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Abstract

Infection of adherent primary monocytes with HIV-lBa.L is
significantly suppressed in the presence of human saliva. By
reverse transcriptase (RT) levels, saliva, although present
for only 1 h during monocyte viral exposure, inhibited HIV-
1 infectivity for 3 wk after infection, whereas human plasma
and synovial fluid failed to inhibit HIV-1 infectivity. Antivi-
ral activity was identified in the saliva soluble fraction, and
to determine the factor (s) responsible, individual saliva pro-
teins were examined. Of those proteins examined, only se-
cretory leukocyte protease inhibitor (SLPI) was found to
possess anti-HIV-1 activity at physiological concentrations.
SLPI anti-HIV-1 activity was dose dependent, with maxi-
mal inhibition at 1-10 gg/ml (> 90% inhibition of RT ac-
tivity). SLPI also partially inhibited HIV-111B infection in
proliferating human T cells. SLPI appears to target a host
cell-associated molecule, since no interaction with viral pro-
teins could be demonstrated. However, SLPI anti-HIV-1
activity was not due to direct interaction with or downregu-
lation of the CD4antigen. Partial depletion of SLPI in whole
saliva resulted in decreased anti-HIV-1 activity of saliva.
These data indicate that SLPI has antiretroviral activity and
may contribute to the important antiviral activity of saliva
associated with the infrequent oral transmission of HIV-1.
(J. Clin. Invest. 1995. 96:456-464.) Key words: monocytes

llymphocytes * SLPI * retrovirus * saliva

Introduction

The virtual absence of oral transmission of HIV-1 (1-4) and
reports of antiviral activity in the saliva of both healthy (5-9)
and HIV-1-infected (7) individuals suggest the presence of a
factor or factors in saliva that can inhibit HIV-1 infection. Al-
though the source(s) and mechanism for this activity remain
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poorly understood, aggregation of HIV-1 by large molecular
weight molecules (mucins, etc.) in the saliva has been impli-
cated (8, 10, 11) and is consistent with the HIV-1 particle
aggregation and entrapment by saliva observed ultrastructurally
on small pore filters (12, 13). Although virus aggregation by
saliva mucins may play a role in the anti-HIV- 1 effect of saliva,
additional evidence for a soluble anti-HIV-1 activity has been
reported (8, 11, 13). Moreover, significant anti-HIV-1 activity
may be found in parotid gland secretions, which are purely
serous and contain no mucins and do not appear to aggregate
HIV-1 particles ( 13, 14). Therefore, it has been postulated that
there are at least two mechanisms present in saliva that may
contribute to antiviral activity in vitro. One of these is due to
physical entrapment of the viral particles; the other is due to
inhibitory activity by an unknown soluble factor(s).

Identification and characterization of the natural anti-HIV-
1 agent(s) present in saliva may have significant implications.
The anti-HIV-1 activity present in saliva does not appear to be
due to a broad-spectrum antiviral agent, since some infectious
viruses, such as cytomegalovirus, may be cultured from human
saliva (6, 12). The anti-HIV-1 activity appears to be specific
to saliva because other body fluids, such as cerebrospinal fluid
and urine (10), are devoid of anti-HIV-1 activity. The exami-
nation of saliva collected from individual salivary glands pre-
cludes the possibility of the presence of a large number of blood
cells, bacteria, or food particles in the secretions and therefore
their contributing to this inhibitory activity (6, 7, 13).

To define this natural HIV-1 inhibitor, saliva secretion frac-
tions and purified salivary proteins were examined for their
ability to inhibit HIV-1 infection in an in vitro assay system
using adherent human monocytes. Primary monocytes serve as
host cells of HIV-1 in vivo, contribute to the pathology of
AIDS, and are important targets for antiviral therapy (15-19).
These cells were infected with HIV- 1 in the presence or absence
of saliva and/or its constituents. Using this assay system, we
have identified secretory leukocyte protease inhibitor (SLPI)'
as a saliva-derived factor possessing significant anti-HIV-1 ac-
tivity. We demonstrate here that the antiinfectivity action of
SLPI does not appear to be at the level of HIV-1 binding, nor
does SLPI inhibit reverse transcriptase (RT) or HIV-1 protease.
Rather, its target may be a host cell-associated molecule. Based
on its potent antiviral activity, SLPI, a 12-kD seine protease

1. Abbreviations used in this paper: EDC, N-ethyl-N'-(3-diethyl-
aminopropyl)-carbodiimide; HNE, human neutrophil elastase; HRP,
histidine-rich peptide; IL-2R, IL-2 receptor; GSH, glutathione; NHS, N-
hydroxysuccinimide; PLSD, protected least significant difference; PRP,
proline-rich peptide; RT, reverse transcriptase; SLPI, secretory leuko-
cyte protease inhibitor; sCD4, soluble CD4; TCID50, tissue culture infec-
tious dose.
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inhibitor (20), may play a role in preventing oral infection and/
or transmission of HIV-1.

Methods

Monocyte isolation and culture. PBMC, obtained by leukapheresis (De-
partment of Transfusion Medicine, National Institutes of Health), were
separated from granulocytes by fractionation on Ficoll-Hypaque (Phar-
macia Diagnostics AB, Stockholm, Sweden). PBMCwere then sepa-
rated by countercurrent centrifugal elutriation, as previously described
(21). By this method, 85-95% pure monocytes are obtained (21).
Monocytes were diluted to 2-4 x 106 cells per ml in DME(BioWhit-
taker, Walkersville, MD) with 2 mML-glutamine and 50 ,ug/ml genta-
micin and plated at 2 ml per well in glass two-well chamber slides
(Nunc, Inc., Naperville, IL). After adherence (overnight, 370C, 5%
C02), 10% human AB - serum (Advanced Biotechnologies Inc., Co-
lumbia, MD) was added to the culture medium. Cells were cultured
from 10-14 d before being infected with HIV-1.

Reagents assayedfor anti-HIV-I activity. Whole human saliva (un-
stimulated) was collected into polypropylene tubes and centrifuged at
3,000 g for 15 min. For sterilization, saliva was passed through a 0.22-
HIm Millex-GV filter (Millipore Products Div., Bedford, MA). Subman-
dibular secretions were collected using sterile collection devices (6, 7)
and were size fractionated by gel filtration chromatography (D. Hay,
Forsyth Dental Center, Boston, MA), using TrisAcryl Plus GF2000-M
(Sigma Chemical Co., St. Louis, MO) in 100 mMammonium bicarbon-
ate, 0.1% chloroform. Fractions were lyophilized, reconstituted to the
original starting volume of whole saliva with PBS, and assayed for
anti-HIV-1 activity. Individual saliva-derived proteins included two
closely related acidic proline-rich proteins, PRP-1 and PIF, statherin
(gifts from D. Hay), purified histidine-rich peptides 3 and 5 (HRP-3
and HRP-5), partially purified lysozyme (Sigma Chemical Co. and gift
from J. Pollock, Stony Brook, NY), lactoferrin (Sigma Chemical Co.),
and cystatin (Sigma Chemical Co. and gift from T. Lah, Ljubljana,
Slovenia). Synovial fluid was collected aseptically from the joints of
patients with rheumatoid arthritis (22).

Recombinant SLPI (23) was > 98% pure and contained < 0.74
endotoxin units per mg of SLPI. Recombinant SLPI and native SLPI
are equivalent based on several criteria. In particular, they have the
same amino-terminal sequence (H2-N-Ser-Gly-Lys-Ser-Phe- . . .) due
to the activity of processing enzymes in Escherichia coli that remove
the encoded methionine residue from the amino terminus. In addition,
both recombinant and natural SLPI are not glycosylated.

HIV-I infection of monocytes. HIV-1BaL (Advanced Biotechnolo-
gies Inc., Columbia, MD), propagated in primary human monocyte/
macrophages, was diluted to 104 TCID50/ml of DMEand combined in
a 1:1 ratio with human saliva, serum, synovial fluid, or purified saliva
proteins. The virus was incubated in the absence or presence of candidate
inhibitory factors for 30 min at room temperature followed by 30 min
at 37°C, 5% CO2. In some experiments, saliva was prefiltered through
a sterile 0.22-pm filter before addition to virus. Alternatively, the virus/
unfiltered saliva suspension was incubated for 1 h and then filtered
(postfiltered) through a 0.22-.tm filter, before being added to cells. The
virus±inhibitor was added to adherent monocytes in two-well chamber
slides, 400 1I per well. After 60 min at 37°C in 5%C02, unbound virus
was removed by washing cells three times with 2 ml of PBS. Cells
were refed with 2 ml of DMEcontaining 10% human AB- serum, 50
,ug/ml gentamicin, and 2 mML-glutamine (DME complete medium).
In some experiments, monocytes were preincubated with candidate in-
hibitor for 1 h at 37°C, washed three times with PBS, and incubated
with HIV-lBaL alone for 1 h at 37°C, and unbound virus was removed
by washing cells three times with PBS. In all cases, every 3-4 d, 0.5
ml of medium was removed for virus assay and replaced with fresh
complete medium. Cells were cultured for 3-3.5 wk after infection.
When the infection time course was complete, slides were stained with
Diff-Quik (Baxter Healthcare Corp., Miami, FL) to monitor whether

equivalent numbers of monocytes remained in each well. Cell culture
conditions and infection typically did not affect monocyte viability.
However, data are reported only from experiments in which equivalent
cell numbers were documented.

Isolation of Tcells and infection with HIV- I,,B. Primary T cells were
separated from B cells and monocytes by countercurrent centrifugal
elutriation (21). T cells were cultured at 106 cells per ml in RPMI 1640
(BioWhittaker), 10% FCS (BioWhittaker), 2 mML-glutamine, and 50
pg/ml gentamicin (RPMI complete medium), containing 50 pM [.3-
mercaptoethanol and 5 pg/ml Con A. After 72 h at 370C, 5%CO2, the
proliferating cells were infected with HIV- 1m (Advanced Biotechnolo-
gies, Inc.), a T cell isolate (HIV-1Ba L does not infect T cells efficiently
in vitro, therefore a T cell tropic strain must be used). HIV-1lIIB was
first preincubated with SLPI or with medium only, for 1 h at 37TC, and
the virus±SLPI (2 x 103 TCID50 of HIV-1mB) was used to infect T
cells at 107 cells per ml in RPMI. After 1 h at 370C, 5%C02, T cells
were pelleted and washed with PBS three times. Cells were resuspended
in RPMI complete medium containing 20 U/ml LL-2 (Collaborative
Biomedical Products, Bedford, MA) at 106 cells per ml in 48-well
plates, and cell culture supernatants were sampled for the presence of
RT activity or p24 antigen every 3-4 d.

Monitoring of viral infection. The RT assay was performed as de-
scribed (24). RT values of the virus were unaffected by short-term (6-
h) exposure of the virus to SLPI (RT values, HIV plus SLPI [100 pg/
ml] = 25 x i04+1.1 x i04 cpm, and HIV alone = 23 X 104+1.4
x 104 cpm), indicating that SLPI did not inhibit the RT assay. p24 was
assayed using the p24 core profile ELISA kit from Dupont (Wilmington,
DE) (19). For electron microscopy, supernatants from adherent cells
(infected in the presence or absence of SLPI) were removed and cells
were fixed with 2.5% glutaraldehyde in PBS. After fixation, cells were
harvested with a rubber policeman, transferred to 1.5-ml microfuge
tubes, and pelleted at 4,500 g for 2 min. After gelling in agar, the cells
were postfixed in 1% OS04, block stained with saturated uranyl acetate
in 50% ethanol, dehydrated in graded ethanol and propylene oxide, and
embedded in Spurr's plastic. Thin sections were stained with uranyl
acetate and lead citrate and examined in a Zeiss EMIOAR operating at
60 kV (25).

Labeling of cell surface antigens. Single-cell suspensions (50 p1)
of monocytes (107/ml) in PBS (with 0.1% NaN3) were incubated at
4°C for 30 min with FITC-conjugated monoclonal antibodies to the
following cell surface antigens: IL-2 receptor (IL-2R), CD14, and CD4
(Becton Dickinson Monoclonal Center Inc., Mountain View, CA), or
the control antibody, mouse FITC-IgG (Simultest; Becton Dickinson).
Cells were stained in the presence of 10% human AB - serum to prevent
nonspecific binding. After staining, cells were washed two times with
cold PBS and resuspended in 0.5 ml of 2% paraformaldehyde. Cells
were analyzed by flow cytometry with a FACScan (Becton Dickin-
son) (25).

Proliferation assays. The continuous T cell line H9 was used to
assess the potential cytostatic/cytotoxic effect of saliva and SLPI on
cell proliferation. H9 cells were combined with whole saliva (diluted
as for anti-HIV-l assay) for 1 h, washed three times with PBS, and
plated at 105 cells per 200 pl per well in 96-well plates. Alternatively,
SLPI (100 tg/ml) was added to H9 cells and left for the remainder of
the proliferation time course (3 d). Cells were pulsed with 5 1L of 50
,uCi/ml [3H]thymidine (thymidine 5 '-triphosphate, 20.3 Ci/mmol; New
England Nuclear, Boston, MA) 18 h before harvesting and assaying
[3H]thymidine incorporation. No cytostatic/cytotoxic effects of either
saliva or SLPI were observed using this assay.

Depletion of SLPIfrom saliva. A SLPI affinity column was prepared
by chemically coupling 2 mg of goat polyclonal anti-SLPI antibody
to protein A agarose followed by chemical blocking of unreacted protein
A sites, using the ImmunoPure IgG Orientation kit from Pierce (Rock-
ford, IL) according to the manufacturer's directions. Whole saliva (4
ml) was diluted 1:3 in PBS and centrifuged for 15 min at 3,000 g, and
the supernatant was divided into two aliquots. One aliquot was applied
to the SLPI affinity column; the other was applied to a control column
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(protein A agarose prepared as the above column but containing no
anti-SLPI antibody). After sample loading, columns were rotated end
over end for 1 h at 40C, and then the saliva was eluted. To determine
how much SLPI was removed from the saliva samples, saliva was
supplemented with 2 x 104 cpm 1251-SLPI (107 cpm/Ag), radiolabeled
using Na1"I (ICN Biomedicals, Inc., Irvine, CA) and IODOGEN
(Pierce), according to manufacturer's directions. Samples of saliva from
each column were assayed for gammaemission to calculate the amount
of SLPI removed by passage through the column. Additionally, saliva
samples from each column were subjected to Western analysis using
goat polyclonal anti-SLPI antibody. By counts per minute, only - 50%
of SLPI was removed using the SLPI affinity column, and this percent
was not increased appreciably by reapplication to the regenerated affinity
column. The limited depletion of SLPI from saliva was most likely due
to minor cleavage of SLPI by enzymes in the saliva. Aside from specific
removal of SLPI, all other saliva proteins remained essentially equal in
concentration in samples from the anti-SLPI column as compared with
samples from the control column, as assayed by Coomassie blue staining
of saliva samples analyzed on 12% SDS-polyacrylamide gels. Control
saliva and saliva partially depleted of SLPI were sterile filtered, diluted
to give a 1:10 final dilution of the starting saliva, and used in HIV-1
infection of monocytes as previously described. Loss of anti-HIV-l
activity by the partially depleted saliva was calculated as followed,
assuming negligible counts in the negative control sample (sample not
infected with HIV-l): [(RTdepletecsaliva/RTpositivecontrol) X 100] - [(RTwohle
safiva/RTpositive contol) X 100], in which RT is the reverse transcriptase
value in counts per minute.

Direct binding measurements to SLPI. SLPI binding to various pro-
teins was assayed by surface plasmon resonance detection using a bio-
specific interaction analysis (BlAcore) instrument (Pharmacia LKB
Biotechnology Inc., Piscataway, NJ) (26-27). SLPI was immobilized
on the CM5sensor chip surface using the amine coupling kit containing
N-hydroxysuccinimide (NHS), N-ethyl-N '-(3-diethylaminopropyl)-
carbodiimide (EDC), and ethanolamine hydrochloride, pH 8.5 (Phar-
macia LKB Biotechnology Inc.). Briefly, the carboxylated dextran ma-
trix of the chip was activated with EDC/NHS for 7 min followed by
the injection of 20 Ag/ml SLPI in 10 mMsodium acetate, pH 4.0, for
10 min. Unreacted NHS-ester groups were displaced by the injection
of ethanolamine for 6 min. To assess the binding activity of the immobi-
lized SLPI, 100 nMhuman neutrophil elastase (Calbiochem Corp., San
Diego, CA) was injected at a flow rate of 10 ,d/min in 10 mMsodium
Hepes, pH 7.0, 150 mMNaCl, and 3.4 mMEDTA. HIV-l protease
(ITB), soluble (s)CD4, gpl60 (IIB), and gpl2O (IIIB) (all recombi-
nant proteins were from American BioTechnologies, Inc., Cambridge,
MA) were likewise used at concentrations of 100 nM. Recombinant
gpl2O was also immobilized on the sensor chip surface, and sCD4 (20
,og/ml) binding was measured using published methods (28).

Statistical analysis. Statistical analysis was performed using Stat
View software (Abacus Concepts, Inc., Berkeley, CA) and choosing
the one-way ANOVAand Fisher's protected least significant difference
(PLSD) values for comparison of data pairs.

Results

Inhibition of monocyte infection after saliva treatment of HIV-
1. As an initial investigation of the selective HIV-l -inhibiting
activity of saliva, HIV-1 was incubated with saliva for 1 h,
sterile filtered through a 0.22- ,um pore filter, and added to
adherent monocyte monolayers. After 1 h, both virus and saliva
were washed off, and the progression of infection was moni-
tored. As shown in Fig. 1, the exposure of virus to saliva results
in essentially complete suppression of infection of the mono-
cytes, in contrast with the level of infection induced by untreated
virus. Since filtration of saliva-containing virus samples can
lead to removal of some virus due to virus trapping, with resul-
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Figure 1. Effect of saliva on HIV-1 infection of human monocytes.
Virus was incubated with saliva or DMEfor 1 h. Virus suspensions
were filtered and combined with adherent monocytes for 1 h. Cells were
then washed free of unbound virus and cultured for over 3 wk. Cell
supernatants were removed at 3-4-d intervals, and virus RT activity
was measured. Data are the mean±SE from one experiment repeated
in duplicate three times with similar results.

tant artificially reduced HIV-1 infection (8, 11-13), additional
experiments were conducted in which the saliva was prefiltered
before it was added to the virus. Prefiltered saliva incubated with
virus and not filtered again still significantly reduced monocyte
infection, demonstrating the presence of a soluble factor in sa-
liva with anti-HIV-1 activity (Fig. 2 A). For comparison, two
other protein-rich body fluids, plasma and synovial fluid, were
added to HIV-1, incubated, and added to the monocytes in
parallel with filtered saliva. Whereas the saliva inhibited HIV-
1 by 85-95%, no inhibitory activity was observed in either
plasma or synovial fluid (Fig. 2 B), indicating that a unique
antiviral molecule(s) is present in saliva.

Investigation of saliva components for anti-HIV-I activity.
To investigate the properties of the soluble factor(s) responsible
for the HIV-1 -inhibiting activity of saliva, 20 ml of stimulated
submandibular saliva was subjected to fractionation by gel fil-
tration. The low molecular weight (between 10 and 14 kD)
protein-enriched fractions were found to contain the antiviral
activity, as measured by their ability to inhibit HIV-1 infection
of monocytes (data not shown).

In parallel experiments, purified and recombinant compo-
nents of whole saliva associated with these fractions were indi-
vidually examined directly for antiviral activity. Representatives
of the four major classes of saliva proteins were assayed: the
proline-rich proteins (PRP-1 and PEF), the histatins (HRP-3
and HRP-5), statherin, and cystatin, some of which have anti-
fungal as well as antibacterial activities (29). Several host de-
fense proteins found in saliva, including lysozyme, lactoferrin,
and SLPI, were also assayed. Whenassayed at levels exceeding
physiological concentrations, PRP, statherin, and HRPhad min-
imal or no anti-HIV-l activity (Table I). Lysozyme and lacto-
ferrin exhibited apparent anti-HIV-1 activity only at concentra-
tions > 10 times physiologic concentrations. The small cationic
antiprotease cystatin exhibited significant anti-HIV-1 activity
(> 90% inhibition of RT values as compared with controls)
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when assayed at levels exceeding saliva concentrations by
10-20-fold (Table I). However, when cystatin was assayed

at physiologic concentrations (1 jig/ml), only moderate anti-
HIV-1 activity was observed (20% inhibition of RT values as
compared with controls). A second low molecular weight cat-
ionic protease inhibitor found in saliva, SLPI, was also tested for
its ability to inhibit HIV-1 infection of monocytes. In contrast to
the other salivary proteins, SLPI possessed significant anti-
HIV-1 activity at physiologic concentrations (Table I).

SLPI inhibition of HIV-1 in monocytes. As shown in Fig.
3, recombinant SLPI was able to duplicate the anti-HIV-1 ac-
tivity of whole saliva based on RT assays, and a single exposure
to SLPI at the time of coculture of monocytes and HIV-1 sup-
pressed infection for nearly 3 wk of culture. Viral p24 antigen
was measured to confirm RT assay results, and that assay gave
results similar to RT assays (Fig. 3 B). To confirm the RT and

Table I. Effect of Saliva Components on HIV-J Infection of
Monocytes

Saliva Concentration Concentration
component in saliva in assay IC90*

lg/ml jig/mi jig/ml

PRP-1 100 25-500 NA'
PIF 100 25-500 NA
Statherin 100 25-500 NA
HRP-3 3-10 15-300 NA
HRP-5 3-10 15-300 NA
Cystatin 1-2 25-500 25-35
Lysozyme 8-16 25-500 400-500
Lactoferrin 6-30 25-500 400-500
SLPI 4-24 1-10 1

* Concentration(s) of saliva component required during HIV-1 infection
of monocytes to inhibit RT values quantitated at 16-20 d after infection
by >90%, as compared with control values in which only DMEwas
preincubated with HIV-1 and present during infection. Data are determi-
nations from one experiment, which was performed two or more times
with similar results. Standard errors for RT values ranged from 10 to
15%. * NA, inhibition not achieved at any concentration tested.

Figure 2. Effect of prefiltered saliva on HIV-
1 infection in human monocytes. (A) Virus
was incubated for 1 h with filtered saliva
(Pre), or DME, or unfiltered saliva (virus/
saliva was then filtered before addition to
monocytes [Post]). Virus suspension was
then added to monocytes for 1 h and washed
away, and cells were cultured for 3 wk. Re-
sults are RT values at peak infection (day
16). Control samples had no HIV-1 added.
(B) Virus was incubated with either prefil-
tered saliva (Pre), unfiltered plasma, unfil-
tered synovial fluid (SF), or DME. After 1
h, each virus suspension was added to mono-
cytes for 1 h, and cells were washed and
cultured for 3 wk. Control samples had no
HIV-1 added. * Values significantly different
from DMEvalues, with > 95% confidence
(Fisher's PLSD).

p24 results morphologically, ultrastructural analysis of HIV-1 -
infected cells was performed. Adherent monocytes were in-
fected with HIV-1 in the presence or absence of SLPI (1-10
ptg/ml) and cultured for 16-23 d. Infected cells were analyzed
for the presence of viral particles and the number of particles
per infected cell. Cultures infected in the presence of SLPI
contained no, or significantly fewer, infected monocytes than
cultures infected in the absence of SLPI (data not shown). In
one representative experiment, cultures incubated with HIV-1
alone had 10 times more infected cells at the peak of infection
than those incubated with HIV-1 plus 10 Og/ml SLPI. The few
monocytes infected in the presence of SLPI also exhibited fewer
intracellular viral particles than those infected in the absence
of SLPI. In experiments examined, the electron microscopy
results paralleled the values obtained with RT (or p24) assays
(25). Virus particles were found in normal intramonocytic vac-
uoles for cultures infected in the presence or absence of SLPI,
indicating that SLPI was not merely altering intracellular viral
distribution and thereby masking viral replication. In a SLPI
anti -HIV- 1 dose -response assay, significant inhibitory activity
was measured at SLPI concentrations from 0.1 to 25 qg/ml
(Fig. 4 A).

SLPI inhibition of HIV-I in T cells. SLPI also exhibited
partial anti-HIV-1 activity in proliferating T cells, with a dose-
response curve similar to that observed in adherent monocytes
(Fig. 4 B). In these experiments, SLPI was added to the T cells
only during the initial viral exposure and was washed off before
cell culture. Repetitive administration of SLPI to these prolifer-
ating cell populations would likely maintain viral suppression.

Examination of the anti-HIV-I activity of SLPL To rule
out the possibility that the anti-HIV-i activity of SLPI was
due to nonspecific effects of the protein on cells, SLPI cytotox-
icity was examined. Using the assay described in Methods, no
cytotoxic/cytostatic effects of SLPI on proliferating H9 cells
were observed (data not shown).

To determine whether SLPI was altering viral infection of
monocytes nonspecifically by activating or inactivating the
cells, the following experiment was conducted. Monocytes in
suspension culture were incubated at 37°C, 5% CO2 overnight
in DMEcomplete medium with either LPS, SLPI, or a combina-
tion of the two. The following day, cells were stained with

Secretory Leukocyte Protease Inhibitor Has Antiretroviral Activity 459



04)K) 1
0)

OQi _
._

o X *

0) '

Uf)a
LNO

0)NO
E0 c

0 Qa.
W R0

V6

A

DMEM

SLPI

1~~~~~~~~~~~~~~~~~~~~~~~

B
DMEM

SLPI

co~ntrol
5 10 15 20 0 i 10

Days Post Infection

fluorescent antibodies to cell surface antigens and analyzed us-
ing a FACScan. As shown in Table II, control cells incubated
overnight were essentially negative for the presence of the IL-
2R (a monocyte marker for cell activation) (18), 30-40% were
positive for CD4(the HIV-1 receptor), and the majority of cells
expressed CD14 (a constitutively expressed monocyte marker).
Cells incubated overnight with LPS exhibited increased staining
for the IL-2R, with little change in levels of CD4 and CD14
expression. Cells incubated with 1-100 Mg/ml SLPI were phe-
notypically similar to the control cells, whereas cells coincu-
bated with SLPI and LPS resembled those incubated with LPS
only. Thus, SLPI does not activate cells as LPS does; nor does
it prevent cell activation by LPS as monitored phenotypically.
Additionally, SLPI does not downregulate expression of the
HIV-1 receptor, CD4. Taken together, these data suggest that
SLPI does not transduce an activation signal or inhibit CD4
expression as a component of its primary mechanism of antiviral
activity.

Examination of SLPI's role in saliva anti-HIV-J activity.
To establish whether native SLPI in saliva was contributing to
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Figure 3. Effect of SLPI on HIV-l infection
of human monocytes. Virus was incubated
with SLPI or DMEfor 1 h. Virus suspension
was added to monocytes for 1 h, and cells
were washed three times with PBS and cul-
tured for 3 wk. Culture supernatant was
removed at 3-4-d intervals for assay of RT.
Control samples had no HIV-1 added. Points
represent mean±SE of one experiment re-
peated six times with similar results. (A) Re-
sults of RT assay; (B) results of p24 assay
for an experiment similar to but independent
of A.

the anti-HIV-1 activity of saliva, whole saliva was partially
depleted of SLPI and compared with a control whole saliva
sample (both were prepared as described in Methods). These
intact and SLPI-deficient saliva samples were incubated with
HIV-1 and monocytes infected as described previously. Ap-
proximately 50%of the SLPI could be removed from the sample
when passaged through the anti-SLPI column, as monitored by
radiolabeled SLPI and by Western analysis (Fig. 5 B). How-
ever, by Coomassie blue staining of proteins analyzed on SDS-
PAGE, all other saliva proteins remained equivalent in concen-
tration to those in the intact control sample (Fig. 5 C). This
selective removal of SLPI decreased the anti-HIV-1 activity
of the saliva sample compared with the control sample (Fig. 5
A). The anti-HIV-1 activity of saliva partially depleted of SLPI
was reduced by 48% compared with intact saliva when used at
a dilution of 1:10 during monocyte infection, consistent with
the 50% depletion of the protein. Thus, although other saliva
constituents may also contribute to the antiviral activity of sa-
liva, it is clear that SLPI accounts for a major portion of the
anti-HIV-l activity in intact saliva.
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Figure 4. Effect of SLPI on HIV-l infection
of human monocytes or T cells. (A) Virus
was incubated with DMEor increasing con-
centrations of SLPI for 1 h. Virus solutions
were then added to adherent monocytes for
1 h, and cells were washed free of unbound
virus and cultured for 3 wk. RTvalues shown
are at peak infection. Control samples (Con)
had no HIV-l added. (B) Virus was incu-
bated with DMEor increasing concentrations
of SLPI for 1 h. Virus solutions were then
added to proliferating T cells for 1 h, and
cells were washed free of unbound virus and
cultured for 2 wk. RT values shown are at
peak infection. Control samples had no HIV-
1 added. Points represent mean±SE of one
experiment done in duplicate two or more
times with similar results. * Values statisti-
cally different from DMEvalues, with
> 95% confidence (Fisher's PLSD).
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Table II. FACSAnalysis of SLPI's Effect on Monocyte Cell
Surface Antigens

Cell surface antigens (percent
positive)

Cell treatment IL-2R CD4 CD14

Control cells 6 34 82
LPS (1 Ag) 68 34 90
SLPI (1 /sg) 3 33 85

(10 Ag) 3 27 85
(100 Ag) 6 30 83

LPS (1 Ag) + SLPI (10 Ag) 83 32 90
LPS (1 Ag) + SLPI (100 ,g) 86 33 90

Elutriated monocytes were incubated overnight with DMEalone (Con-
trol cells), or DMEcontaining LPS, SLPI, or both. The cells were
stained with FITC-labeled antibodies to the antigens listed and analyzed
using a FACScan. Percent positive cells was determined by subtracting
the percent positive cells stained with FITC-labeled mouse IgG
(Simultest) (ranging from 1 to 3% of total) from the percent positive
cells stained with FITC-labeled specific antibody. Data shown are a
representative data set from an experiment repeated three times.

Examination of the SLPI-target molecule interaction. The
question of whether SLPI influences viral infection by influenc-
ing viral activity or the host cells was investigated. SLPI (10
,ug/ml) was preincubated with adherent monocytes for 1 h and
then washed away before the 1-h viral addition. Significantly,
SLPI exhibited equivalent antiviral activity under these condi-
tions, as in experiments in which SLPI was preincubated with
virus before addition to monocytes (> 90% inhibition of RT
values assayed at 16-20 d after infection), suggesting that its
target resides at the level of the host cell rather than the virus.
Under the conditions of this experiment, it was determined by
SLPI ELISA (R & D Systems, Inc., Minneapolis, MN) that
only 2-20 ng/ml of SLPI remained free in the culture superna-
tant after aspiration of the culture supernatant and washing the
cells three times with PBS. In a second set of experiments,
highly concentrated virus stock (TCID5o = 0.5 X 10750/ml)
was incubated with 5 ttg/ml SLPI or DMEonly, for 1 h at
37TC. The virus was then diluted (TCIDIo = 6.3 X 104/ml)
and used to infect monocytes as usual. The final concentration
of SLPI with the virus during infection was 0.02 Ag/ml, which
is below the level at which SLPI significantly inhibits HIV-1
infectivity. The virus preincubated with SLPI and then diluted
gave the same level of infection (RT = 12.8 X 104+l.4 X 104
cpm at day 21) as the virus preincubated with medium alone
(RT = 13.8 X 104±4.9 X 104 cpm). It thus appeared that
SLPI's target is cell, not virus, associated.

To extend this analysis and investigate potential binding
sites on the virus and cells, the BlAcore system was used to
measure the binding of SLPI to specific candidate molecule
targets on the virus or host cell. When the viral proteins HIV-
1 protease, gpl6O, and gpl2O (all at 100 nM) were tested, no
specific binding of any of these viral constituents to immobi-
lized SLPI was observed (Fig. 6). Additionally, direct binding
of 100 nM sCD4 to anti-HIV-l was not detected using this
method, consistent with the lack of detectable change in CD4
expression on the monocytes after treatment with SLPI. Under
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Figure 5. Effect of partial removal of SLPI from saliva on the anti-
HIV-1 activity of saliva. Human saliva was partially depleted of native
SLPI using goat polyclonal anti-SLPI antibodies, as described in Meth-
ods. Saliva from a single donor was chromatographed using either an
anti-SLPI affinity column (+Ab), or a control column (containing no
anti-SLPI antibody) (-Ab). Removal of SLPI was determined by ob-
serving a 50% decrease in a trace amount of 1"I-SLPI included in the
saliva samples and by Western analysis of the resulting saliva samples
(C). Selective removal of SLPI did not result in a change in concentra-
tion of the other saliva proteins, as determined by Coomassie blue
staining of proteins in both the control saliva sample (left lane) and
depleted saliva sample (right lane) electrophoresed on a 12%polyacryl-
amide gel (B). However, the anti-HIV-1 activity of the partially de-
pleted saliva sample was reduced by 48%, as compared with the control
saliva sample (A). Monocytes were infected either with HIV- I that had
been preincubated for 1 h at 37°C with medium alone (DMEM), with
control saliva, or with saliva partially depleted of SLPI, or they were
not infected (Control).

identical conditions, however, immobilized SLPI was capable
of binding human neutrophil elastase (Fig. 6), reflecting its
biological activity in solution (20). In control experiments, to
ensure that the viral recombinant proteins maintained biological
binding activity, the binding activities of the recombinant sCD4
and gpl2O were examined using the BlAcore system. The ob-
served binding of sCD4 to immobilized gpl20 (data not shown)
was consistent with published results (28).

Therefore, the evidence indicates that the SLPI anti-HIV-
1 activity is most likely due to an interaction with a host cell
molecule and not a direct interaction with virus particles. Im-
portantly, the host cell molecule does not appear to be CD4.

Discussion

The virtual absence of HIV-1 spread via oral transmission sug-
gests the presence of an important natural anti-HIV-l agent(s)
in the oral cavity (1-4). Indeed, even the isolation of intact
virus from saliva of AIDS patients is exceedingly rare (30-
31). Although nonspecific antiviral activity may be found in
other body fluids (14, 32, 33), antiviral activity specific for
HIV-1 has thus far been described only in salivary gland secre-
tions. In this study we demonstrate that the anti-HIV-1 activity
of whole saliva can be attributed, at least in part, to the 12-kD
polypeptide, SLPI, found in saliva at microgram concentrations
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Figure 6. Biosensor-derived binding curves for the injection of (1) HIV-
protease, (2) human neutrophil elastase (HNE), (3) sCD4, (4) gpl20,

(5) gpl6O, and (6) HNE(as indicated), to either (A) SLPI coupled to
the biosensor surface or (B) a blank biosensor surface. Injected proteins
were at 100 nM. SLPI was immobilized at a level of 1,160 resonance
units, or 1.16 Mg/mm2, as described in Methods. The arrows indicate
points on the binding curves used to quantitate each binding event. 10
mMHCl was used to regenerate the SLPI surface after HNEbinding.
Relative binding values in resonance units for each protein are as fol-
lows: (A) HIV protease, 43; HNE, 1,880; sCD4, 14; gp120, 39; gp160,
31; HNE, 1,880. (B) HIV protease, 57; HNE, 38; sCD4, 5; gpl20, 99;
gpl60, 67; HNE, 33.

(34). Depletion of SLPI from intact saliva resulted in a corre-
sponding loss of antiviral activity, confirming that SLPI repre-
sents a major portion of the anti-HIV-1 activity in saliva.

SLPI is a serine protease inhibitor produced by salivary
glands and is found in saliva and other mucous secretions. The
protein consists of two homologous cysteine-rich domains and
exhibits inhibitory activity against neutrophil elastase, chymo-
trypsin, trypsin, and cathepsin G (20, 35). By site-directed
mutagenesis, residue Leu-72 has been shown to be the active
site for SLPI's protease inhibitory activity (22). It is this anti-
protease activity that led to preclinical and clinical studies using
SLPI in emphysema and cystic fibrosis patients (36, 37), but
this is the first evidence that SLPI has antiviral activity.

SLPI was found to inhibit HIV-1 infectivity of monocytes
and T lymphocytes in a dose-dependent manner, with significant
inhibition observed at a concentration as low as 0.1 gg/ml (8
nM) and maximally at 1-10IOug/ml, well within the physiologic
range. As demonstrated by both RT and p24 levels, a single 1-

h exposure to SLPI during infection was sufficient to suppress
virus production for several weeks. Ultrastructural analysis con-
firmed RT and p24 assay results, demonstrating that virus was
not being routed to and accumulating in an abnormal compart-
ment within the cells, such that it could not be assayed in the
culture supernatant.

Based on the profound antiviral activity of SLPI, efforts
were directed at defining its mechanism of action and whether
its target resided at the level of the virus or the cell being
infected. Several lines of evidence suggest that SLPI interacts
with cell-associated molecules to effect its antiviral actions.
First, that SLPI need not interact directly with virus particles
to exhibit antiviral activity was demonstrated by results showing
that preincubation of monocytes with SLPI alone, before addi-
tion of virus, was sufficient to inhibit HIV-1 infectivity. The
ability to pretreat cells with SLPI and induce inhibition of HIV-

infection implicated the cells, rather than the virus, as the
target of SLPI's action. Second, in related experiments, when
concentrated HIV-1 was coincubated with high levels of SLPI
that were then diluted to noninhibitory levels before infection,
no suppression or inhibition of the virus was observed. Third,
SLPI was not found to bind specifically to the viral surface
proteins gpl6O or gpl2O, nor to HIV-1 protease.

Experiments to identify the cell-associated molecules, or
targets, for SLPI's anti-HIV-l activity suggest that specific
binding of SLPI to sCD4 does not occur; nor does SLPI down-
regulate the CD4 antigen on monocytes. Although we cannot
rule out the possibility that SLPI forms a complex with CD4
and an as yet unidentified molecule, our data suggest other
cell-associated interactions may be involved. It has been well
documented that HIV-1 entry into host cells requires more than
viral binding to cell CD4 antigen (38-41). Evidence has been
presented suggesting involvement of a cell surface enzyme(s)
in the infection of CD4+ cells by HIV-1. The enzyme may be
a protease (40, 42-44) or protein disulfide-isomerase (45), and
it is possible that SLPI competes for binding with the virus for
a cell surface enzyme(s). A subpopulation of PBMCexpress
both cathepsin G and human neutrophil elastase (46), which
are susceptible to SLPI activity. Interestingly, cathepsin G, a
target enzyme of SLPI (20), has been identified as a cell surface
protease on U937 cells that interacts specifically with the V3
loop of HIV-1 gpl2O (47). However, the anti-HIV-1 activity
of SLPI is not a general property of proteinase inhibitors, since
plasma, which contains high levels of several proteinase inhibi-
tors (e.g., alpha-1 protease inhibitor and alpha-2 macroglobu-
lin), does not exhibit anti-HIV-1 activity. SLPI is positively
charged and may bind to the surface of cells nonspecifically
via electrostatic interactions. However, it is unlikely that this
could lead to inhibition of HIV, since only anionic compounds
have been reported to prevent HIV's binding to cells (e.g.,
dextran sulfate, heparin, etc.) (48, 49), and moreover, SLPI's
interaction with monocytes reflects specific, high affinity bind-
ing (McNeely, T. B., manuscript in preparation). In addition,
lysozyme is also highly positively charged and does not exhibit
the potent antiviral activity of SLPI (Table I). Therefore, SLPI
most likely exhibits its antiviral activity by binding specifically
to a host cell molecule(s) other than the HIV- 1 receptor, CD4.

Administration of SLPI to humans or sheep has been shown
to cause an increase in glutathione (GSH) levels in pulmonary
lining fluid (50), presumably mediated by host cells, and fur-
thermore, it has been well established that intracellular GSH
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can inhibit the growth of HIV- 1 by blocking proviral transcrip-
tion and possibly other processes required for viral propagation
(51, 52). Whether this pathway plays any role in SLPI's antivi-
ral activity in vitro is currently unknown. Studies in progress
will provide insight as to whether SLPI's anti-HIV-1 activity is
the result of inducing higher intracellular GSHlevels in human
monocytes, SLPI antiprotease activity, or some as yet to be
identified mechanism.

In the current studies, SLPI was shown, for the first time,
to contribute to the anti-HIV-1 activity of human saliva in
vitro; thus, it may play an important role in the unique anti-
HIV-1 infectivity activity of human saliva. It is currently un-
known whether SLPI functions as an anti-HIV-1 agent in other
tissues of the body, although SLPI is generally present at higher
concentrations in tissues associated with lower rates of transmis-
sion of HIV-1 (34, 53-55). If an inverse correlation exists
between levels of SLPI and the risk or rate of HIV-1 transmis-
sion, exogenously administered SLPI may afford protection
against this lethal virus.
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