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ABSTRACT

Background: We investigated the human immunode-
ficiency virus (HIV) proviral DNA sequence and copy
number in alveolar macrophages (AM) and peripheral
blood monocytes (PBM) from 10 HIV-positive patients
without any active concurrent pulmonary disease to un-
derstand the nature of HIV-1 infection in vivo in the lung
microenvironment.

Materials and Methods: The 10 seropositive patients
without active pulmonary disease were selected based
on chest roentegenography and pathological/cytological
tests of bronchoalveolar (BAL) fluid. In order to deter-
mine accurate proviral copy numbers, AM and PBM
were isolated to 99 and 94% purity, respectively, and
quantitative polymerase chain reaction (PCR), with a
sensitivity to detect three copies of HIV proviral DNA per
10° cells, was applied. For analysis of genetic variation in
HIV-1, PCR-amplified HIV-1 DNA from AM and PBM of
five patients were subcloned and 2-12 clones from each
sample underwent DNA sequence analysis of HIV-1
gpl20 V3-V5. Heteroduplex mobility assays were per-
formed to confirm the results of the sequence analysis.

Results: The proviral copy number in AM or PBM were
less than 20 copies/10> cells in all patients, and five
patients had less than the detection limit. There was no
significant difference in HIV copy number between AM
and PBM. No correlation was found between PBM/AM
HIV copy number and CD4" lymphocyte count in the
peripheral blood. Sequence analysis revealed that the
mean intrapatient genetic similarity in AM was 97.5 *
0.18% (n = 107), which was significantly higher than
that in PBM (96.2 * 0.26% (n = 94), p < 0.001),
suggesting that variability of HIV-1 DNA in AM was
relatively limited. Divergence occurred when AM de-
rived HIV-1 sequence was compared with PBM derived
sequence from the same patient (95.8 * 0.17% (n =
223) p < 0.001). Phylogenetic analysis of DNA sequence
demonstrated complete separation of HIV lineages from
lung and blood in four of five patients.

Conclusions: The results suggest that HIV-1 infection in
AM is restricted in vivo with low viral burden and homog-
enous genotype. We propose that the pulmonary micro-
environment may limit the extent of HIV-1 infection.

INTRODUCTION

The alveolar macrophage (AM) is the predomi-
nant defender against environmental pathogens
in the lower respiratory tract, yet over 62,000
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opportunistic infections per year in acquired im-
munodeficiency syndrome (AIDS) patients in the
United States occur predominantly affecting the
lung (1). As CD4" T cells fall to very low levels in
advanced AIDS, there is no observed concomi-
tant decrease in AM (2), but the risk for pulmo-
nary opportunistic infections increases markedly
consistent with an altered functional status of
these cells (3-7). Several reports have described
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the AM as chronically harboring human immu-
nodeficiency virus (HIV)-1 DNA in vivo (8,9),
and viral production is possibly stimulated by
pulmonary inflammation (10).

AM and peripheral blood monocytes (PBM)
belong to a macrophage lineage and are ulti-
mately derived from the same origin, granulo-
cyte-macrophage colony—forming unit (CFU-
GM) in the bone marrow (11). Macrophages
have been considered to be a major target of
HIV-1 infection, because most clinical isolates
from any stage of the disease are macrophage
tropic (12), which appears to be closely associ-
ated with the pathogenesis of HIV-1 infection
(13). Actually, microglia, brain macrophages
(14,15), and macrophages in lymph nodes (16)
have been shown to harbor a high copy number
of provirus and are producing virions. There is
increasing evidence that the tissue-specific mi-
croenvironment is important for HIV-1 infection
of these macrophages in vivo. For example, en-
dothelial cells in brain from AIDS patients with
encephalitis are frequently found to be infected
with HIV-1 and possibly transmit to microglia
and brain macrophages (17,18). Moreover, brain
endothelial cells from Simian Immunodeficiency
Virus (SIV)-infected monkeys express ELAM-1,
an adhesion molecule which may interact with
blood monocytes to facilitate their infiltration to
the brain (19). Once microglia or brain macro-
phages are infected, astroglia may stimulate and
maintain HIV production through inflammatory
cytokines (20). Similarly, lymph node endothe-
lial cells express HIV-1 RNA in patients with
lymphadenopathy syndrome (21,22), and follic-
ular dendritic cells in patient lymph nodes asso-
ciate with HIV-1 extracellularly and transmit
them to macrophages (16).

On the other hand, the mechanism for HIV
infection to AM in vivo is unclear. AM can be
productively infected by HIV-1 in vitro to the
same extent as cultured PBM derived macro-
phages (23), but the viral load in vivo is esti-
mated to be very low (24,25) and the infection is
latent. It is possible that AM are infected with
HIV-1 in the pulmonary parenchyma (26), but
our and other’s recent data suggest that the al-
veolar microenvironment may contain low lev-
els of HIV-1 and thus, AM escape from the in-
fection locally (10). Moreover, many bioactive
materials in lung epithelial lining fluid such as
IgG, IgA, or surfactant proteins may inhibit HIV
infection in a manner similar to that in saliva
(27).

Only rare PBM have detectable HIV-1 DNA,

and no viral replication has been clearly demon-
strated in vivo within these cells (28,29). Distinct
from AM, freshly isolated PBM are relatively re-
sistant to HIV-1 infection in vitro, probably due
to a defect in viral entry, although PBM increase
their susceptibility to productive infection after
several days’ incubation (23). Thus, PBM seem to
be protected from massive infection in vivo, al-
though they are continuously exposed to infec-
tious plasma virus in any stage of disease (30).

One way to elucidate the mechanism for
HIV-1 infection in a particular tissue is to inves-
tigate viral sequence variation which is influ-
enced by selective pressure exerted by the tissue-
specific microenvironment and not simply a
reflection of the intrinsic mutation rate. Namely,
sequence heterogeneity may alter cell-specific
tropism (31), replication kinetics (32), cytopathic
activity (33), and responses to neutralizing anti-
bodies (34,35). The external envelope gp120 ex-
hibits extensive heterogeneity in single isolates
(36) or between serial isolates from individual
patients (37). Extensive studies on env gene se-
quence analysis between brain and blood (38) or
spleen and brain (39) demonstrates heteroge-
neous sequence distribution between different
tissues, suggesting that there might be tissue spe-
cific selection pressures.

To elucidate the effect of the pulmonary mi-
croenvironment on HIV-1 infection to AM, we
purified AM and PBM from 10 seropositive pa-
tients without pulmonary complications to com-
pare the accurate proviral copy number and en-
velope genotype between them. Of critical
importance was identifying individuals with nor-
mal chest radiographs and excluding other
pathogens from the bronchoalveolar lavage fluid
because their presence not only stimulates the
recruitment of other inflammatory cells to the
lung but could also potentially alter the HIV-1
replication rate (40,41) and thus influence the
quasi species present. In contrast to circulating
CD4" T cells, which are reported to harbor rela-
tively high copy numbers of HIV-1 DNA (42), we
found that both AM and PBM have a very low
copy number even in patients with advanced
disease. When the envelope sequence was com-
pared between AM and PBM from five patients,
tissue-specific compartmentalization was clearly
observed in four patients in both nucleotide and
amino acid sequences. Interestingly, the HIV-1
genotype in AM appeared more homogenous
than that in PBM in four of five patients studied.
These data demonstrate highly restricted HIV-1
species in AM compared with PBM consistent
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with the concept of the AM residing in a pro-
tected microenvironment.

MATERIALS AND METHODS
Study Population

Human subjects approval was obtained from
NYU Medical Center and Bellevue Hospital Cen-
ter. Ten HIV-1-infected individuals who were
free of respiratory symptoms volunteered for the
study including bronchoalveolar lavage. The
mean age was 39 * 3 years, and the mean pe-
ripheral blood CD4" cell count was 145 * 68/
mm?, with a median of 50 and a range of 3-622/
mm?>. All subjects had a normal posterior-
anterior and lateral chest X-ray, and physical
examination. Culture of bronchoalveolar lavage
(BAL) fluid for bacteria, fungi, and Mycobacterium
tuberculosis was negative for all individuals.

Bronchoalveolar Lavage

BAL was performed under local anesthesia with
2% lidocaine and midazolam. Briefly, a flexible
fiberoptic bronchoscope (1T 20 D; Olympus, To-
kyo, Japan) was inserted into a segmental bron-
chus of the middle lobe. Three 50-ml aliquots of
sterile saline were instilled through a lavage
channel and immediately aspirated. Retrieved
saline was pooled, placed on ice, filtered through
a sterile cell strainer (Becton-Dickinson Co.,
Mountain View, CA, U.S.A.), collected in a
polypropylene tube, and centrifuged at 1000 rpm
for 10 min. The supernatant was stored at
—70°C. The cell pellet was washed twice with
cold Hanks’ Balanced Salt Solution and resus-
pended in RPMI 1640 in 10% fetal calf serum.
The number of cells was counted by a hemato-
cytometer and cell differentials were made with
a modified Wright-Giemsa stain (Diff-Quick;
Fisher Scientific, Pittsburgh, PA, U.S.A.).

Purification of Monocytes and Alveolar
Macrophages

Peripheral blood mononuclear cells (PBMC)
were obtained from blood cells by Ficoll-
Hypaque sedimentation and buffy coats were
washed in phosphate-buffered saline (PBS) X4.
PBMC or BAL cells were suspended in RPMI
1640 with 10% FCS and placed in 35-mm poly-
styrene plates (Miles Laboratories Inc., Naper-
ville, IL, U.S.A.). The plates were coated with

human AB serum at 4°C overnight, and cells
were incubated for 40 min at 37°C. The plates
were washed with PBS X3, and the adherent
cells were removed by gentle scraping with a
plastic cell scraper, washed, and resuspended in
RPMI. To purify monocytes or AM, the adherent
cell suspension was incubated at 4°C with anti-
CD2 and anti-CD19 immuno-magnetic beads
(Dynal, Oslo, Norway) at a ratio of 40:1 beads to
target cells. After 30 min, the magnetic beads and
contaminating lymphocytes were removed with
a magnet and the step was repeated. The result-
ant cells were defined as monocytes or AM by
morphology and nonspecific esterase staining
with purity of 94.5 * 1.2% and 99.0 £ 0.2%,
respectively.

Quantitative Polymerase Chain Reaction

A 10-pl aliquot of cells (107/ml) in PBS was
placed into a polymerase chain reaction (PCR)
tube (MicroAmp Reaction Tube; Perkin Elmer,
NJ, U.S.A.). DNA extraction was performed by
adding 2.5 pl of 5XTPK buffer (50 mM KCl, 50
mM Tris-HCl, pH 8.3, 7.5 mM MgCl,, 2.5%
Tween 20, 2.5% Nonidet-40, 500 pug/ml protein-
ase K) and incubated at 55°C for 1 hr. The DNA
was incubated at 95°C for 10 min to inactivate
the proteinase K. For HIV-DNA standards, we
used the ACH-2 cell line (Dr. Melissa Pope, Rocke-
feller University), which is reported to have a
single copy of provirus per cell. Standards were
prepared by diluting known numbers of ACH-2
cells into HIV free THP-1 cells (ATCC) at 4°C.

The PCR was carried out as described by Go
et al. (42). Briefly, SK39-HIV gag primers were
end labeled by incubating with T4 polynucleo-
tide kinase 2U and *?P-ATP in kinase reaction
buffer for 1 hr at 37°C, heat inactivated at 65°C
for 10 min, and purified on G25 spin column.
Each reaction contained 10 ul of sample, 0.5 ul
of Taq polymerase (Perkin Elmer), 10 ul of
10XPCR buffer (Perkin Elmer), 100 ng of SK 38,
100 ng of SK39 containing 5 X 10° cpm of labeled
primer, and 0.25 mM of each of the four dNTPs.
The primer sequences were: SK38 5'-ATAATC
CACCTATCCCAGTAGGAGAAAT-3' and SK39 5'-
TTTGGTCCTTGTCTTATGTCCAGAATGC-3'.

The PCR was performed for 25 cycles (dena-
turation 91°C for 1 min and annealing and ex-
tension at 63°C for 2 min). To determine the
number of copies of HIV present in the amplified
product of each reaction, 5 ul of amplified prod-
ucts were electrophoretically separated on a
12.5% nondenaturing polyacrylamide gel. The
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gel was dried and applied to Betagen (Intelli
Genetics, Mountain View, CA, U.S.A.), to detect
the radioactivity of each PCR amplicon.

In Patients C, F, G, and I with HIV-1 DNA <3
copies/10° cells, 10° cells were incubated with
TPK buffer, phenol:chloroform extracted, etha-
nol precipitated, and underwent PCR as de-
scribed above. The copy number was semiquan-
titatively estimated using autoradiography
comparing standard HIV-1 DNA with 0, 10, 25,
and 100 copies.

Nested PCR for Amplification of the
Envelope Gene

DNA was extracted from 2 X 10° purified AM or
PBM which contained at least 20 HIV-1 proviral
DNA copies, extracted with phenol-chloroform,
ethanol precipitated, and resuspended in 50 ul of
deionized water. The PCR was performed in 100
ul of reaction mixture containing 2.0 mM MgCl,,
50 mM KCl, 10 mM Tris-HCI (pH 8.3), 20 uM of
each ANTP, 0.5 uM each outer oligonucleotide
primer pair, and 2.5 units of Taq polymerase
(Perkin Elmer). The reactions were performed in
Perkin-Elmer Cetus Model 9600 thermocycler
programmed for 35 cycles (denaturation at 95°C
for 1 min, annealing at 55°C for 1 min, and
extension at 72°C for 1.75 min). A final exten-
sion at 72°C for 10 min was added to the last
cycle. A 5-ul aliquot was reamplified in a 100-ul
reaction mix containing 0.5 uM each inner oli-
gonucleotide primer pair using the same cycle
profile as above. The nested primer sequences
were: outer, AS1, 5'-CCAATTCCCATACATTAT
TGT-3' (6847 of NL4-3), AS2, 5'-ATAGTGCTTC
CTGCTGCTCCCAAGAACC-3' (7803 of NL4-3),
inner, AS4, 5'-GTTGGATCCCAGTCTAGCAGAA
GAAGA-3' (6994 of NL4-3), AS3, 5-ACTTCTA
GAATTGTCCCTCAT-3' (7633 of NL4-3).

Molecular Cloning and Sequencing

The nested PCR products of approximately 600—
650 bp were resolved by electrophoresis on a
0.8% agarose gel. The correct DNA fragment was
excised from the gel, applied to a Supec II col-
umn (Takara, Otsu, Shiga, Japan), phenol:chlo-
roform extracted, and ethanol precipitated. The
purified product was dissolved in water and di-
gested with Bam H1 and Xbal in the appropriate
buffer at 37°C for 4 hr. An aliquot of the re-
stricted product was evaluated on 1.0% agarose
gel electrophoresis to screen for any potential
restriction sites which would select against a par-

ticular variant in the population. The cloning of
PCR products was performed using the M13
Cloning Kit (Boehringer-Mannheim, Indianapo-
lis, IN, U.S.A.). Briefly, the restricted amplicon
products were ligated to the M13mpl8 vector
digested with the same restriction enzyme set
and transfected into JM101 cells. Transfected
plaques were color selected using IPTG/Xgal agar
plates and amplified in JM101 culture medium
for 5 hr. Single-strand recombinant M13 clones
were recovered from culture supernatants by
polyethylene glycol precipitation followed by
phenol-chloroform extraction and ethanol pre-
cipitation. The clones were sequenced in the for-
ward direction by the dideoxy chain termination
method using several sequencing primers, >°S-
labeled dATP, and Sequenase version 2.0 (U.S.
Biochemical, Cleveland, OH) according to the
manufacturer’s directions. Using this procedure
on PCR products from ACH-2 cells, we estimated
that the rate of misincorporation in our PCR and
cloning to be 1 out of 829 bases.

DNA Heteroduplex Mobility Assay

To evaluate genetic variability of the HIV-1 en-
velope sequence from AM or PBM, we per-
formed heteroduplex mobility gel shift assay ac-
cording to the method described by Delwart et al.
(43) with slight modifications. Briefly, we se-
lected a recombinant M13 clone described above
in each patient, amplified and labeled with oP-
dATP using PCR in the same manner as the
aforementioned nested second round PCR. La-
beled envelope clones were mixed with nested
PCR products at a 1:330 ratio in annealing buffer
(1 M NaCl, 100 mM Tris-HCI pH 7.8, 20 mM
EDTA), denatured at 95°C for 3 min, annealed at
22°C for 10 min, and cooled on ice. Mixed PCR
amplicon was resolved by 4% nondenaturing
polyacrylamide gel electrophoresis in 1 XTBE for
4 hr. The gel was dried and autoradiographed
overnight at room temperature.

Data Analysis

All nucleotide sequences (approximately 597-
654 bp) from this study were aligned by means of
the Multiple Alignment Sequence Editor
(MASE) program. The sequences were also com-
pared by the ““Clustal V"’ program and the vari-
ation was calculated by the DNADIST program.
Phylogenetic tree analyses were carried out by
DNASTAR program. Other data were analyzed
by Statworks using Macintosh computer (Apple
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FIG. 1. Quantification of HIV-1 proviral DNA
in peripheral blood monocytes, alveolar macro-
phages, and total bronchoalveolar lavage cells

Quantification was performed by the polymerase
chain reaction using >?P-labeled gag primer (SK39).

Computer, Inc., CA, U.S.A.). Data are expressed
as mean * SEM. The difference between two
groups was evaluated using the Wilcoxon signed
rank test. A p value <0.05 was considered
significant.

RESULTS

Quantitation of HIV-1 Proviral DNA in
AM or PBM

We performed bronchoalveolar lavage on 10 in-
dividuals with no evidence of active pulmonary
disease who had a mean age of 38 *+ 3 years and
mean CD4*/mm? of 141 *+ 69, and range 3-622
cells/ul. PCR was performed on PBM, AM, un-
fractionated BAL cells, and PBL with a standard
curve of serially diluted ACH-2 cells showing
good linearity with a range of 3 to 500 HIV-1
proviral DNA copies per 10° cells (Fig. 1). Signif-
icant provirus (>3 copies/10° cells) was detected
in 7 of 9 PBM, 6 of 10 AM, and 6 of 8 BAL, and
6 of 8 PBL samples studied (Table 1). The proviral
copy numbers in PBL were higher than other cell
components, especially in Patients C and F with
65 and 63 copies, respectively. In contrast, the
proviral copy numbers in AM or PBM were re-
markably low, being less than 20 copies/10° cells
in all patients. In Subjects A and B with a high
CD4" number (>200/mm?) or in Patients H and

TABLE 1. Quantitation of HIV-1 proviral DNA copy number in AM, PBM, or PBL cells

HIV Copy Number/10® Cells

Patient Age CcD4* AM PBM PBL
A 49 622 <3 <3 <3
B 26 440 <3 <3 ND
C 38 195 1-3¢ 1-34 65
D 39 50 4 4 1-

3a
E 26 50 8 7 5
F 44 27 1-34 9 63
G 31 14 3 1-3¢ 5
H 39 <3 ND ND
I 53 3 <3 1-37 20
J 36 3 20 18 15

AM, alveolar macrophages; PBM, peripheral blood monocytes; PBL, peripheral blood lymphocytes; ND, none detected.
“HIV-1 copy number was more than 10 copies/10° cells confirmed by quantitative PCR.
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I with low CD4* number (<8/mm?), the HIV-1
copy number was less than 3 copies/10° cells.
When 10 input cells were used, we detected
more than 10 copies/10° cells for PBM in Sub-
jects C, G, and I, and for AM in Subjects C and F.
No difference in the copy number was found
among PBM, AM, unfractionated BAL cells, or
PBL, although HIV-1 copy number in PBM and
AM were correlated (r = 0.86, p < 0.01). We
could not find any correlation between CD4*
numbers in the blood and HIV-DNA copy num-
bers in these three cell populations. Thus, AM
from the lung without concurrent disease con-
sistently harbor very low HIV-1 DNA levels
which are similar to the level of HIV-1 in PBM
from the same subject. These data suggest that
HIV-1 infection in both AM and PBM is restricted
quantitatively in vivo.

HIV-1 Sequences from PBM and AM

Since we hypothesized that HIV-1 provirus in
AM is in a restricted microenvironment, analo-
gous to microglial cells in the brain, we com-
pared HIV-1 sequences between AM and PBM in
Subjects C, E, F, G, and J. We extracted DNA
from 2 X 10° cells which contained more than 20
copies of HIV-1 DNA. Nested PCR products cod-
ing the V4-V5 region of the envelope gene, 597-
654 bp, were cloned and sequenced (total 64
clones, 4—-12 clones per sample). The large num-
ber of different sequences obtained for each sam-
ple confirmed sufficient input HIV-1 proviral
DNA existed in each sample. Figure 2 shows the
alignments of the amino acid translations of the
nucleotide sequences. The coding potentials of
the V3 and V4-V5 regions of env were main-
tained in most viral sequences. There was one
stop codon in a total of 39,489 bases sequenced.
The characteristics of the sequences demon-
strated that AM clones appeared to cluster, par-
ticularly in Patients C, G, F, and J, but not in
Patient E. The difference of sequences between
PBM and AM clones were evident with several
common amino acid substitutions characteristic
for PBM or AM clones in each patient, but we
could not find any substitution(s) for PBM or AM
clones that was common among five patients.
In general, mutations clustered in the V4 and
V5 regions. There were significantly more silent
mutations in AM (AM 2.4 * 0.3 versus PBM 1.7
+ 0.3, p < 0.01). Other regions including V3
were relatively conserved in each patient be-
tween PBM and AM. The top sequons of the V3
loop were also conserved in AM clones, but were

somewhat variable in PBM clones, especially in F
(GPGG, GPGR, and RPER) and G (GPGK and
GPGR). The third amino acid after these top se-
quons was consistently tyrosine (Y) in all clones
studied which is characteristic for macrophage
tropic virus (44). The four cysteines that are in-
volved in disulfide bonding and in the formation
of the V3 and V4 loops were highly conserved
with one substitution in the V3 sequence of a
PBM clone in Subject F. Two N-glycosylation
sequons, as defined by a N-X-T or N-X-S sequon,
were also conserved in the V3 region from all
five subjects (96.0 = 4.0% PBM, 96.4 * 3.6%
AM, NS), but those in the V4 (four or five sites)
or V5 (one site) region showed frequent muta-
tions (V4: 89.0 * 4.8% PBM, 78.8 * 9.3% AM,
NS; V5: 61.6 = 18.8% PBM, 57.2 * 23.5% from
AM, NS). The mean number of potential N-gly-
cosylation sites in the whole sequence from PBM
clones was significantly higher than that from
AM clones (PBM: 13.2 = 0.21, AM: 11.9 £ 0.30,
p < 0.001).

Length polymorphism was common in the
V4 and V5 region by intrapatient comparison.
The number and position of insertion/deletions
were relatively conserved within PBM or AM,
especially in Patients C, F, and G but varied when
blood and lung derived sequences were com-
pared. Thus, variability in the N-linked glycosy-
lation sites and length polymorphism in the V4
or V5 region may contribute to conformational
and epitope differences between HIV-1 virus
from PBM and AM.

Intrapatient Sequence Variation

To assess whether the sequences of the V3-V5
region from AM are representative of the vari-
ants within an individual or certain forms may
be sequestered in situ, we analyzed intrapatient
variation of the nucleotide sequence by compar-
ing two different sequence sets in each subject
using the Clustal V program. The intrapatient
genetic distance (%) data for AM clones was
small compared with that for PBM clones in four
of five patients (C, F, G, and J) (Table 2). In
Subjects F and J, the mean distance from PBM
was higher than that between PBM and AM,
suggesting that some envelope genotypes are in-
termingled between PBM and AM.

Histograms of intrapatient genetic similarity
of all of the sequenced clones demonstrate a high
sequence homogeneity in the viral envelope
gene from AM (97.4 * 0.16%, n = 107) com-
pared with that from PBM (96.2 = 0.26%, n =
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TABLE 2. Mean intra-patient genetic distance in HIV-1 envelope (V3-V5) from AM or PBM

Mean Genetic Distance (%)

Patient PBM AM PBM-AM
C 4.75 * 0.29 (36) 2.88 + 0.25 (66) 6.28 + 0.20 (108)
E 1.32 * 0.21 (10) 3.95 * 0.52 (10) 3.02 + 0.27 (25)
F 7.75 + 1.00 (10) 0.83 * 0.19 (6) 5.51 = 0.70 (20)
G 1.96 = 0.15 (28) 1.52 * 0.19 (10) 2.72 + 0.90 (40)
J 3.63 = 0.65 (10) 1.25 + 0.14 (15) 3.18 * 0.32 (30)

Total 3.76 = 0.26 (94)

2.51 = 0.18 (107) 4.79 + 0.17 (233)

Data are expressed as mean * SEM. Parentheses indicate numbers of comparison between the two different clones.

94, p < 0.001), indicating that the genotype in-
fected in AM was relatively restricted in vivo
compared with PBM (Fig. 3). Moreover, the sim-
ilarity between PBM and AM (95.0 = 0.18%,
n = 223) was lower than those in both AM and
PBM (p < 0.001), suggesting that the nucleotide
sequences were compartmentalized in both PBM
and AM.

Phylogenetic Analyses of Intrapatient
Genetic Distance

We evaluated the genetic distances among the
V3-V5 sequences in each patient using phyloge-
netic analysis. In three of five data sets, the AM-
derived viral sequences were tightly clustered
relative to the PBM-derived viral sequences and
tissue-specific compartmentalization was clear
between virus from AM and PBM (Fig. 4, Pa-
tients C, F, and G). In the other data sets, AM-
derived sequences appeared to form two groups
in Patient E and one clone was intermingled in
PBM clones in Patient J. The observations were
consistent using the phylogenetic tree analysis of
amino acid sequence variation (data not shown).
These data suggest two divergent pressures im-
posed upon the HIV-1 infection in AM (i.e., one
pressure to cluster and another to separate from
PBM clones).

DNA Heteroduplex Mobility Assay of
V3-V5 from AM and PBM

Banding patterns of the env gene nested PCR
amplicon as seen by DNA heteroduplex mobility
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FIG. 3. Intrapatient nucleotide similarity his-
togram in HIV-1 envelope sequence (V3-V5,
597-654 bp) from five HIV™* patients

(A) Intrapatient similarity of sequences in monocytes
(PBM, n = 94). (B) Intrapatient similarity of se-
quences in alveolar macrophages (AM, n = 107).

(C) Intrapatient similarity of sequences between
monocytes and alveolar macrophages (PBM-AM,

n = 223). Each sequence within a set was compared
with every other sequence in that set.
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Genetic Distance (%)

FIG. 4. Phylogenetic trees representing the ge-
netic relationship among V3-V5 sequences ob-

tained from peripheral blood monocytes or al-

veolar macrophages in five patients (C, E, F, G,
and J)

Each scale means the genetic distance. PBM- and
AM-derived clones are labeled M and A, respec-
tively. AM-derived clones are also marked by stip-
pled screen.

assay from PBM or AM matched the genotypes
determined by sequence data (Fig. 5). In each
patient, AM amplicons tended to cluster to form
a major band, whereas banding patterns of PBM
amplicons were more complicated and dispersed.
The banding pattern of AM amplicons from Pa-
tient C with a relatively higher CD4" number
was clearly distinct from that of each PBM am-
plicon, suggesting that AM and PBM harbor ge-
netically different virus in this patient. In Patient
E, the binding pattern from PBM was more com-
plex than AM; an AM cluster had similar mobil-
ity to a PBM cluster. In Patients F, G, and J with
low CD4" numbers, AM clustered remarkably to
form a strong band which had a similar mobility
to a major band of the PBM amplicon. On the
other hand, the banding pattern of PBM ampli-
con in Patients F and G but not J showed rela-
tively high variability. Thus, heteroduplex mo-

bility assay supported the analyses by sequence
variation: homogeneous sequence in AM clones
and tissue-specific compartmentalization be-
tween PBM and AM.

DISCUSSION

In this study, we evaluated the proviral load and
genetic variation of HIV-1 in AM and PBM from
patients without pulmonary complications. We
also tried to elucidate the mechanism for viral
transmission and dissemination in these macro-
phages in the steady state. For this purpose, we
selected seropositive subjects without pulmonary
complications based on chest roentgenography
and pathological/cytological tests of BAL fluid.
To determine accurate proviral copy numbers,
we purified AM and PBM to 99 and 94% purity,
respectively, and applied a quantitative PCR with
the sensitivity to detect 3 copies/10° cells. For
analysis of genetic variation in HIV-1, we exam-
ined the latter half of the envelope gene, which is
known to be the most critical region for cell
tropism (31). Moreover, we performed hetero-
duplex mobility assays to confirm the results of
sequence analysis.

Our data indicated that HIV-1 proviral copy
number in both AM and PBM is very low, even
in patients with low CD4" numbers. The differ-
ence in gp 120 genotype between AM and PBM
was clearly observed in all patients with com-
plete separation of proviral lineage observed in
four of five individuals (C, E, F, and G). DNA
sequence variability was relatively limited in AM
compared with PBM. These results suggest that
HIV-1 infection in AM is restricted in vivo with
little virus detectable and homogeneous gp 120
genotype. We suggest that the pulmonary micro-
environment in the absence of inflammation
may limit the extent of HIV infection.

Despite the fact that macrophage tropic virus
is predominant in clinical isolates from any stage
of HIV-1 infection (12), little is known about the
accurate viral load in tissue macrophages from
various organs. Our data indicate that both AM
and PBM do not always harbor HIV-1, even in
some patients with advanced AIDS and, if any,
the viral load is very low with 0-20 copies/10°
cells (detectable in 6 of 10 subjects for AM and 7
of 9 subjects for PBM). Consistent with our data,
Sierra-Madero et al. demonstrated that proviral
DNA is undetectable or low in both AM and PBM
from asymptomatic subjects, but increased in
AM from AIDS patients (24). In contrast, Clarke
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Patient C Patient E

Patient F

Patient G Patient J

FIG. 5. DNA heteroduplex mobility gel-shift analysis of V3-V5 sequences from monocytes (PBM) and

alveolar macrophages (AM) within the same patient

Heteroduplexes were formed by mixing PCR amplicon from HIV-1 infected PBM, AM, or HXB-2 clone with 32p-
labeled PCR amplicon from one representative clone of the same patient. Patients shown are C, E, F, G, and J. The
source of DNA hybridizes with the patient’s clone is noted above the lane. ssDNA was the denatured patient clone
that was not allowed to reanneal and dsDNA was not denatured.

et al. reported that proviral DNA was found in
AM of 47% of patients tested (9). These findings
suggest that AM and PBM are not necessarily
reservoirs of latent infection, especially in asymp-
tomatic subjects. Our present data indicate that
the proviral copy number in AM and PBM are
not significantly different, suggesting that tissue-
specific variation in macrophage proviral load
between lung and blood is uncommon.
Sequence analysis of the HIV-1 envelope
gene in AM and PBM from five AIDS patients
revealed that the genotype was different be-
tween the two macrophage populations. The
mean intrapatient genetic distance of env se-
quences between AM and PBM was significantly
higher than those within AM or PBM. This ten-
dency was clearly observed in Patients C, F, and
G. In Patient E, phylogenetic tree analysis of AM
clones showed two clusters different from PBM
clones; analysis by genetic distance of the se-
quences showed equivalent divergence in both
AM and PBM. This discrepancy in Patient E is
probably due to a high variability in both AM
and PBM; consequently, cloning and additional
sequence analysis may clarify this observation. In

Patient J, the sequences were remarkably homo-
geneous in both AM and PBM and phylogenetic
tree analysis suggests an intermingling of the AM
genotype with that from PBM. Patient J was free
from pulmonary complications, but had far ad-
vanced disease with a positive blood culture for
Mycobacterium avium-intracellulare and had the
highest proviral load of any patient studied.
Thus, mycobacteremia may promote the entry of
infected monocytes into the lung (45). At the
amino acid sequence level, we could not find any
common sequence motifs in either AM or PBM.
However, the pattern of amino acid substitutions
involving N-acetyl glycosylation sites and the
sites of deletions/additions were distinct between
AM and PBM, especially for Patients C, F, and G.

The difference in env genotype between AM
and PBM is possibly due to a founder effect
which may distinguish the HIV-1 genotype
among AM samples from different parts of the
lung. For example, the env genotypes in different
tissue fragments from an infected spleen were
reported to be nonhomogeneous (46). We ob-
served two groups of HIV-1 genotypes in AM
from Patient E, each of which was different from



754 Molecular Medicine, Volume 1, Number 7, November 1995

the PBM genotype. It is therefore likely that in
other patients, AM residing in different pulmo-
nary regions such as the left and right lung,
harbor different HIV-1. If a founder effect is re-
sponsible for this, then the initial infection of the
AM must have occurred more than once in Pa-
tient E and at a distant time when the PBM
HIV-1 genotype was significantly different. Bron-
choalveolar lavage can retrieve AM from a rela-
tively large anatomical area of segmental or sub-
segmental regions and still we found complete
clustering of the AM env sequence in three of five
subjects (C, F, and G) and segregation between
AM and PBM sequences in four of five subjects
(C, E, F, and G). Since PBM populate the lung
where they differentiate into AM, recent migra-
tion of infected PBM should produce few differ-
ences between PBM and AM. Our finding of
distinct differences in the env sequences in AM
and PBM argues against a founder effect unless
the migration occurred in the distant past and
HIV-1 in PBM had continued to replicate and
mutate whereas virus in AM remained latent.

A relatively high genetic homogeneity in AM
may also support the tissue specific compartmen-
talization. In four of five subjects analyzed (C, F,
G, and J), this tendency was clearly observed
compared with PBM. In spite of a high degree of
genetic variability in HIV-1 infection, a homoge-
neous genotype has been demonstrated in blood
during primary infection (47) and brain (48). In
general, the homogeneity results from a low in-
oculum or selection among the variants in re-
sponse to immunologic pressure, alterations in
cell tropism, and replication efficiency. Low in-
oculum of viral burden in the lung, especially in
alveolar spaces, may explain the homogeneous
env sequence in AM. However, a recent quanti-
tative study revealed that free HIV-1 RNA copy
number is not so low in BAL fluid compared with
plasma level (40). Moreover, the low inoculum
does not clearly explain the difference of homo-
geneity in env sequence variability between AM
and PBM, because our present data showed that
the viral load was similar between these two
macrophage populations. Therefore, the selec-
tion by interaction of tissue and virus is a more
likely explanation for the homogeneity.

A characteristic environment in the lung
such as sIgA, cytotoxic lymphocytes (49) and
surfactant proteins may play some role in the
selection of AM specific HIV-1 sequences. Also,
virus tropism may alter the efficiency of entry or
replication of virus in the two different macro-
phages. Moreover, AM and PBM are distinct in

the differentiation pathway, maturation level,
and life span. Both macrophages are ultimately
derived from CFU-GM in the bone marrow, but
AM, at least in some part, mature directly from
the precursor cells in the lung and proliferate
locally with a long life span (50), whereas PBM
differentiate from monoblasts through promono-
cytes in the bone marrow with a relatively short
turnover time (51). Thus, the tissue specific com-
partmentalization may reflect a difference in the
local environment and time of HIV-1 infection
between PBM and AM.

In conclusion, our data demonstrate that AM
are not generous hosts for HIV-1 in vivo. It is still
enigmatic why other tissue macrophages such as
microglia (14,15) and macrophages in lymph
nodes (16) are much more susceptible to HIV-1
infection in vivo. Because both PBM-derived
macrophages and AM are highly permissive for
HIV-1 infection in vitro (23), it is difficult to
explain the viral heterogeneity based on the cell
tropism of HIV, especially as tissue macrophages
are heterogeneous in surface phenotype, func-
tion, and morphology. It seems more logical to
think that the tissue-specific microenvironment
is likely to influence HIV-1 infection in macro-
phages. Analogous to HIV-1 infection in the
brain or lymph nodes, further study should be
focussed on the interaction between HIV-1 and
pulmonary microenvironments including capil-
lary endothelial cells and alveolar surfactant.
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