tones are potentially important regions of
differentiation and speciation that conceiv-
ably may enrich the biodiversity of tropical
rainforests (9). Three observations lead to
this conclusion. First, as we have shown for
the little greenbul, divergent selection rath-
er than drift or other factors has most likely
caused morphologic differentiation in eco-
tone populations. Second, the magnitude of
divergence in fitness-related characters is
similar to that found between reproductive-
ly isolated species, which suggests that se-
lection differences are large between eco-
tone and forest habitats. Third, laboratory
experiments suggest that such divergent se-
lection may sometimes lead to reproductive
divergence. Our results suggest that eco-
tones may be integral to the production and
maintenance of biodiversity in tropical
rainforests. This contrasts with past theories
of rainforest speciation that have focused
on within-rainforest vicariance mechanisms
(20). Currently, because ecotones may ex-
hibit less species richness than central rain-
forest habitats, comparatively less attention
is paid to conserving them. If further re-
search supports the role of ecotones as cen-
ters for speciation, their dynamics will need
to be preserved so that rainforest biodiver-
sity can be sustained and replenished.
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Macrophages as a Source of HIV During
Opportunistic Infections

Jan M. Orenstein,” Cecil Fox, Sharon M. Wahl

The source of increasing viremia that characterizes the latter stages of human immu-
nodeficiency virus (HIV) disease has remained a paradox because it occurs at a time
when lymphoid tissue is quantitatively and qualitatively impaired, and the patients’ CD4
T lymphocytes are steadily declining. Here, macrophages, both infected and uninfected
with common opportunistic pathogens of HIV disease such as Mycobacterium avium
complex and Pneumocystis carinii, were identified as highly productive sources of HiV in
coinfected lymph nodes. These observations indicate that tissue macrophages are not
only infected with HIV, but that common pathogens of HIV disease can dramatically
increase their production of virus. Thus, prevention or successful treatment of op-
portunistic coinfections, or both, potentially benefits the patient twofold by limiting the
pathology caused by opportunistic infection and by controlling induction of HIV

replication.

Opportunistic infections (Ols) and rising
levels of circulating human immunodefi-
ciency virus-type 1 (HIV-1) are hallmarks
of progressing HIV-1 disease (1). After in-
fection with HIV-1, a variably paced loss of
CD4 T lymphocytes leads to immunodefi-
ciency and increasing susceptibility to a
broad range of opportunistic viral, bacterial,
fungal, and protozoal pathogens. A direct
correlation between Ols and HIV-1 expres-
sion in vitro is paralleled by emerging in
vivo evidence (2). Infections with common
opportunistic pathogens, such as herpesvi-
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rus type-1, Mycobacterium avium complex,
and M. tuberculosis are accompanied by
mostly reversible increases in HIV-1 vire-
mia (2-4). Bacterial pneumonia, an in-
creasing cause of morbidity and mortality in
HIV-1 infection, is also associated with in-
creased circulating HIV-1 (5).

The source of the increased circulating
HIV-1 has remained a puzzle because pro-
gression of HIV-1 disease is also charac-
terized by involution of lymphoid tissue.
Lymph nodes characteristically display
progressive loss of germinal centers, leav-
ing little if any remaining follicular den-
dritic cell-associated virus and only scat-
tered productively infected CD4% lym-
phocytes. The role of the long-lived, mo-
bile phagocyte as a source of virus during
HIV-1 disease has been considered mini-
mal, as few if any productively infected
cells expressing monocyte/macrophage
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Fig. 1. HIV RNA in situ hybridization on Ol-infected and noninfected lymph nodes. Lymphoid tissues
from HIV-1-infected individuals, obtained surgically at the George Washington University Medical
Center, Washington, D.C., were fixed in 10% neutral buffered formalin, embedded in paraffin,
sectioned, and processed for in situ hybridization. For identification of HIV-1, protease-treated and
untreated tissue sections (6 nm) (7) were hybridized to 35S- or 33P-labeled antisense RNA repre-
senting 9 kb of the HIV-1 genome (lIIB) to detect the presence of HIV-1 viral RNA. Both sense (control)
and antisense probes were used. After hybridization, the slides were dipped in NTB 2 Kodak
emulsion, exposed over dessicant for 4 days at 4°C, and developed in D-19 at 15°C for 4 min. (A) In
an HIV-positive, Ol-negative, hyperplastic lymph node, protease pretreatment was necessary to
reveal the bulk of the HIV-1 RNA (black grains) which was associated with the cytoplasmic processes
of FDC in germinal centers (arrowheads). Scattered HIV-positive lymphocytes were seen around and
within germinal centers (arrows). The linear FDC-associated signal is difficult to discern with bright-
field optics below this magnification (original magnification, x400). (B and C) In marked contrast, the
intensity of the HIV-1 signal was so pronounced in the PC- and MAC-infected node specimens that
it was readily visible at original magnifications of X680 (B) and x40 (C), respectively. The nodal
architecture was disrupted, lymphocytes were depleted, and dense and diffuse collections of HIV-1
signal were prominent (black grains). The ISH grains were especially concentrated over cells but were
also seen in adjacent acellular areas. (D) In the MAC-infected lymph node, the HIV signal coincided
with mononuclear and especially, multinucleated phagocytes rich in internalized acid-fast (red) MAC
bacilli. The tissues were first hybridized and developed, and acid-fast Kinyoun's staining was
performed on the emulsion-coated slides (original magnification, X160).
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markers have been documented either in
the circulation or in lymphoid tissue (6-
8). However, CD4* macrophages are pro-
ductively infected in the central nervous
system of patients with acquired immuno-
deficiency syndrome (AIDS) dementia
complex and vacuolar myelopathy (8).
Furthermore, their numbers are main-
tained in HIV-1 disease and, both in vitro
and in vivo, monocyte/macrophages have

Table 1. HIV-1-expressing cells in lymph nodes
with and without opportunistic infections. Exci-
sional biopsies were obtained with consent from
10 males, aged 28 to 50, and one 33-year-old
female with AIDS-defining opportunistic infections
(Ols) and from 67 HIV-1 seropositive subjects
without evidence of Ols. Tissue sections were
processed without and with (shown) protease and
in situ hybridization using HIV-1 sense and anti-
sense probes performed as described (7). After in
situ hybridization, the entire tissue sections were
imaged with a CCD camera and 60-mm macro
lens. Using NIH Image and a Macintosh 8100/
80AV computer, the areas of the sections were
determined by planimetry based on a 10-mm bar
standard. Subsequently, HIV-1 expressing mono-
nuclear cells (not FDC associated HIV) in the
entire tissue sections were counted in a darkfield
microscope at a numerical aperture of 0.32.
Positive cells were considered to have more than
20 silver grains per 200 pm2 and were ex-
pressed as the number of productively infected
cells per 10 mm? of lymph node tissue. Most of
the cells in the Ol-infected tissues had far more
than this number of grains directly over the cell,
making it impossible to quantitate their numbers.
Cell numbers in highly infected tissues represent
underestimates due to giant cells, the presence
of multiple cell aggregation, and intense positiv-
ity of signal. MAC, Mycobacterium avium com-
plex; MK, Mycobacterium kansasii;, PC, Pneu-
mocystis carinii; MTB, Mycobacterium tubercu-
losis; Histo, Histoplasma capsulatum.

HIV-1+
Patient ol cells per
10 mm?2
AIDS
1 MAC 13.6
2 MAC 55.2
3 MAC 12.6
4 MAC 84.1
5 MAC 176.6
6 MAC 11.4
7 Histo 26.3
8 MK 29.0
9 MK 0.8
10 PC 118.8
11 MTB 54.6
Non-AIDS*
Follicular hyperplasia None 2.8
(n = 24)
Hyperplasia/involution None 14
(h=21)
Follicular involution None 2.0
(n=18)
Lymphocyte depleted None 0.5

n=4)

*Non-AIDS tissues include specimens and unpublished
data from the Division of AIDS Treatment Research Initia-
tive Study 003.
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been shown, unlike lymphocytes, to be
capable of producing large amounts of
both intracellular and extracellular HIV-1
without necessarily succumbing to the le-
thal effects of productive viral infection.
To resolve the inconsistency of enhanced
HIV-1 replication despite decreasing
CD4* T cells, we focused on the potential
role of the macrophage.

Probing of two Pneumocystis carinii
(PC)~infected lymph nodes, excised from a
patient with disseminated disease (9), by
HIV-1 RNA in situ hybridization (ISH) for
HIV-1-specific RNA revealed marked
amounts of virus. The HIV-1—positive cells

in these specimens far exceeded the number
of productively infected lymphocytes char-
acteristic of typical Ol-free, hyperplastic
lymph nodes from HIV-1-infected patients
(Fig. 1, A and B). The PC lymph node
specimens were almost totally replaced by
necrotizing, hemorrhagic PC infection with
only small amounts of residual lymphoid
tissue (Fig. 1B). Whereas HIV-1 RNA ex-
pression was especially associated with col-
lections of inflammatory cells within the
Ol, it was also present in apparently cell-
free areas (Fig. 1B). In non-Ol infected
lymph nodes, the bulk of the HIV-1 signal

was characteristically associated with follic-

Fig. 2. Macrophages as the source of the HIV-1 RNA. (A) Collection of HIV-1—positive macrophages
(cells obscured by grains; arrows indicate two of these) surrounded by erythrocytes in a PC-infected
node. Original magnifications for (A) through (D) are x640. (B) Typical starburst images of HIV-1-
expressing lymphocytes (arrows) in the PC-infected node. (C) HIV p24—positive (red stain) MAC-infected
multinucleated Langhans’-type giant cells. The clear needle-like intracytoplasmic structures (arrows)
represent negative-stained images of bacilli. For immunohistochemistry, deparaffinized sections were
washed in tris-buffered saline (pH 7.4) and preincubated for 10 min with blocking buffer (0.5% albumin
w/v in tris-buffered saline or nonimmune serum) to inhibit nonspecific protein binding, followed by
incubation with the primary antibody. The secondary antibodies were counterstained with New Fuchsin.
(D) HAM 56 (a macrophage-associated specific antibody) costained (pink) the ISH-positive (black grains)
Langhans’-type multinucleated macrophages (arrow). (E) Higher magnification of Fig. 1D showing
colocalization of HIV-1 signal in mononuclear (arrows) and multinucleated (arrowhead) macrophages
containing acid-fast (red) bacilli (Kinyoun's stain) (original magnification, X400).
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ular dendritic cell (FDC) processes as virus:
complement—antibody complexes and was
by far best observed when ISH was per-
formed after predigestion of the tissue sec-
tions with protease, which enhances pene-
tration of the probe (Fig. 1A) (7). After
protease and ISH, FDC-entrapped HIV was
seen as a linear display of grains along myr-
iad FDC processes, and productively infect-
ed cells were distinguished by the superim-
position of the signal over the cell in a
“starburst”-like image. In contrast, protease
pretreatment neither substantially in-
creased the number of HIV-1 RNA—posi-
tive cells nor the amount of signal in the -
PC co-infected lymph nodes, and did not
reveal areas of residual FDC-associated
HIV-1 (Fig. 1B). Rather, HIV-1 signal was
demonstrated to be very intense both with
or without protease digestion and to be
associated with mononuclear and multinu-
cleated cells.

Mycobacterium avium complex (MAC)-
infected lymph nodes excised from a patient
with widely disseminated disease (10) and
analyzed by identical ISH methods demon-
strated that the marked HIV-1 expression
was not unique to PC infection and in fact,
the HIV-1 burden was even more pro-
nounced in the MAC-infected specimens
(Fig. 1, C and D). The HIV-1 signal varied
considerably among cells, from severalfold
above the background level to an amount of
grains that obscured the cells, and which
was too numerous to resolve for the major-
ity of cells (Fig. 2, A and B).

Immunohistochemical staining with
HIV-1 p24-specific antibody paralleled the
ISH results, revealing p24-positive mono-
nuclear and multinucleated cells in the
MAC- (Fig. 2C) and PC-infected speci-
mens. In both cases, the cells producing the
bulk of HIV-1 RNA were identified as
mononuclear and Langhans’-type multinu-
cleated macrophages by morphology and
ISH combined with immunochistochemical
staining with macrophage-associated anti-
bodies (HAM56) (Fig. 2D) and CD68 (11).
By sequentially performing HIV-1 ISH and
staining sections with Kinyoun’s stain (acid-
fast), which specifically stains rod-shaped
mycobacteria red, we documented that
HIV-1 production occurs in both mononu-
clear and multinucleated giant cells that
have internalized and are coinfected by
MAC (Figs. 1D and 2E).

Transmission electron microscopic
(TEM) analysis of PC-infected lymphoid
tissue revealed cysts interspersed with in-
flammatory cells and remnants of PC or-
ganisms within phagocytic cells. Numer-
ous developing, and especially, complete
mature virions were readily identified by
TEM (Fig. 3). In contrast, earlier studies
(8), limited to Ol-negative nodes, re-
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vealed relatively few mature virions, and
those were invariably associated with FDC
processes. In these coinfected specimens,
budding virions arose from the complicat-
ed plasma membranes of mononuclear and
multinucleated macrophages, whereas free
mature virions were concentrated around
these cells, within cytoplasmic vacuoles,
and dispersed in acellular areas. Although
virions were found in the vicinity of lym-
phocytes, none were observed budding
from their surfaces. Productive infection
with HIV-1 did not appear to be associat-
ed with death of macrophages.

To ascertain whether this phenomenon
is a general characteristic of lymphoid tis-
sues infected with opportunistic pathogens,
we compared HIV-1 production in lymph
nodes with Ols from 11 HIV-1-positive
subjects to a large number of HIV-1—posi-
tive, but Ol-free lymph nodes. All coin-
fected biopsy specimens, with a single ex-
ception, had substantially greater numbers
of HIV-1-expressing cells per unit area rel-
evant to parallel analyses of non-OI lymph
nodes (Table 1). Compared to non-OI
lymph nodes, which possess minimal num-
bers of HIV-1-infected cells of monocyte/
macrophage lineage, these cells become a
major, but not exclusive, source of HIV-1 in
the Ol-infected tissues. Levels ranging from
a fivefold to more than a hundredfold in-
crease in the number of productively infect-
ed cells were consistent with Ol-induced
HIV-1 expression. The differences in actual

Fig. 3. HIV-1 identification
in  PC-infected lymph
node by TEM. Glutaralde-
hyde-fixed surgical tissue
was postfixed in OsO,,
dehydrated through grad-
ed ethanol and propylene
oxide, embedded in
Spurr’s epoxy, and thick-
and thin-sectioned. Thin
sections were placed on
copper grids, stained with
uranyl acetate and lead
citrate, and viewed in a
Zeiss EM10 microscope
(LEQ Electron Microsco-
py, Thomwood, New
York). (A) In this field, at
least 20 mature HIV parti-
cles (several indicated by
arrows) are associated
with only a small area
of a macrophage plasma
membrane. The cell abuts
a PC cyst (P) (original
magnification, x25,000).
(B) Two spike-covered

HIV-1 RNA copies per cell present in the
Ol- and non-Ol-infected tissues are actual-
ly even more notable because the density of
signal in the Ol-infected specimens typical-
ly precludes resolution of individual grains.

As judged by multiple parameters, the
macrophage, whether infected (for exam-
ple, MAC, Mycobacterium kansasii, His-
toplasma capsulatum, M. tuberculosis) or un-
infected (for example, PC) by opportunistic
pathogens, can be responsible for produc-
tion of large amounts of HIV-1 at the very
time CD4 lymphocytes are minimal. Fur-
thermore, the extensive viral replication by
tissue macrophages provides compelling ev-
idence that Ols can markedly change
HIV-1 expression by this population of tar-
get cells. Ols apparently have the capacity
to establish foci of HIV-1 production by
recruitment of HIV-l-infected and in-
fectible macrophages and stimulating their
viral expression. The mechanism of up-reg-
ulation of HIV-1 RNA expression by Ols is
still to be resolved (12, 13).

At all stages of HIV-1 disease (from
hyperplasia through involution and lym-
phocyte depletion) lymphoid tissues free of
Ols typically display few if any HIV-1-
expressing macrophages, as detected by dual
ISH and immunohistochemistry (Table 1)
(7, 13). Nonetheless, our observations sug-
gest that a large reservoir of such macro-
phages exists in the host, and that under
conditions characteristic of progressive
HIV-1 disease, these cells may become a

virions bud from a single macrophage process (arrows) (original magnification, %130,000). (C) Five mature
virions (arrows) are intermixed with membranous vesicles shed from PC organisms (original magnification,
X50,000). (D) Several mature virions are within each of two Golgi vacuoles (arrows) in the cytoplasm of a

macrophage (original magnification, X66,000).
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major source of virus. Although the inci-
dence and severity of Ols accelerate rapidly
as the peripheral CD4 lymphocyte count
falls below 200 cells per cubic millimeter
(14), significant infections—such as M. tu-
berculosis, candida, herpes simplex virus,
and herpes zoster—can occur at relatively
high CD4 lymphocyte counts (1) and may
influence HIV-1 replication in both lym-
phocyte and macrophage populations. Fur-
thermore, the effect of nonopportunistic in-
fections, such as sexually transmitted diseas-
es, on HIV-1 viremia must also be taken
into account (I15). The influence of the
Ol-macrophage phenomenon on antiviral
induction and maintenance therapy thus
becomes a key issue.

A major impact on morbidity and mor-
tality in HIV-1 disease has come from
successful prevention and treatment of a
broad range of Ols, most notably Pneumo-
cystis carinii pneumonia, MAC, and cyto-
megalovirus. Based on our observations,
controlling HIV-1 production by this
means may be as significant as elimination
of the direct pathogenicity of the Ols (13,
16). Our findings on viral production by
macrophages, together with the newly
identified role of the macrophage CCR5
coreceptor on initial HIV-1 selection and
infection (17), suggest the need for a re-
assessment of the overall contributions of
the macrophage in HIV-1 disease and as a
therapeutic target.
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Crystal Structure of Human BPI and Two Bound
Phospholipids at 2.4 Angstrom Resolution

Lesa J. Beamer, Stephen F. Carroll, David Eisenberg*

Bactericidal/permeability-increasing protein (BPI), a potent antimicrobial protein of 456
residues, binds to and neutralizes lipopolysaccharides from the outer membrane of
Gram-negative bacteria. At a resolution of 2.4 angstroms, the crystal structure of human
BPI shows a boomerang-shaped molecule formed by two similar domains. Two apolar
pockets on the concave surface of the boomerang each bind a molecule of phospha-
tidylcholine, primarily by interacting with their acyl chains; this suggests that the pockets
may also bind the acyl chains of lipopolysaccharide. As a model for the related plasma
lipid transfer proteins, BP!I illuminates a mechanism of lipid transfer for this protein family.

The outer membrane of Gram-negative
bacteria contains the complex glycolipid li-
popolysaccharide (LPS) (1). When present
in the mammalian bloodstream, LPS elicits a
powerful immune response that may include
fever, hypotension, multiple organ failure,
and, in severe cases, septic shock and death
(2). In mammals, two related (45% sequence
identity) LPS-binding proteins have been
characterized that mediate the biological ef-
fects of LPS and participate in the innate
immune response to bacterial infection:
LPS-binding protein (LBP) and BPI. LBP is
a plasma protein that enhances the inflam-
matory response to LPS (3), whereas BPI is
found in lysosomal granules of polymorpho-
nuclear neutrophils, is bactericidal, and neu-
tralizes the toxic effects of LPS (4). Recom-
binant NH,-terminal fragments of BPI re-
tain biological activity (5), neutralize LPS in
humans (6), and may have clinical utility
4).
BPI and LBP share functional and se-
quence similarity with two proteins respon-
sible for lipid transport in the mammalian
bloodstream (7). These plasma lipid trans-
port proteins are involved in regulating the
size, shape, and composition of lipoprotein
particles such as high-density lipoproteins,
and are not related to structurally charac-
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terized lipid-binding proteins such as the
lipocalins (8). Here, we present the crystal
structure of BPI and two bound phospho-
lipids at 2.4 A resolution. Our model pro-
vides the first structural information on the
LPS-binding and lipid transport protein
family and suggests a common mode of lipid
binding for its members.

Purified, full-length, nonglycosylated,
recombinant human BPI expressed in CHO
cells was crystallized by hanging drop vapor
diffusion at room temperature. The protein
concentration was 8.5 mg/ml and the crys-
tallization buffer contained 12% (w/v) poly-
ethylene glycol (molecular weight 8000),
200 mM magnesium acetate, and 100 mM
sodium cacodylate (pH 6.8). Two crystal
forms with slightly different cell dimensions

Fig. 1. (A) A ribbon dia-
gram of residues 1 to 456
of BP, illustrating its boo-
merang shape. The NH,-
terminal domain is shown
in green, the COOH-ter-
minal domain in blue, and
the two phosphatidyl-
choline molecules in red.
The linker is yellow, and
the disulfide bond is
shown as a ball-and-
stick model. (B) View af-
ter rotating (A) 70° about
the long axis of the mole-
cule. Image produced
with  MOLSCRIPT (30)
and RASTERSD (37).
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grow under the same conditions in space
group C2, with one molecule per asymmet-
ric unit. Form 1 crystals are reproducible
and have gell dimensiogs of a = 185.0 A, -
b=372A,c=843 A, and B = 101.3°.
Form 2 crystals appear rarely and have cell
dimensions ofa = 185.6 A,b=33.0A,c =
85.2 A, and B = 101.6° (Tables 1 and 2).

BPI is a boomerang-shaped molecule
with approximate dimensions of 135 by 35
by 35 A (Fig. 1, A and B). It consists of two
domains of similar size (NH,- and COOH-
terminals) that are connected by a proline-
rich linker of 21 residues (positions 230 to
250). The two domains form three structur-
al units; barrels are found at each end of the
protein, and a central B sheet forms an
interface between the barrels. The second-
ary structure and topology of the two do-
mains are similar, giving the protein pseudo-
twofold symmetry.

Each barrel (residues 10 to 193 and 260
to 421) contains three common structural
elements: a short a helix, a five-stranded
antiparallel B sheet, and a long helix (Fig.
2A), in that order. We call these elements
helix A, sheet N, and helix B in the NH,-
terminal domain and helix A’, sheet C, and
helix B’ in the COOH-terminal domain.
Sheets N and C have a series of B bulges
that change the direction of their strands
and cause a pronounced curve in the sheets.
In each domain, the long helix lies along
the concave face of the sheet, with the
helical axis at ~60° to the strands of the B
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