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Innate Sensing of Foamy Viruses by Human Hematopoietic Cells
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Foamy viruses (FV) are nonpathogenic retroviruses that have cospeciated with primates for millions of years. FV can be trans-
mitted through severe bites from monkeys to humans. Viral loads remain generally low in infected humans, and no secondary
transmission has been reported. Very little is known about the ability of FV to trigger an innate immune response in human
cells. A few previous reports suggested that FV do not induce type I interferon (IFN) in nonhematopoietic cells. Here, we exam-
ined how human hematopoietic cells sense FV particles and FV-infected cells. We show that peripheral blood mononuclear cells
(PBMC:s), plasmacytoid dendritic cells (pDCs), and the pDC-like cell line Gen2.2 detect FV, produce high levels of type I IFN,
and express the IFN-stimulated gene MxA. Fewer than 20 FV-infected cells are sufficient to trigger an IFN response. Both proto-
typic and primary viruses stimulated IFN release. Donor cells expressing a replication-defective virus, carrying a mutated reverse
transcriptase, induced IFN production by target cells as potently as wild-type virus. In contrast, an FV strain with env deleted,
which does not produce viral particles, was inactive. IFN production was blocked by an inhibitor of endosomal acidification (ba-
filomycin A1) and by an endosomal Toll-like receptor (TLR) antagonist (A151). Silencing experiments in Gen2.2 further demon-

strated that TLR7 is involved in FV recognition. Therefore, FV are potent inducers of type I IFN by pDCs and by PBMCs. This
previously underestimated activation of the innate immune response may be involved in the control of viral replication in

humans.

Foamy viruses (FV) or spumaretroviruses are a large family of
retroviruses found in various mammals (for reviews, see ref-
erences 13, 19, and 57). They are highly prevalent in nonhuman
primates, with at least 16 different simian viral subtypes (6, 19, 49,
51,52, 69). FV are particularly well adapted to their natural hosts.
Simian FV (SFV) have cospeciated with Old World primates for
30 to 100 million years, making them the oldest known vertebrate
RNA viruses (34, 69). These viruses are considered innocuous in
naturally or experimentally infected animals, in which they induce
life-long persistent infections (39, 49, 57). SFV are readily trans-
mitted via saliva, and seroprevalence exceeds rates of 70% in some
species (6, 19, 22, 36, 46, 51). In nonhuman primates, active rep-
lication seems to be restricted to superficial epithelial cells of the
oral mucosa (50).

Numerous cases of simian to human transmissions have been
reported, generally after severe bites or scratches (4, 5, 7, 22,27, 28,
75). From 2 to 24% of humans in contact with monkeys harbor
anti-SFV antibodies or are positive by PCR analysis (5, 22, 27, 32,
36, 68, 75). As for monkeys, human infection is apparently non-
pathogenic. There is no evidence for secondary human transmis-
sion. Viral loads are low in the infected host (5, 6, 22, 28), suggest-
ing that the immune system controls the infection.

In cell culture, FV generally cause characteristic foam-like cy-
topathic effects and large syncytia and display a wide tropism (30,
39,46, 57). FV establish persistent productive infection in human
hematopoietic cell lines, as well as acute infection in primary hu-
man lymphocytes (47, 57, 66, 80). In infected monkeys and hu-
mans, various hematopoietic cell types harbor viral sequences. It
was initially reported that CD8* T cells may represent a viral res-
ervoir in monkeys (African green monkeys [AGM] and chimpan-
zees) and in some humans (73), but this remains controversial (7,
19). The replication strategy of FV differs in some aspects from
that of other retroviruses, presenting similarities with the life cy-
cles of pararetroviruses (i.e., hepatitis B virus) and endogenous
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retroviruses (13, 25, 40, 57). For instance, reverse transcription
occurs to a large extent in the producer cell, leading to the pres-
ence of both RNA and double-stranded viral DNA in the extracel-
lular virion (14, 58, 78). Other properties include the formation of
a specific pol mRNA, the budding of virions into the endoplasmic
reticulum rather than at the cell surface, and the requirement of
Env to ensure viral budding (18, 40, 57). Interestingly, in culture
systems, FV replication is sensitive to type [ interferons (IFNs) (56,
59, 62) due to the induction of cellular proteins with antiviral
activity. As for HIV and other retroviruses, APOBEC3 proteins act
during FV reverse transcription and induce lethal mutations in the
viral genome (12,41, 53, 61), whereas tetherin inhibits viral release
without affecting FV cell-to-cell spread (76). Other antiviral pro-
teins include PML and IFP35 (56, 70). These cellular restriction
factors probably limit or modulate viral spread in vivo.

The interaction of FV with the innate immune system remains
poorly characterized. Sensing viruses is an essential step in the
generation of a host response to infection. There are two main
types of sensors that detect viral nucleic acids within cells. The
cytosolic RLRs (RIG-I-like receptors) include DExD/H box-
containing RNA helicase retinoic acid inducible gene I (RIG-I),
melanoma differentiation antigen 5 (MDAS), and LGP2 and are
activated by various RNA species (35). Some DNA viruses are also
sensed by RIG-I after transcription of viral DNA by RNA poly-
merase III (1) (9). The main other type of sensors are the endo-
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somal Toll-like receptors (TLRs). TLR3 senses double-stranded
RNA, TLR7, and TLRS8 are activated by single-stranded RNA,
whereas TLR9 recognizes CpG-containing DNA. Activation of cy-
tosolic or endosomal sensors leads to the production of IFN and
inflammatory cytokines (reviewed in references 35 and 45). These
cytokines in turn induce the expression of a wide array of proteins,
with direct antiviral properties or which promote adaptive im-
mune responses.

How HIV and other retroviruses are sensed by the innate im-
mune system is the current subject of an intense scrutiny. For
instance, in plasmacytoid dendritic cells (pDCs), the main IFN-
producing cell in the organism, HIV is sensed in large part by
TLR7. pDCs efficiently detect HIV-infected cells (3, 21, 29, 38, 67).
In other cell types, detection of cell-free HIV particles is consid-
ered suboptimal. In macrophages and lymphocytes, TREX1, a
host DNase, degrades HIV DNA generated during HIV infection,
providing a mechanism for the virus to avoid detection by nucleic
acid sensors (77). Monocyte-derived DCs are poorly sensitive to
HIV-1 infection due to the presence of the SAMHDI restriction
factor (31, 37). Monocyte-derived DCs produce low levels of IFN
when encountering HIV (21). However, when resistance to infec-
tion is circumvented, HIV-1 induces DC maturation and type I
IEN production (44). HTLV-1 is also sensed by pDCs in culture
experiments (11). In vivo, some murine retroviruses (MMTV and
MLV), triggers immune activation through TLR7, as demon-
strated using TLR7-KO mice (33). Very little is known about the
sensing of FV. A few reports, published almost 2 decades ago,
described an absence of type I IFN production by human and
primate cell lines (such as U373-MG glioblastoma cells and AV3
embryonic amniotic cells) upon FV infection (10, 60, 62). How-
ever, how pDCs and other hematopoietic cells react when they
encounter FV has not been investigated thus far.

We show here that FV particles and FV-infected cells are potent
inducers of type I IFN. A few FV-infected cells are sufficient to
trigger release of the cytokines by pDCs and PBMCs. Both the
prototypic FV strain (PFV), and two primary viruses that we pre-
viously isolated from humans bitten by monkeys (5) were detected
by hematopoietic cells. We characterized further the mechanism
of FV sensing and report that TLR7 is a main sensor of FV in
pDCs.

MATERIALS AND METHODS

Cells, viruses, plasmids, and reagents. Cell lines were grown in Dulbecco
modified essential medium containing GlutaMAX I and sodium pyruvate
(Invitrogen) and supplemented with 10% fetal bovine serum (Sigma) and
antibiotics. The following cell lines were used: BHK21 (baby hamster kid-
ney cells), 293T (human epithelial kidney cell line), HeLa (human epithe-
lial carcinoma cell line), FAB cells (BHK21-derived indicator cells con-
taining a 3-galactosidase gene under the control of the FV long terminal
repeat [LTR]) (12, 79). The pDC cell line Gen2.2 has been described
elsewhere (8). Gen2.2 cells were grown in RPMI medium supplemented
with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate and nones-
sential amino acids. PBMCs were isolated from the blood of healthy do-
nors by Ficoll centrifugation. The blood was provided by the EFS (Etab-
lissement Franais du Sang, the French Official Blood Blank). pDCs were
isolated by positive selection using anti-BDCA-4 magnetic beads (Milte-
nyi Biotec). The negative fraction was collected and constituted PBMCs
depleted from pDCs. Influenza virus (FLUAV, A/PR/8/34; Charles River
Laboratories) at 40 units of hemagglutination (UHA)/ml was used to
stimulate PBMCs and Gen2.2 cells.

The following plasmids encoding for FV clones were kindly provided
by Axel Rethwilm: pcHSRV2, termed here FV WT, an infectious FV pro-
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virus containing an heterologous cytomegalovirus promoter (48), and the
isogenic mutants pcHSRV2M68, termed FVAEnv (with a functional de-
letion of the env gene starting 160 aa downstream of the start codon), and
pcHSRV2M69, termed FVART (in which the reverse transcriptase [RT]
active site has been mutated) (48, 65). The FV clone 13 (pFVcl13) (42), an
infectious FV provirus, was used in the indicated experiments with results
similar to those seen with pcHSRV2. Lysates from infected and control
cells were prepared as described previously (79). Briefly, ~107 infected
cells in their supernatants were subjected to three freeze-thaw cycles.
The cell mixtures were then harvested with a cell scraper. Cellular debris
were removed by centrifugation at 2,000 X g for 5 min, followed by filtra-
tion (0.45-um pore size; Millipore). The supernatants were then concen-
trated X500 by ultracentrifugation for 2 h 30 at 76,200 X g on a 12%
iodixanol cushion. Concentrated cell lysates were then divided into ali-
quotes and stored at —80°C. Mock-infected cells were similarly treated to
generate negative controls. Titration of infectivity on FAB reporter cells
was performed as described previously (12, 79).

A151, a TLR7/9 antagonist (24, 38), was synthesized by MWG
Operon. Bafilomycin Al was purchased from Sigma-Aldrich. CpG-2216
(Invivogen) was used at 2 uM.

FV infection and provirus transfection of donor cells. Isolation and
propagation of PFV, FV15, and FV16 has been previously described (5,
12). “Chronically” infected BHK21 cells were maintained by the regular
addition (twice a week) of noninfected BHK21 cells in the cultures. For
the production of WT and mutant viruses, BHK21 cells (10° cells) were
transfected with the indicated FV proviral vectors (1 ug) by lipofection
(MetafectenPRO; Biontex, Germany) according to the manufacturer’s in-
structions. The levels of infected cells were assessed by flow cytometry for
PEV or FV15 and by immunofluorescence or visual examination of the
viral CPE for FV16. When stated, 293T and HeLa cells were transfected
with FV proviruses as described for BHK21 cells.

Stimulation of PBMCs and Gen2.2 cells by coculture with FV-
positive BHK21 cells or by FV virions. Cocultures of infected donor cells
and target PBMCs were performed as described previously (38). Briefly,
the indicated number of donor cells (ranging from 2 to 20,000 cells) were
mixed with 125,000 (PBMCs, PBMC-pDCs, Gen2.2) or 25,000 (pDCs)
target cells in 96-well plates in a final volume of 250 ul. To distinguish
donor from target cells, the latter were stained with 2.5 uM carboxyfluo-
rescein diacetate succinimidyl ester (CFSE; Molecular Probes) for 10 min
at 37°C before coculture. When stated, the indicated inhibitors were
added to target cells 1 h before and maintained during the coculture.

Exposure of PBMCs or Gen2.2 cells to purified lysates from infected
cells was performed by adding the indicated amount of virus (in 10 ul) in
a final volume of 250 ul.

Flow cytometry. Assessment of the level of FV-infected donor cells
was performed by flow cytometry. Briefly, cells were fixed for 10 min with
phosphate-buffered saline (PBS) and 4% paraformaldehyde, washed, per-
meabilized, and stained for 45 min with a rabbit anti-FV polyclonal serum
(kindly provided by Ali Saib) (63) in PBS containing 1% bovine serum
albumin and 0.05% saponin. MxA expression was determined as de-
scribed previously (38) using an anti-MxA monoclonal antibody (kindly
provided by O. Haller). Characterization of pDCs among PBMCs was
performed as described previously (38) using anti-BDCA2-APC and anti-
BDCA4-PE antibodies (Miltenyi Biotech). Samples were analyzed by flow
cytometry using a FACSCalibur (Becton Dickinson) with FlowJo soft-
ware.

Immunofluorescence. For immunofluorescence, BHK21cells in-
fected or not with PFV, FV15, and FV16 were stained as previously de-
scribed (5). Briefly, cells were fixed with 4% paraformaldehyde, rinsed
with PBS-0.1% Tween, and permeabilized with methanol at 4°C for 5
min. The cells were then stained with rabbit anti-FV serum in PBS-0.1%
Tween overnight at 4°C, rinsed, and stained with goat anti-rabbit
IgG(H+L)-Alexa 488 (Invitrogen). Images were obtained with a Nikon
Microphot-FXA microscope.
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Titration of PFV and FV15. Titration of FV was achieved using FAB
cells as previously described (12, 79). Briefly, indicator FAB cells were
incubated with the virus stock for 2 h at 37°C. Virus was then removed and
replaced with growth medium. Two days later, the monolayer was fixed
with 0.5% glutaraldehyde, washed, and incubated 30 min with X-Gal
(5-bromo-4-chloro-3-indolyl- B-p-galactopyranoside) staining solution.
Blue cells were counted under a light microscope.

Gen2.2 cell silencing experiments. Gen2.2 cell were transduced
using lentiviral vector (LV) particles containing shRNA targeting TLR7
(NM_016562; clone ID TRCN0000056974 [Open Biosystems]) or control
shRNA. The LV also expresses the puroR gene. At 2 days after transduc-
tion, Gen2.2 cells were selected in the presence of 1 ug of puromycin/ml.
Resistant populations grew in a few days and were used without further
subcloning. Measurement of TLR7 mRNA levels was performed as de-
scribed previously (38).

Type I IEN detection. Type I IEN secretion was quantified using the
reporter cell line HL116, which carries the luciferase gene under the con-
trol of the IFN-inducible 6-16 promoter (kindly provided by Sandra Pel-
legrini, Institut Pasteur, France) (71). HL116 cells were grown in Dul-
becco modified Eagle medium supplemented with 10% FBS and HAT
(hypoxanthine, 20 ug/ml; thymidine, 20 ug/ml; aminopterin, 0.2 pg/ml).
A total of 2 X 10* HL116 cells, plated 16 h prior the assay in 96-well plate,
were incubated for 7 h with the desired culture supernatants or standards
containing a titration of human IFN-a2a (Immunotools). The cells were
then lysed (luciferase cell culture lysis, 5X reagent; Promega), and the
luciferase activity was measured using luciferase assay reagent (Promega).
Samples were analyzed using the Perkin-Elmer Wallac 1420. IEN levels are
expressed as equivalent of IFN-«2a concentration in U/ml.

Data and statistical analysis. The results of the experiments are ex-
pressed as means * the standard deviations. Comparisons between
groups were performed using the Student ¢ test. Differences with a P value
of <0.05 were considered statistically significant.

RESULTS

Description of FV strains used in the present study. We selected
three different viral strains to study the innate sensing of FV. We
first used the prototypic viral clone PFV derived from a chimpan-
zee virus (2, 42) that we produced by transfecting the correspond-
ing provirus in BHK21 cells. We recently isolated two novel pri-
mary FV strains (FV15 and FV16) from two FV-seropositive
persons (AG15 and AG16) that have been bitten by a chimpanzee
and an African green monkey (AGM), respectively (5). FV15 and
FV16 were initially isolated by coculture of PBMCs with BHK21
target cells. After 3 to 4 weeks, typical giant multinucleated cells
were observed. Sequence analysis of the integrase gene indicated
that FV15 and FV16 corresponded to the chimpanzee and AGM
viruses, respectively (5). The viruses produced in the cocultures
were infectious. Reinfection of naive BHK21 cells generated a typ-
ical cytopathic effect (CPE) in 2 to 5 days, as observed with PFV
(Fig. 1A). The syncytia expressed FV antigens, detected by immu-
nofluorescence with a rabbit anti-PFV serum, raised against a
chimpanzee virus (63) (Fig. 1B).

We further characterized FV infectivity by assessing viral
spread using flow cytometry. The rabbit anti-PFV serum recog-
nized PFV- and FV15-infected cells but not cells infected with the
genetically distant FV16 strain (Fig. 1C). A kinetic analysis indi-
cated that both PFV and FV15 efficiently spread in BHK21 cells,
reaching >80% of Gag-expressing cells at day 7 postinfection (Fig.
1D), before destruction of the cell monolayer by the viral CPE. FV
buds intracellularly and viral particles can be collected by lysis of
infected cell cultures by freeze-thaw cycles, followed by an ultra-
centrifugation step (79). We generated and titrated such lysates
using the FAB reporter cell line, which carries the B-galactosidase
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gene under the PFV LTR (12, 79). Upon infection, the viral pro-
tein Tas transactivates the LTR promoter. Virus titers reached 10°
to 10° PFU/ml with PFV and 10° to 10* PFU/ml with FV15 (Fig.
1D). The lower titers observed with FV15 may reflect a lower
infectivity, and/or a reduced efficiency of FV15 Tas, compared to
PFV Tas, to transactivate the PFV LTR. The AGM-derived strain
FV16 did not transactivate the PFV promoter, precluding titration
on FAB cells (not shown). We also maintained long-term cultures
of PFV-, FV15-, and FV16-infected BHK21 cells by adding non-
infected cells twice a week in the cultures. The resulting “chroni-
cally” infected cell lines carried up to 60 to 80% FV™ cells, as
assessed by flow cytometry and produced infectious virus (10° to
10* PFU/ml) (Fig. 1E). The “chronically” infected cells represent a
convenient tool and were used, along with acutely infected cells
(day 3 to 5 postinfection), in further experiments.

Thus, PFV, FV15, and FV16 are infectious in cell cultures. For
the three strains, a typical CPE associated with the presence of
FV-positive cells is observed within a few days of infection in
BHK?21 cells, allowing visual estimation of the level of infection.
The three viruses also infect the human cell lines HeLa and 293T
(not shown). PFV and FV15 infection can also be assessed by flow
cytometry or by using FAB reported cells.

Primary hematopoietic cells efficiently sense FV particles
and FV-infected cells. We examined whether human PBMCs
produce type I IFN when they encounter PFV-infected cells and
virions. The experimental procedure is outlined in Fig. 2A.
BHK21 donor cells were infected with FV or transfected with PFV
proviruses. With PFV and FV15, after a few days of infection,
when 60 to 90% of the population was FV positive by flow cytom-
etry, BHK21 cells were cocultivated with PBMCs isolated from
healthy donors. Since FV16-infected BHK21 cells were not de-
tected by our flow cytometry assay, we roughly assessed infection
by visual examination of the CPE, before coculture. “Chronically”
PFV-, FV15-, or FV16-infected cells were also used as donor cells.
In parallel, PBMCs were exposed to PFV particles. After 24 h of
exposure to viral particles or coculture with FV-infected donor
cells, type I IFN was measured in supernatants using a biological
activity assay.

PEV particles efficiently induced type I IFN production by
PBMCs, up to 102 to 10* U/ml (Fig. 2B). A dose-response analysis
of the viral inoculum (40 to 40,000 PFU/ml) indicated that 400
PFU/ml is sufficient to trigger type I IFN release, whereas lysates
from noninfected cells did not activate PBMCs (Fig. 2B). FV-
expressing BHK21 cells also potently induced type I IFN release in
cocultures, with levels reaching up to 10* U/ml (Fig. 2C). Similar
levels of type I IFN were obtained in cocultures of PBMCs with
BHK21 cells that were either “acutely” or “chronically” infected
with FV or transiently transfected with two reference PFV proviral
clones (pFVcl13 or pcHSRV2) (42, 48) (Fig. 2C). Noninfected
donor cells were inactive (Fig. 2C). Other types of FV-expressing
donor cells, such as 293T and HeLa cells (Fig. 2D), also promoted
IFN production by PBMCs, demonstrating that this phenomenon
was not an artifact due to the use of BHK21 cells as donors. Of
note, 293T and HeLa cells did not produce detectable levels of type
I IFN, upon FV expression (not shown).

To confirm the activation of PBMCs by either FV virions and
FV-infected cells, we examined the induction of MxA, an IFN-
stimulated gene (23). Flow cytometry indicated that MxA was
expressed by PBMCs cocultivated with PFV-infected cells or ex-
posed to cell-free PFV particles (Fig. 2E and F).
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FIG 1 Description of FV strains used in the present study. (A and B) Visualization of FV-infected cells. BHK21 cells were noninfected (NI) or infected with prototypic
PFV, FV15, or FV16 primary strains. After 3 to 5 days of infection, large syncytia were visible. (A) Light microscopy analysis. (B) Immunofluorescence analysis.
FV-infected cells were stained with an anti-FV polyclonal serum (green). Nuclei were stained with DAPI. Representative fields are shown. Scale bar, 5 um. (C) Flow
cytometry analysis of infected BHK21cells. After infection, cells were stained with an anti-FV polyclonal serum, which recognizes PFV- and FV15-infected cells, but not
cells infected with the genetically distant FV16 strain. The percentage of FV™ cells is indicated. Staining was performed at day 3 postinfection for PFV and day 5
postinfection for FV15 and FV16. (D) Propagation of PFV and FV15 on BHK21cells. BHK21 cells were noninfected (NI) or infected with PFV (multiplicity of infection
[MOI] = 0.05) or FV15 (MOI = 0.5) and then analyzed by flow cytometry at the indicated days postinfection (p.i.) (left panel). Cells were lysed by freeze-thaw cycles to
harvest viruses. Viral infectivity (in PFU/ml) was determined using FAB-reporter cells (right panel). The results of a representative experiment are shown. The FV16
strain does not activate the PFV promoter present in FAB cells (data not shown). (E) Analysis of BHK21 cells chronically infected with PFV or FV15. BHK-infected cell
cultures were maintained by addition of noninfected cells twice a week. Cells were analyzed by flow cytometry (left panel) and lysates were titrated on FAB-reporter cells
(right panel). Means = the standard deviations (SD) of three independent experiments are shown.

We then compared the recognition of the three FV strains. MxA expression by PBMCs (Fig. 2E to G). As few as 20 FV-
BHK21 cells were infected with PFV, FV15, or FV16 isolates. An  infected cells (corresponding to <0.02% of infected donor cells
increasing number of PFV-, FV15-, or FV16-infected BHK21 cells among target PBMCs) were sufficient to induce the cytokines, at
(from 2 to 20,000 donor cells/well) were cocultivated with 1.25 X levels which were similar for the three types of FV tested.
10° PBMCs. Infected BHK21 cells induced type I IFN release and We determined which cells, among PBMCs, were the main
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FIG 2 Sensing of FV particles and FV-infected cells by hematopoietic cells. (A) Schematic representation of the experimental procedure. Target PBMCs were
exposed to FV particles or cocultivated with FV-infected cells. After 24 h, type I IEN production was measured in supernatants, and expression of the
IFN-stimulated gene MxA was monitored by flow cytometry. (B) IFN release by PBMCs exposed to FV particles. Whole PBMCs were exposed to the indicated
doses (in PFU/ml) of PFV virions, obtained by ultracentrifugation of lysates from PFV-infected (PFV) BHK21 cells. Similar amounts of lysates from NI cells were
used as a control. Type I IFN was measured after 24 h. Means = the SD of at least three independent experiments are shown. (C) PBMCs recognize BHK21 cells
infected with FV or transfected with PFV proviruses. Different types of FV-expressing BHK21 cells were used as donors. Acutely infected BHK21 cells (acute)
correspond to cells used 3 to 5 days postinfection with FV. “Chronically” infected BHK21 cells (chronic) are maintained in long-term cultures by the addition of
fresh BHK21 cells twice a week. BHK21 cells were also transfected with two reference PFV proviruses (pFVcll3 and pcHSRV2) or with a control plasmid
(pcDNA3.1). These different donor cells were cocultivated with PBMCs and type I IFN was measured after 24 h. Means = the SD of at least three independent
experiments are shown. (D) IFN release by PBMCs exposed to various FV-expressing donor cells. PBMCs were also cocultivated with BHK21, 293T, or HeLa cells
that had been transfected with PFV-encoding (pFVcl13) and control plasmid (pcDNA3.1). Type I IFN production was measured in the supernatants. Means =
the SD of three to five independent experiments are shown. (E) MxA expression in PBMCs. PBMCs were (i) cocultivated with noninfected BHK21 cells or with
cells infected with PFV, FV15, or FV 16, (ii) stained for MxA, and (iii) analyzed by flow cytometry. A representative experiment is shown. The percentage of MxA *
cells is indicated. (F) Dose-response analysis of MxA expression in PBMCs. PBMCs (1.25 X 105/well) were cocultivated with the indicated number BHK21cells
infected with PFV, FV15, or FV16 (60 to 90% of the BHK21 cells were FV positive at the beginning of the coculture). Means = the SD of MxA expression of three
to five independent experiments are shown. (G) pDCs are the main hematopoietic cells producing type I IFN. Whole PBMCs, PBMCs depleted of pDCs
(PBMC-pDCs; 1.25 X 10%/well), or purified pDCs (0.25 X 105/well) were cocultivated with the indicated numbers of BHK21cells infected with PFV, FV15, or
FV16. Type I IFN production was measured in the supernatants. Means = the SD of three independent experiments are shown.

producers of type I IFN. In PBMCs, pDCs, identified as BDCA4/
BDCA2 double-positive cells, represented 0.2 to 1% of whole
PBMCs (38; data not shown). We thus used as targets whole
PBMCs, PBMCs depleted of pDCs (after removal of >80% of
pDCs), or purified pDCs (corresponding to >85% of purity based
on BDCA2/BDCA4* double labeling) (38; data not shown).
Upon coculture with FV-infected cells or exposure to FV particles,
PBMCs depleted of pDCs produced very low amounts of type I
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IFN compared to total PBMCs (both PBMCs and PBMCs de-
pleted of pDCs were at 1.25 X 10° cells/well) (Fig. 2G and data not
shown). Conversely, purified pDCs (0.25 X 10° cells/well) pro-
duced huge amounts of type I IEN (above 10° U/ml) (Fig. 2G).
Thus, among circulating hematopoietic cells, the early production
of type I IFN induced by FV-infected cells and FV viral particles
mainly originates from pDCs.

Altogether, these results indicate that FV virions and FV-
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infected cells are efficiently sensed by PBMCs, inducing high levels
of type I IFN. Among PBMCs, pDCs are the main cells producing
the antiviral cytokines. Donor cells infected with the three distinct
viral strains PFV, FV15, and FV16 similarly trigger an IFN re-
sponse.

Pathways of recognition of FV viral particles and FV-
infected cells by PBMCs. We characterized which step of the viral
life cycle is required to trigger type I IFN release by PBMCs. We
examined the role of Env and RT in this process. We used as
donors BHK21 cells producing an Env-deleted (FVAEnv) or an
RT-defective virus (FVART). Env is required for the budding of
FV capsids and infectivity (20, 55). The FVART strain carries a
mutation that abrogates the enzymatic activity of RT (48). Since
these mutants are not infectious, we transfected the correspond-
ing proviral constructs in BHK21 cells. We also transfected the FV
WT provirus as a positive control. At day 2 posttransfection,
BHK?21 cells displayed similar levels of Gag™ cells (10 to 20%) with
FV WT, FVAEnv, and FVART constructs (Fig. 3A). As expected,
only the WT virus was infectious, as assessed by the increase of
FV* cells over time in the culture (Fig. 3A) and by the measure-
ment of infectivity of cell lysates on FAB reporter cells (data not
shown). We then cocultivated BHK21 cells at day 1 posttransfec-
tion with PBMCs for 24 h. BHK21 cells expressing FVWT or
FVART induced IFN production by PBMCs (up to 6 X 10° U/ml
[Fig. 3B]). Interestingly, FVAEnv-expressing cells did not stimu-
late target cells.

Therefore, induction of type I IFN release by PBMCs necessi-
tates the Env protein. This highlights the requirement of assem-
bled FV particles and/or fusion between virions or infected cells
and PBMC:s to trigger FV recognition by PBMCs. In contrast,
reverse transcription is not required to trigger type I IFN produc-
tion. Since FV reverse transcription occurs partly in the producer
cell, leading to the presence of both RNA and double-stranded
viral DNA in virions (14, 58, 78), our results suggest that viral
DNA is not the main molecule recognized by cellular sensors.

To determine further the mechanisms by which PBMCs sense
FV viral particles and FV-infected cells, we evaluated the effect of
bafilomycin Al, an inhibitor of vesicular acidification. As con-
trols, we used influenza virus (FLUAV) and CpG, stimuli for TLR7
and TLRY, respectively (16, 72). Bafilomycin Al at 25 nM, a con-
centration that did not detectably affect cell viability (data not
shown), inhibited type I IFN induction by FV particles and in-
fected cells (Fig. 3C), which is consistent with the requirement for
an acidic endosome and viral degradation to achieve TLR signal-
ing (3, 24, 38). As expected, FLUAV and CpG stimulation were
strongly inhibited by bafilomycin Al. Since bafilomycin A1 may
also interfere with viral entry (54), we tested the effect of A151, an
oligonucleotide described as an endosomal TLR antagonist (in-
hibiting TLR7 and, less efficiently, TLR9) (3, 24, 38). A151 at 1 and
5 pg/ml significantly decreased IFN production by PBMCs cocul-
tivated with FV-infected cells (Fig. 3C). At 1 ug/ml, A151 inhib-
ited FLUAV and, to a lesser extent, CpG stimulation of PBMCs. At
a higher concentration (5 ug/ml), A151 inhibited CpG stimula-
tion (Fig. 3C), confirming that this compound may antagonize
both TLR7 and TLR9. Of note, bafilomycin Al and A151 inhibited
the activation of PBMCs by PFV-, FV15-, and FV16-infected
BHK?21 cells (Fig. 3C). Altogether, these results suggest that detec-
tion of FV-infected cells and FV particles by pDCs and PBMCs
requires an acidic environment and is in large part mediated by
endosomal TLRs.
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FIG 3 Analysis of the recognition of FV infected cells by PBMCs. (A and B)
Role of envelope (Env) and reverse transcriptase (RT) in type I IEN production
by PBMCs. (A) Replication of FV WT, FVAEnv, or FVART proviruses in
BHK?21 cells. BHK21cells were transfected with FV WT, FVAEnv, or FVART
proviruses. Viral propagation was studied at the indicated time points by flow
cytometry. Means = the SD of three independent experiments are shown. (B)
Induction of type I IFN by BHK21 cells expressing FV WT, FVAEnv, or
FVART in coculture with PBMCs. At day 1 posttransfection, BHK21 cells (2 X
10%/well) were cocultivated with PBMCs (1.25 X 105/well) for 24 h. The su-
pernatants were harvested, and the type I IFN production was measured.
Means =* the SD of four independent experiments are shown. (C) Effect of
drugs impairing endosomal TLR signaling. Whole PBMCs were preincubated
for 1 h with bafilomycin Al (Baf), an inhibitor of vesicular acidification (25
nM), or with A151,a TLR7/9 antagonist (1 or 5 ug/ml). The PBMCs were then
stimulated with FLUAV(TLR7 agonist), CpG (TLR9 agonist, 2 uM), PFV vi-
rions, and PFV-, FV15-, or FV16-infected BHK21 cells. The supernatants were
harvested after 24 h, and the type I IFN release was measured. The results are
expressed as the precentage of the signal observed in the absence of drug (ND).
Means * the SD of three independent experiments are shown. *, P < 0.05; *3,
P < 0.005; #:##, P << 0.001.

Sensing of FV-infected cells by the Gen2.2 pDC-like cell line.
We used the Gen2.2 pDC-like cell line to dissect the pathways of
recognition of FV particles and infected cells. This cell line was
derived from a patient with pDC leukemia and possesses pheno-
typic and functional features of primary pDCs (8). Gen2.2 cells
express TLR7, TLR9, and other pDC markers. They produce type
I IFN when exposed to FLUAV, HIV-infected cells, or other TLR
agonists, although at lower levels than primary pDCs (38, 43).
These cells can be transduced with lentiviral vectors encoding
shRNAs (15). We examined how Gen2.2 cells reacted when en-
countering FV. To this end, viral particles or FV-infected cells
were mixed with Gen2.2 cells, and the IFN levels were measured
after 6 and 24 h. The cytokine was barely detected at 6 h (data not
shown). At24h, 3 X 10%to 10* U of type I IFN/ml were released by
Gen2.2 cells exposed to FV particles or FV-infected cells (Fig. 4A),
which is 7- to 20-fold less than in primary pDCs. Donor cells
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FIG 4 FV Sensing by the Gen2.2 pDC cell line. (A) Type I IFN release by Gen2.2 cells in contact with FV particles or FV-infected cells. Gen2.2 cells (1.25 X
10°/well) were either (i) not stimulated (NS), (ii) incubated with CpG (2 uM), lysates from noninfected (NI), or FV-infected (PFV) cells (4,000 PFU/ml), or (iii)
cultivated with BHK21 cells (2 X 10%/well) either not infected (NI) or infected with PFV, FV15, or FV16. Type I IFN production in supernatants was measured
after 24 h. Means * the SD of IFN release of four independent experiments are shown. (B) Dose-response analysis of type I IFN production. Gen2.2 cells were
cocultivated for 24 h with the indicated number of BHK21cells and stained for MxA (left panel). The type I IFN production in supernatants was measured in
supernatants (right panel). Means = the SD of two (left panel) and four (right panel) independent experiments are shown. (C and D) Role of TLR7 in FV sensing.
(C) Silencing of TLR7. Gen2.2 cells were transduced with lentiviral vectors expressing shRNAs against TLR7 (shTLR7) or an irrelevant target (shCTRL). The
levels of TLR7 mRNA in transduced cells were measured by RT-PCR. The data are normalized to GAPDH mRNA and expressed as relative levels of mRNA
compared to shCTRL cells. (D) Type I production in control and TLR7-silenced Gen2.2 cells. shCTRL and shTLR7 Gen2.2 cells were exposed for 24 h to FLUAYV,
CpG (2uM), PFV particles, or cocultivated with PFV-, FV15-, or FV16-infected BHK21cells (2 X 103/well). The type I IFN levels are expressed as the percentage
of the signal obtained with shCTRL Gen2.2 cells. Means = the SD of two to three independent experiments are shown. :, P < 0.05; #*, P < 0.005; *#*, P < 0.001.

infected with PFV, FV15, and FV16 induced production of the
antiviral cytokines by Gen2.2 cells (Fig. 4A). We also cocultivated
Gen2.2 cells with increasing numbers (from 2 to 20,000 donor
cells/well) of infected donor cells. As few as 20 PFV-infected cells
were sufficient to induce type I IFN release and MxA expression by
Gen2.2 cells (Fig. 4B). Therefore, although they produce less IFN,
Gen2.2 cells behave like primary pDCs and efficiently sense cell-
free FV particles and material from FV-infected cells.

We next assessed the involvement of TLR7 in FV sensing. TLR7
was silenced by transduction of Gen2.2 cells with a lentiviral vec-
tor coding for an anti-TLR7 shRNA (38). The vector also ex-
pressed a puromycin-resistant gene, allowing selection of a popu-
lation of transduced cells (termed Gen2.2-shTLR7). Silencing
decreased TLR7 mRNA levels by 80% compared to a control
shRNA (Fig. 4C). Gen2.2-shTLR7 cells produced ca. 90% less IFN
than did control cells when incubated with FV particles and 70 to
97% less IFN when cocultivated with donor cells infected with
PFV, FV15, and FV16 (Fig. 4D). As expected, the response to

January 2012 Volume 86 Number 2

FLUAV was impaired when TLR7 was downregulated, whereas
CpG stimulation was not affected. These experiments directly
demonstrate that TLR7 is a cellular receptor mediating recogni-
tion of FV by pDC-like cells.

DISCUSSION

There are numerous cases of simian FV infections in humans who
have been in contact with monkeys or great apes (4, 5, 7, 27, 28,
75). FV does not replicate well in humans. Infection is apparently
not pathogenic, the viral loads are low (5, 28), and there is no
evidence of virus transmission between humans. However, in cul-
ture systems, FV replicates easily and displays a wide tropism for
human cells (30, 39, 57). This suggests that the host controls viral
replication through mechanisms that are not fully understood. In
particular, the interaction of FV with the human immune system
remains poorly characterized. It has been suggested that FV does
not activate an innate response (10, 62). Previous experiments
were performed mostly with human or simian epithelial cell lines,
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and the response of human hematopoietic cells to the virus is not
known. We show here that FV triggers a rapid and intense type I
IEN response in human hematopoietic cells. Among PBMCs,
pDCs are the main cells producing the antiviral cytokines, since
their removal strongly decreases type I IEN release. We have fur-
ther studied the mechanisms involved. We demonstrate here that
in pDCs, the TLR7 pathway detects FV. We have also tested the
ability of various FV strains to induce type I IFN production. The
reference strain PFV, as well as two primary viruses, FV15 and
FV16, isolated in two independent FV-infected individuals (5)
induced similar levels of type I IFN in PBMC targets, indicating
that this phenomenon is not restricted to a laboratory-adapted
strain and is observed with human FV originating from different
simian species.

We have examined the recognition of cell-free viral particles
and of FV-infected cells, since this retrovirus is barely released in
supernatants and thus likely spreads mostly through cell-to-cell
contacts (26, 57). Both virions and infected cells induced type I
IEN production by PBMCs and pDCs. Of note, viral particles re-
leased in the supernatants and concentrated by ultracentrifuga-
tion also stimulated type I IFN production (not shown). Interest-
ingly, as few as 20 FV-infected cells, added to 2.5 X 10* pDCs or
1.25 X 10° PBMCs, are sufficient to trigger IFN release. The rec-
ognition of FV-infected cells is therefore particularly efficient.
This situation is reminiscent of that observed with another
retrovirus, HIV, which easily spreads from lymphocytes to lym-
phocytes through virological synapses (64). HIV-infected lym-
phocytes are efficiently sensed by pDCs (38, 67). Contact with
HIV-infected cells promotes a massive and rapid transfer of viral
material to target cells (68). It is likely that similar events are oc-
curring with FV-infected cells. It will be worth examining whether
virological synapses are formed between FV-infected cells and tar-
gets and determining the nature of viral proteins and nucleic acids
transmitted through cellular contacts. Using viral mutants, we
have initiated an analysis of the components of FV-infected cells
that are necessary to trigger an IFN response. Detection of FV-
infected cells by PBMCs required the presence of viral envelope
glycoproteins. In viruses from which Env has been deleted, FV
particles are not released (18), indicating that the expression of
other structural and nonstructural viral proteins in the absence of
viral release is not sufficient to activate an innate immune re-
sponse.

The presence of infectious virus was not necessary to generate a
response to FV-positive cells. This was demonstrated using an
RT-defective virus (FVART) (48) that did not spread in cultures
but stimulated IFN release in PBMC cocultures as efficiently as did
the wild-type virus. Our results suggest that cells expressing defec-
tive viruses can be sensed by the host and may participate to the
immune antiviral response. Moreover, with FVART, viral DNA is
not synthesized and is thus not involved in the recognition of FV
by PBMCs and pDCs. It is more likely that the viral RNA itself is
detected and promotes type I IEN secretion. Our results also
strongly suggest that the productive infection of target pDCs and
other PBMC:s is not a prerequisite to trigger recognition of FV.

Several lines of evidence strongly suggest that the TLR pathway
is involved in FV sensing. First, in PBMCs, bafilomycin A1 inhib-
ited type I IFN production, indicating that endosomal acidifica-
tion is required. However, FV-mediated viral entry has been re-
ported to involve a pH-dependent fusion process (54, 57).
Therefore, bafilomycin A1 may not only impair TLR activity but
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also the access of incoming viral material to the cytosol and hence
detection by cytosolic sensors. Second, A151, a modified oligonu-
cleotide with anti-TLR7/9 activity (3, 29, 38), blocked type I IFN
release in PBMCs exposed to FV. Third, a direct demonstration of
the involvement of TLR7 was achieved using the Gen2.2 pDC-like
cell line (8). We show here that Gen2.2 cells, like primary pDCs,
release IFN upon exposure to FV. We generated TLR7-negative
Gen2.2 cells by RNA silencing. These cells were impaired in type I
IFN production when cocultivated with FV-infected cells or incu-
bated with FV virions, whereas CpG-induced TLR9 signaling was
normal.

Therefore, as previously described for pathogenic retroviruses
such as HIV-1, MMTYV, and MLV (33, 38), our results show that
TLR?7 is able to sense nonpathogenic FV. The pathways of retro-
virus sensing are known to be diverse and cell type dependent
(38). It will be worth determining whether TLR7-independent,
endosomal, or cytosolic mechanisms may also be operative in
other immune and nonimmune cells. It will be also of interest
following the fate of incoming FV in target cells to visualize pre-
cisely how captured viral material encounters TLR7 molecules or
other putative sensors in various cell types.

Our observations suggest that human hosts can efficiently de-
tect FV upon accidental infections and generate a type I IFN-
induced antiviral response. In culture systems, the addition of type
I IFN (56, 59, 62) or the expression of various IFN-stimulated
genes, including APOBEC3 and tetherin, impair FV replication
(12, 17, 41, 53, 61, 76). It is tempting to speculate that the type I
IEN response described here is in large part responsible for the
control of viral replication in infected individuals. In addition,
neutralizing antibodies are known to inhibit SFV transmission
and infection (74), indicating that the adaptive immune response
may control further the virus in vivo.

In summary, we have shown that FV efficiently induces an
innate immune response. We have focused our analysis on the
production of type I IFN by human hematopoietic cells. It may be
of interest to extend this observation to other cytokines and
chemokines that may be released, by either human and primate
cells, upon FV encounter. Experimental infections in primate
models may further allow deciphering the breadth and duration of
antiviral and inflammatory responses and their role in the innoc-
uousness of the virus in its natural hosts. Moreover, FV are cur-
rently being evaluated as vectors for gene therapy purposes (18).
Our results indicate that these vectors may generate a previously
underestimated innate immune response.
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