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The placenta may play a critical role in inhibiting vertical transmission of HIV-1. Here we demonstrate that leukemia
inhibitory factor (LIF) is a potent endogenous HIV-1–suppressive factor produced locally in placentae. In vitro, LIF exerted
a potent, gp130-LIFRβ–dependent, HIV coreceptor–independent inhibition of HIV-1 replication with IC50 values between
0.1 pg/ml and 0.7 pg/ml, depending on the HIV-1 isolate. LIF also inhibited HIV-1 in placenta and thymus tissues grown in
ex vivo organ culture. The level of LIF mRNA and the incidence of LIF protein–expressing cells were significantly greater
in placentae from HIV-1–infected women who did not transmit HIV-1 to their fetuses compared with women who
transmitted the infection, but they were not significantly different from placentae of uninfected mothers. These findings
demonstrate a novel pathway for endogenous HIV suppression that may prove to be an effective immune therapy for HIV
infection.
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Introduction
Without antiretroviral therapy, the transmission of virus
from HIV–infected mothers to their neonates occurs in
14.4%–39% of pregnancies (1, 2). With antiretroviral
treatment of HIV-1–infected women, vertical transmis-
sion is reduced to less than 5% of pregnancies (3). Cae-
sarian section in the absence of maternal antiretroviral
treatment, however, reduces the rate of perinatal trans-
mission to similar levels (4). This indirect evidence sug-
gests that the majority of vertical transmission occurs
during delivery (5) and that the placenta plays a role in
inhibiting transmission during gestation.

Many mechanisms that inhibit vertical transmission
have been proposed. First, studies suggest that maternal
HIV-1–infected cells could be destroyed by MHC-incom-
patible cells in the placenta (6) or by interactions with
TNF-related apoptosis-inducing ligand/Apo-2L (TRAIL)
(7). Similarly, Fas ligand (FasL) expression on mouse tro-
phoblasts has been shown to inhibit the trafficking of
activated lymphocytes into the placenta (8), an activity
that could protect against HIV-infected cells migrating
into the placenta in humans. Second, selection for non-
transmitted HIV-1 variants may occur in placentae from
nontransmitting women (9). Third, maternal production

of HIV-1–specific neutralizing Ab or cytotoxic T lym-
phocytes may inhibit HIV replication during pregnancy
(10, 11). Last, expression of soluble factors that inhibit
HIV replication has been described previously (12–14).

The search for HIV-suppressive factors has provided
some insights into the role of the adaptive immune
response in inhibiting a broad spectrum of HIV-1
strains, but expression of these factors in the placenta
remain largely unidentified. Investigating conditions
associated with transmission and nontransmission of
HIV-1 from mothers to neonates suggests the presence
of HIV-suppressive activity in the placenta. Studies in
HIV-1 transgenic mice have demonstrated that the preg-
nancy-related hormone human chorionic gonadotropin
(β-hCG) exerts an HIV-1–inhibitory effect (13). Subse-
quent studies propose that an unidentified factor asso-
ciated with β-hCG inhibits HIV-1 replication whereas
highly purified preparations of β-hCG demonstrated no
HIV-1–inhibitory effects (14).

Leukemia inhibitory factor (LIF), well characterized
for its role in blastocyst implantation (15) and mainte-
nance of pregnancy (16), has until now not been docu-
mented for its potential role in inhibiting viral disease.
Here, we show that LIF is upregulated in placentae
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from nontransmitting HIV-infected women compared
with placentae from transmitting women. Moreover,
LIF inhibits HIV-1 in a tropism-independent manner
that is dependent upon the expression of gp130-LIFRβ
on the surface of HIV-1–susceptible cells. Finally, LIF
inhibits HIV-1 infection in in vivo explant models
using placenta and thymus tissue.

Methods
Placenta-tissue processing. Placenta samples were obtained
from women at the time of delivery after informed con-
sent was given. Transmitting women were matched with
nontransmitting women for maternal CD4 count, mater-
nal viral load (if available), placenta gestational age, and
age. All women were off antiretroviral therapy during
pregnancy. Tissue samples were washed extensively with
RNase, DNase-free phosphate buffered, trisected, and
either homogenized for RNA extraction or snap-frozen
in OCT-embedding compound. RNA and DNA were
extracted and purified as described previously (17).

Immunohistochemistry and immunofluorescence staining.
Immunohistochemistry was performed using the Vectas-
tain ABC-HP kit (Vector Laboratories, Burlingame, Cali-
fornia, USA) as described previously (18). Diaminobenzi-
dine (DAB) was used as substrate with hematoxylin
counterstain. Commercially available Ab’s to IL-2 (MQ1-
17H12; BDPharMingen, San Diego, California, USA), 
IL-4 (8D4-8 and MP4-25D2; BDPharMingen), IL-10
(19.F.1; BDPharMingen), and LIF (R&D Systems, Min-
neapolis, Minnesota, USA) were used at concentrations
optimized on control tissues. Flow-cytometric analysis
was performed using phycoerythrin-conjugated (PE-con-
jugated) anti-CD130 (gp130-LIFRβ; BDPharMingen) on
a FACScan instrument (Becton Dickinson Immunocy-
tometry Systems, San Jose, California, USA).

Quantification of positive cells stained for cytokines including
LIF. Acquired computerized image analysis (ACIA) of
digital images transferred from a DMR-X microscope
(Leica Microsystems Holdings, Wetzlar, Germany) into
a computerized image-analysis system, Quantimet (Q
550 IW; (Leica Cambridge Ltd., Cambridge, United
Kingdom), was used for detection and separation of
16.7 million different colors. The total area of the sec-
tioned placentae varied between 5 to 15 mm2/tissue,
representing 0.6–6.5 × 104 cells/section. Calculation of
the total number of nucleated cells stained by hema-
toxylin, per total section area, as well as the incidence of
positively stained cells, was performed by using densit-
ometric and morphometric criteria with a specific soft-
ware program developed by Ola Noré, Leica Imaging
System, Kista, Stockholm, Sweden.

Real-time quantitative PCR for HIV-1 gag and U5/R DNA.
Quantitative, kinetic DNA PCR was performed by
adding 45 µl reaction mix (1× Taqman PCR buffer from
Perkin-Elmer Applied Biosystems, Foster City, Califor-
nia, USA, 4.0 mM MgCl2, 200 µM dATP, 200 µM dCTP,
200 µM dGTP, 200 µM dTTP, 200 nM sense primer, 200
nM antisense primer, 100 nM internally conserved,
sequence-specific, fluorogenic probe labeled at the 5′

end with FAM and at the 3′ end with TAMRA, 10 U
AmpliTaq Gold polymerase) to approximately 500 ng
DNA in 5 µl water. Thermal amplification was per-
formed as described previously (17). The following pre-
viously published (19) primers and probes were used:
LTR U5/R—sense-5′-GGCTAACTAGGGAACCCACTG-3′
and antisense-5′-CTGCTAGAGATTTTCCACACTGAC-3′,
probe 5′-FAM-TGTGTGCCCGTCTGTTGTGTG-TAMRA-
3′; LTR U3/gag—sense-5′-CAGATATCCACTGACCTTTGG-
3′ and antisense-5′-GCTTAATACTGACGCTCTCGCA-3′,
probe 5′-FAM-GAGGCTTAAGCAGTGGGTTC-TAMRA-3′.

Real-time quantitative RT-PCR panels. Quantitative
kinetic RT-PCR was performed by adding 45 µl of reac-
tion mix (1× RT Taqman EZ buffer from Perkin-Elmer
Applied Biosystems, 4.0 mM Mn (O)Ac2, 300 µM
dATP, 300 µM dCTP, 300 µM dGTP, 300 µM dTTP,
200 nM upstream primer, 200 nM downstream
primer, 200 nM internally conserved, sequence-specif-
ic, fluorogenic probes, and 10 U rTth polymerase )
directly to 100 ng of total RNA in 5 µl RNase, DNase-
free water (Ambion Inc., Austin, Texas, USA) (17).
Input RNA was normalized using GAPDH mRNA
quantification (Perkin-Elmer Applied Biosystems).
Reverse transcription and thermal amplification was
performed as described previously (17).

In vitro assays for anti-HIV effect. Replication end-point
concentration assays were performed using a tissue cul-
ture ID50 (TCID50) of 1,000 for HIV-1Bal, 10,000 for
HIV-1Lai, 1,000 for HIV-1ME46, 2,000 for HIV-133074,
2,000 for HIV-133015, and 2,000 for HIV-193US151 to infect
107 phytohemagglutinin-stimulated (PHA-stimulated)
PBMCs as described (20), except for the pretreatment
of cells with LIF for 1 hour before the addition of virus.
The concentrations of recombinant, ultra-pure (>99%)
LIF (BDPharMingen) used were 0.01 pg/ml, 0.05
pg/ml, 1.0 pg/ml, and 10 pg/ml. All strains were tested
in quadruplicate wells in three separate experiments.
The mean p24 antigen produced in positive control
PBMCs (without addition of LIF) averaged 843 ± 412
pg/ml, including all isolates tested.

Cell-proliferation assays. PBMCs were isolated from
heparinized blood and placed in quadruplicate wells in
the presence or absence of LIF at 0, 0.1, 1.0, and 10.0
pg/ml. PHA was used at 0.25 µg/ml and 1 µCi
[3H]thymidine was added per well after 72 hours of cul-
ture. The cultures were harvested and counted 18
hours later. Cytotoxicity was assessed using the soluble
formazan assay as described previously (21).

Effects of LIF on the regulation of CD4, CCR5, and CXCR4
expression. PBMCs were pretreated for 3 days with HIV-
1–inhibitory concentration of LIF (0.1, 1.0, 10.0 pg/ml).
Cells were washed one time with 1× PBS, pH 7.4. Cells
were stained with anti–CD4-PerCP, anti–CD14-FITC,
and anti–CCR5-PE or anti–CXCR4-PE (BDPharMin-
gen) for 30 minutes at room temperature, washed in 1×
PBS, pH 7.4, and fixed in 1% formaldehyde. Analysis was
performed on a FACScalibur flow cytometer using Cell
Quest software. Fluorochrome molecules per cell were
determined using quantitative bead standards.
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Placenta organ culture. Fresh placenta tissue was
obtained after informed consent was given. The placen-
ta was cut into 2-cm × 2-cm pieces, and the fragments
were washed extensively in PBS, pH 7.4, to remove any
contaminating blood. The fragments were placed in
MEM media with Earle’s salts and antibiotic/antimy-
cotic solution as described previously (22). Placenta
fragments were pretreated with LIF (BDPharMingen),
IL-4 (R&D Systems), or polyclonal anti-LIF (R&D Sys-
tems), and infected with 3,000 TCID50 HIV-1Bal or the
primary isolate HIV-193US151. After infection, total DNA
and RNA were extracted using TriReagent per manu-
facturer’s instructions. HIV-1 DNA quantification was
performed using real-time PCR as described previously.
Duplicate placenta fragments were frozen in OCT freez-
ing compound for in situ hybridization.

Thymus organ culture. Fresh pediatric thymus tissue was
dissected into pieces containing 3–6 million cells and
cultured as described previously (23). The appropriate
tissue fragments were treated with 1 pg/ml LIF
(BDPharMingen) for 1 hour before infection. The tissue
fragments were transferred into sterile tubes containing
500 µl of undiluted virus (3,000 TCID50). The tubes
were gently rocked for 4 hours at room temperature.
The tissue fragments were then transferred to 0.45-µm
nucleopore filters atop gel-foam boats saturated in
media (YSSL media: 1% human serum, 50 µg/ml strep-
tomycin, 50 U/ml penicillin G, 1× MEM vitamin solu-
tion from Life Technologies Inc., Rockville, Maryland,
USA) in six-well plates with a maximum of 16 pieces per
raft. The tissue fragments were cultured fragments at
37°C, 5% CO2 for varying periods of time. At appropri-
ate time intervals, tissue fragments were removed and
passed through a 37-µm mesh with PBS, pH 7.4. Cells
in suspension were used for immunophenotyping and
dual immunophenotyping/ultrasensitive fluorescence
in situ hybridization (UFISH).

UFISH. Tissues were snap-frozen in OCT freezing
compound (Fisher Scientific Co., Pittsburgh, Penn-
sylvania, USA). Cryostat-cut tissue sections (5-µm
thick) were adhered to silanized slides, air dried, fixed
briefly in cold acetone, and rehydrated in PBS, pH
7.4. UFISH was performed using ViroTect (INVIRI-
ON, Frankfort, Michigan, USA) as described previ-
ously (24). Image analysis was performed on a dual-
laser confocal microscope (Olympus America Inc.,
Melville, New York, USA).

Statistical analysis. Comparisons between transmitting
and nontransmitting placentae were performed using
either the Mann-Whitney rank sum test or paired 
t test. Comparisons yielding a two-tailed P value of less
than 0.05 were considered to be significant.

Results
Quantification of HIV-1 DNA and mRNA in placentae. To
investigate differences in HIV-1 load in placentae from
transmitting and nontransmitting women, we quanti-
fied unspliced HIV-1 gag mRNA and DNA from 14 pla-
centae including six HIV-seropositive term nontrans-
mitting (TNT) placentae, five HIV-seropositive term
transmitting (TT) placentae, and three HIV-seronegative
“normal” placentae. Expression of HIV-1 gag mRNA was
found in four of five (80%) TT placentae and only one of
six TNT placentae (17%) (Table 1). The average number
of HIV-1 gag mRNA copies in the TT placentae was
510/20,000 GAPDH copies whereas the average number
of copies of HIV-1 mRNA in TNT placentae was less
than the sensitivity of the assay (20 copies, P < 0.001). No
significant difference was found in the number of pla-
centae containing HIV-1 DNA+ cells; it was detected in
five of five TT placentae (100%) and in eight of ten (80%)
TNT placentae. The mean number of HIV-1 DNA copies
in TT placentae (30 copies per 100,000 cells) was
increased 1.5-fold, approaching statistically significant
levels (P = 0.07) compared with TNT placentae (18 copies
per 100,000 cells). These data provide further evidence
for the low levels of HIV-1 RNA production in TNT pla-
centae (25) and support the possibility of HIV-suppres-
sive activity within these placentae.

Differential gene expression in HIV-infected placentae with
high HIV-1 mRNA load versus low HIV-1 mRNA load. To
identify potential inhibitory factors in low virus load
(TNT) placentae, we performed real-time quantitative
RT-PCR panels against 47 genes expressed in placentae,
including cytokines, chemokines, and hormones (Table
2). Genes differentially expressed in gestational
age–matched TNT and TT placentae were predomi-
nantly cytokines. Consistent with data from another
cohort (B.K. Patterson, manuscript submitted for publi-
cation), type 2 cytokine (IL-4) mRNA and protein expres-
sion were significantly greater in TNT placentae com-
pared with the expression in TT placentae (P < 0.02), but
were not significantly different from expression in nor-
mal placentae (Table 1, Figure 1). In contrast, the type 1
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Table 1
Quantification of HIV-1 and cytokines in placentae from transmitting and nontransmitting women

HIV-1 gagA (copies) Cytokine mRNAA (copies)

Placenta type n DNA RNAB IL-2C IL-4D LIFB

Term nontransmitting (TNT) 6 18 ± 3 <20 34 ± 5 986 ± 211 89 ± 17
Term transmitting (TT) 5 30 ± 7 510 ± 137 212 ± 23 309 ± 43 <20
Normal 3 neg neg <20 765 ± 94 147 ± 61

Higher IL-4, IL-10, and LIF levels were found in TNT placentae compared with TT placentae, whereas statistically significant upregulation of IL-2 was identi-
fied in TT placentae compared with TNT placentae. Data are shown as means plus or minus SEM. AHIV-1 DNA copies per 100,000 cells, mRNA copies per
20,000 GAPDH mRNA copies; values represent mean copies of triplicate determinations plus or minus SEM. Differences between TNT and TT placentas: 
BP < 0.001; CP < 0.05; andDP < 0.02.



cytokine IL-2 was upregulated at both the mRNA and
protein level in transmitting placentae compared with
both nontransmitting placentae and normal placentae
(P < 0.05). IL-2 upregulation in TT placentae tended to
be associated with superimposed chorioamnionitis, vil-
litis, or funisitis in our cohort. As predicted in the pres-
ence of upregulated IL-4 (16), LIF mRNA and protein
expression were significantly elevated in TNT placentae
compared with TT placentae (P < 0.001) (Table 1, Figure
1). Though slightly decreased, LIF mRNA and protein
expression (data not shown) were not statistically differ-
ent in TNT placentae compared with normal placentae
(Table 1). LIF protein expression, however, was below the
limits of detection in PBMCs from TNT and TT women,
indicating that LIF was not systemically upregulated in
the nontransmitting mothers (data not shown).

Identification of LIF as a potent HIV-1 suppressor. To test the
effects of LIF on HIV-1, we performed triplicate dose-
dependent inhibition experiments in quadruplicate wells
with a range of LIF concentrations from 0.05 pg/ml to 10
pg/ml (Figure 2a). LIF inhibited the replication of CCR5-
using (R5) HIV-1Bal, the CXCR4-using (X4) HIV-1Lai, the
dual tropic (R5X4) HIV-1ME46, and the primary isolates
HIV-133074/33015 with an IC50 between 0.3 and 0.7 pg/ml.
The primary isolate HIV-193US151, taken from an infected,
newborn child, was inhibited by LIF with the lowest IC50

of 0.1 pg/ml. LIF was not able, at the doses tested, to inhib-
it infection by Epstein-Barr virus strain B95-8 in human
cord blood mononuclear cells nor cytomegalovirus strain
AD-69 in human fibroblasts (data not shown).

Because significant cell-growth inhibition would
affect HIV-1 production in culture, we assessed the pro-
liferative response of PBMCs to PHA stimulation in the
presence or absence of LIF. In multiple experiments of
quadruplicate determinations using HIV-1–inhibitory
concentrations, LIF had no inhibitory effect on [3H]-
thymidine incorporation (Figure 2b).

To exclude the possibility that cytotoxicity due to LIF
contributed to the results shown in Figure 2a, we test-
ed the viability of LIF-treated cells using production of
soluble formazan from a tetrazolium substrate. In trip-
licate colorimetric determinations of the soluble for-
mazan product, we found less than 10% difference in
values between LIF-treated and untreated control cells
(data not shown). These experiments indicate that the
inhibitory effects of LIF on HIV-1 production were not
due to inhibition of proliferation or direct cytotoxicity.

290 The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 3

Table 2
Genes quantified in all 14 placentae using quantitative real-time 
RT-PCR panels

IL-1α TNF-α MCP-1
IL-1β TNF-β MCP-2
IL-2 TGF-β MCP-3
IL-3 IGF-1 β-HCG
IL-4 OSM Prog
IL-5 Fas HPL
IL-6 FasL VEGF
IL-7 CCR1 PLAP
IL-8 CCR2b PIGF
IL-10 CCR3 PSG
IL-12 p40 CCR4 PP4
IL-12 p70 CCR5 Annexin V
IL-15 CXCR4 Annexin VI
IL-16 MIP-1α pMBP
IFN-γ MIP-1β PAP 1
LIF RANTES

OSM, oncostatin M; MIP, macrophage inflammatory protein; MCP,
macrophage chemotactic protein; β-hCG, human chorionic gonadotropin;
Prog, progesterone; HPL, human placental lactogen; PLAP, placental alkaline
phosphatase; PIGF, placenta growth factor; PSG, pregnancy-specific glyco-
protein; PP4, placental protein 4; pMBP, placental major basic protein; PAP 1,
placental anticoagulant protein 1.

Figure 1
Representative quantification and localization of LIF, IL-4, and IL-2
protein in placentae from transmitting and nontransmitting women
using immunohistochemistry (a) and assisted computerized image
analysis are seen (b). Cells staining with a brown precipitate express
the protein indicated. Cells were counterstained blue with hema-
toxylin. Tissues from TNT placentae and normal placentae express sig-
nificantly higher levels of IL-4 and LIF than TT placentae (AP < 0.001;
BP < 0.02). IL-2 was significantly elevated in TT placentae compared
with TNT placentae (CP < 0.05). IL-4, IL-2, and LIF are all expressed in
placental lymphocytes (arrowheads), and LIF was also expressed in
decidua and endothelial cells (arrow). Scale bar, 20 µm.



LIF inhibits HIV replication but not HIV infection of target
cells in vitro. To elucidate the site of LIF action on HIV-1
replication, we first determined the effects of LIF on
CD4 and the predominant HIV-1 coreceptors CCR5 and
CXCR4. PBMCs grown in culture were treated with LIF
for up to 3 days. Cells were removed from culture and
stained with anti-CD4, anti-CCR5, anti-CXCR4 Ab’s, or
control anti-IgG. The cell-surface staining was quanti-
fied using flow cytometry. LIF had no effect on CD4-,
CCR5-, or CXCR4-staining intensity as compared with
IgG or untreated controls. Additional control cells pre-
treated with IL-2 demonstrated that CCR5 and CXCR4
had regulatory responses similar to those reported pre-
viously by our laboratory (26). These data suggest that
LIF neither blocks anti-CD4, anti-CXCR4, or anti-CCR5
Ab binding sites nor regulates the cell-surface expression
of CD4, CCR5, or CXCR4, as do other cytokines (26).

To determine if LIF inhibits the HIV-1 life cycle at
the reverse transcription stage, we quantified early
LTR U5/R and late LTR/gag reverse transcripts (27) in
infected PBMCs treated with LIF, as well as in infect-
ed, untreated PBMCs as controls. In PBMCs treated
with inhibitory concentrations of LIF and infected
with HIV-1Bal, HIV-1Lai, or HIV-1ME46, early LTR U5/R
reverse transcripts and late LTR-gag reverse transcripts
were approaching the limits of detection (20 copies)
(Figure 3). Untreated controls infected with all isolates
expressed high levels of both early and late reverse
transcripts. These data provide insight into the
inhibitory pathway and site of action by suggesting
that the antiviral activity of LIF takes place before
reverse transcription: an activity that is distinct from
CD8-derived antiviral factor (28).

After binding to the gp130-LIFRβ receptor het-
erodimer (29), LIF upregulates Janus kinase (JAK),
which ultimately phosphorylates tyrosine residues on

the STAT family of transcrip-
tion factors (30). To gain
insight into the role of gp130-
LIFRβ–mediated signal trans-
duction in HIV-1 inhibition,
we infected MT-2 cells and
PBMCs in the presence and
absence of LIF. MT-2 cells did
not express detectable levels
of gp130-LIFRβ when flow
cytometric analysis with
mAb’s specific for gp130-
LIFRβ was performed (Figure
4a). In contrast, CD4+ T lym-
phocytes expressed 2 logs
greater gp130-LIFRβ protein
than internal negative control
lymphocytes or isotype con-
trols (Figure 4b). Viral pro-
duction in MT-2 cells treated
with inhibitory concentra-
tions of LIF was equivalent to
untreated control MT-2 cells,

suggesting a lack of LIF-induced HIV-1 suppression in
these gp130-LIFRβ–negative cells (Figure 4c). Accord-
ingly, syncytia were formed in MT-2 cells cultured with
up to 10 pg/ml of LIF (data not shown).

Anti–HIV-1 effects of LIF in ex vivo cultured placentae and
thymus. To test the effects of LIF in an in vivo model of
HIV infection, we infected tissue fragments of placen-
tae with either a common M-tropic isolate of HIV-1
(HIV-1Bal) or a primary isolate from an infected, new-
born child (HIV-193US151) in the presence of HIV-
inhibitory concentrations of LIF. As a specificity con-
trol, we infected placenta fragments in the presence of
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Figure 2
(a) Dose-dependent inhibition of HIV-1 infection by LIF is illustrated. Viral isolates were used at
1,000 TCID50 for the R5-using HIV-1Bal, 10,000 TCID50 for the X4-using HIV-1Lai, 3,000 TCID50 for
the X4-using HIV-1Me40, and 2,000 TCID50 for the primary isolates 33074, 33015, and 93US151.
The IC50 of LIF for all isolates tested was between 0.1 and 0.7 pg/ml. The mean p24 antigen pro-
duced in positive-control PBMCs (without addition of LIF) averaged 843 ± 412 pg/ml, including
all isolates tested. (b) Effects of LIF on cell proliferation. LIF inhibited HIV-1 production without
affecting cell proliferation in response to 0.25 µg/ml PHA.

Figure 3
Dose-dependent effects of LIF on reverse transcription in PBMCs
infected with HIV-1 are illustrated. Quantitative real-time PCR results
from cells treated with increasing concentrations of LIF and infected
with HIV-1Lai, HIV-1Bal, or HIV-1ME40. Both early (LTR U5/R) and late
(LTR U3/gag) reverse transcripts were inhibited by LIF. Each deter-
mination was performed in triplicate.



LIF and neutralizing, polyclonal anti-LIF Ab’s. In these
experiments, we used concentrations of LIF known to
inhibit HIV-1 in PBMCs and concentrations of anti-LIF
Ab’s known to neutralize greater than 90% of LIF bioac-
tivity. In preliminary experiments similar to those used
to validate our other explant models (24), we found
that placental explant cultures could be maintained for
up to 7 days without loss of viability. Placenta explant
cultures were pretreated for 1 hour with either LIF or a
combination of LIF and anti-LIF. LIF inhibited infec-
tion of placental tissue by HIV-1Bal in a dose-dependent
manner (Figure 5a). The IC50 of LIF in tissue was 3.2
pg/ml or roughly threefold higher than in PBMCs cul-
tured in vitro. These data may reflect the accessibility
of LIF to HIV-1 target cells in our ex vivo model though
in situ hybridization experiments confirmed the inhi-
bition of HIV-1 infection at the cellular level (Figure 5,
b and c). Addition of polyclonal anti-LIF to our explant
cultures unexpectedly increased infection of placental
tissue by twofold compared with uninfected controls.
These findings may reflect additional neutralization of
endogenous LIF produced by the placental tissue.

To further corroborate our findings in a second ex
vivo model, thymus tissue grown in explant culture
was infected by HIV-1Lai in the presence or absence of
LIF. Using sensitive simultaneous immunopheno-

typing/UFISH (as demonstrated in Figure 6a), HIV-1
productively infected CD4, CD8 double-positive
(DP), and CD4 or CD8 single-positive (SP) thymo-
cytes on postinfection (PI) day 1. LIF at a concentra-
tion of 1 pg/ml inhibited infection of all but less than
0.1% of thymocytes at PI day 1 (Figure 6b). Further-
more, LIF promoted maturation of thymocytes as
demonstrated by an increase in CD4, CD8 dim-posi-
tive cells (data not shown). Thus, LIF was able to
inhibit HIV-1 in a tissue other than placenta, further
supporting that LIF does not act in the placenta
through an intermediate such as β-hCG–associated
factor (HAF) or β-hCG (12, 14).

Discussion
Our results demonstrate that LIF is a potent inhibitor
of HIV-1 with an inhibitory concentration in PBMCs
at least 1,000-fold less than the reportedly observed
inhibitory concentration of the much-studied 
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Figure 4
Requirement of gp130-LIFRβ for HIV-1 inhibition by LIF is seen. (a)
MT-2 cells do not express gp130-LIFRβ (CD130); however, (b)
PBMCs express high levels of gp130-LIFRβ. Dotted lines represent
PE-conjugated isotype controls for CD130-LIFRβ staining. (c) MT-2
cells are resistant to and PBMCs susceptible to the HIV-1–inhibitory
effects of LIF. Anti-CD130 Ab’s abrogate the anti-HIV-1 effects of LIF.
PBMCs and MT-2 cells were infected with 10,000 TCID50 of HIV-1Lai.

Figure 5
LIF inhibits HIV-1 by in placenta organ culture. Placenta tissue was
infected with 3,000 TCID50 HIV-1Bal or 2,000 TCID50 of the primary
newborn isolate HIV-193US151 after treatment with 0, 0.1, 1.0, 10.0, or
100 pg/ml LIF (a). Inclusion of 5 µg/ml neutralizing, polyclonal anti-
LIF Ab’s increased infection of the placenta organ culture relative to
the untreated control. These data may reflect additional neutraliza-
tion of endogenously produced LIF. (b) Representative laser confocal
UFISH images demonstrate numerous productively infected cells
(arrows) confirming infection of the organ culture in the absence of
LIF. (c)Treatment with 1 pg/ml LIF greatly inhibits the number of pro-
ductively infected cells. Autofluorescence was quenched, and cells
were labeled with a trypan blue counterstain (red).



β-chemokines (RANTES, MIP-1α, MIP-1β) (31). We
also demonstrated that LIF maintains HIV-1 inhibito-
ry activity in three distinct tissue compartments: pla-
centa, PBMCs, and thymus.

Since LIF is constitutively expressed throughout nor-
mal pregnancy in the placenta, but not the peripheral
blood of pregnant women, the placenta may have an
innate ability to inhibit HIV-1 infection. This is sup-
ported by the decrease in HIV-1 mRNA and DNA
(though only approaching statistical significance) in pla-
centa tissue from nontransmitting women compared
with placenta tissue from transmitting women in the
present study and by the relatively low placenta levels of
HIV-1 DNA in the absence of HIV-1 p24 or gp160 anti-
gen in nontransmitting women from a previous study
(25). This pattern of decreased HIV-1 DNA and mRNA
is consistent with the pre-reverse transcription mecha-
nism of LIF anti–HIV-1 activity and consistent with the
results seen in our placenta-explant culture model.

Here, we propose an HIV-inhibition model in the
placenta based on the natural role of the placenta in
preventing fetal allograft rejection. Establishment
and maintenance of pregnancy is thought to be reg-
ulated at least in part by the balance of type 1 (Th1)
and type 2 (Th2) cytokine responses (32). Strong
Th2 responses inhibit fetal allograft rejection where-
as Th1 responses are associated with recurrent abor-
tions (16). Progesterone, one of the hormones essen-
tial for pregnancy, promotes the development of
T-helper cells that produce Th2-type cytokines such
as IL-4 and IL-10 (33, 34). IL-4, in turn, upregulates
the production of LIF by T cells. Defective produc-
tion of LIF by decidual T cells has also been linked
to unexplained recurrent abortion (16). The high
incidence of recurrent abortion in HIV-infected
women (35) is consistent with a defect in IL-4, IL-10,
and LIF production (16). Moreover, the identifica-
tion of increased HIV-1–infected cells in abortuses
from HIV-1–infected women (35) suggests an inverse
relationship between LIF, Th2 cytokine expression,
and HIV-1 infection.

Our findings demonstrate that placentae from non-
transmitting women maintained a strong Th2 cytokine
milieu whereas placentae from transmitting women
showed a Th1 predominance. Consistent with previous
reports, our data demonstrate a linkage between Th2
cytokine (IL-4) expression and LIF production. As report-
ed here, LIF produces a potent, HIV coreceptor–inde-
pendent inhibition of HIV-1 replication. Furthermore,
the IC50 of LIF in PBMCs and in tissue-explant cultures
is well below the level of LIF produced by CD4+ T-cell
clones derived from deciduae of normal women (16).

Based on analysis of specific HIV-1 gene products,
LIF-induced HIV-1 suppression is exerted before
reverse transcription. LIF binds to gp130, a common
receptor for a family of cytokines that also includes cil-
iary neurotropic factor (CNTF), IL-11, oncostatin M,
and, paradoxically, the HIV-1–inducing cytokine IL-6
(36–38). The activities of these cytokines on HIV-1
most likely differ due to the dimerization of secondary
components that transduce different signal cascades.
Consequently, LIF binding to gp130-LIFRβ activates
the JAK1/STAT signal transduction pathway. IL-6,
however, induces homodimerization of gp130 and acti-
vates a signal transduction pathway different from LIF
(39). Further study is necessary to elucidate the exact
mechanism in this novel HIV-inhibitory pathway.

We cannot conclude, as yet, whether LIF is the CD8-
derived (40), allo-induced (41), or the hCG-associated
(14) unidentified antiviral factors described previous-
ly; however, cell types expressing LIF, including bone
marrow stromal cells (42), CD4 and CD8 T cells (43),
and monocytes/macrophages (44) are ubiquitous. The
pre-reverse transcription site of LIF anti-HIV activity
most closely resembles the site of allo-induced anti-HIV
activity (41). This similarity is intriguing given that
HLA class I concordance increases perinatal HIV-1
transmission (6). Though protection in HLA class I dis-
cordant pregnancies was suggested to be mediated by
a protective allogeneic immune response, the findings
from this previous study are consistent with allo-
induced LIF expression.
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Figure 6
LIF inhibits HIV-1 infection in human thymus
organ culture. Human thymus tissue was
infected with 3,000 TCID50 HIV-1Lai or 3,000
TCID50 HIV-1Bal with and without pretreat-
ment with 1 pg/ml LIF. Representative flow-
cytometric dot plots of simultaneous
immunophenotyping (CD4 + CD8)/UFISH
performed on thymic cell suspensions on PI
day 1 are presented (a and b). HIV-1Lai

infected predominantly the CD4, CD8 DP
population of thymocytes and, to a lessor
extent, the CD4 and CD8 SP populations
(a). Treatment with LIF inhibited productive
infection of the DP and SP thymocyte sub-
sets with only a few (<0.1%) productively
infected DP thymocytes identified (b).



Most importantly, our findings have significant ther-
apeutic implications since progesterone, which can
upregulate the positive LIF regulator IL-4, is common-
ly and safely administered to women with reduced fer-
tility to increase the chances of implantation and term
pregnancy. Progesterone has also been shown to be
decreased in HIV-1–infected placenta (23), so proges-
terone therapy may also be important in order to restore
critical hormonal levels in HIV-1–infected women.
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