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Abstract

Disseminated Mycobacterium avium infection in AIDS is asso-
ciated with high tissue burdens (109-10i1 mycobacteria/g tis-
sue) of organism. The basis for the extraordinary susceptibility
of AIDS to M. avium infection is unclear. HIV or its constitu-
ents may alter mononuclear phagocyte functions resulting in
enhanced intracellular M. avium growth. The effects of an en-
velope glycoprotein (gpl20), a transmembrane protein
(pl21), and core proteins of HIV-1 on M. avium infection of
human monocytes were examined. Preculturing monocytes
with gp120 inhibited M. avium phagocytosis and consistently
enhanced intracellular growth of six M. avium strains. Pre-
treatment with p121, gagS, or p24 did not inhibit phagocytosis
nor enhance intracellular growth of M. avium. Incubation of
gpl20 with soluble CD4 before addition to monocyte cultures
or pretreatment of monocytes with OKT4Aabrogated gp120
effects on M. avium phagocytosis and intracellular growth.
gp120 also augmented cytokine production by infected mono-
cytes. These results suggest that gpl20, but not p121 or core
proteins, modulate monocyte phagocytosis and enhance intra-
cellular growth of M. avium at least in part through monocyte
CD4 receptors. Direct effects of HIV-1 products may, there-
fore, contribute to the diathesis of AIDS to develop dissemi-
nated M. avium infection and to the extensive replication of the
organisms within tissue macrophages. (J. Clin. Invest. 1994.
93:885-891.) Key words: CD4receptor * phagocytosis * AIDS -

mycobacterial diseases * cytokines

Introduction

Mycobacterium avium is an intracellular pathogen that pre-
dominantly parasitizes mononuclear phagocytes, and is the
most frequent cause of disseminated infection in patients with
AIDS (1, 2). Disseminated M. avium disease usually occurs
late in the course of AIDS and is associated with severe immu-
nosuppression. Although only 3-4% of AIDS patients have dis-
seminated M. avium infection as their initial opportunistic in-
fection, 46-56% of AIDS patients have evidence of dissemi-
nated M. avium infection at the time of death (3, 4). High
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tissue burdens of M. avium ( 109- 101 acid-fast bacilli [AFB]' /
g tissue) have been documented in AIDS patients (5). The
pathophysiologic mechanisms underlying the extraordinary
intracellular growth of this organism are unknown.

Mononuclear phagocytes, including monocytes and tissue
macrophages, are important effector cells against mycobacteria
and other intracellular pathogens. Unlike CD4 lymphocytes,
which are the major reservoir of HIV-1, < 1% of monocytes
and up to 10% of tissue macrophages obtained from AIDS
patients are infected with HIV- 1 (6, 7), implying that factors
other than direct infection with HIV- 1 are involved in the exu-
berant intracellular growth of M. avium in patients with AIDS.

The initial step in HIV infection of T cells and monocytes is
mediated by specific binding of the viral envelope protein
gp 120 to the CD4molecule (8, 9). Soluble CD4(sCD4) binds
to gpl20 and blocks HIV- 1 infection of human cells ( 10, 11 ).
In vitro studies of the effects of HIV and its envelope protein,
gp 120, on macrophage function have generated conflicting re-
sults. Infection with HIV- 1 in vitro enhances IL- 1 and TNF-a
expression by human monocytic cell lines stimulated with LPS
( 12, 13). In early reports, live and killed HIV induced expres-
sion of IL- 1, IL-6, and TNF-a by human monocytes ( 14, 15).
Native, but not recombinant, gp 120 induces cytokine expres-
sion by monocytes from healthy subjects (16). In another
study, however, mononuclear cells stimulated with HIV or
gp 120 failed to produce cytokines when effects of LPS were
excluded ( 17). HIV gp 120 also inhibited monocyte chemo-
taxis via downregulation of ligand receptors ( 18). It is not
known whether effector functions of mononuclear phagocytes
are affected by HIV- 1 gp 120. In this study, we demonstrate that
pretreatment of human monocytes with HIV- 1 gpl 20 inhibits
phagocytosis and enhances intracellular growth of M. avium.

Methods

Microorganisms. M. avium strains LR147 and LR1 14 were kindly
donated by J. Crawford (McClellan Veterans Hospital, Little Rock,
AK). Strain 10-153 was provided by A. Tsang (National Jewish Hospi-
tal, Denver, CO). Strains 86m2096 and SV4(4/44) were clinical iso-
lates from AIDS patients at University Hospitals (Cleveland, OH).
Strain 215 lSmD is an M. avium strain with smooth, domed colonial
morphology cloned from an isolate donated by I. Orme (Colorado
State University, Fort Collins, CO). M. avium were grown in Middle-
brook 7H9 broth at 370C, aliquoted, and stored at -70'C until use.

Reagents. Recombinant HIV-1 envelope glycoprotein gpl20 ex-
pressed in baculovirus, core protein gagS (an HIV- 1 core protein con-
taining 182 amino acids from the core protein p24), transmembrane

1. Abbreviations used in this paper: AFB, acid-fast bacilli; GI, growth
index; sCD4, soluble CD4.
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envelope protein p121 (an HIV component peptide containing 82
amino acids from the immunodominant region of envelope protein
gp4 1) expressed in Escherichia coli, and recombinant sCD4 were ob-
tained from RepliGen (Boston, MA). Recombinant gpl20 and core
protein p24 expressed in a baculovirus system were obtained from
American Bio-Technologies, Inc. (Cambridge, MA). OKT4 and
OKT4Amonoclonal antibodies were obtained from Orthodiagnostics
System Inc. (Raritan, NJ) and dialyzed before use. Endotoxin contami-
nation of all reagents was < 0.2 ng/,gg of protein by limulus amebocyte
lysate assay.

Monocyte separation and culture. PBMCwere isolated from hepa-
rinized venous blood obtained from HIV-negative healthy subjects and
suspended in RPMI 1640 (M. A. Whittaker Bioproducts, Walkersville,
MD) supplemented with 5% autologous unheated serum (complete
medium). Three 50-il PBMC(107/ml) suspensions were placed in
35-mm petri dishes and incubated for 60 min at 370C. Nonadherent
cells were removed by washing the plates two times with prewarmed
medium. The monocytes were precultured with or without recombi-
nant HIV- I protein for 2 d in complete medium at 370C, 5%CO2in air
and then infected with 1.5 ml of M. avium suspension ( I0' bacteria/ml
in complete medium) for 60 min at 370C. The dishes were washed four
times with prewarmed medium to remove extracellular bacteria and
were cultured in 2 ml of complete medium for 7 d. Representative
plates were fixed with methanol for assessment of phagocytosis. Sam-
ples were harvested at time 0 (immediately after infection) and 7 d after
infection for CFUassay. The density of monocyte monolayers as as-
sessed by counting cell nuclei with naphthol blue black staining ( 19)
was comparable between control and gp 1 20-pretreated cultures
throughout the 7-d culture period.

Most M. avium growth using this experimental system is intracellu-
lar and not due to adherence ( 19). We(unpublished data) and Schnitt-
man et al. (20) also have confirmed by electron microscopy that M.
avium growth occurs predominantly within monocytes in this in vitro
infection system.

Blocking of gpl 20 effect by sCD4 or OKT4Aantibody. To neutral-
ize gpl20, gpl20 (1 ,g) was incubated with sCD4 (1 '4g) at room
temperature for 30 min before addition to monocyte cultures. Mono-
cytes were precultured with medium alone, gpl20 (0.2 ,g/ml), sCD4
(0.2 ,ug/ml), or gpl2O preincubated with sCD4 (final concentration,
0.2 ,ug/ml each) for 2 d before infection.

Monocytes were incubated with OKT4or OKT4Amonoclonal an-
tibodies ( 1:200 dilution) for 60 min at 37°C before pretreatment with
gp 120. Monocytes preincubated with OKT4or OKT4Aand untreated
monocytes were precultured with gp 120 0.2 ,g/ml for 2 d before infec-
tion with M. avium.

Counting ofAFB. Immediately after infection with M. avium, petri
dishes were fixed with methanol and stained by Kinyoun's modified
acid-fast method. The number of intracellular mycobacteria was deter-
mined by counting AFBwithin monocytes by oil immersion light mi-
croscopy at X 1,000. The percentage of monocytes infected with 2 1
AFB and the total number of AFB per 100 monocytes were calculated
as described previously ( 19, 21 ) and the data reported as mean±SEM.

Counting of CFU. The number of M. avium in each sample was
assessed by CFU assay as described previously ( 19, 21 ). Monocytes
were lysed by adding 1.1 ml of Middlebrook 7H9 medium and 0.4 ml
of 0.25% SDSin PBS to each petri plate for 10 min. Monocyte lysates
were then transferred to tubes containing 0.5 ml of 20%BSAto neutral-
ize the SDS, sonicated for 20 s to assure a single-cell suspension of
mycobacteria, and serially 10-fold diluted in 7H9 medium. 10-,ul ali-
quots of each dilution were plated in triplicate on Middlebrook 7H 10
agar supplemented with oleic acid-albumin-dextrose-catalase (Difco
Laboratories, Detroit, MI). The agar plates then were incubated at
37°C for 4-7 d until visible colonies were present. The number of
colonies at each dilution was counted using a stereomicroscope and
averaged. Data were expressed as an intracellular M. avium growth
index (GI) calculated as CFU in day 7 monocyte lysate divided by
CFU in day 0 monocyte lysate.

Cytokine generation and assay. Monocyte monolayers were precul-
tured with or without gpl20 (1 jIg/ml) for 2 d and then stimulated with

M. avium for another 24 h in complete medium. Culture supernatants
were harvested, filtered through 0.2-,Am filters to remove cell debris,
and stored at -70'C until assay. Immunologically reactive cytokines
(IL-1, IL-6, and TNF-a) contained in samples were assayed by the
ELISA method using commercially available kits (R & D Systems,
Minneapolis, MN).

Expression of cytokine mRNA. Adherent monocytes were precul-
tured in a 60-mm petri dish ( 1007; Falcon Labware, Oxnard, CA) with
or without gpl20 (1 ,g/ml) for 2 d and then infected with M. avium.
Monocytes were cultured for 24 h. Total RNAwas extracted by the
guanidinium cesium method (22). RNAwas electrophoretically sepa-
rated on a 1% agarose-2 Mformaldehyde gel, and transferred to nylon
membranes (GIBCO BRL, Gaithersburg, MD). RNAthen was cross-
linked to the membrane using UV light (Stratagene, La Jolla, CA).
Prehybridization was done at 420C in a solution containing 50%form-
amide, 5X Denhardts' solution ( 100X = 2%Ficoll, 2%polyvinylpyrro-
lidone, 2%bovine serum albumin), 5X SSC, and 0.5% SDS, with heat
denatured salmon sperm DNA(100 ,g/ml). Hybridization was per-
formed in the same solution to which dextran sulfate ( 15% final con-
centration) was added and contained a 32P-labeled cDNA probe for
human IL-la, IL-6, or TNF-a (provided by Dr. P. Lomedico, Hoff-
man-La Roche, Inc., Nutley, NJ). Membranes were washed with 2x
SSCand 1%SDSat 60'C for 1 h with agitation, and exposed to XAR-5
film (Kodak Laboratories, Rochester, NY) at -70°C with an intensify-
ing screen.

Statistical analysis. The significance of differences between cul-
tures with or without HIV- I protein was calculated by the paired Stu-
dent's t test.

Results

Effect of gpJ20 on monocyte phagocytosis of M. avium. To
investigate whether HIV-1 envelope protein gpl20 altered
monocyte effector functions against M. avium, monocytes ob-
tained from healthy HIV-negative subjects were precultured
with recombinant HIV-1 gpl20 (0-1.0 ,g/ml, final concentra-
tion) for 2 d and then infected with virulent M. avium strain
LRl 14SmT. The efficiency of phagocytosis of M. avium by
monocytes was assessed by enumerating intracellular AFB by
light microscopy. Maximal effects of gp120 in decreasing
phagocytosis of M. avium were observed at a concentration of
0.2 jig/ml (data not shown). Pretreatment of monocytes with
gpl20 (0.2 ,g/ml) significantly inhibited phagocytosis of M.
avium by human monocytes (P < 0.001 ) (Table I). To assess
whether these effects on M. avium phagocytosis were unique
for gpl 20, we tested additional HIV structural proteins, gag5
and pl21. Monocytes were pretreated with various doses
(ranging from 0.05 to 1.0 ,ug/ml) of recombinant gag5 or re-
combinant p 1 21 for 2 d and then infected with M. avium strain
LR1 14SmT. Pretreatment with gag5 or p121 did not alter
monocyte phagocytosis (Table I). To evaluate whether the ob-
served effects of gp 120 on M. avium phagocytosis were due to
residual contaminants derived from the baculovirus expression
system, we compared the effects of gp 120 and HIV core protein
p24, both expressed in an identical baculovirus system, on M.
avium phagocytosis. Two preparations of recombinant gp 120
(Repligen, Boston, MA; and American Bio-Technologies,
Cambridge, MA) had comparable effects in decreasing mono-
cyte phagocytosis of M. avium. Phagocytosis of M. avium after
pretreatment with p24 also expressed in a baculovirus vector
system was, however, comparable to control cultures (Table
II). These data suggest that the effects of gp 120 observed were
not due to contaminants from the expression vector.
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Table I. Effect of HIV-I Proteins on Phagocytosis of M. avium
by HumanMonocytes

n Monocytes infected AFB/ 100 monocytes

Control 7 40.0±2.5 138±17
gpl20 7 28.8±3.8* 97±19*
Control 3 41.5±7.6 137±34
gag5 3 39.9±7.8 133±31
Control 4 35.7±4.5 114±19
p121 4 35.0±4.3 122±23

Monocytes obtained from healthy subjects were precultured with or
without recombinant HIV-1 gpl20 (0.2 lig/ml), gag5 (0.2 ug/ml), or
p121 (0.2 ug/ml) for 2 d before infection. Data are expressed as the
mean±SE of the percent monocytes infected with >1 AFB or the
number of AFB per 100 monocytes. * P < 0.00 1 compared with
control (paired t test).

Effect of gp120 on intracellular growth of M. avium in hu-
man monocytes. Intracellular growth of M. avium in human
monocytes was assayed by detection of viable mycobacteria in
monocyte lysates using a CFUassay ( 19, 21). Pretreatment of
human monocytes with 0.2 ,gg/ml gpl20 maximally enhanced
intracellular growth of M. avium (Fig. 1 ). Since M. avium
strains differ markedly in their capacity for intracellular growth
in human monocytes, the effect of gp 120 on intracellular
growth of multiple strains of M. avium also was examined.
Pretreatment of monocytes with gpl20 (0.2 tLg/ml) consis-
tently increased intracellular M. avium growth using six strains
of M. avium, including two avirulent (SV4 [4/44] and
215 lSmD) and four virulent strains (LRl 14SmT, LR147, 10-
135, and 86m2096) (Table III). Pretreatment with gag5 (0.2
,ug/ml) did not enhance intracellular growth of M. avium
(19.9±10.4 [control] vs. 17.6±8.9 [gag5] GI). Thus, in con-
trast to HIV-1 envelope protein gpl2O, HIV-1 core protein
gag5 and the transmembrane portion of HIV- 1 envelope pro-
tein p 121 neither affected mycobacterial phagocytic efficiency
nor enhanced the intracellular growth of M. avium.

Blocking of gpl20 effects by sCD4 and OKT4A antibody.
HIV- 1 gp 120 binds specifically to CD4 receptors on helper T
lymphocytes. Incubation with sCD4 or OKT4Amonoclonal

Table II. Effect of Recombinant HI V-derived Proteins from a
Baculovirus Expression System on M. avium Phagocytosis

Source Monocytes infected AFB/100 monocytes

Control - 13.2±1.9 40.2±7.7
gpl2O RepliGen 4.5±1.0* 10.9±2.9
gp 120 ABTt 6.0±0.9* 19.6±5.1
p24 ABT 12.7±0.2 41.5±3.3

Monocytes from three healthy subjects were precultured with recom-
binant HIV proteins (0.2 ig/ml) for 2 d before infection. All recom-
binant proteins were produced using a baculovirus expression vector.
Data are expressed as mean±SE of the percent monocytes infected
with 21 AFB or the number of AFB per 100 monocytes. * P < 0.05
compared with control (paired t test). * American Bio-Technologies,
Inc.
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Figure 1. Effect of gp 120 on intracellular growth of virulent M. avium
strain LR114SmT in human monocytes. Monocytes obtained from
healthy HIV-negative donors were precultured with or without gpl2O
(at doses ranging from 0 to 1.0 ,ug/ml, final concentration) for 2 d
before infection. After infection with M. avium strain LR1 14SmT,
monocytes were cultured with medium alone for 7 d. Data are ex-
pressed as an intracellular M. avium growth index (GI). Data shown
are from three separate experiments.

antibody blocks gp 120 binding to CD4and abrogates HIV in-
fection of CD4-positive lymphocytes (10, 11 ). Humanmono-
cytes also possess CD4receptors (23) and binding of gp 120 to
human monocytes has been demonstrated; however, binding
was blocked only 28%by sCD4 (24). To examine whether the
effects of gp 120 on monocyte phagocytosis and intracellular

Table III. Effect of HI V-I gpJ20 on Intracellular Growth
of Various Strains of M. avium

G0

M. avium strain n Control gp120

SV4 (4/44) 3 1.51±0.14 3.00±0.33
2151 SmD 3 1.74±1.02 2.67±1.25
LR1 14 SmT 6 30.5±7.5 53.8±8.9*
LR147 3 23.4±17.0 43.0±32.2
10-153 3 54.9±43.1 76.8±46.1*
86m2096 3 66.9±34.4 126.9±55.8

Monocytes obtained from three healthy HIV-negative donors were

precultured with or without 0.2 ,g/ml gp 120 for 2 d and then infected
with two avirulent and four virulent M. avium strains. The number
of viable M. avium in monocyte lysates of each sample was assessed
by CFUassay. Data are expressed as mean±SEof a GI. * P < 0.05
compared with control (paired t test).
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growth of M. avium were mediated via CD4 molecules
monocytes, blocking experiments with recombinant sCD4 a]
monoclonal OKT4A antibody were performed. Monocyl
from healthy subjects were precultured for 2 d with mediu
alone, gp120, OKT4, OKT4A, sCD4, or gp120 reacted
sCD4, and then infected with M. avium strain LRl 14SmT.
additional experiments, monocytes were preincubated in t
presence or absence of monoclonal antibody OKT4or OKT4
for 60 min at 370C before treatment with gpl20. Phagocyto.
of M. avium was assessed by counting the number of Al
ingested by monocytes. gpl20 significantly inhibited M. aviu
phagocytosis. Both preincubation of gp120 with sCD4 befc
addition to monocyte cultures and pretreatment of monocyl
with OKT4Aantibody before incubation with gp120 block
the effect of gpl 20 on M. avium phagocytosis (Fig. 2). Mon
cyte pretreatment with OKT4 before incubation with gpl
also failed to abrogate the effect of gp120 in inhibiting I
avium phagocytosis (Table IV). Pretreatment of monocyl
with OKT4or OKT4Aalone had no effect on M. avium phag
cytosis. Preincubation of gpl 20 with sCD4 also neutralized t
ability of gpl 20 to enhance intracellular growth of M. avid
(Table V). sCD4, OKT4, or OKT4Aalone had no effect 4

A AFB per 100 Monocyls
100 75 50 25

B AFB per 100 Monocytes

%Monocyles Infected
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gpl20
_-4 ft

L _A 9P8C20W

I *
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Figure 2. Neutralization of the effects of gp l 20 on monocyte phaj
cytosis of M. avium by sCD4 or monoclonal OKT4Aantibody.
Phagocytosis of M. avium was assayed by counting AFB. (A) gpl.
(0.2 sg/ml) was preincubated with recombinant sCD4 (0.2 ,g/ml)
at room temperature for 30 min before addition to monocyte cul-
tures. Monocytes from three healthy subjects were cultured with mg
dium alone, 0.2 Ag/ml gpl20, 0.2 ,ug/ml sCD4, or gpl20 preincu-
bated with sCD4 for 2 d and then infected with M. avium strain
LRI 14SmT. Data are shown as the mean±SE monocytes ingestin
> 1 AFB or the number of AFB per 100 monocytes in 3 independe
experiments using monocytes from healthy subjects. *P < 0.02 comn
pared with control culture, or sCD4 + gpl20, or sCD4 alone; paired
t test. (B) Monocytes obtained from four healthy subjects were
preincubated with monoclonal antibody OKT4A(1:200 dilution)
370C for 60 min before addition of gpl20 to monocyte culture.
OKT4A-pretreated or untreated monocytes were cultured with or
without 0.2 ,gg/ml gpl20 for 2 d and then infected with M. aviuny
strain LRI 14SmT. Data are shown as mean±SE of monocytes in-
gesting 2 1 AFB or the number of AFB per 100 monocytes in 4 i]
dependent experiments using monocytes from healthy subjects. *P
< 0.01 compared with control culture or OKT4A+ gpl20 or OKT
alone; paired t test.
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Table IV. Effects of OKT4and gpJ20 on M. avium phagocytosis

Monocytes infected

Exp. 1 Exp. 2

_ 59.5 37.7
gpl20 41.5 23.1
OKT4 58.0 44.3
OKT4+ gp120 43.4 29.8

tes Monocytes from heatihy subjects were incubated with OKT4for 60
ed min before coculture with gpl20 for 2 d. Monocytes were infected
:ed with M. avium. Data are expressed as the percentage of monocytes

- ingesting .1 AFB.
20
M.
tes
Jo- intracellular growth of M. avium. These data suggest that the
-he capacity of HIV gpl2O to inhibit phagocytosis and enhance
4m intracellular growth of M. avium was mediated via interactions
on with CD4receptors on human monocytes.

Effect ofgp120 on cytokine induction by monocytes infected
with M. avium. Previously, we demonstrated that M. avium
infection induced cytokine production by monocytes and that

40 certain cytokines such as IL-I and IL-6 augmented M. avium
replication (25, 26). The balance between cytokines that in-
crease mycobacterial growth and those that augment intracel-
lular killing may be important in determining effector function
against M. avium infection. Several studies have demonstrated
monocyte activation by HIV- 1 gp120 to express cytokines ( 14,
16). To examine whether gpI20 modulated cytokine expres-
sion when monocytes were exposed to gp 120 before infection
with M. avium, monocyte monolayers were precultured with
or without gpl20 (0.2-1.0 gg/ml) for 2 d and then infected

40. with M. avium strain LRl 14SmT. Cytokine production in cul-
, ture supernatants (Table VI) and cytokine-specific mRNAex-

pression (Fig. 3) were assessed. As shown in Table VI, pretreat-
ment with gp120 induced only minimal IL-1, TNF-a, and IL-6

-< production. Infection of human monocytes with M. avium
augmented cytokine production. A synergistic effect of gpl20
on M. avium-induced cytokine expression by monocytes was
evident; monocytes precultured with gpl2O and then stimu-

go- lated with M. avium expressed a significantly higher concentra-
20

tion of immunoreactive It-1, TNF-a, and IL-6 than mono-

e Table V. Neutralization by sCD4 of gp] 20 Effects
on Intracellular M. avium Growth

Lg
nt

t at

n-

4A

GI

Exp. I Exp. 2

2.8 35.4
gp120 7.8 45.8
sCD4 3.4 36.4
gp l 20 + sCD4 4.0 35.0

Monocytes were precultured with or without gp1 20, sCD4, or a com-
bination of gpl20 and sCD4 for 2 d before infection with M. avium
strain LR1 14F. gpl 20 was preincubated with sCD4 for 30 min at
room temperature before addition to monocyte cultures. Data are
expressed as GI (day 7 CFU/day 0 CFU).
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Table VI. Effect of gp1 20 on Induction of Cytokine Expression
by HumanMonocytes

ILila IL-/1i TNF-a IL-6

pg/ml pg/ml pg/ml

- 3±1 221±60 112±85 2.1±0.9
gpl20 17±8 398±124 159±69 4.4±2.7
M. avium 23±4 553±147 1,708+624 40.7±9.4
gpl20 +

M. avium 81±22* 1,634±397* 3,535±886W 63.2±11.6*

Monocytes from healthy subjects were precultured with or without
gpl20 (1 Ag/ml) for 2 d and then stimulated with M. avium strain
LR1 14 SmTfor another 24 h. Cytokine activities in culture superna-
tants were assayed by ELISA. Data presented are the mean±SE of
four to five independent experiments, using monocytes obtained from
four to five individual subjects. * P < 0.05, * P < 0.01 compared
with cultures stimulated with M. avium alone (paired t test).

cytes stimulated with M. avium alone (P < 0.05 for IL- l a and
,, and P < 0.01 for TNF-a and IL-6).

TNF-a-, IL-6-, and IL-lra-specific mRNAexpression in
monocytes pretreated with gpl20 and then stimulated with M.
avium were assayed by Northern blot analysis (Fig. 3). Stimula-
tion of monocytes with M. avium induced significant cytokine-
specific mRNAexpression above baseline. Pretreatment with
gpl20 followed by M. avium stimulation resulted in higher
mRNAexpression than stimulation with gp 120 or M. avium
alone. These results indicate that gp 120 augments cytokine pro-
duction by monocytes infected with M. avium, a property that
may result in increased intracellular growth of the organisms.

Discussion

The late stages of HIV infection are characterized by repeated,
often incurable opportunistic infections in the setting of pro-
gressive immunosuppression with declining cell-mediated host
immunity and increased HIV replication. Considerable con-
troversy exists regarding whether HIV or specific viral constitu-
ents or products directly impair(s) host immune defenses
against opportunistic pathogens or whether the increased occur-
rence of these infections is due to indirect effects of HIV me-
diated by progressive depletion ofthe CD4helper T cell popula-
tion.

Disseminated M. avium disease is common in the late
stages of HIV infection. In this study we present evidence that
the HIV- 1 envelope protein gpl2O impairs in vitro monocyte
effector functions against M. avium. Wedemonstrate that de-
spite inhibition of phagocytosis, HIV envelope protein gpl 20
enhanced intracellular growth of M. avium in human- mono-
cytes from healthy subjects. Other HIV-1 proteins, including
core and transmembrane proteins, did not affect monocyte
functions against M. avium. Blocking experiments with sCD4,
OKT4A, and OKT4 suggest that the effects of gpl2O on de-
creasing phagocytosis and augmenting intracellular growth of
M. avium are at least partly mediated via CD4 receptors on
human monocytes.

M. avium is an intracellular pathogen; its major site of
growth in human tissues is within tissue macrophages. Tissue
macrophages in AIDS patients with disseminated M. avium
infection are filled with innumerable mycobacteria. Earlier

studies produced conflicting data regarding whether mononu-
clear phagocytes of AIDS patients were intrinsically more per-
missive to intracellular M. avium growth. Effector functions of
monocytes from patients with AIDS were intact when tested
against certain intracellular pathogens (27, 28), although cyto-
kine production and Fc and C3 receptor-mediated phagocyto-
sis were defective (29, 30). Weand others demonstrated pre-
served effector cell function of monocytes obtained from AIDS
patients against in vitro M. avium infection (20, 21 ). In con-
trast, Crowle et al. (31 ) reported that monocyte-derived macro-
phages of AIDS patients exhibited enhanced intracellular M.
avium growth.

Direct effects of HIV infection on human monocyte effec-
tor functions against M. avium have been studied by in vitro
HIV infection of monocytes from healthy subjects. Dual infec-
tion of human monocyte-derived macrophages with HIV and
M. avium did not alter intracellular mycobacterial growth in
short-term culture (32), but increased permissiveness of HIV-
1-infected macrophages for intracellular M. avium growth was
present after 14 d of culture (33). In vitro monocyte infection
with HIV may not, however, accurately reflect conditions in
the tissues of patients with AIDS. HIV infection of monocytes
and tissue macrophages in AIDS patients is quantitatively
lower than T cells (6, 7). Therefore, the effects of HIV- 1 infec-
tion on mononuclear phagocyte effector functions against M.
avium are likely to be indirect. Constituents of HIV- 1 may
increase the pathogenicity of AIDS-associated opportunistic
infectious agents by interfering with the host effector mecha-
nisms.

HIV-infected lymphocytes and monocytes release viral
proteins such as gpl 20 into culture media in vitro, and HIV
gp 120 has been detected in serum obtained from AIDS patients
in concentrations ranging from 0.001 to 0.1 sg/ml (34). We
examined the dose-response activity ofgp 120 on both phagocy-
tosis and intracellular growth of M. avium; optimal responses
occurred at a concentration of 0.2 ,gg/ml, twofold higher than
the maximal levels found in serum from patients with AIDS.
However, HIV replication and viral burden as assessed by
RNAPCRand in situ tissue hybridization studies, respectively,
were much greater in lymphoid tissue mononuclear cells than
in PBMCat all stages of HIV infection (35); it is likely, there-
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Figure 3. Northern blot analysis
* for cytokine-specific mRNAfrom

monocytes pretreated with gpl20
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fore, that tissue levels of gpl 20 are substantially higher than
those reported in serum, and in the range demonstrated to
modulate effector function against M. avium.

HIV-1 gpl20 specifically binds to CD4 receptors (8, 9),
and may activate monocytes via this interaction ( 14). Binding
of gpl 20 to human monocytes has been demonstrated (24).
Our data demonstrating that sCD4 and OKT4A, but not
OKT4, abrogated the effects of gp 120 indicate that the effects
of gp 120 on phagocytosis and intracellular growth of M. avium
are specifically mediated, at least in part, via CD4 receptors on
the monocyte surface. Other HIV- 1 proteins, including trans-
membrane envelope and core proteins, did not show these ef-
fects on monocyte effector functions against M. avium infec-
tion. The effects observed in this study may be specific for
gp 120. In a preliminary report, Wagner et al. (36) reported that
HIV- I gp 120 reduced the phagocytosis and enhanced the intra-
cellular growth of Cryptococcus neoformans, another opportu-
nistic pathogen in AIDS patients, by alveolar macrophages. It
is not clear whether the effects of gp 120 on effector function
against M. avium and C. neoformans are mediated similarly.

Several investigators have shown that gpl 20 .activates hu-
man monocytes to express cytokines ( 14, 16). M. avium infec-
tion also induces cytokine production by mononuclear phago-
cytes such as IL-1, IL-6, IL-10, TNF-a, and TGF-# (26, 37,
38). Wehave previously reported that certain cytokines such
as IL- la and IL-6 enhanced intracellular and extracellular M.
avium growth (25) and Bermudez and Champsi (37, 38) have
shown that TGF-,3 and IL- 10, immunosuppressive cytokines,
enhanced intracellular M. avium growth. In this study, pre-
treatment of human monocytes with gpl20 synergistically aug-
mented production of IL- 1, TNF-a, and IL-6 when monocytes
were infected with M. avium. Induction of these and other
cytokines by HIV- 1 proteins might modulate the ability of
mononuclear phagocytes to limit intracellular growth of this
pathogen. Unfavorable alterations in the dynamic local bal-
ance of these mycobacterial growth-inhibiting and growth-en-
hancing factors may lead to increased intracellular replication
of this pathogen.

In addition to alterations in cytokine expression, HIV- 1
products may impair other aspects of monocyte defenses
against intracellular pathogens. Macrophage phagosome-lyso-
some fusion is another important intermediate step in the kill-
ing of intracellular pathogens such as mycobacteria. Estevez et
al. (39) have shown that gpl2O inhibits macrophage phago-
some-lysosome fusion after phagocytosis of opsonized zymo-
san particles (39), providing another potential basis for its ac-

tion on intracellular M. avium growth.
In AIDS patients with disseminated M. avium infection,

therefore, abnormalities in effector functions of mononuclear
phagocytes induced by HIV- 1 products may contribute to un-
controlled intracellular bacterial growth. Further understand-
ing of the underlying mechanisms of intracellular parasitism by
M. avium may provide new avenues for therapeutic interven-
tion.
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