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Alveolar macrophages (AM) represent important effector cells in the innate immune response to the AIDS-
related pathogen Pneumocystis, but the early AM host defense signaling events are poorly defined. Using AM
from healthy individuals, we showed in the present study that Pneumocystis organisms stimulate AM NF-�B
p50 and p65 nuclear translocation in a time-dependent and multiplicity-of-infection-dependent manner as
determined by electrophoretic mobility shift assay and immunofluorescence microscopy and that NF-�B
nuclear translocation is associated with I-�B phosphorylation. Importantly, competitive inhibition of mannose
receptor and targeted short interfering RNA-mediated gene suppression of mannose receptor mRNA and
protein is associated with complete elimination of NF-�B nuclear translocation in response to Pneumocystis.
Furthermore, human immunodeficiency virus (HIV) infection of AM (as a model human disease state of
reduced AM mannose receptor expression and function) inhibits Pneumocystis-mediated NF-�B nuclear trans-
location and is associated with reduced I-�B phosphorylation and reduced interleukin-8 (IL-8) release. In
contrast, NF-�B nuclear translocation and IL-8 release in response to lipopolysaccharide are intact in AM
from both healthy and HIV-infected individuals, indicating that the observed impairment is not a global
disturbance of the NF-�B pathway. Thus, in addition to phagocytic and endocytic effector functions, the present
study identifies mannose receptors as pattern recognition receptors capable of NF-�B activation in response
to infectious non-self challenge. AM mannose receptor-mediated NF-�B activation may represent an important
mechanism of the host cell response to Pneumocystis, and altered NF-�B activation in the context of HIV
infection may impair a critical innate immune signaling response and may contribute to pathogenesis of
opportunistic lung infections.

Life-threatening Pneumocystis pneumonia frequently com-
plicates human immunodeficiency virus (HIV) infection, al-
though the underlying mechanisms contributing to disease
pathogenesis remain incompletely understood. Alveolar mac-
rophages (AM) represent the predominant host defense cell in
the alveolar airspace, and experimental data support the con-
cept that AM contribute to an effective host response to Pneu-
mocystis (2, 21, 22, 30, 31, 41, 44, 51, 52). AM from healthy
individuals bind and phagocytose Pneumocystis (16, 25), and
recognition likely occurs via ligation of pathogen-associated
molecular patterns on the surfaces of the organisms (such as
Pneumocystis glycoprotein A) (39) by macrophage pattern
recognition receptors of innate immunity such as mannose
receptors (16). Macrophage receptor ligation by unopsonized
Pneumocystis results in a respiratory burst (26) and release
of interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha
(TNF-�) (24), although the specific intracellular signaling
pathways activated by Pneumocystis have not been completely
investigated (17). In contrast to those from healthy individuals,
macrophages from HIV-infected subjects at high clinical risk

for Pneumocystis pneumonia demonstrate select defects in
Pneumocystis binding and phagocytosis (25) and a reduced re-
spiratory burst in response to Pneumocystis (26). Furthermore,
in vitro HIV infection of macrophages attenuates TNF-� re-
lease in response to Pneumocystis (24), suggesting that innate
receptor-mediated signal transduction pathways may be al-
tered by HIV infection.

Nuclear factor �B (NF-�B) is a central mediator of gene
transcription for a variety of critical cellular responses (19) and
represents an important signal transduction pathway of the
innate immune response to infectious challenge (46). NF-�B is
complexed with inhibitory I-�B proteins in the cytoplasm. Fol-
lowing appropriate stimulation, phosphorylation of I-�B by
I-�B kinase (IKK) allows dissociation and nuclear transloca-
tion of NF-�B. In AM from healthy individuals, NF-�B is
activated following lipopolysaccharide (LPS) stimulation (4,
33), and this response appears to be intact in AM from asymp-
tomatic HIV-infected persons (33). A recent investigation
demonstrated that a �-glucan component of Pneumocystis can
activate NF-�B in murine RAW 264.7 macrophages, although
the receptor mediating NF-�B signaling was not identified
(28). However, human AM NF-�B activation in response to
unopsonized Pneumocystis organisms has not been previously
examined, the receptor mediating NF-�B activation has not
been identified, and the influence of HIV infection on this
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particular pathway has not been investigated. To explore the
mechanisms for Pneumocystis pneumonia pathogenesis, this
study examined the NF-�B response of human AM to Pneumo-
cystis organisms in vitro and investigated the influence of HIV
infection on Pneumocystis-mediated NF-�B signaling.

MATERIALS AND METHODS

Study subjects. Prospectively recruited healthy and asymptomatic HIV-sero-
positive individuals were without evidence for active pulmonary disease and had
normal spirometry. Healthy individuals were without known risk factors for HIV
infection and were confirmed to be HIV seronegative by enzyme-linked
immunosorbent assay (ELISA), which was performed according to the instruc-
tions of the manufacturer (Abbott Diagnostics, North Chicago, Ill.). Demo-
graphic characteristics for all participants were recorded on standardized forms
and included age, gender, smoking status, HIV risk factor, medical history, and
prescribed antiretroviral medications.

Bronchoscopy. Pulmonary immune cells were obtained by bronchoalveolar
lavage (BAL) using standard technique as previously described (25). All proce-
dures were performed on consenting adults following protocols approved by the
Beth Israel Deaconess Medical Center institutional review board. The cells were
separated from the pooled BAL fluid as previously described (25) and counted
on a hemacytometer with light microscopy.

Human AM. For flow cytometry measurements, BAL cell suspensions were
used directly. For other determinations, AM were isolated by adherence to
plastic-bottom tissue culture plates (3 � 106 cells/well in six-well plates) for
electrophoretic mobility shift assay (EMSA) and Western blotting or to 13-mm-
diameter round glass coverslips (2.5 � 105 cells/coverslip in 24-well plates) for
NF-�B nuclear translocation as previously described (25). Isolation of AM from
all healthy and HIV-seropositive persons yielded cells which were �98% viable
as determined by trypan blue dye exclusion and demonstrated �95% positive
nonspecific esterase staining.

Rat AM. For selected experiments to validate the response of human AM to
rat-derived Pneumocystis, rat AM were obtained from euthanatized adult female
CD rats (225 to 250 g) by tracheo-BAL with a Teflon 18-gauge catheter (Cri-
tikon, Tampa Bay, Fla.). Lungs were lavaged with 8-ml aliquots of sterile phos-
phate-buffered saline (PBS) at room temperature (RT) for a total of eight
washes, the lavaged fluid was pooled and centrifuged at 300 � g for 10 min, and
the cell pellet was resuspended in RPMI 1640 medium with penicillin and
streptomycin. Cell count and viability were determined by hemacytometer count-
ing and trypan blue exclusion (Sigma Chemical Co., St. Louis, Mo.). AM were
isolated by adherence in six-well plates (3 � 106 cells/well for 3 h at 37°C in 5%
CO2) and washed, and the medium was replaced with fresh complete RPMI 1640
medium with 10% fetal bovine serum.

AM innate immune receptor stimulation. To examine the NF-�B signaling
pathway in response to AM innate immune receptor ligation, LPS (Sigma),
zymosan (Sigma), and Pneumocystis organisms were used. LPS is a recognized
inducer of NF-�B in AM (4) and served as a positive control. Unopsonized
zymosan and Pneumocystis interact with macrophage innate immune receptors
(16, 23).

Since sustainable cultivation of Pneumocystis is not possible and Pneumocystis
derived from human disease (P. jiriveci [49]) is rarely available, P. carinii organ-
isms were obtained from male Lewis rats (University of Cincinnati Lab Animal
Medicine Facility, Cincinnati, Ohio) that were chronically immunosuppressed by
weekly subcutaneous injections of Depo-Medrol (Pharmacia & Upjohn, Kalama-
zoo, Mich.) at a dose of 4 mg/kg/0.2 ml (7, 10). The infection is established by
intratracheal inoculation of 106 P. carinii nuclei/0.2 ml of PBS into rats that
receive 2 weeks of immunosuppressive pretreatment (11). Rats were sacrificed 8
weeks after inoculation, and organisms were purified from host lung tissue and
cryopreserved as previously described (5, 7). Organisms were cocultured on an
adherent A549 (ATCC CCL 185) feeder cell monolayer for 24 h to disperse the
clumps (8). Isolated P. carinii organisms were quantified by enumeration of
nuclei stained with a modified Giemsa stain, and the viability was verified by an
ATP bioluminescence assay (5). These mixed-life-cycle preparations yielded
approximately 90% trophozoite and 10% cyst forms and were characterized by
contour-clamped homogeneous electric field analysis as karyotype form 1 (9).
The organism preparations were then cryopreserved as previously described (7).
Pneumocystis viability was �85%, and cryopreservation did not significantly
affect organism viability. Prior to use, cryovials containing the organisms were
rapidly thawed in a 37°C water bath, and the organisms were isolated by cen-
trifugation, washed extensively with PBS, and then added to cultures at specified
concentrations. P. carinii preparations were relatively free of contaminating

rat-derived proteins (27), and preparations were endotoxin free (�1.0 endoxotin
U/ml) as determined by E-toxate Limulus polyphemus assay (Sigma).

In vitro HIV-1 infection of AM from healthy individuals. To assess the direct
effect of HIV-1 infection on macrophage innate immune receptor surface ex-
pression and receptor-mediated signal transduction, AM from healthy individu-
als were infected in vitro as previously described (25, 43), utilizing a monocyto-
tropic (R5) isolate (HIV Bal). Briefly, AM in ultra-low-binding plates (Corning
Inc.) (3 � 106 cells/well of six-well plates) for flow cytometry or adherent AM
(3 � 106 cells/well of six-well plates for EMSA and Western blotting and 1 � 105

cells/well for P. carinii binding and NF-�B nuclear translocation) were incubated
with the HIV-1 isolate (�105 pg of HIV p24/ml) for 2 h at 37°C, washed five
times to remove free virus, and maintained in complete culture medium for
2 weeks. Uninfected AM were also maintained as controls. The culture medium
was changed every 3 to 4 days, and productive HIV-1 infection was verified by the
measurement of HIV p24 antigen in the culture supernatants by ELISA (Dupont,
Boston, Mass.).

siRNA gene silencing of mannose receptor. To determine the specific contri-
bution of AM mannose receptors to Pneumocystis-mediated NF-�B signaling,
AM were isolated by adherence in six-well tissue culture plates (3 � 106 cells/
well) and cultured for 48 to 72 h prior to gene silencing. Specific short interfering
RNAs (siRNAs) were transfected into AM by using TransMessenger trans-
fection reagent (Qiagen, Valencia, Calif.) according to the manufacturer’s pro-
tocol. Briefly, 2 to 4 �g of appropriate siRNA was mixed with 4 �l of Enhancer
R (specific RNA-condensing reagent) and 100 �l of buffer EC-R (RNA-con-
densing buffer), incubated at RT for 5 min, and spun down, and the supernatant
was isolated. Eight microliters of TransMessenger transfection reagent was then
added to the supernatant, and the mixture was vortexed and incubated for 10 min
at RT. The entire siRNA reaction mixture was then added to a well of AM
containing 900 �l of RPMI 1640 medium without serum or antibiotics and
incubated for 3 to 4 h at 37°C with 5% CO2. The cells were then washed with
sterile PBS; complete RPMI 1640 medium with 10% fetal bovine serum, 1%
penicillin, streptomycin, and amphotericin was added; and the cells were incu-
bated for 60 h at 37°C in 5% CO2. The following oligonucleotides (Qiagen)
were used: (i) for human mannose receptor siRNA1 sequences (annealed dou-
ble-stranded siRNA), DNA target sequence AAGGGATCGGGTTTATGGA
GC from bp 389 to 410, 5	-GGGAUCGGGUUUAUGGAGC-3	, and 3	-GCU
CCAUAAACCCGAUCCC-5	; (ii) for human mannose receptor siRNA2 se-
quences (annealed double-stranded siRNA), DNA target sequence AAATCCG
CTTTAACGTGGCAC from bp 702 to 723 bp, 5	-AUCCGCUUUAACGUGG
CAC-3	, and 3	-UAGGCGAAAUUGCACCGUG-5	; (iii) for human mannose
receptor siRNA3 sequences (annealed double-stranded siRNA), DNA target
sequence AAGTGGTACGCAGATTGCACG from bp 528 to 549, 5	-GUGGU
ACGCAGAUUGCACG-3	, and 3	-CGUGCAAUCUGCGUACCAC-5	; (iv)
for laminarin A/C siRNA sequences (annealed double-stranded siRNA), (CUG
GACUUCCAGAAGAACA)d(TT) and R(UGUUCUUCUGGAAGUCCAG)
d(TT); (v) for single-stranded mannose receptor sequences, DNA target se-
quence AAGTGGTACGCAGATTGCACG, r(GUGGUACGCAGAUUGCA
CG)d(TT) (sense), and r(CGUGCAAUCUGCGUACCAC)d(TT) (antisense);
and (vi) for control mannose receptor siRNA (nonsilencing) and transfection
efficiency control siRNA for mannose receptor siRNA transfection, DNA target
sequence AATTCTCCGAACGTGTCACGT and siRNA duplex sequences 5	-
rhodamine(TAMRA)-r(UUCUCCGAACGUGUCACGU)d(TT) (sense)-
r(ACGUGACACGUUCGGAGAA)d(TT) (antisense) and 5	-fluorescein-
r(UUCUCCGAACGUGUCACGU)d(TT) (sense)-r(ACGUGACACGUUCG
GAGAA)d(TT) (antisense).

Double-stranded siRNA1, siRNA2, and siRNA3 specifically targeted different
domains of the mannose receptor. Double-stranded laminarin siRNA and single-
stranded mannose receptor siRNA were used as controls to examine specificity
of gene silencing. The nonsilencing rhodamine-labeled siRNA was used to de-
termine transfection efficiency.

Immunofluorescence microscopy detection of NF-�B p65 nuclear transloca-
tion. To demonstrate AM NF-�B nuclear translocation, isolated AM on glass
coverslips in 24-well culture plates (2.5 � 105 cells/coverslip) were incubated with
LPS or Pneumocystis at 37°C in 5% CO2 for 1 h, rinsed twice with PBS, fixed with
4% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, Pa.) in
PBS for 10 min at RT, and permeabilized with Tween 20 for 10 min at RT. The
AM were treated with 1% bovine serum albumin (BSA) in PBS for 1 h to reduce
nonspecific staining and then incubated overnight with unconjugated rat anti-
human NF-�B p65 polyclonal antibody (1:100 dilution) (Santa Cruz Biotech-
nology, Inc.), washed, and incubated with Cy3-conjugated goat anti-rabbit im-
munoglobulin G secondary antibody (1:100) (Sigma) for 1 h at 37°C. The cells
were counterstained with the nucleic acid stain DAPI (4	,6	-diamidino-2-phe-
nylindole) (1:500) (Molecular Probes, Eugene, Oreg.) for 30 min at RT. After
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being washed five times with PBS, the coverslips were mounted with Mowiol 4-88
(Hoechst Celanese, Somerville, N.J.), and images were captured with a fluores-
cence microscope equipped with a digital camera (Nikon Eclipse E800; Diag-
nostic Instruments, Sterling Heights, Mich.). Controls included cells stained with
primary or secondary antibody only.

Mannose receptor mRNA detection by reverse transcriptase-PCR (RT-PCR).
Reverse transcription reactions were performed with a first-strand cDNA syn-
thesis kit and a PCR core kit (Roche, Indianapolis, Ind.) according to the
manufacturer’s instructions. The primers 5	-TGGCAACTGGGCTCTAATC
T-3	 and 5	-ATACTTGTGAGGTCACCGCC-3	 were used for PCR. The PCR
conditions for the first-strand cDNA synthesis were 35 cycles of 96°C for 1 min,
57°C for 1 min, and 42°C for 60 min. The PCR conditions for amplification of
specific DNA fragments were 30 cycles of 94°C for 30 s, 65°C for 1 min, and 72°C
for 3 min. PCR products were resolved on a 1.2% agarose gel.

Quantitative analysis of mannose receptor mRNA by real-time RT-PCR. Total
RNA was isolated from AM by using RNAzol according to the instructions of
the manufacturer (Invitrogen, Carlsbad, Calif.). Amplification of the human
mannose receptor was performed with the following PCR cycle sequence: 30 min
at 50°C (stage 1), 15 min at 95°C (stage 2), and 15 s at 94°C followed by 60 s at
60°C (stage 3) (repeated for 40 cycles). Detection was performed with an ABI
Prism 7700 sequence detector (ABI, Foster City, Calif.). The primers used for
quantitative real-time PCR were 5	-CGCTACTAGGCAATGCCAATG-3	 (for-
ward) and 5	-CGTGCAATCTGCTACCACT-3	 (reverse). The TaqMan probe
sequence is AGCAACCTGTGCATTCCCGTTCAAGTT. Data were normal-
ized to human 18S rRNA (internal control) labeled with VIC/TAMRA (ABI).
Results of the real-time PCR data were represented as comparative Ct values
(defined as the threshold cycle of PCR at which amplified product is first de-
tected). Data are expressed as the fold induction compared to unstimulated cells.

EMSA. The EMSA studies used a nonradioactive (biotin label) gel shift assay
to investigate protein-DNA interactions. Nuclear extracts of the AM were pre-
pared by using the NE-PER kit (Pierce, Rockford, Ill.) according to the manu-
facturer’s protocol. The double-stranded 5	-biotin-labeled NF-�B oligonucleo-
tide probe (consensus sequence 5	-AGTTGAGGGGACTTTCCCAGGC-3	;
Panomics, Inc., Redwood City, Calif.) was incubated with the nuclear extract in
1� binding buffer–5 mM MgCl2–50 �l of poly(dI � dC)–0.05% NP-40 for 20 min.
Following addition of 5 �l of sample buffer, the mixture was then resolved by gel
electrophoresis (5% polyacrylamide) at 100 V for 1.5 h. Gels were transferred to
a nylon membrane at 380 mA for 1 h, followed by UV cross-linking with 254-nm
bulbs, and the bands were detected by using a light shift chemiluminescent
EMSA kit (Pierce). To validate the gel shift assay, selected experiments used the
I-�B phosphorylation inhibitor Bay 11-7082 (10 �M) (Biomol Research Labo-
ratories, Inc., Plymouth Meeting, Pa.) (36). Quantitative analysis was performed
by densitometry (Molecular Dynamics)

EMSA with supershift assay. The procedures for the supershift experiments
were conducted as described above, with the exception that 2 �g of anti-p50,
-p65, -p52, -RelB, and -c-Rel (Geneka, Montreal, Canada) antibodies or normal
control serum was incubated with the nuclear cell extract for 30 min on ice before
the addition of the biotin-end-labeled oligonucleotide probe. The samples were
then treated as described above.

Western blotting. AM cell cytoplasmic protein extracts were prepared with the
NE-PER kit (Pierce) according to the manufacturer’s protocol. Western blotting
was performed by utilizing a standard protocol (12). Briefly, the cytoplasmic
extracts were diluted (2:1) in Laemmli sample buffer, subjected to sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, and transferred to an Immo-
bilon polyvinylidene difluoride membrane (Bio-Rad, Hercules, Calif.). The
membrane was washed with Tris-buffered saline–Tween 20 (TTBS), blocked in a
solution of Tris-buffered saline containing 5% nonfat dry milk, and then washed
twice. The membrane was then incubated with anti-I-�B� protein and anti-
phosphorylated I-�B� protein antibodies (Santa Cruz) overnight at 4°C, washed
three times with TTBS, and incubated with the secondary antibody conjugate
solution (1:3,000) for 2 h. Samples were washed three times with TTBS, and then
the signal was detected with the Immuno-Star chemiluminescent protein detection
system (Bio-Rad). Protein concentration were determined by the Bio-Rad pro-
tein assay with bovine serum albumin as a standard.

Flow cytometry determination of surface receptor expression. Human AM
mannose receptor and CD14 receptor surface expression was analyzed on spec-
imens of BAL cell suspensions with an Epics XL flow cytometer (Beckman-
Coulter, Miami, Fla.) with a laser power of 5.76 mW. The instrument was
calibrated before each measurement with standardized fluorescent particles (Im-
munocheck; AMAC, Inc., Westbrook, Maine). AM cell size and cell granularity
were expressed by forward and right-angle (side) light scatter, respectively. Flu-
orescent signals of the cells were measured simultaneously with three photomul-
tiplier tubes and optical filters and expressed as the mean of the log fluorescence

intensity of the cell population within the gate. AM were labeled with primary
phycoerythrin (PE)-conjugated antibodies to human mannose receptor and
CD14 receptor (Beckman-Coulter) for 1 h at 4°C in the dark, washed twice with
balanced salt solution with calcium and magnesium in 0.1% bovine serum albu-
min, fixed with 250 �l of OptiLyse C buffer (Beckman-Coulter) diluted with PBS,
and analyzed by flow cytometry. AM were first identified by characteristic for-
ward and side scatter parameters on unstained AM, and the population was
confirmed by staining with PE-conjugated primary anti-human HLA-DR (Beck-
man-Coulter). The results were recorded as mean relative fluorescence units
(RFU) and the percentage of the population staining positive. Negative control
cells were stained with isotype control primary conjugated antibodies. Samples
were prepared and analyzed in duplicate, and a minimum of 5,000 cells were
counted for each sample.

Flow cytometry detection of intracellular HIV-1 p24 core antigen. BAL cell
suspensions were used for flow cytometry detection for intracellular staining for
HIV-1 p24 antigen by monoclonal antibody KC57 conjugated with fluorescein
isothiocyanate (Beckman-Coulter) according to the manufacturer’s protocol.
Briefly, 0.5 � 106 to 1.0 � 106 cells per condition were incubated in 1 ml of a
mixture of 20 �g of lysolecithin per ml and 1% paraformaldehyde for 2 min at
RT and centrifuged at 500 � g for 5 min at 4°C, and the cell pellet was incubated
in 2 ml of cold (
20°C) absolute methanol on ice for 15 min and washed twice
with 1 ml of cold 0.1% NP-40. The cell pellet was incubated with 5 �l of
monoclonal antibody or isotype control in PBS for 15 min at RT and washed
twice with 1 ml of PBS, with final resuspension in PBS. Specimens were analyzed
by flow cytometry. AM were first identified by characteristic forward and side
scatter parameters on unstained cells. The percentage of positive-staining cells
compared to the control was recorded. Positive-staining cells were recorded as
mean RFU. Samples were prepared and analyzed in duplicate, and a minimum
of 5,000 cells were counted for each sample.

IL-8 detection by ELISA. Human and rat AM were incubated with P. carinii or
LPS for 24 h at 37°C with 5% CO2. Culture supernatants were harvested and
centrifuged to remove cellular debris, and aliquots were stored at 
80°C until
assayed. Specific immunoreactivity for human IL-8 (R&D Systems, Minneapolis,
Minn.) or rat CINC-1 (analogue to human IL-8; Assay Designs, Inc., Ann Arbor,
Mich.) in culture supernatants was measured by ELISA according to the man-
ufacturer’s protocol. Samples were assayed in duplicate on a Biotek plate reader
and quantitated with a standard curve. The lower limit of detectability for IL-8
is 10 pg/ml, and that for CINC-1 is 2 pg/ml.

Statistical analysis. Experiments were performed in duplicate or triplicate and
were repeated with AM from at least three different individuals (or animals),
except as noted. Data were analyzed with an Apple G3 Power PC computer with
StatView (SAS Institute, Inc., Cary, N.C.) and INSTAT2 (Graph Pad Software,
San Diego, Calif.) statistical software. Nonparametric data were analyzed by
analysis of variance. A P value of �0.05 was considered statistically significant.

RESULTS

Study subjects. Bronchoscopy was performed on 34 subjects,
including 24 healthy individuals (mean age, 35 � 15 years; in-
cluding 7 females and 13 smokers) and 10 asymptomatic HIV-
infected subjects (mean age, 32 � 12 years; including1 female
and 7 smokers). None of the individuals had evidence of active
respiratory disease. For the HIV-infected subjects, peripheral
blood CD4 lymphocytes counts were 230 to 595 cells/mm3,
HIV risk factors included intravenous drug abuse and homo-
sexual exposures, all were prescribed highly active antiretrovi-
ral therapy, all had an undetectable serum viral load (�200
HIV-1 RNA copies/ml), and none had a prior opportunistic
pneumonia.

NF-�B nuclear translocation in AM from healthy individu-
als. To determine the optimal time point for AM NF-�B nu-
clear translocation in response to unopsonized Pneumocystis,
AM from healthy individuals (n � 3) were incubated with
unopsonized organisms for 0 to 120 min and nuclear translo-
cation was determined by EMSA (Fig. 1A). By quantitative
analysis, nuclear translocation of NF-�B was optimal by 60
min, so all subsequent experiments were performed for 60 min.
Nuclear translocation of NF-�B was found to be optimal at a
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multiplicity of infection (MOI) of 5:1 (Pneumocystis cells to
AM) by quantitative analysis (Fig. 1B). Data from EMSA with
supershift were obtained for five healthy subjects. In all cases,
following Pneumocystis stimulation, the NF-�B DNA binding
complex was composed predominantly of p50 and p65 subunits
(Fig. 1C). Immunofluorescence microscopy demonstrated

NF-�B p65 localization predominantly in the cytoplasm of
unstimulated AM and confirmed NF-�B p65 translocation to
the nucleus in response to Pneumocystis (Fig. 1D).

To further characterize the Pneumocystis-mediated AM
NF-�B activation, EMSA data were then obtained for AM
from 11 healthy subjects. Adherent unstimulated AM demon-

FIG. 1. AM NF-�B nuclear translocation in response to Pneumocystis organisms. (A) Time course for NF-�B nuclear translocation in AM from
healthy individuals in response to Pneumocystis. The gel is from one healthy individual and is representative of three subjects examined. AM were
incubated with unopsonized Pneumocystis for the indicated times, and EMSA was performed on AM nuclear extracts with a biotinylated
(nonradioactive) NF-�B probe. Quantitative analysis (n � 3) performed by densitometry (values are means � standard errors of the means)
indicates optimal NF-�B nuclear translocation at 60 min. RU, relative units. (B) AM NF-�B nuclear translocation with different Pneumocystis
MOIs. The gel is from one healthy individual and is representative of three subjects examined. AM were incubated with Pneumocystis (Pc)
organisms for 1 h. Quantitative analysis performed by densitometry (values are means � standard errors of the means) demonstrates optimal
NF-�B nuclear translocation at an MOI of 5:1 (Pneumocystis/AM ratio). Unstim, unstimulated. (C) Detection of NF-�B subunits in response to
Pneumocystis organisms (n � 5). EMSA with supershift from one healthy subject is shown and is representative of five subjects examined. The
results demonstrate a supershift of NF-�B bands in the presence of antibodies directed against NF-�B p50 and p65 subunits but not p52, RelB,
or c-Rel. (D) AM nuclear translocation of NF-�B detected by fluorescence microscopy with Cy3 (red) staining following a specific antibody
recognizing the NF-�B p65 subunit. In unstimulated AM, the p65 staining is predominantly cytoplasmic, whereas incubation with Pneumocystis
organisms for 1 h results in nuclear localization of NF-�B p65 staining. N, nucleus.
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strated moderate constitutive nuclear translocation of NF-�B
(Fig. 2A). Following LPS stimulation for 1 h, NF-�B nuclear
translocation was increased in all subjects. As a control for the
assay, recombinant human NF-�B was included in one lane to
confirm the resolution of the NF-�B band. As an additional
control, the NF-�B signal was undetectable in the presence of
a 50-fold excess of unlabeled NF-�B probe (i.e., cold probe),
free probe (Fig. 2A), or an irrelevant probe (AP-1) (data not
shown).

NF-�B nuclear translocation was increased following in-
cubation with unopsonized Pneumocystis. In the presence of
mannan (a competitive inhibitor of the mannose receptor),
NF-�B nuclear translocation in response to Pneumocystis
was reduced to levels similar to those for unstimulated AM.
In the presence of laminarin (a competitive inhibitor of the
�-glucan receptor [3]), NF-�B nuclear translocation was not
significantly reduced in response to Pneumocystis. Pneumo-

cystis-mediated NF-�B nuclear translocation was also de-
creased in the presence of Bay 11-7082 (which inhibits NF-�B
nuclear translocation by inhibiting I-�B� phosphorylation). In-
cubation of AM with mannan or laminarin alone (i.e., without
Pneumocystis) did not significantly influence NF-�B nuclear
translocation (data not shown). Collectively, these data dem-
onstrate that unopsonized Pneumocystis activates nuclear
translocation of AM NF-�B p50 and p65 subunits in a man-
ner dependent on time and Pneumocystis MOI. Inhibition of
Pneumocystis-mediated NF-�B nuclear translocation by man-
nan (but not laminarin) suggests a role for the mannose re-
ceptor.

To validate the use of rat-derived Pneumocystis organisms in
experiments with human AM, selected experiments were
performed with rat AM. Similar to the case for human AM,
Pneumocystis increased NF-�B nuclear translocation in rat
AM, and NF-�B nuclear translocation was inhibited by Bay-

FIG. 2. Characterization of NF-�B nuclear translocation in human and rat AM in response to innate immune receptor stimulation. (A) The
gel is from one healthy subject and is representative of the 11 subjects. Isolated AM were incubated with LPS, Pneumocystis (Pc), or zymosan (Zy)
for 1 h and compared to unstimulated (Unstim) AM. AM were also stimulated with Pneumocystis in the absence and presence of inhibitors of
mannose receptor (mannan [Man], 1 mg/ml) and �-glucan receptor (laminarin [Lam], 500 �g/ml). Nuclear extracts were isolated and resolved by
EMSA. The lane labeled “cold” refers to competition of the labeled probe with a 50-fold excess of unlabeled NF-�B probe, and the lane labeled
“free probe” contains biotinylated NF-�B probe but no AM nuclear extract. NF-�B protein represents recombinant human NF-�B (positive
control for the EMSA). Bay-11 is an I-�B inhibitor. Quantitative analysis was performed by densitometry, representing combined data from 11
subjects, and results are expressed as relative units (RU) (values are means � standard errors of the means). (B) The gel is from one rat
experiment and is representative of two experiments. Quantitative analysis was performed by densitometry, and results are expressed as relative
units (values are mean � standard errors of the means). (C) IL-8 release into culture supernatants by human AM in response to rat-derived
Pneumocystis or LPS after 24 h (n � 3). Values are mean � standard errors of the means. (D) Release of CINC-1 (an analogue to human
IL-8) into culture supernatants by rat AM in response to rat-derived Pneumocystis or LPS after 24 h (n � 3). Values are mean � standard errors
of the means.
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11-7082 and was not influenced by laminarin pretreatment
(Fig. 2B). Furthermore, release of the NF-�B-regulated che-
mokine IL-8 or CINC-1 (the rat analogue of human IL-8) in
response to Pneumocystis or LPS was significantly increased,
and there were similar patterns for human AM and rat AM
(Fig. 2C and D). LPS was a more potent stimulus for AM IL-8
release. These findings suggest that rat-derived Pneumocystis
serves as a valid model to investigate human AM NF-�B nu-
clear translocation.

Influence of mannose receptor gene silencing by siRNA in-
terference on AM NF-�B nuclear translocation. To examine
the specific role of the mannose receptor in Pneumocystis-me-
diated NF-�B nuclear translocation, functional “knock-down”
experiments were performed by use of sequence-specific, post-
translational gene silencing with siRNA (14) to specifically
target macrophage mannose receptors in AM from healthy
individuals. First, the use of fluorescence-labeled nonsilencing
siRNA demonstrated that the siRNA oligonucleotides effi-
ciently transfect AM from healthy individuals (Fig. 3A). The
siRNA treatment did not significantly influence AM viability.
Next, testing of the three 21- to 22-nucleotide siRNA con-
structs demonstrated that siRNA-MR3 provided the most ro-
bust RNA silencing effect on human mannose receptors (data

not shown). Next, using siRNA-MR3 on AM from healthy
individuals, mannose receptor mRNA was nearly completely
suppressed (Fig. 3B). Furthermore, siRNA-MR3 significantly
reduced AM mannose receptor protein in a dose-dependent
manner in these same AM (Fig. 3C).

To determine the contribution of the mannose receptor to
AM NF-�B nuclear translocation, AM NF-�B nuclear trans-
location in AM from healthy individuals was assessed by
EMSA with the mannose receptor gene silencing siRNA. In
the absence of siRNA-MR3, LPS and Pneumocystis increased
nuclear translocation of NF-�B at 1 h (Fig. 4A). However, in
the presence of siRNA targeted against the mannose receptor
(siRNA-MR3), no increase in NF-�B nuclear translocation was
observed compared to unstimulated AM (Fig. 4A, compare
lane Pc to lane Pc � siRNA-MR3). As a control to determine
specificity for the gene suppression experiments, no influence
on Pneumocystis-mediated NF-�B nuclear translocation was
observed with single-stranded siRNA, laminarin A/C-targeted
siRNA, or random siRNA (Fig. 4A). Furthermore, Pneumo-
cystis-mediated NF-�B p65 nuclear translocation was impaired
following siRNA-MR3 gene silencing as determined by immu-
nofluorescence microscopy (Fig. 4B). These experiments sug-
gest that healthy AM NF-�B nuclear translocation in response

FIG. 3. siRNA gene silencing of the mannose receptor in AM from healthy individuals. (A) Transfection of isolated AM with fluorescein-
labeled (nonsilencing) siRNA demonstrates efficient transfection of healthy AM compared to nontransfected controls. (B) Detection of mannose
receptor mRNA by RT-PCR in AM following transfection with gene-silencing siRNA targeted to the mannose receptor (siRNA-MR3). The con-
trol was AM transfected with blank vector. (C) Detection of mannose receptor protein in AM following transfection with siRNA-MR3 at various
concentrations. Gene-silencing siRNA directed against the �-glucan receptor (siRNA-�GRA) does not influence mannose receptor expression.
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FIG. 4. AM NF-�B nuclear translocation following mannose receptor gene silencing. (A) The EMSA gel is for AM from one healthy individual
and is representative of four subjects examined. Pc, Pneumocystis; “cold,” cold competition with unlabeled NF-�B probe; siRNA-MR3, siRNA
double-stranded oligonucleotide that provides the most robust gene silencing of the human mannose receptor. Controls include single-stranded
siRNA oligonucleotides, siRNA oligonucleotides directed against laminarin A/C (Lam A/C), and random siRNA oligonucleotides. Quantitative
analysis was performed by densitometry, and values are expressed as relative units (RU) (values are means � standard errors of the means).
(B) Detection of NF-�B p65 nuclear translocation in AM by immunofluorescence microscopy. Representative microscopic fields of unstimulated
human AM (Unstim), demonstrating predominantly cytoplasmic localization of NF-�B p65 (red), and of healthy AM following exposure to
Pneumocystis for 1 h, demonstrating predominantly nuclear localization of NF-�B p65, are shown. In contrast, siRNA-MR3 gene silencing of the
mannose receptor in healthy AM demonstrates relatively impaired NF-�B p65 nuclear translocation in response to Pneumocystis. Control AM
contain blank vector. Arrowheads indicate AM nuclei.

3153



to Pneumocystis organisms is mediated predominately through
the macrophage mannose receptor.

NF-�B nuclear translocation in AM from HIV-infected in-
dividuals. To test that hypothesis that altered mannose recep-
tor expression may influence Pneumocystis NF-�B activation,
experiments next examined whether the pathway is intact in
AM from HIV-infected subjects (a human disease state asso-
ciated with altered mannose receptor expression and function).
EMSA data were obtained from six HIV-infected subjects.
Adherent unstimulated AM from asymptomatic HIV-infected
subjects demonstrated moderate constitutive nuclear translo-
cation of NF-�B (Fig. 5A and B). Following LPS stimulation
for 1 h, NF-�B nuclear translocation was increased, similar to
that in healthy individuals. However, NF-�B nuclear translo-
cation was markedly limited or absent in response to Pneumo-
cystis or zymosan in all HIV-infected individuals examined
(Fig. 5). These data demonstrate a specific impairment of
NF-�B nuclear translocation in AM from asymptomatic HIV-
infected subjects in response to unopsonized Pneumocystis or-
ganisms, whereas NF-�B nuclear translocation in response to
LPS is intact.

NF-�B nuclear translocation in AM from healthy individu-
als infected in vitro with HIV-1. To examine whether the ob-
served differences in the NF-�B response to Pneumocystis in
AM from healthy individuals and asymptomatic HIV-infected
subjects reflect a direct consequence of HIV-1 infection,
EMSA studies were performed following in vitro HIV-1
infection of AM from healthy individuals. Experiments were
conducted on cells from five different healthy individuals. Fol-
lowing 2 weeks of culture, adherent unstimulated AM demon-
strated moderate constitutive nuclear translocation of NF-�B
without appreciable differences between in vitro HIV-infected
cells and uninfected controls (Fig. 5A and C). Following LPS
stimulation for 1 h, NF-�B nuclear translocation was increased
in both in vitro HIV-infected AM and uninfected control cells
(Fig. 5C). In response to Pneumocystis, NF-�B nuclear trans-
location was increased in uninfected control cells (Fig. 5A),
whereas NF-�B nuclear translocation was not increased in
response to Pneumocystis in in vitro HIV-infected AM (Fig.
5C). AM NF-�B nuclear translocation in response to zymosan
was not significant in either AM population. Mannan and
laminarin did not significantly further influence Pneumocys-
tis-mediated NF-�B nuclear translocation in in vitro HIV-in-
fected AM (data not shown).

Nuclear translocation of the NF-�B p65 subunit was con-
firmed by immunofluorescent staining (Fig. 5D). In unstimu-
lated AM from each population studied, NF-�B p65 was lo-
calized predominantly to the cytoplasm (Fig. 5D, top row). In
AM from healthy individuals, nuclear localization of NF-�B
p65 was observed following LPS or Pneumocystis incubation
for 1 h (Fig. 5D, left panels). In contrast, in HIV-infected
subjects, NF-�B nuclear localization did not increase following
Pneumocystis stimulation, whereas NF-�B p65 nuclear local-
ization was observed in response to LPS (Fig. 5D, middle
panels). Similar to the case for AM from HIV-infected sub-
jects, in vitro HIV infection of AM from healthy individuals
demonstrated impaired NF-�B translocation in response to
Pneumocystis, but NF-�B p65 nuclear translocation was intact
in response to LPS (Fig. 5D, right panels). These data demon-
strate that in vitro HIV infection of AM from healthy individuals

is sufficient to specifically impair AM NF-�B nuclear transloca-
tion in response to unopsonized Pneumocystis organisms.

Cytoplasm I-�B� protein and protein phosphorylation de-
terminations in AM. To estimate the activity of IKK, measure-
ments were performed on cytoplasm I-�B� protein (inhibitor)
and phosphorylated I-�B� protein (inactivated inhibitor). At
1 h, total I-�B� levels were similar under all conditions exam-
ined (Fig. 6). Levels of phosphorylated I-�B� (representing the
inactivated form of the inhibitor) in AM from healthy individ-
uals were increased in response to LPS, zymosan, and Pneu-
mocystis. For AM from HIV-infected subjects or in vitro HIV-
infected AM from healthy individuals, levels of phosphorylated
I-�B� were also increased in response to LPS. However, in
contrast to the case for AM from healthy individuals, levels of
phosphorylated I-�B� were reduced in response to zymosan or
Pneumocystis. These data demonstrate that AM IKK activity is
intact in response to LPS but is specifically impaired in re-
sponse to unopsonized Pneumocystis organisms in the context
of HIV infection.

Flow cytometry determination of innate immune receptor
surface expression. To determine whether NF-�B nuclear
translocation is associated with altered surface expression of
innate immune receptors, surface expression of the LPS recep-
tor (CD14) and mannose receptor was estimated by flow cy-
tometry. CD14 was expressed on all AM populations examined
(Fig. 7A, left panels). The range for mean fluorescence values
for AM from healthy individuals (2.4 to 10.4 RFU; n � 10) was
similar to that for AM from asymptomatic HIV-infected indi-
viduals (3.2 to 6.9 RFU; n � 8), and for AM from healthy
persons following in vitro HIV infection (9.2 to 12.1 RFU; n �
5). Mannose receptors were expressed on all AM populations
examined (Fig. 7A, middle panels). The range of mean fluo-
rescence values for AM from healthy individuals (5.8 to 8.8
RFU; n � 10), was reduced in AM from HIV-infected subjects
(3.6 to 5.2 RFU; n � 6) and in AM from healthy persons
following in vitro HIV infection (1.8 to 4.74 RFU; n � 6).
Mannose receptor expression demonstrated biological vari-
ability in the study subjects.

Detection of stable mannose receptor mRNA transcripts
revealed relatively reduced levels in AM from HIV-infected
subjects and significantly reduced levels in AM following in
vitro HIV infection compared to AM from healthy individuals
as determined by RT-PCR (Fig. 7B) and as independently
confirmed by quantitative real-time PCR (Fig. 7C). Taken to-
gether, these results demonstrate that similar CD14 expression
is consistent with a preserved AM response to LPS. However,
impaired AM NF-�B nuclear translocation in response to un-
opsonized Pneumocystis organisms is associated in part with
reduced mannose receptors surface expression and reduced
mannose receptor mRNA.

Flow cytometry determination of AM intracellular HIV-1
p24 antigen expression. To determine whether reduced NF-�B
nuclear translocation in the context of HIV infection is related
to HIV expression in macrophages, HIV-1 infection of AM
was estimated by measurements of intracellular HIV-1 p24
antigen expression. AM from healthy individuals did not ex-
press HIV-1 p24 antigen compared to isotype control antibod-
ies (Fig. 7A, right panels). For HIV-infected persons, 9 of 10
demonstrated positive staining for intracellular p24 antigen
(representing AM infected with HIV-1), with a range of mean
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FIG. 5. Influence of HIV infection on AM NF-�B nuclear translocation. (A to C) Isolated AM were unstimulated (Unstim) or incubated with
LPS, zymosan (Zy), or P. carinii (Pc) for 60 min. Nuclear extracts were isolated and resolved by EMSA. (A) The EMSA gel is from one healthy
subject and is representative of 11 subjects examined. (B) The EMSA results are from one asymptomatic HIV-infected subject and are
representative of six subjects examined. (C) The EMSA results are from one healthy subject following in vitro HIV infection with the monocy-
totropic 5R isolate of HIV (HIVBal) and are representative of six subjects examined. (The AM in panel C are from the same individual as in panel
A). As controls for the assay, the lanes labeled “cold” refer to competition of the labeled probe with a 50-fold excess of unlabeled NF-�B probe,
and the lanes labeled “free probe” contain labeled NF-�B probe but no AM nuclear extract. Quantitative analysis was performed by densitometry,
and values are expressed as relative units (RU) (values are means � standard errors of the means). (D) Fluorescence microscopy demonstrates
NF-�B p65 nuclear translocation in response to either LPS or Pneumocystis in AM from a healthy individual (left panels). In comparison, NF-�B
p65 nuclear translocation was observed in response only to LPS (not to Pneumocystis) in AM from an HIV-infected individual (middle panels) and
in AM following in vitro HIV infection (right panels). Arrowheads indicate AM nuclei.
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fluorescence values of 1.1 to 2.6 RFU. For AM from healthy
individuals infected in vitro with HIV (n � 5), all were positive
for intracellular HIV-1 p24 antigen, with a range of mean
fluorescence values of 1.2 to 4.0 RFU. These results demon-
strate that impaired AM NF-�B nuclear translocation occurs in
cell populations independent of the relative level of HIV-1
infection.

NF-�B-mediated AM release of IL-8 in response to Pneu-
mocystis. Studies were performed to examine host defense gene
regulation mediated by NF-�B nuclear translocation. The
measurements focused on IL-8, an inflammatory chemokine
with chemoattractant properties for neutrophils and eosino-
phils involved in the lung inflammatory response, where IL-8
expression is mediated by NF-�B (4). In AM from healthy
individuals IL-8 release was significantly increased in response
to unopsonized Pneumocystis, whereas IL-8 release was
blunted in AM from HIV-infected persons (Fig. 8A). In con-
trast, in response to LPS, AM IL-8 release was significantly
increased and was similar in healthy and asymptomatic HIV-
infected subjects (Fig. 8B). In this study, LPS was a more
potent inducer of IL-8 release than Pneumocystis. These data
demonstrate a functional consequence to the specific impair-
ment of Pneumocystis-mediated NF-�B activation in the con-
text of HIV infection manifest as reduced cellular release of
IL-8 (gene regulated by NF-�B).

DISCUSSION

This study demonstrates that Pneumocystis organisms can
stimulate NF-�B nuclear translocation in AM from healthy
individuals. Nuclear translocation involves p50 and p65 NF-�B
subunits and is associated with I-�B phosphorylation and IL-8
release. Furthermore, Pneumocystis-mediated NF-�B nuclear
translocation is mediated primarily through AM mannose re-
ceptors, as NF-�B nuclear translocation is inhibited by soluble

mannan or by targeted mannose receptor siRNA gene silenc-
ing. The relative role of mannose receptor-mediated signaling
is further supported by the observation that Pneumocystis-me-
diated NF-�B nuclear translocation was reduced in AM from
asymptomatic HIV-infected persons and in AM from healthy
individuals infected in vitro with HIV (a disease state associ-
ated with reduced mannose receptor expression). Further-
more, release of IL-8 (regulated by NF-�B) was impaired in
AM from HIV-infected persons compared to healthy individ-
uals. Importantly, the impaired NF-�B response to Pneumo-
cystis appears to be specific, as the NF-�B nuclear transloca-
tion and IL-8 release in response to the unrelated ligand LPS
appears to be intact in AM from both healthy and HIV-in-
fected persons.

This study is the first to examine the human AM NF-�B
signaling response to Pneumocystis organisms. Recovery from
Pneumocystis pneumonia in the murine model is associated
with increased production of cytokine mRNA (53) and release
of proinflammatory cytokines (22), and in vitro Pneumocystis
interaction with human macrophages results in the release of
IL-1�, IL-6, and TNF-� (24). Recognizing the diverse immu-
nomodulatory functions of NF-�B (including proinflammatory
cytokine gene activation) (19) and the central role of AM in
intrapulmonary NF-�B activation (29), the findings in the
present study suggest that Pneumocystis-mediated NF-�B nu-
clear translocation may represent an important AM innate
immune response in healthy individuals. A report of Pneumo-
cystis pneumonia in an infant with a congenital mutation in a
gene encoding an essential component of the NF-�B pathway
supports the critical role of NF-�B in the host defense against
this opportunistic pathogen (13).

The data in the present study are supported in part by a
recent study that demonstrates that a Pneumocystis-derived
�-glucan-rich cell wall isolate mediates TNF-� release via
NF-�B activation in the RAW 264.7 murine macrophage cell

FIG. 6. Detection of inhibitory and phosphorylated I-�B� protein in AM cytoplasmic extracts. Representative Western blot analyses for AM
from one healthy subject (n � 11), AM from one asymptomatic HIV-infected (HIV�) subject (n � 5), and AM from one healthy subject following
in vitro HIV infection (n � 4) are shown. Western blots for each group are representative of the subjects examined for each group. Isolated AM
were either unstimulated (Unstim) or incubated with LPS, zymosan (Zy), or Pneumocystis (Pc) for 1 h. Cytoplasmic extracts were isolated and
resolved by Western blotting for detection of total inhibitory I-�B� protein (I-�B�) and phosphorylated (inactivated) inhibitory I-�B� protein
(I-�B�-P) in the AM cytoplasm. Quantitative analysis of phosphorylated I-�B (I-�B-P) was performed by densitometry, and values are expressed
as relative units (values are means � standard errors of the means).
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line (28). Although a specific macrophage receptor was not
identified (28), the data indicate that the pathway is distinct
from LPS (28). The present study demonstrates that Pneumo-
cystis organism-mediated activation of AM NF-�B is distinct

from LPS and is dependent predominantly on mannose recep-
tor ligation, as determined by targeted siRNA gene silencing of
the mannose receptors. Thus, in addition to phagocytosis and
endocytosis effector functions (16, 25), the present study iden-

FIG. 7. AM surface expression of innate immune receptors and intracellular HIV-1 p24 antigen. (A) Left panels, AM surface expression of
CD14 receptor. Each panel shows representative flow cytometry profiles for one individual and is representative of AM from healthy subjects (n �
10), AM from asymptomatic HIV-infected subjects (HIV�) (n � 8), and AM from healthy individuals following in vitro HIV infection (in vitro
HIV�) (n � 5). Middle panels, AM surface expression of mannose receptor. Representative flow cytometry profiles for AM from healthy subjects
(n � 10), AM from asymptomatic HIV-infected subjects (n � 6), and AM from healthy individuals following in vitro HIV infection (in vitro HIV�)
(n � 6) are shown. For CD14 and mannose receptor panels, positively stained cells are compared to PE-labeled isotype antibody, whose profile
is similar to AM background autofluorescence. Right panels, AM intracellular HIV-1 p24 antigen expression. Representative flow cytometry
profiles for AM from healthy subjects (n � 5), AM from asymptomatic HIV-infected subjects (n � 10), and AM from healthy individuals following
in vitro HIV infection (n � 5) are shown. For HIV-1 p24 staining, background refers to AM autofluorescence. (B) Mannose receptor (MR) mRNA
detection by RT-PCR, comparing AM from one healthy individual, one asymptomatic HIV-infected subject, and one healthy subject following in
vitro HIV infection. �-Actin served as a control. (C) Quantitative measurement of mannose receptor mRNA by real-time PCR for representative
samples from AM from a healthy individual, an asymptomatic HIV-infected subject, and a healthy person following in vitro HIV infection. Error
bars indicate standard errors of the means. �, P � 0.05.

FIG. 8. Detection of IL-8 secretion by AM from healthy individuals and AM from HIV-infected persons in response to Pneumocystis or LPS.
Isolated AM were incubated with Pneumocystis (Pc) (A) or LPS (B) for 24 h at 37°C with 5% CO2, and cultured supernatants were collected and
assayed for IL-8 by ELISA (n � 3). Unstim, unstimulated. Error bars indicate standard errors of the means. �, P � 0.05.
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tifies mannose receptors as pattern recognition receptors ca-
pable of NF-�B activation in response to infectious non-self
challenge.

Prior investigations using rodent macrophages demonstrat-
ed that AM recognition of Pneumocystis and Pneumocystis-
mediated AM release of TNF-� are inhibited by �-glucans (23)
and that rat-derived Pneumocystis cell-wall �-glucan mediates
NF-�B nuclear translocation in murine macrophages (28), sug-
gesting that Pneumocystis �-glucan may represent an important
and potent activator of NF-�B in rodent AM. In murine mod-
els of Pneumocystis pneumonia, macrophage dectin-1 recep-
tors (which recognize �-glucans) mediate Pneumocystis phago-
cytosis and killing (48). In the present study, the absence of a
significant influence of laminarin (an inhibitor of the �-glucan
receptor) on NF-�B activation and the suppression of NF-�B
activation following targeted mannose receptor gene silencing
suggest a �-glucan-independent mechanism in human AM.
Thus, in the rodent models, macrophage receptors mediating
�-glucan recognition may represent an important component
of an effective host response to Pneumocystis, whereas for
human AM, Pneumocystis recognition is mediated predomi-
nantly by mannose receptors. However, defining the specific
role of human AM �-glucan receptors requires further inves-
tigation.

The observed differences in macrophage recognition of
Pneumocystis in the present study (using primary human AM)
and prior studies (using murine macrophages) (48, 50) may in
part reflect differences in sources of macrophages and differ-
ences in relative expression and function of receptors such as
mannose and �-glucan receptors in macrophages from differ-
ent species. AM uptake of unopsonized infectious organisms
varies greatly and depends on the species origin of the AM
(37). In addition, the macrophage recognition of intact organ-
isms may differ from recognition of specific structural or anti-
genic components of Pneumocystis. The surface of Pneumocys-
tis is composed predominately of the mannose-enriched
glycoprotein molecules (including major glycoprotein A or ma-
jor surface glycoprotein), whereas the �-glucan moiety may be
located in deeper layers and primarily in the less-abundant cyst
forms of Pneumocystis (42). Pneumocystis �-glucan may indeed
represent a potent stimulator of human AM macrophage NF-
�B, although this was not specifically examined in the present
study.

The cell signaling responses to mannose receptor ligands is
controversial, and the specific cellular response to Pneumocys-
tis remains to be defined. In studies with human monocyte-
derived dendritic cells, the cellular response to mannose re-
ceptor ligands was reported to be stimulatory by some
investigators (45, 54) and to be inhibitory by others (6, 38). The
present study demonstrates that mannose receptor ligation in
human AM is associated with NF-�B nuclear translocation in
a concentration-dependent manner. However, the NF-�B ac-
tivation occurs at relatively low Pneumocystis-to-AM ratios. At
higher Pneumocystis-to-AM ratios, NF-�B nuclear transloca-
tion is inhibited, suggesting the possibility that critical cluster-
ing of mannose receptors may be associated with inhibitory
signals as observed in investigations with dendritic cells (38),
although this requires further investigation with human AM.

A role for the mannose receptor in the pathogenesis of
Pneumocystis pneumonia is supported in part by the observa-

tion of increased accumulation of glycoproteins in the lungs of
CD4 T-lymphocyte-depleted animals with genetically deleted
mannose receptor (50). In addition, a significant accumulation
of macrophages and neutrophils in the lungs of these animals
(50) suggests a possible role for altered mannose receptor-
mediated signal transduction in the genetically deficient ani-
mals. Interestingly, genetic deletion of the mannose receptor
alone is not sufficient to increase susceptibility to Pneumocystis
pneumonia in the murine model (50), underscoring the impor-
tance of CD4� T lymphocytes in disease susceptibility (21, 44).
However, the possibility that other members of the mannose
receptor family (such as the related Endo 180 [15]) may serve
redundant roles in the host response to Pneumocystis remains
to be determined. Furthermore, whether the observations in
one murine model (50) apply to other animal models (35) or to
human disease remains to be established.

The influence of HIV infection on innate receptor-mediated
NF-�B activation has not been previously examined. NF-�B is
recognized as an important regulatory molecule in HIV repli-
cation and HIV gene expression in monocytes/macrophages
(20), a process which may be mediated by IKK (1). The find-
ings in the present study are the first to demonstrate that HIV
infection is associated with specific alterations in AM innate
immune receptor-mediated NF-�B signaling. Although in vitro
HIV infection of AM was sufficient to reproduce the specific
defect, the level of HIV infection in AM did not account for
the observed findings, as impaired NF-�B signaling was ob-
served both in AM with high intracellular HIV-1 p24 antigen
expression, as with in vitro infection, and in AM with low HIV
p24 expression, as with HIV-infected subjects. Alternatively,
HIV infection of AM may result in the release, suppression, or
alteration in the pattern of release of soluble factors which may
then exhibit autocrine and/or paracrine influences on AM im-
mune receptor expression or signal transduction pathways.
These soluble factors could represent specific HIV-1 regula-
tory or structural gene products, AM cytokines or chemokines,
or other factors.

The observation that levels of the inactivated phosphory-
lated I-�B� protein in cytoplasm were reduced suggests that
HIV may directly interfere with innate receptor-mediated IKK
function or influence events upstream of IKK. The observed
impaired AM NF-�B response to Pneumocystis may in part
reflect reduced surface expression of mannose receptors, since
HIV infection is associated with reduced AM surface expres-
sion (25) and release of the soluble ectodomain of the man-
nose receptor (18). However, in the present study, mannose
receptor surface densities were similar in AM from healthy
individuals and from asymptomatic HIV-infected persons, a
finding consistent with prior observations (25), as all persons in
the present study have CD4 counts of �200 cells/mm3. An
influence of receptor shedding and soluble mannose receptor
was not specifically investigated and cannot be excluded as a
factor.

The observation that the AM NF-�B response to LPS is
preserved in AM from asymptomatic HIV-infected persons is
consistent with prior observations (33) and suggests that the
defect does not represent a global impairment of the NF-�B
pathway. The finding that Pneumocystis-mediated NF-�B sig-
naling is markedly impaired in AM from asymptomatic HIV-
infected individuals with good clinical responses to highly ac-
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tive antiretroviral therapy (as estimated by peripheral CD4
T-lymphocyte counts of �200 cells/mm3 and undetectable viral
loads) suggests that AM function is impaired even in clinically
latent periods. However, the clinical consequences manifest by
altered AM NF-�B signaling may require coexisting condi-
tions, such as a reduction of CD4 T lymphocytes to critical
levels (32).

The roles of other receptors implicated in the AM recogni-
tion of P. carinii, including fibronectin (40) and immunoglob-
ulin receptors (31, 52), were not specifically investigated. Other
limitations of these studies include the possibility that the ob-
served response of human AM to rodent-derived P. carinii may
reflect in part the origin of the organisms. Unfortunately, in
the absence of reliable culturing methods, Pneumocystis of
human origin is not available (47). However, the observation in
the present study that rat-derived Pneumocystis elicited similar
responses in human and rat AM in part validates the use of this
model. Contaminating rat-derived adherent proteins may be
partly responsible for the observed NF-�B activity, although
the Pneumocystis organisms used in these studies are relatively
free of host proteins such as surfactant protein A (27). As the
Pneumocystis preparation is composed primarily of the trophic
forms, the present findings may represent the predominant
macrophage response to the Pneumocystis trophic form and
not the cyst or other forms. Finally, the possibility that in vitro
observations may not accurately reflect events in vivo should be
considered.

In conclusion, these data demonstrate that Pneumocystis or-
ganisms stimulate AM NF-�B nuclear translocation and that
NF-�B nuclear translocation in human AM is mediated pri-
marily through AM mannose receptors. The significance of
these findings relate to AM mannose receptor innate function
in lung host defense. First, in addition to phagocytosis and
endocytosis effector functions (17), the present study identifies
mannose receptors as pattern recognition receptors capable of
NF-�B activation in response to infectious non-self challenge,
a role associated with pattern recognition molecules of the
Toll-like receptor family (34). Second, altered NF-�B activa-
tion may in part provide a molecular mechanism for the ob-
served accumulation of proteoglycans and cellular infiltrates
that characterizes Pneumocystis pneumonia in a mannose re-
ceptor-deficient murine model (50). Third, these data demon-
strate that Pneumocystis-mediated NF-�B signaling is mark-
edly impaired in AM from asymptomatic HIV-infected
individuals, and, importantly, this impairment appears to be
receptor specific and not a global disruption of NF-�B signal-
ing. Impaired mannose receptor-mediated NF-�B activation
may contribute to Pneumocystis pathogenesis in HIV-infected
persons. Impaired NF-�B nuclear translocation may be multi-
factorial, involving several mechanisms, including mannose re-
ceptor downregulation and impaired IKK-related activation.
Given the spectrum of pathogens recognized by mannose re-
ceptors (17), specific alterations in AM NF-�B signal transduc-
tion pathways in HIV-infected persons may represent another
critical impairment of innate immune response in the lungs
and, in the setting of CD4 T-lymphocyte depletion, may in part
contribute to disease pathogenesis in opportunistic infections
by organisms such as Mycobacterium tuberculosis, Cryptococcus
neoformans, and Pneumocystis in humans.
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