 M96 M97 M98
(n.t.#) (535) (714) (1065) (1206)
- a a 4
| u3 | R [ us | gag
pbs

PCR product YALIS SIS,

180 bp 142 bp
FIG. 3. Primers and PCR products used for analysis of newly
synthesized SIV DNA. Nucleotide numbers (n.t.#) are from the

published SIVmac239 sequence (38). Abbreviation: pbs, lysyl-tRNA
primer-binding site.
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FIG. 4. PCR analysis of newly synthesized SIV DNA in macro-
phages. Total-cell DNA was prepared from alveolar macrophages
(10° cells) infected with SIVmac239 or SIVmac239/316ENV 16 h
after infection with 2 x 10° TCIDs, (230 and 480 ng of p275°# antigen,
respectively). To confirm that the detected viral DNA was newly
synthesized, we added 50 uM AZT or 300 uM PFA to some cultures
starting 7 h before infection. STV DNAs corresponding to RU5 (A),
gag (B), and B-globin DNA (C) were separately amplified by PCR and
analyzed by polyacrylamide gel electrophoresis. Lanes: 1, SIV-
mac239; 2, SIVmac239/316ENV; 3, heat-inactivated (60°C for 30 min)
SIVmac239; 4, heat-inactivated SIVmac239/316ENV; 5, SIVmac239/
316ENV with AZT; 6, STVmac239/316ENV with PFA. SIV standards
(0, 10, 40, 200, and 1,000 copies per ul) and cellular DNA standards
(1.6, 6.3, 25, and 100 ng/pl) were used for quantitation.

bovine serum albumin per ml, 1 X 10° to 5 x 10° cpm of
primer, 50 ng of unlabeled second primer, 1.25 U of Tagq
DNA polymerase (Perkin-Elmer, Norwalk, Conn.), and 2.5
wl of sample or standard DNA. The reaction mixture (25 pl)
was overlaid with 50 pl of mineral oil and subjected to 30
cycles of amplification (denaturation at 94°C for 1 min,
annealing at 55°C for 1 min, and elongation at 72°C for 1 min)
in a Perkin-Elmer thermocycler. PCR products were ana-
lyzed by polyacrylamide gel electrophoresis (7% polyacryl-
amide) and visualized by autoradiography of the dried gel.
Amounts of DNA were quantitated by Cerenkov counting.
SIV standards (10 to 10* DNA copies per ul) were prepared
by dilution of the linearized p239SpSp5’ plasmid with 0.5 pg
of rhesus monkey DNA.

The monoclonal antibody (MAb) 19thy5D7 (anti-T4A),
which was previously shown to block SIVmac251 infection
of rhesus monkey peripheral blood lymphocytes (18), was
kindly provided by S. Schlossman, Dana-Farber Cancer
Institute, Boston, Mass. Alveolar macrophages (2 x 10°
cells), preincubated for 30 min at 37°C with medium contain-
ing 500 pg of human immunoglobulin G (IgG) (Sigma Chem-
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ical, St. Louis, Mo.) per ml, were incubated with 19thy5D7
or negative control pooled MAb for 30 min at 37°C and then
infected with either SIVmac239 or SIVmac239/316ENV (50
and 70 ng of p2788, respectively) for 2 h at 37°C. The cells
were washed with PBS and kept in culture for 13 h.

RESULTS

Replication of STVmac239 and recombinant viruses. Of nine
amino acid changes in the envelope glycoprotein of the
SIVmac316 variant, at least five contribute to the ability to
replicate well in macrophages (31). These five are V-67—M,
K-176—E, G-382—R, K-573—-T, and E-767—Stop (Fig. 1).
Four recombinant viruses were used for the present study
(Fig. 1). SIVmac239/316ENV contained all nine amino acid
changes; SIVmac239/316SU contained the six amino acid
changes in SU (gp120); SIVmac239/316TM contained the
three amino acid changes in TM (gp41); MER contained only
V-67-M, K-176—E, and G-382—R. SIVmac239 and the
recombinant viruses were produced by transient expression
in transfected COS cells and examined for their ability to
replicate in rhesus monkey alveolar macrophages. All four
recombinant viruses replicated at least 100-fold more effi-
ciently than SIVmac239 in these macrophage cultures (Fig.
2). All viruses replicated well in CEMx174 cells and in
rhesus monkey peripheral blood mononuclear cell cultures
(data not shown). The results with SIVmac239, SIVmac239/
316ENV, SIVmac239/316SU, and SIVmac239/316TM are
quite similar to those that we previously reported (31).

Quantitation of virus entry. Since glycoproteins encoded
by env are important for retroviral entry into target cells, we
investigated the effects of these envelope changes on early
events that include virus entry into cells. Upon entry into
cells, retroviruses reverse transcribe their genomic RNA
into DNA. We therefore quantitated the amounts of newly
synthesized viral DNA 14 to 16 h after exposure of macro-
phages to the virus. SIV DNA was amplified from cellular
DNA with R/US primers (180-bp product) or gag primers
(142-bp product) (Fig. 3). B-Globin DNA was used to nor-
malize DNA detection in the assay. To verify that this
procedure indeed detects newly synthesized viral DNA, we
added the reverse transcriptase inhibitor azidothymidine
(AZT; 50 pM) or phosphonoformic acid (PFA; 300 uM) to
some of the cultures 7 h prior to infection (29, 41). The
replication of SIVmac239/316ENV in macrophages was sup-
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FIG. 5. Synthesis of SIVmac239 gag DNA is also sensitive to RT
inhibitors. Macrophages (2 x 10°) were incubated with PFA (300
uM) or AZT (50 wM) 7 h prior to infection with SIVmac239
containing 50 ng of p27. Total-cell DNA was prepared 15.5 h after
infection and analyzed for the amount of SIV gag DNA. HI, heat
inactivation of virus stocks.
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TABLE 1. SIV entry into alveolar macrophages®

Amt of newly synthesized viral DNA?

Relative entry

Virus
Expt 1 Expt 2 Expt 3-1 Expt 3-2 Range Avg
SIVmac239 9 (1.0) 31(1.0) 20 (1.0) 4 (1.0) 1.0 1.0
SIVmac239/316ENV 62 (6.9) 100 (3.2) 67 (3.4) 15 (3.8) 3.2-6.9 4.3
SIVmac239/316SU NT¢ 61 (2.0) 35 (1.8) 6 (1.5) 1.5-2.0 1.7
MER NT 34 (1.1) 10 (0.5) 2 (0.5) 0.5-1.1 0.7
SIVmac239/316TM 3(0.3) 59 (1.9) 15 (0.8) 5(1.3) 0.3-1.9 1.1

@ Virus containing 100 ng (experiment 1, 2, and 3-1) or 20 ng (experiment 3-2) of p275°€ antigen was used to infect 2 X 10° to 5 x 10° macrophages for 15 h.
Virus entry was compared by measuring the amounts of newly synthesized viral DNA.

» Amounts of viral DNA represent the copy number per nanogram of total-cell DNA calculated from PCR analyses. Values in parentheses represent the relative
amount of newly synthesized viral DNA in macrophages compared with the SIVmac239 results.

€ NT, not tested.

pressed to basal levels for 30 days by these reverse tran-
scriptase inhibitors (data not shown). Both inhibitors
blocked more than 95% of gag DNA detected by this assay
(Fig. 4B, lanes 5 and 6 for STVmac239/316ENV and Fig. 5 for
SIVmac239). PFA produced more complete inhibition of gag
DNA synthesis than AZT at the concentrations used. PFA
and AZT did not, however, efficiently lower the amounts of
R/US DNA detected by this assay (Fig. 4A, lanes 5 and 6).
The poor inhibition of R/U5 DNA detection observed with
these inhibitors is probably due to the close proximity of this
region to the natural lysyl-tRNA primer-binding site used for
initiation of DNA synthesis by reverse transcriptase in vivo
(Fig. 3). Near-normal synthesis of the very short products
containing R/US in the presence of AZT and PFA is not
really surprising, since both AZT-triphosphate and PFA are
competitive inhibitors. AZT-triphosphate is a competitive
inhibitor of dTTP incorporation as well as a chain terminator,
and PFA competes for the PP;-binding site. Short reverse
transcripts containing R/U5 may also be present or synthe-
sized within the virion itself (27, 45). In addition to the
dramatic inhibition of gag DNA synthesis in this assay caused
by PFA and AZT, heat inactivation of the virus stock at 60°C
for 30 min eliminated detection of viral DNA (Fig. 4A and B,
lanes 4). The gag primers were thus used to quantitate the
amounts of newly synthesized viral DNA using this assay.
Virus entry into macrophages was next assessed for
SIVmac239 and the four variants by using this assay. The
amount of virus used for incubation with macrophages was
normalized either by the number of TCID;,, (Fig. 4, 6, and 7)
or by the amount of p278“% antigen (Tables 1 and 2).
SIVmac239 entry into macrophages was surprisingly effi-
cient. The amounts of newly synthesized viral DNA ob-
tained with SIVmac239 represented 91 to 200, 53 to 300, 50
to 67, and 15 to 31% of the amounts obtained with MER,

SIVmac239/316TM, SIVmac239/316SU, and SIVmac239/
316ENV, respectively, in various experiments (Table 1).
Similar results were obtained when a primer pair that
spans the primer-binding site and detects the completed
DNA product (bp 695 to 924) was used (data not shown).
MER, SIVmac239/316TM, SIVmac239/316SU, SIVmac239/
316ENV, and SIVmac239 also exhibited levels of entry into
CEMx174 cells that were similar to one another but consid-
erably lower per nanogram of cellular DNA than that ob-
served in macrophages (Table 2). Since CEMx174 cells are a
hybrid cell line and likely to be polyploid and since DNA
synthesis and cell division would have occurred with
CEMXx174 cells but not macrophages over the 14 to 16 h of
incubation, virus entry into macrophages may not necessar-
ily be more efficient on a per cell basis.

Restricted replication of STVmac239 in macrophages follows
entry. Viral DNA accumulation over longer periods was
studied first under conditions of infection with equal TCID,.
With SIVmac239/316ENV, the level of viral DNA in macro-
phages increased dramatically, approximately 22-fold, be-
tween 14 and 66 h after infection (Fig. 6). In contrast,
SIVmac239 showed no such dramatic increases in viral DNA
accumulation over the initial levels.

Viral DNA accumulation was next studied under condi-
tions where much more SIVmac239 (3 x 10* TCID,,) than
SIVmac239/316ENV (3 x 10° TCIDs,) was used. The
amount of viral DNA in macrophages with SIVmac239
increased to high levels early but again did not increase at
later times (Fig. 7A). At early time points, macrophages with
SIVmac239/316ENV contained significantly less newly syn-
thesized viral DNA than in the SIVmac239 cultures, consis-
tent with the lower multiplicity of infection (Fig. 7A).
However, the amounts of SIVmac239/316ENV viral DNA
increased dramatically with time, and this increase was

TABLE 2. SIV entry into CEMx174 cells®

Amt of newly synthesized viral DNA”

Relative entry

Virus
Expt 1 Expt 2 Expt 3 Expt 4 Range Avg
SIVmac239 0.7 (1.0) 0.3 (1.0) 0.5 (1.0) 1.4 (1.0) 1.0 1.0
SIVmac239/316ENV 0.4 (0.6) 0.2 (0.7) 1.1 (2.2) 0.4 (0.3) 0.3-2.2 1.0
SIVmac239/316SU NT* NT 0.3 (0.6) 0.7 (0.5) 0.5-0.6 0.6
MER NT 0.3 (1.0) 0.3 (0.6) 0.9 (0.6) 0.6-1.0 0.7
SIVmac239/316TM 1.1 (1.6) NT 1.8 (3.6) 2.3 (1.6) 1.6-3.6 2.3

“ Virus containing 100 ng of p27578 antigen was used to infect 0.5 x 10° to 1.0 x 10° CEMx174 cells for 15 h. Virus entry was compared by measuring the amount

of newly synthesized viral DNA.

& Amounts of viral DNA represent the copy number per nanogram of total-cell DNA calculated from PCR analyses. Values in parentheses represent the relative
amount of newly synthesized viral DNA in CEMx174 cells compared with the SIVmac239 results.

¢ NT, not tested.
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FIG. 6. Time course of SIV DNA accumulation between 1 and 3 days in macrophages. Macrophages (5 x 10°) were infected with 10°
TCIDs, of SIVmac239 or SIVmac239/316ENV (45 and 240 ng of p27%°¢ antigen, respectively), and total-cell DNA was prepared 1 day (14 h),
2 days (42 h), and 3 days (66 h) postinfection. The amounts of SIV DNA were determined by PCR analyses. Amounts of SIV DNA (copy
number per nanogram of cellular DNA) 1, 2, and 3 days postinfection are shown in the right panel. Relative increases of SIV DNA at 2 and

3 days are shown in parentheses.
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FIG. 7. Time course of SIV DNA synthesis. Macrophages or CEMx174 cells (4 x 10°) were infected with STVmac239 (3 x 10* TCIDs)
or SIVmac239/316ENV (3 x 10° TCIDs,) (100 and 30 ng of p27%° antigen, respectively). (A) Total-cell DNA from macrophages was prepared
3, 6, 15, 24, 36, and 48 h postinfection and then subjected to PCR analyses. (B) Cells taken 48 h postinfection were detached with 0.5 mM
EDTA in PBS, and 25% of the cells were transferred into a 96-well plate to monitor virus production by p275°¢ antigen assay. The rest of the
cells were used for PCR analyses. (C and D) Similarly, total-cell DNA from CEMx174 cells 2, 6, 14, 24, and 36 h postinfection was subjected
to PCR analyses (panel C), and 25% of the cells at 36 h postinfection was used to monitor virus production (panel D).
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FIG. 8. Effect of inoculum dose on virus production in macro-
phages. Macrophages (3 x 10°) were infected with STVmac239 (A)
or SIVmac239/316ENV (B) containing either 0.1, 1, 10, or 100 ng of
p27%°8 antigen overnight. Virus production was monitored with a
commercial p278“¢ assay kit (Coulter).

associated with the production of large amounts of virus
(Fig. 7B). These results contrast with results obtained with
CEMx174 cells, in which both viruses replicated well. The
lower multiplicity of infection with SIVmac239/316ENV in
CEMx174 cells resulted in lower initial levels of viral DNA
(Fig. 7C) and a delay in virus production (Fig. 7D), but both
viruses eventually replicated to high levels in CEMx174
cells. Thus, by adjusting the multiplicity of infection, we
were able to increase the amount of SIVmac239 entering
macrophages to well above that of the macrophage-tropic
variant SIVmac239/316ENV, and this resulted in increased
initial levels of newly reverse transcribed DNA 14 to 16 h
postinfection. However, the amounts of SIVmac239 DNA in
macrophages did not increase significantly after 24 h, and the
ultimate result was the same: very good replication of
SIVmac239/316ENV but very poor replication of SIV-
mac239 in macrophages.

We next investigated whether differences in replication
could be overcome by very large differences in the multiplic-
ity of infection over a 1,000-fold range. Decreasing the dosage
of SIVmac239/316ENV inoculum resulted in a delay in the
appearance of virus production, but in all cases high levels of
SIVmac239/316ENV production were obtained (Fig. 8B).
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FIG. 9. Inhibition of SIVmac entry into alveolar macrophages by
MAb against CD4. Macrophages (2 x 10°) incubated with MAb
19thy5D7 or control MAb were infected with STVmac239 (50 ng of
p27%°€) or SIVmac239/316ENV (70 ng of p27%°€). Lanes: 1, no MAb
and no preincubation with human IgG; 2, no MAb with preincuba-
tion with human IgG; 3, addition of human IgG and control MAb; 4,
addition of human IgG and MAb 19thy5D7.

Replication of SIVmac239 was restricted to very low levels
even when 100 or 1,000 times more virus was used (Fig. 8A).

Next, we investigated the dependence of SIV entry on
CD4 as receptor. Since SIV infection of T lymphocytes was
previously shown to be blocked with the anti-CD4 MAb
19thy5D7 (18), entry of SIVmac239 and SIVmac239/
316ENV into macrophages was studied with this antibody.
Entry of both SIVmac239 and SIVmac239/316ENV into
macrophages was inhibited with MAb 19thy5D7 (Fig. 9, lane
4) but not control MADb (Fig. 9, lane 3).

Finally, we evaluated whether entry of SIVmac239 into
cells of the macrophage cultures could be accounted for by
contamination with small numbers of lymphocytes. We con-
sidered this an unlikely possibility because these cultures
contained greater than 95% macrophages. Furthermore, any
lymphocytes present would be unstimulated since nothing
was done to activate the cells. Similar to the results of Zack et
al. (49) with HIV, we have found little or no completed SIV
reverse transcripts in unstimulated lymphocytes compared
with stimulated lymphocytes (data not shown). Even in
stimulated lymphocytes, the amounts of newly synthesized
viral DNA vary in a linear fashion with the concentration of
cells (data not shown). Our results indicate that entry of
SIVmac239 into cells of these macrophage cultures cannot be
accounted for to any appreciable extent by entry into lym-

phocytes.

DISCUSSION

Variants with high replicative capacity for macrophages
evolved during the course of infection of some rhesus mon-
keys with SIVmac239 (11, 31). The emergence of these
macrophage-competent variants was associated with specific
pathologic manifestations, namely AIDS encephalitis and
granulomatous pneumonia, in which infected macrophages
constitute the pathologic lesions (11). The ability to replicate
well in macrophages was shown to be due to a minimum
number of changes in the envelope gene (31). Of nine amino
acid changes in the envelope gene of SIVmac316, at least five
were demonstrated to contribute to the maximal effect (31).

Since the envelope proteins of retroviruses are known to
bind to cellular receptors and to trigger virus entry into the
cell, it was quite natural to suspect that the replicative
capacity of the SIVmac316 variant was determined by an
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acquired ability to enter macrophages. In line with this
reasoning, the inability of HIV-1y, ,; to replicate well in
macrophages was reported to be due to its inability to enter
macrophages efficiently (35). However, our results show
quite clearly that restricted replication of SIVmac239 in
macrophages is not due to restricted entry into the cell.
These findings appear to be analogous to results recently
reported by Schmidtmayerova et al. (43), who found that
HIV-1 strains LAV and NDK with poor replicative potential
for macrophages entered and retrotranscribed their genomes
efficiently in this cell type. The results of O’Brien et al. (35)
are not necessarily in conflict with our results or those of
Schmidtmayerova et al. (43); the block to replication in
macrophages may occur at different stages with different
strains of virus. Specific V3 sequences may be required for
efficient entry into macrophages but other sequences in
envelope may be required for full manifestation of the
macrophage-competent phenotype.

By measuring the amounts of newly synthesized viral
DNA inside the cell, we have shown that SIVmac239, which
replicates poorly in macrophages, is able to enter macro-
phages and retrotranscribe its genomic sequences with an
efficiency similar to or only slightly lower than that of
envelope variants which replicate extremely well in these
macrophages. Slightly reduced entry amplified many times
by subsequent rounds of replication in a spreading culture
cannot be the cause of the restricted replication of SIV-
mac239 in macrophages. Increasing the dosage of input
SIVmac239 increased the amount of virus entering the cell as
well as the amounts of newly synthesized DNA to levels
above those seen with the macrophage-competent variants,
but this was not translated into virus production above very
low, basal levels. Even the use of 1,000-fold-higher levels of
input virus could not overcome the block to virus production
with STVmac239 in macrophages. Thus, although restricted
replication of SIVmac239 in macrophages is determined by
env, it is not due to restricted entry.

At what step might replication be blocked in macrophages
with SIVmac239? The current data allow us to conclude only
that it is some step subsequent to virus entry into the cell.
Late steps which require envelope, such as virus assembly,
could possibly be affected. A somewhat more intriguing
possibility, however, involves the response of virus expres-
sion to transcription factors or the many cytokines known to
influence macrophages. A variety of factors have been shown
to regulate the levels of HIV and SIV expression in macro-
phages (6, 30, 33, 36, 37, 46). Viral envelope proteins could
conceivably be involved in the activation of or response to
transcription factors, cytokines, or other regulatory signals.
Such a functional role would be unusual for a retrovirus-
encoded glycoprotein but perhaps not without precedent. The
virus-encoded envelope glycoprotein of Friend spleen focus-
forming virus (a type C retrovirus) has been found to bind to
and activate the erythropoietin receptor, resulting in factor-
independent cellular proliferation (26, 40).

Although SIVmac239 replication is highly restricted in
macrophages, significant detectable levels of virus produc-
tion do occur. Peak levels of virus antigen production
following infection of macrophages with SIVmac239 gener-
ally range from 0.1 to 2.0 ng of p27 per ml. The ability of SIV
and HIV to enter macrophages but to restrict their replica-
tion to very low levels could actually be a critical component
of the viral life cycle in vivo. The extent to which these
properties may facilitate viral persistence and dissemination
in tissues is critical for understanding the pathogenesis of
AIDS and other lentiviral diseases. Along these lines, it will
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be interesting to study the properties of these closely
matched cloned viruses following experimental infection of
rhesus monkeys.
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