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Unlike prototypical lentiviruses like visna and caprine arthritis-encephalitis viruses, which are mainly
macrophage tropic (M-tropic), primate lentiviruses primarily target CD4* T lymphocytes. We previously
reported that during the late phase of highly pathogenic chimeric simian/human immunodeficiency virus
(SHIV) infections of rhesus macaques, when CD4™ T cells have been systemically eliminated, high levels of
viremia are maintained from productively infected macrophages. The availability of several different M-tropic
SHIVs from such late-stage immunocompromised animals provided the opportunity to assess whether they
might contribute to the immune deficiency induced by their T-cell-tropic parental viruses or possibly cause a
distinct disease based on their capacity to infect macrophages. Pairs of rhesus monkeys were therefore
inoculated intravenously with six different M-tropic SHIV preparations, and their plasma viral RNA loads,
circulating lymphocyte subset numbers, and eventual disease outcomes were monitored. Only one of these six
M-tropic SHIVs induced any disease; the disease phenotype observed was the typical rapid, complete, and
irreversible depletion of CD4™ T cells induced by pathogenic SHIVs. An analysis of two asymptomatic
monkeys, previously inoculated with an M-tropic SHIV recovered directly from alveolar macrophages, revealed
that this inoculum targeted alveolar macrophages in vivo, compared to a T-cell-tropic virus, yet no clinical
disease occurred. Although one isolate did, in fact, induce the prototypical rapid, irreversible, and complete
loss of CD4* T cells, indicating that M-tropism and pathogenicity may not be inversely related, the majority

of M-tropic SHIVs induced no clinical disease in immunocompetent macaques.

Human immunodeficiency virus type 1 (HIV-1) shares the
property of macrophage tropism (M-tropism) with prototypi-
cal lentiviruses, such as equine infectious anemia virus, visna-
maedi virus, and caprine arthritis-encephalitis virus, which are
all mainly M-tropic lentiviruses (3, 11, 36, 45). Although the
clinical/immunopathological abnormalities attributable to pri-
mate lentiviruses such as HIV-1 and simian immunodeficiency
virus (SIV) primarily involve CD4 " T lymphocytes, tissue mac-
rophages and microglia in the central nervous system (CNS) of
patients with AIDS dementia complex were identified as some
of the first non-lymphocyte-cell lineages that also supported
virus replication in vivo (21, 42). Numerous studies have re-
ported that tissue macrophages become infected during the
early phase of HIV-1 infections (1, 8, 38). Because of their
reported resistance to viral cytopathic effects and long life
span, tissue macrophages are considered to be an important
HIV-1 reservoir, able to produce and disseminate progeny
virions systemically (12, 20). In asymptomatic individuals, the
number of virus-producing macrophages, relative to infected
CD4™" T lymphocytes, is probably quite low, but over time, the
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fraction of infected macrophages gradually increases. An anal-
ysis of HIV-1 decay in patients with symptomatic disease
(mean CD4™" T-cell counts of 212/pl) indicated that 1 to 7% of
the plasma virus was being produced by long-lived infected
cells, assumed to be tissue macrophages (30). In AIDS patients
with very low numbers of circulating CD4" T lymphocytes
(<50 cells/pl), high levels of cell-associated HIV-1 DNA be-
come detectable in lung, colon, brain, liver, and kidney, pre-
sumably reflecting the presence of productively infected tissue
macrophages in these organs (4, 9). It has also been suggested
that the coexistence of opportunistic infections can greatly
augment the number of productively HIV-1-infected cells of
the monocyte/macrophage lineage (29).

SIV/HIV-1 chimeric viruses (SHIVs) have been extensively
used for investigations of primate lentiviral pathogenesis and
vaccine induced immunity. The highly pathogenic CXCR4-
utilizing SHIV 514, reproducibly causes rapid, systemic, and
irreversible CD4™" T-lymphocyte depletion in infected rhesus
macaques within weeks of infection and generates high levels
of plasma viremia (5 X 10° to 1 X 10* RNA copies/ml) for
several months thereafter (10, 16). These infected animals
experience profound depletions of both naive and memory
CD4™" T-cell subsets and an inability to produce virus-specific
antibodies (both binding and neutralizing), and they must
eventually be euthanized because of intractable diarrhea,
marked anorexia/weight loss, and opportunistic infections (16).
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During the late phase of the SHIV infection, when virtually no
CD4™" T lymphocytes remain, virus production is maintained at
high levels by macrophages residing in multiple tissues (the
“macrophage phase” of infection) (14). We previously re-
ported that virus recovered from infected monkeys during the
macrophage phase had acquired amino acid changes (substi-
tutions, deletions, and loss of glycosylation sites) principally
affecting the V1 and V2 regions of gp120; some of these alter-
ations conferred M-tropism (15, 18).

The availability of M-tropic SHIVs, isolated from late-stage
immunocompromised animals (15, 18), provided the opportu-
nity to ascertain whether these viruses might induce disease in
naive macaques with competent immune systems. Accordingly,
pairs of rhesus monkeys were inoculated intravenously with six
different M-tropic SHIV preparations (uncloned virus stocks/
swarms and molecularly cloned viruses carrying specific gp120
V1/V2 changes known to confer M-tropism). In each case,
plasma viral RNA loads, circulating lymphocyte subsets, and
eventual disease outcomes were monitored for more than 4
years. Our results indicate that only one of the six M-tropic
SHIVs induced clinical disease in immunocompetent ma-
caques, and in that case, the disease observed was attributable
to the global elimination of CD4* T lymphocytes, as is ob-
served with highly pathogenic T-cell-tropic SHIVs.

MATERIALS AND METHODS

Viruses. The molecularly cloned SHIV\,; and SHIV),;; contained env gene
sequences present in viruses circulating in rhesus monkeys infected with
SHIV51or-ps1 and SHIV 5k, respectively, during the macrophage phase of
infection, as previously described (18). Both of these env sequences, when intro-
duced into the highly pathogenic molecular clone SHIV5ior.cr.7 (34), con-
ferred M-tropism (18). SHIVy gy and SHIVg, 43, were recovered from a mixture
of mesenteric and colonic (SHIVyg;) or colonic (SHIVgg,43,) lymph node cells
collected from animals infected with SHIV 15k .cr .7 and SHIV gy og, respec-
tively (15). SHIV, ;3 was cloned from Hirt fractionated DNA, prepared from
SHIVyp;-infected rhesus peripheral blood mononuclear cells (rh-PBMC) using
the EMBL3 lambda phage cloning vector (Stratagene, La Jolla, CA) as previ-
ously described (40). Infectious molecular clones, SIV 230, and SIV 316
were generous gifts of Ronald C. Desrosiers, Harvard University. All SHIV and
SIV molecular clones were transfected into HeLa cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) following the manufacturer’s instruction, and culture
supernatants were harvested at 48 h posttransfection. Virus stocks were prepared
by infecting rh-PBMC with transfection supernatants. Uncloned virus was recov-
ered from animals during the macrophage phase of SHIV infections by coculti-
vating lymph node suspensions with concanavalin A-stimulated rh-PBMC (15).
The infectious titers of all SIV and SHIV inocula were determined by end-point
dilution in human T-lymphoid MT-4 cells (13) and calculated by the method
described by Reed and Muench (32). The virus inocula used in this study were
normalized by infectious titer; 5,000 50% tissue culture infective dose (TCIDs)
of each virus stock was inoculated into animals intravenously. This amount of
parental T-cell-tropic SHIV 5ok cr.7 consistently caused the typical highly
pathogenic SHIV disease (34).

Animal experiments. Rhesus macaques were maintained in accordance with
the guidelines of the Committee on Care and Use of Laboratory Animals (Guide
for the Care and Use of Laboratory Animals [26a]) and were housed in a biosafety
level 2 facility; biosafety level 3 practices were followed. Phlebotomies and virus
inoculations were performed with animals anesthetized with tiletamine-HCI and
zolazepam-HCI (Telazol; Fort Dodge Laboratories, Fort Dodge, IA). Lympho-
cyte subset analyses and plasma viral load determinations were performed as
previously described (10).

Assay of virus replication in rh-PBMC and AM. The preparation and infection
of macaque PBMC and alveolar macrophage (AM) have been previously de-
scribed (15, 18). Briefly, PBMC stimulated with concanavalin A and cultured in
the presence of recombinant human interleukin-2 were spinoculated (1,200 X g
for 1 h) (28) with virus stocks at a multiplicity of infection (MOI) of 5 X 1072
For infections of AM, 3 X 10° cells were plated in chamber slides and test
viruses, normalized for infectious titer, were absorbed for 16 h at an MOI of 3 X
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1072, Culture supernatants were collected daily from PBMC and every other day
from AM cultures to assess virus replication by virion-associated reverse trans-
criptase (RT) assay (44).

Direct virus isolation from AM and infectious center assay of infected BAL
cells. AM were collected by bronchoalveolar lavage (BAL) at the time of eutha-
nasia from rhesus macaque RhBF37 previously inoculated with a mixture (1,000
TCIDs, each) of five uncloned M-tropic SHIVs (SHIVggi631, SHIV Apy7s
SHIV 4618, SHIVgpgs, and SHIVygy) (15). The BAL cells were resuspended in
Dulbecco’s modified Eagle’s medium supplemented with 10% human AB serum,
5% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 pg/ml
gentamicin (macrophage medium) at 1 X 10° cells/ml and plated on tissue
culture flasks (75 cm?). Floating cells were removed at 16 h by replacing the
medium, and adherent cells were collected from the flasks at 48 h and mixed with
freshly prepared rh-PBMC in a new flask (25 cm?). The coculture was main-
tained for 9 days, and supernatant medium was collected daily. The RT activity
released into the medium was assessed, and fractions containing high levels of
RT activity were combined, filtered through a 0.45-pm-pore filter, dispensed,
and stored in liquid nitrogen until use. The infectious titer of the AM-derived
M-tropic SHIVgps7anm stock was 4.0 X 10° TCIDsy/ml, as measured in MT-4
cells.

For infectious center assays, BAL cells from infected macaques were sus-
pended in RPMI 1640 medium containing 10% fetal bovine serum and 20 U
IL-2/ml (1 X 10° cells/ml), serially diluted (threefold), and dispensed in duplicate
into 24-well tissue culture plate (1 ml/well). Freshly prepared, concanavalin
A-stimulated uninfected rh-PBMC were immediately added to each well (4 X
10° cells/well) and cultured for 3 weeks. Half of the cells in each well were
removed every 7 days and replaced with newly prepared rh-PBMC (4 X 10°
cells/well), and RT activity released into the culture supernatant was assayed.
The minimal number of BAL cells yielding detectable RT activity on day 7, 14,
or 21 postplating was determined. The reciprocal numbers of virus-producing
cells per 10° BAL cells at any time during the 3-week assay were calculated by the
method described by Reed and Muench (32).

Virus neutralization assay. Polyclonal neutralizing antisera, collected from
macaques inoculated with SHIVpyor.cr7; (low MOI) or the attenuated
SHIVp12r.c1s (34), were used in neutralization assays as previously described
(10, 16, 43). These molecularly cloned SHIVs are isogenic in their gp120 coding
regions. SHIVpyyor.crg-infected animals generate neutralizing antibodies
(NAbs) that suppress both SHIVyyjor.cr7 and SHIVpor.crg With similar
efficiencies (T. Igarashi and O. K. Donau, unpublished). Serial threefold dilu-
tions of test plasma samples were incubated with test virus for 1 h at room
temperature. Virus-antibody mixtures were then added to MT-4 cells in quadru-
plicate in 96-well culture plates for each antibody dilution. Virion-associated RT
activity in the culture supernatant was measured at 2 weeks postinfection (p.i.),
and the reciprocal of the dilution that inhibited virus replication in 50% of the
replicate cultures was calculated by the method described by Reed and Muench
(32).

RESULTS

Derivation of M-tropic SHIVs. The M-tropic SHIVs used in
these experiments (Table 1) were either uncloned virus stocks,
prepared from specimens recovered from rhesus monkeys dur-
ing the macrophage phase of pathogenic SHIV infections, or
molecularly cloned viruses, bearing gp120 V1/V2 env gene
sequences previously shown to confer M-tropism (M3 and
M11) or a full-length viral DNA clone (A3-3) from SHIV ;-
infected cells (15, 18). These M-tropic SHIVs originated
from two parental viruses (SHIVpyorops: [Week 52] and
SHIV 1.k [Week 68]), both of which were recovered from a
single infected rhesus macaque (Rh565Z) during the emer-
gence of a highly pathogenic SHIV (16). Both parental SHIVs
induced rapid, systemic, and nearly complete depletions of
CD4™ T cells within weeks of infection and generated M-tropic
SHIV variants during the later phases of their in vivo infections
(10, 14, 15, 18). We also previously reported that the acquisi-
tion of M-tropism by these CXCR4-utilizing SHIVs was not
accompanied by a change in coreceptor usage (15).
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TABLE 1. Macrophage-tropic SHIVs

Virus Origin Clone or swarm Derivation (reference)

WBIJ SHIVpH1r-Pst Swarm Macrophage-phase virus recovered from RhWBJ at 26 wk p.i. following
inoculation with SHIV 5y 5k.cr7 (15)

A\3-3 SHIVpH1r-Pst Clone Full-length infectious molecular clone generated from SHIVy,g;-infected
rh-PBMC

M3 SHIVpH1r-Pst Clone Molecular clone containing gp120 sequences known to confer M-tropism
(from macrophage-phase SHIVy1,r.ps; SWarm) and inserted into
SHIVppor.cL7 (18)

Mil11 SHIVphior Clone Molecular clone containing gp120 sequences known to confer M-tropism
(from macrophage-phase SHIV 5z swarm) and inserted into
SHIVpuizr-cL7 (18)

891631 SHIV 1ok Swarm Macrophage-phase virus recovered from Rh891631 at 7.4 wk p.i.
following inoculation with SHIV 51k (15)

BF37AM SHIVph1r-pst and Swarm Macrophage-phase virus isolated from AM prepared from RhBF37 at 111

DHI12R

wk p.i. following inoculation with 5 M-tropic SHIVs: SHIVgg;431,

SHIV A p47 SHIV o160 SHIVg s, and SHIV g, (15)

Envelope sequences present in M-tropic SHIVs. Sequence
analyses of env genes in viruses recovered during the macro-
phage phase of SHIV infections demonstrated the presence of
specific amino acid substitutions and deletions that primarily
affected the V1/V2 regions of gp120 (15, 18). This segment of
the Env glycoproteins from five of the M-tropic SHIVs used in
this study has been aligned with the consensus sequence of the
parental T-cell-tropic SHIV p1115r.ps1 OF SHIV ok (Fig. 1).
Four discrete regions of V1/V2, designated blocks 1 to 4, sus-
tained alterations, which were associated with the acquisition
of M-tropism, and some of these changes affected the number
or location of potential N-linked glycosylation sites (PNGs).
The parental SHIVy15r.ps; has six potential PNGs, which

have been designated PNG 1 to 6 (at positions 135, 141, 156,
160, 185, and 197, respectively) in Fig. 1. Changes in block 1,
including a six-amino-acid deletion of the duplicated NLKNGT
motif, eliminated PNG 2. The block 2 alteration introduced a
two-amino-acid deletion at positions 164 and 165 in combina-
tion with an I166K substitution. Block 3 changes (only ob-
served in the SHIV 5q15r.ps; family of M-tropic viruses) were
associated with K170E or K171E substitutions. Block 4 alter-
ations, observed exclusively in SHIV,;,r-derived M-tropic
SHIVs, targeted residues 185 to 188. Block 4 comprises the
most genetically diverse portion of the parental SHIV 51
gp120 V1/V2 region and is depicted as “XXXX” in its consen-
sus sequence (Fig. 1). In addition to a plethora of different
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FIG. 1. Alignment of Env V1/V2 amino acid sequences from M- and T-tropic SHIVs. The V1/V2 gp120 regions of the two M-tropic SHIV
lineages (PS1 and DHI2R) have been aligned with comparable regions of their T-cell-tropic parental viruses (SHIVpy og.psicrs and
SHIV 1)) The numbering is based on the Env amino acid sequence of HIV-1p;, (37). PNGs are shaded and numbered (PNGs 1 to 6). The
total number of PNGs within each V1/V2 segment is shown on the right. Common regions of amino acid substitutions and deletions are boxed
and numbered (blocks 1 to 4). *, molecular clone; ¥, virus swarm; -, identical sequence; ., deletion; X, variable or deleted amino acid residue.
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amino acid substitutions, block 4 changes included one- and
two-amino-acid residue deletions, which, in some instances,
preserved but shifted the location of PNG 5.

Three of the M-tropic SHIVs analyzed in this study were
derived from molecular clones (SHIV,.;;, SHIV,;; and
SHIV,,;,), and two were uncloned “swarms” (SHIVyg; and
SHIVygq,63;) generated from virus collected from animals dur-
ing the macrophage stage of their infections. The cloned
SHIV,,; and SHIV,,,, were constructed by introducing the
indicated V2 changes into the genetic background of
SHIV pi1or-psijcr.y; Dy site-directed mutagenesis (18) and
were otherwise isogenic. SHIV, 55 is a full-length molecular
clone obtained from rh-PBMC infected with the M-tropic
SHIV; (see Table 1) using a lambda phage vector. The
SHIV,5.5 gp120 contains only the indicated V1/V2 changes
and an E320K substitution in the V3 loop (15), compared to
the sequence of the T-cell-tropic SHIV 515k psi/cr-7-

It is worth noting from the V1/V2 sequence alignment pre-
sented in Fig. 1 that M-tropic SHIVgg, 43, derived during the
macrophage phase from an animal inoculated with the
SHIV 1. uncloned swarm, is itself extremely genetically
heterogeneous. SHIVgy,63, contains individual component vi-
rus populations that carry V1/V2 changes present in some of
the individual molecularly cloned M-tropic SHIVs, including
(i) the six-amino-acid deletion in block 1, (ii) the two-residue
deletion in block 2, and (iii) unique amino acid substitutions in
block 4. It also should be pointed out that SHIV,,; and
SHIV,,,, are genomically isogenic except for three amino ac-
ids in block 4. As will be described below, this difference
conferred unique pathogenic phenotypes in vivo, which were
not discernible in vitro.

Replication of M-tropic SHIVs in cultured cells. To evaluate
the replication properties of the M-tropic SHIVs in rh-PBMC,
virus inocula were normalized for infectivity (2.5 X 10*
TCIDs,) and spinoculated onto concanavalin A-treated cells.
As shown in Fig. 2A, the parental T-cell-tropic SHIV 5 y1ok.c17
produced peak levels of virus on day 4 p.i.; the T-cell-tropic
SIV, .c230 and M-tropic SIV .31 controls exhibited slightly
delayed replication profiles in these cells. While the M-tropic
SHIVs reached peak virus production in th-PBMC in the same
time frame, SHIV,; 5 and SHIV,,;; consistently replicated to
higher levels than the three other M-tropic SHIVs. Three of
the M-tropic SHIVs (SHIV 3, SHIV ,;, and SHIVg,43;) in-
duced marked syncytia in macaque PBMC, while SHIV g
and SHIV,;_; did not (data not shown). Thus, the higher levels
of virus production directed by SHIV,; ;5 and SHIV g, could
reflect their lower cytopathicity, resulting in better preserva-
tion of infected cells and prolonging the release of the progeny
virions into the culture supernatant, as detected by RT assay.

The infectivity of the M-tropic SHIVs and control viruses
was also evaluated in AM, collected from foamy virus-negative
rhesus monkeys as previously described (18). Because it was
logistically difficult to prepare sufficient numbers of AM to
evaluate all of the viruses in a single experiment, cells collected
from the same donor animal on two different occasions were
used, as shown in Fig. 2B and C. As expected, the two T-cell-
tropic viruses (SHIV piy1or.cr7 and SIV,,,..»50) failed to repli-
cate in AM, whereas the M-tropic SIV .31 produced peak
amounts of progeny virions on day 15 or 20 p.i., depending on
the AM preparation. The M-tropic SHIVs replicated in the
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FIG. 2. Replication of M-tropic SHIVs in rhesus PBMC (A) or AM
(B and C). Each SHIV preparation was spinoculated onto 5 X 10° cells
of monkey PBMC (MOI, 5 X 10?), and virus production was moni-
tored by RT activity released into the medium (A). The replication of
the parental T-cell-tropic SHIV 515k 1.7 1s indicated by the thick
line. AM (3 X 10°) collected from the same donor animal on two
different occasions were infected with the indicated viruses at an MOI
of 3 X 1072, and virus replication was assayed as described for PBMC
(B and C).

macaque AM system with kinetics that were somewhat faster
than those of SIV ,..s16. Taken together, these results show
that M-tropic SHIVs, like M-tropic SIV,, .36, are able to
establish productive infections in both rhesus monkey PBMC
and AM cultures.
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FIG. 3. Profiles of plasma viral RNA loads (A) and circulating CD4" T lymphocytes (B) in pairs of macaques infected with M-tropic SHIV 3,
SHIVyg;, or SHIV, 53 (5,000 TCIDs,). One rhesus monkey (R46) was infected with the highly pathogenic T-cell-tropic SHIV iy 5r.cr7 (5,000
TCIDs,). The insets show measurements made during the first 25 weeks of the infections. The detection limit of our RT-PCR assay is 200 RNA
copies/ml, and undetectable values are plotted as 100 RNA copies/ml of plasma. ¥, time of euthanasia.

Infection of rhesus monkeys with M-tropic SHIVs. Pairs of
macaques were inoculated intravenously with 5,000 TCIDs, of
each M-tropic SHIV to ascertain whether they were able to
induce disease in animals with competent immune systems. As
noted earlier, this inoculum size consistently induced a rapid
and irreversible loss of CD4" T lymphocytes in animals inoc-
ulated with the T-cell-tropic SHIV 5,,r and SHIV15k.c17-
Three different patterns of in vivo infection were observed, as
manifested by differences in the levels of plasma viremia, num-
bers of circulating CD4" T lymphocytes, and clinical out-
comes. The monkeys inoculated with M-tropic SHIVs contain-
ing SHIVyor.psi-derived env genes (SHIV;, SHIV,,;,
and SHIV ;) all exhibited lower peak plasma virus loads (6.1 X
10* to 5.7 X 10° RNA copies/ml) compared to an animal
(RhR46) that was infected with the T-cell-tropic SHIV 51y10r.c17

control (1.5 X 10® RNA copies/ml) (inset in Fig. 3A). Follow-
ing peak virus production at week 2 p.i., plasma viremia de-
clined to background levels between weeks 5 and 12 in this
group of M-tropic SHIV-infected macaques, and while the
numbers of circulating CD4 " T lymphocytes fluctuated some-
what, they remained relatively unchanged compared to pre-
challenge values (insets in Fig. 3A and B). In contrast to mon-
key RhR46, which had to be euthanized at week 24 because of
systemic elimination of its CD4™ T cells, marked weight loss,
and deteriorating clinical status, the animals inoculated with
the three SHIV i ok.psi-derived M-tropic SHIVs have re-
mained asymptomatic for more than 4 years, with relatively
unchanged and stable numbers of CD4™ T cells and undetect-
able plasma viral RNA.

A completely different result was obtained with the two
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FIG. 4. Profiles of plasma viral RNA loads (A) and circulating CD4" T lymphocytes (B) in two macaques infected with M-tropic SHIV
(5,000 TCIDsj). One rhesus monkey (R46) was infected with the highly pathogenic T-cell-tropic SHIV 15k 17 (5,000 TCIDs,). The detection
limit of our RT-PCR assay is 200 RNA copies/ml, and undetectable values are plotted as 100 RNA copies/ml of plasma. , time of euthanasia.

animals (Rh460 and Rh479) inoculated with M-tropic
SHIV,,,,. Both exhibited profiles of plasma viremia and cir-
culating CD4" T cells similar to those experienced by the
macaque infected with the highly pathogenic T-cell-tropic
SHIVy1or.c17 (Fig. 4). The CD4" T-lymphocyte numbers
fell to 6 cells/ul of blood at week 4.3 in monkey 460, while
animal 479 was able to preserve its cells slightly longer (72
cells/ul at week 4.0) but eventually experienced a decline to 8
cells/pl at week 16. Macaques 460 and 479 required euthanasia
at weeks 33 and 26, respectively, due to anorexia and marked
weight loss.

The final M-tropic SHIV (SHIVgy,43,), a genetically hetero-
geneous virus swarm (see Fig. 1), induced an unusual and
intermediate pathogenic phenotype in two infected animals
(Fig. 5). The uncloned SHIVgq, 45, generated lower levels of
peak viremia (1.9 X 10° and 2.5 X 10° RNA copies/ml) than
that observed in monkey Rh447 (4.1 X 107 RNA copies/ml),
which had been inoculated with the parental T-cell-tropic
SHIV 510k; Virus replication was effectively controlled in both
of the SHIV gy, 45,-infected macaques by week 12 p.i. Nonethe-
less, viral RNA again became detectable in animal RhBJ67 at

week 15 p.i. and was maintained at levels ranging from 4.0 X
10% to 5.2 X 10° RNA copies/ml for more than 4 years (Fig.
5A). SHIVgg 43, also reemerged in the second monkey
(Rh595) at week 76 p.i. and sustained itself at similar low levels
for an additional 2.5 years. The persistent viremia in both
animals was accompanied by a gradual decline of circulating
CD4™" T cells beginning 1 year p.i. In monkey Rh595, CD4* T
lymphocytes fell from 1,536 cells/pl at the time of virus inoc-
ulation to 328 cells/p.l at week 235 p.i.; the decline in macaque
RhBJ67 during the same time interval was from 1,467 to 621
cells/pl blood. Nonetheless, both infected animals have re-
mained clinically asymptomatic.

Sensitivity of M-tropic SHIVs to neutralizing antibodies.
Previous studies have reported that M-tropic SIV, a1 1S Sig-
nificantly more (800-fold) sensitive to NAbs than its T-cell-
tropic progenitor SIV .30 (24, 31). We therefore examined
the neutralization sensitivities of the M-tropic SHIVs to ascer-
tain whether they also exhibited a similar phenotype relative to
their parental T-cell-tropic SHIV iy or.c17- TWO anti-SHIV
polyclonal Nab preparations were used in these experiments.
One was plasma collected at week 11 p.i. from a macaque
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FIG. 5. Profiles of plasma viral RNA loads (A) and circulating CD4" T lymphocytes (B) in two macaques infected with M-tropic SHIV g3,
(5,000 TCIDs;). One rhesus monkey (R447) was infected with the highly pathogenic T-cell-tropic SHIV 5151 (5,000 TCIDs ). The insets show
measurements made during the first 25 weeks of the infections. The detection limit of our RT-PCR assay is 200 RNA copies/ml, and undetectable
values are plotted as 100 RNA copies/ml of plasma. {, time of euthanasia.

inoculated with a low dose (100 TCIDs,) of SHIV 5 iq1or-c1.9
which did not develop disease (34) but did generate high
titers of anti- SHIV 5j112r.c17 NAbs. The second source of
anti-SHIV NAb was plasma obtained from an animal inoc-
ulated with the molecularly cloned SHIVpor.cr.s (34).
SHIVhiar.crg carries a gpl20 that is identical to that of
SHIV b1sr.c17 but is nonpathogenic (23, 34). As shown in
Fig. 6, the two plasma preparations gave similar patterns of
neutralization against the panel of five M-tropic SHIVs. The
three bearing the SHIVor.psi-derived env genes
(SHIV 5, SHIV,; 5, and SHIV,5;) were somewhat more
sensitive to both preparations of NAbs than the T-cell-tropic
SHIVhisr-cr7- The most sensitive of these three M-tropic
SHIVs, SHIV, 5 5, was 7.2- and 11.6-fold more neutralizable
than the T-cell-tropic SHIV 5j112r.c17 in the two indepen-

dent assays shown. This modest increase in neutralization
sensitivity is far less than that reported for the M-tropic SIV
prototype, SIV ..316 (800-fold), and suggests that there may
be no correlation between M-tropism and neutralizability
among closely related primate lentiviruses. The striking re-
sistance of SHIVgqy,45; to neutralization shown in Fig. 6 is
clearly not representative of the other M-tropic SHIVs; it is
more likely due to the remarkable genetic heterogeneity of
its Env glycoprotein. In this regard, it is worth noting that
the polyclonal NAb preparations used in these neutraliza-
tion experiments were generated in rhesus monkeys inocu-
lated with molecularly cloned viruses bearing the gp120
V1/V2 sequence of SHIV11or.cr7 (Fig. 1, top line), which
is markedly different from the collection of several env gene
sequences comprising the SHIVgy,43, swarm (Fig. 1, bottom).
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FIG. 6. Sensitivities of M-tropic SHIVs to neutralizing antibodies. Plasma samples from an animal inoculated with SHIV pyy15r_¢1.7 (plasma 1)
or SHIVor.crs (plasma 2) were used in neutralization assays described in Materials and Methods. These two SHIVs carry identical gp120
coding sequences (34). The neutralization (NEUT) titers against each virus are shown above the bars. The dashed line indicates the detection limit

of the assay (<1:3).

An M-tropic SHIV recovered directly from AM targets AM
in vivo but is not pathogenic in immunocompetent macaques.
To ascertain whether any of the M-tropic SHIVs described
earlier specifically targeted macrophages in vivo, one macaque
(Rh4462) was inoculated intravenously with 5,000 TCIDs,, of
SHIV,;; blood was analyzed for viral RNA levels, and AM
were collected at week 4 p.i. by BAL for infectious center
assays. The peak plasma viremia reached a level (3.8 X 10°
RNA copies/ml) similar to that previously observed for
SHIV,,s-infected animals (see Fig. 3A). As a control for the
infectious center assay, AM were also collected from two rhe-
sus monkeys (95D139 and H589) previously inoculated with
the T-cell-tropic SIV .30 (27). The recovered BAL samples
from all three animals were serially diluted and then coculti-
vated with activated rh-PBMC for 21 days, and the frequency
of virus-infected AM was determined by infectious center as-
say. As shown in Table 2, 50- to 100-fold more AM, from the
macaque inoculated with M-tropic SHIV,,;, were releasing
virus at week 4 p.i. compared to samples collected from the two
animals infected with the T-cell-tropic SIV 530

TABLE 2. Infectious centers in the pulmonary space of SHIV- or
SIV-infected animals

No. of virus-producing
cells/10° cells

Animal Virus inoculum

4 wk p.i. 8 wk p.i.
95D139 SIV haca30 5.2 <0.1
H589 IV aca30 2.3 <0.1
4462 SHIV 5 243.0 ND“
P12 SHIVgg37am 60.9 243.0
P25 SHIVgps7am 2187.0 46.8

“ ND, not done.

We considered the possibility that the failure of four of five
M-tropic SHIVs to induce clinical disease in immunocompe-
tent monkeys might reflect their isolation from blood or lymph
nodes rather than from nonlymphoid organs known to harbor
productively infected macrophages, such as lung or the CNS.
Accordingly, AM were collected by BAL during the macro-
phage phase of infection of rhesus macaque RhBF37 that had
been inoculated with a mixture (1,000 TCIDs, each) of five
uncloned M-tropic SHIVs (SHIVgg 631, SHIV g pa7, SHIV oG5,
SHIVgpgs, and SHIVyg; (15). This mixed uncloned SHIV
inoculum was used to increase the possible recovery of an
M-tropic SHIV with augmented pathogenic potential. Forty-
eight hours following the plating of the AM from macaque
RhBF37, adherent cells were collected and cocultivated with
concanavalin A-stimulated rh-PBMC. The virus released into
the supernatant medium during 9 days of coculture was col-
lected as a virus stock for in vitro and in vivo experiments. As
shown in Fig. 7A, this AM-derived virus (SHIVggs7an) repli-
cated with delayed kinetics in macaque PBMC compared to
T-cell- and M-tropic SHIVs and SIVs. Nonetheless,
SHIVges,am €xhibited robust infection kinetics in AM cul-
tures, generating higher levels of RT activity than either the
M-tropic SHIV,; 5 or SIV,,..316 (Fig. 7B), indicating that it
was, in fact, M-tropic. However, intravenous inoculation of two
monkeys with SHIV 3,40 resulted in modest levels of peak
plasma viremia (4.4 X 10° and 2.2 X 10° RNA copies/ml),
which was rapidly and durably controlled (Fig. 7C). The num-
bers of circulating CD4 ™" T lymphocytes did not change appre-
ciably in monkey P12 or P25, and neither developed clinical
symptoms (Fig. 7D).

The capacity of the M-tropic SHIV gg374n, to specifically target
macrophages in infected animals was also evaluated by infectious
center assay using AM collected by BAL from monkeys P12 and
P25 at weeks 4 and 8 p.i. Table 2 shows that considerably more
AM from both SHIV g5, 40m-infected monkeys produced prog-
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FIG. 7. Infectivity of AM-derived M-tropic SHIV 3,45, in vitro and in vivo. SHIVg3,4, and the indicated viruses were spinoculated onto 5 X
10° cells of monkey PBMC (MOI, 5 X 10~?), and virus production was monitored by RT activity released into the medium (A). AM (3 X 10°)
were infected with the indicated viruses at an MOI of 3 X 1072, and virus replication was assayed as described for PBMC (B). The replication
curves for SHIV 35,0 are indicated by thick lines. (C and D) Profiles of plasma viral RNA loads (C) and circulating CD4" T lymphocytes (D) in
rhesus macaques P12 and P25 infected with M-tropic SHIV g3744 (5,000 TCIDs). The detection limit of the RT-PCR assay is 200 RNA copies/ml,

and undetectable values are plotted as 100 RNA copies/ml of plasma.

eny virus compared to the two animals inoculated with the T-
tropic SIV .30 at both time points. In fact, at week 8 p.i.,
virus-producing AM were only detected in the monkeys inocu-
lated with the M-tropic SHIV gg3,am. Thus, despite its derivation
from tissue macrophages, robust replication properties in AM in
vitro, and capacity to target AM in vivo, M-tropic SHIV zg37anms
like most other M-tropic SHIVs, was nonpathogenic following its
inoculation into monkeys with competent immune systems.

DISCUSSION

When this study began, we considered the possibility that
M-tropic viral variants emerging shortly after the inoculation
of macaques with highly pathogenic T-cell-tropic SHIVs might
contribute to the rapid and complete depletion of CD4" T
cells observed in these animals. In fact, one of the M-tropic
SHIVs evaluated in this study, SHIVgy,63,, Was recovered at
week 7.4 p.i. from an animal experiencing the typical massive
elimination of CD4* T lymphocytes. However, since five of six
M-tropic SHIVs evaluated in this study failed to induce any
disease in animals with competent immune systems, we con-
cluded that M-tropism, per se, contributed very little to the
rapid, unremitting, and ultimately fatal X4-SHIV immunode-
ficiency syndrome. A more likely explanation is that M-tropic
SHIVs simply emerged following the irreversible depletion of
CD4™" T cells as the viral infection was redirected to the only
remaining alternative CD4-expressing cell in vivo: those of the

monocyte/macrophage lineage. This retargeting of the SHIV
infection required the acquisition of specific changes affecting
gp120, including altered glycosylation sites and shortened
V1/V2 regions (15, 18) (see Fig. 1), to facilitate entry into cells
of the macrophage lineage, known to express lower levels of
CD4 compared to T lymphocytes (2, 25, 26, 41). These Env
glycoprotein alterations, while conferring macrophage tropism
(and preserving the preexisting T-cell tropism), had occurred
in monkeys lacking a functional immune system and very likely
resulted in the range of pathogenic phenotypes observed in the
M-tropic SHIVs that subsequently emerged.

Only one of the six M-tropic SHIVs evaluated in this study,
SHIV,,;,, induced clinical disease. Moreover, the disease phe-
notype observed with SHIV,,,, was indistinguishable from the
immunodeficiency induced by prototypical highly pathogenic
T-cell-tropic SHIVs. Since M-tropism, as defined in in vitro
systems, is inseparable from T-cell tropism for all known pri-
mate lentiviruses, it was not totally unexpected that the M-
tropic SHIV,,,,; might only induce a “T-cell disease” rather
than a distinct pathological entity related to its ability to infect
macrophages. Prototypical lentiviruses, such as visna-maedi
virus, caprine arthritis-encephalitis virus, and equine infectious
anemia virus, are primarily M-tropic, do not target T lympho-
cytes, and do not induce immunodeficiency. Instead, the dis-
eases induced by the ungulate lentiviruses are characterized by
intense inflammatory responses in affected tissues (lung, brain,
and joints) with marked infiltrations of macrophages and lym-
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phocytes. Thus, visna-maedi virus causes pulmonary and neu-
rological manifestations in selected breeds of sheep such as
Corridale (39). Although caprine arthritis-encephalitis virus
can induce debilitating arthritis, this occurs in less than 10% of
infected goats (6, 7, 22). In the case of equine infectious ane-
mia virus, approximately 90% of experimentally inoculated
horses control the acute febrile phase of the infection and
become chronic carriers with no recognizable clinical symp-
toms (35). It would appear that these M-tropic prototypical
lentiviruses establish symptomatic infections in only a fraction
of infected animals, which become recognized because they
may be less vigorous or produce products of economic impor-
tance in smaller amounts or of poorer quality.

Our results would suggest that M-tropism per se is not predic-
tive of loss of pathogenic potential based on the results obtained
with SHIV,,,, which induced prototypical disease in two of two
inoculated animals. Side-by-side pathogenicity comparisons using
T-cell-tropic SHIVS, also recovered from late-stage-infected ma-
caques, were not conducted, although previous reports from our
laboratory and other investigators have shown that unfractionated
SHIV preparations, isolated from animals with marked deple-
tions of CD4™" T cells, are highly pathogenic (16, 33). It is possible
that the forced acquisition of M-tropism due to loss of CD4™"
T-cell targets or the appearance of M-tropic SHIVs following the
collapse of the immune system, both characteristic of the SHIV
system in vivo, contributes to the emergence of attenuated non-
pathogenic variants.

As noted above, only SHIV,,,, of the six M-tropic SHIVs
evaluated induced immunodeficiency. It is interesting that the
entire 9.2-kb genome of SHIV,,, is isogenic with the non-
pathogenic M-tropic SHIV ,;, except for three adjacent amino
acids (positions 185 to 187) located in the V2 region of gp120
(see Fig. 1). This relatively minor difference in env could affect
a myriad of functions that could be examined biochemically.
However, because SHIV,,; and SHIV,,,, exhibited indistin-
guishable replication profiles in cultured PBMC and AM (Fig.
2), we concluded that the attenuation of SHIV,; is due to a
presently unknown property of its gp120 V2 region manifested
only during replication in vivo. Because disease induction by
pathogenic X4-SHIVs is dependent on exceeding a threshold
level of viral replication during the initial 2 weeks of the acute
infection (10, 17), the relatively modest increase (two- to six-
fold) in neutralization sensitivity exhibited by SHIV,,; com-
pared to SHIV,,, (Fig. 6) associated with the somewhat lower
levels of peak viremia (5.6 X 10° and 1.6 X 10° RNA copies/ml
[Fig. 3A]) could be functionally significant and tip the balance
in favor of the host, resulting in effective suppression of
SHIV,; replication and the abrogation of any clinical disease.

In the present study, we observed relatively minor differ-
ences in neutralization sensitivities between the SHIV 1,1
family of M-tropic viruses and their T-cell-tropic progenitor,
SHIVphisr-cr7- This result contrasts with reports of
SIV .c230 and its M-tropic derivatives, which in general are
exquisitely sensitive to neutralizing antibodies compared to
their T-cell-tropic parent (24, 31). The difference in neutral-
ization sensitivities exhibited by the two families of M-tropic
primate lentiviruses undoubtedly reflects the unique biological
and biochemical properties of each, including (i) coreceptor
usage (SIV, CCRS5; SHIV, CXCR4), (ii) relative neutralizing
sensitivities of parental T-cell-tropic viruses (SIV,,c230, T€SIS-
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tant; SHIV,y1or.c17 relatively sensitive), (iii) CD4 depen-
dency of M-tropic derivatives (SIV, independent [31]; SHIV,
dependent [H. Imamichi and J. Reeves, unpublished]), and (iv)
env genetic determinants of M-tropism (SIV, distributed
throughout gp120 and gp41 [25]; SHIV, mapping primarily to
V1/V2[15, 18]). Irrespective of these differences, both families
of M-tropic nonhuman primate lentiviruses exhibit a common
biological property: they are attenuated in vivo following inoc-
ulation of immunocompetent rhesus monkeys (5, 19, 31).

One might ask what role do M-tropic primate lentiviruses play
during infections of monkeys and humans? In the case of HIV-1,
M-tropic strains have been detected during all phases of the
infection but only become relatively abundant in individuals with
functionally impaired immune systems (1, 8, 29, 38). In this re-
gard, we have previously reported the presence of virus in
multinucleated giant cells in the brains of SHIV-infected ma-
caques exhibiting no apparent neurological symptoms (17a). It is
quite likely that the immune system in these monkeys was suffi-
ciently intact to minimize virus-induced CNS injury and associ-
ated clinical symptoms. Taken together with our failure to ob-
serve any disease during de novo infections of rhesus monkeys
with functional immune systems, initiated with five of six M-tropic
SHIVs of diverse origins and clonalities, we surmise that a ma-
jority of M-tropic primate lentiviruses are intrinsically attenuated
and only become “dangerous” in immunologically compromised
hosts. During the asymptomatic phase of their infections, M-
tropic HIV-1, SIV, and SHIV strains comprise an important virus
reservoir in tissue macrophages systemically but do not induce a
unique disease based on their M-tropic properties. Rather, by
continuously releasing progeny virions capable of infecting and
destroying CD4 " T cells, these M-tropic viruses contribute to the
unrelenting impairment of the immune system and only cause
symptomatic “macrophage disease” (e.g., affecting the CNS) dur-
ing the very late stages of infection.
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