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Differential Responses of Disease-Resistant and Disease-Susceptible
Primate Macrophages and Myeloid Dendritic Cells to Simian
Hemorrhagic Fever Virus Infection
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Simian hemorrhagic fever virus (SHFV) causes a fatal hemorrhagic fever in macaques but an asymptomatic, persistent infection
in baboons. To investigate factors contributing to this differential infection outcome, the targets of SHFV infection, macro-
phages (M®s) and myeloid dendritic cells (mDCs), were differentiated from macaque and baboon peripheral blood monocytes
and used to compare viral replication and cell responses. SHFV replicated in >90% of macaque M®s but in only ~10% of ba-
boon M®s. Although SHFV infected ~50% of macaque and baboon mDCs, virus replication was efficient in macaque but not in
baboon mDCs. Both types of macaque cultures produced higher virus yields than baboon cultures. A more efficient type I inter-
feron response and the production of proinflammatory cytokines, including interleukin-1f3 (IL-1f3), IL-6, IL-12/23(p40), tumor

necrosis factor alpha (TNF-a), and macrophage inflammatory protein 1ac (MIP-1a), in response to SHFV infection were ob-
served in macaque but not baboon cultures, suggesting less efficient counteraction of these responses by viral proteins in ma-
caque cells. Baboon cultures produced higher levels of IL-10 than macaque cultures both prior to and after SHFV infection. In
baboon but not macaque cell cultures, SHFV infection upregulated IL-10R1, a subunit of the IL-10 receptor (IL-10R), and also
SOCS3, a negative regulator of proinflammatory cytokine production. Incubation of macaque cultures with human IL-10 before
and/or after SHFV infection decreased production of IL-6, IL-13, and MIP-1a but not TNF-a, suggesting a role for IL-10 in sup-
pressing SHFV-induced proinflammatory cytokine production in macaques.

Simian hemorrhagic fever virus (SHEV) was isolated in 1964 as
the causative agent of outbreaks of a fatal hemorrhagic fever
disease in macaque colonies in the United States, Russia, and Eu-
rope (1, 2). These SHFV outbreaks are thought to have been ini-
tiated by accidental transmission of SHFV present in the blood of
a persistently infected, asymptomatic African nonhuman primate
(NHP) to a disease-susceptible macaque (3). It was subsequently
estimated that 1 to 10% of wild-caught African NHPs, such as
patas (Erythrocebus patas), baboons (Papio papio), and African
greens (Cercopithecus aethiops), are persistently infected with
SHEFV (3).

SHEFV infections in macaques are characterized by mortality
approaching 100% by 3 weeks. Initial symptoms include fever and
facial edema followed by depression, anorexia, and dehydration
and, finally, signs of coagulation defects, such as skin petechiae,
epitaxis, melena, retrobulbar hemorrhages, and subcutaneous he-
matomas, appear (4, 5). Necropsy reveals hemorrhage in the
spleen and necrosis of the liver, adrenal glands, and lymphatic
tissue (4). The symptoms of an SHFV infection closely resemble
those induced in macaques by infection with other hemorrhagic
fever viruses, such as Ebola, Marburg, and Lassa (6, 7). In response
to infection with these viruses, macrophages (M®s) and dendritic
cells (DCs) release proinflammatory cytokines that induce tissue
factor and subsequent disseminated intravascular coagulopathy
(7-9). Marked impairment of the adaptive immune response due
to impaired DC function and lymphocyte apoptosis occurs as a
consequence of Ebola virus infection (7).

SHFV is a member of the family Arteriviridae that also includes
equine arteritis virus (EAV), porcine reproduction and respira-
tory syndrome virus (PRRSV), and lactate dehydrogenase-elevat-
ing virus (LDV). Arterivirus genomes are polycistronic, single-
stranded, positive-sense RNAswith a5’ typeI capand a3’ poly(A)
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tail (10). The SHFV genomeis 15.7 kb in length. Arteriviruses have
highly restricted host ranges and cell tropisms. Only M®s and
DCs are infected in horses and donkeys by EAV, in pigs by PRRSV,
in mice by LDV, or in NHPs by SHFV (11). Both EAV and PRRSV
infections can cause disease symptoms, including fever, anorexia,
tissue necrosis, inflammation of the respiratory tract, spontane-
ous abortions, or delivery of weak offspring (10). LDV typically
causes asymptomatic, lifelong, persistent infections (10). Due to
the significant agricultural impact of the diseases caused by EAV
and PRRSV, the majority of the research done on arterivirus in-
fections has been focused on these two viruses.

SHEFYV replication and virus-induced cytokine production in
primary M®s and mDCs from disease-resistant baboons and dis-
ease-susceptible macaques were compared. Although viral repli-
cation was efficient in both macaque and baboon M®s, a majority
of macaque M®s but only ~10% of baboon M®s were infected.
In contrast, similar numbers of macaque and baboon myeloid
DCs (mDCs) were infected by SHEV, but virus replication was less
efficient in the baboon cells. Both types of macaque cultures pro-
duced higher virus yields than the corresponding baboon cultures.
Proinflammatory cytokines were produced in response to SHFV
infection by both types of macaque cells but not by baboon cells.
Interleukin-10 (IL-10) was detected in the culture fluids of both
uninfected and infected baboon cells. SHFV infection of baboon
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but not macaque cells resulted in the upregulation of IL-10R1, a
subunit of the IL-10 receptor (IL-10R) and SOCS3 (suppressor of
cytokine signaling 3), a negative regulator of cytokine production.
Incubation of infected macaque mDCs or M®s with recombinant
human IL-10 (rhIL-10) resulted in decreased production of IL-6,
IL-1B, and macrophage inflammatory protein la (MIP-1at) but
not tumor necrosis factor alpha (TNF-a). These data suggest that
IL-10 may contribute to suppressing proinflammatory cytokine
production in response to SHFV infection.

MATERIALS AND METHODS

Cells. Blood was obtained from baboons (Southwest National Primate
Research Center, San Antonio, TX) or rhesus macaques (Yerkes Regional
Primate Research Center, Atlanta, GA) under approved IACUC protocols
that covered tissue sharing by each institution. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from whole blood by Ficoll 400 (Me-
diatech, Inc., Manassas VA) density gradient centrifugation according to
standard protocols. Monocytes were seeded at 10° cells/well in a 24-well
plate or at 10° cells/well on an eight-chamber slide and allowed to adhere
for 2 h before a gentle washing with Hanks buffered saline solution (HBSS;
Gibco). Immature mDCs were cultured from adherent cells by incubation
with RPMI 1640 culture medium (Gibco) supplemented with 10% autol-
ogous serum or 10% fetal bovine serum (FBS), 50 U/ml of penicillin, 50
pg/ml of streptomycin, human recombinant granulocyte-macrophage
colony-stimulating factor (1,000 U/ml; R&D Systems), and recombinant
human interleukin-4 (500 U/ml) for 11 days at 37°C in a 5% CO, atmo-
sphere. M®s were cultured from adherent cells by incubation with RPMI
1640 culture medium supplemented with 10% autologous serum or 10%
FBS, 50 U/ml of penicillin, 50 wg/ml of streptomycin, and human recom-
binant macrophage colony-stimulating factor (5,000 U/ml; R&D Sys-
tems) for 11 days at 37°C in a 5% CO, atmosphere. Two-thirds of the
culture medium was replaced with fresh growth medium every 3 days to
replenish growth factors. Cells were stained with fluorescently labeled
antibodies directed against the surface markers HLA-DR, DC-SIGN,
CD11c, and CD83 for mDCs and CD91 and CD163 for M®s (BD Biosci-
ence). Cell identity and numbers were analyzed using a FACSCanto flow
cytometer and FACSDiva software (BD Bioscience). Ninety percent or
more of cells in the mDC cultures were HLA-DR-positive (HLA-DR™)
DC-SIGN™ CD11c¢"™ CD83 7, and >95% of cells in the M®s cultures were
CD91" CD163*. All baboon blood samples were assayed using an SHFV-
specific reverse transcription-PCR (RT-PCR) assay to detect samples
from persistently infected animals. Cells from virus-positive baboons
were not used for experiments.

MA104 cells were obtained from O. Nainin, Centers for Disease Con-
trol and Prevention, and grown in minimum essential medium (MEM;
Gibco) supplemented with 10% FBS, 1% L-glutamine, and 1% gentamicin
at 37°C in a 5% CO, atmosphere.

Virus. SHFV, strain LVR 42—0/M6941 (SHFV-LVR), obtained from
the American Type Culture Collection, was sequentially plaque purified
three times and then amplified once on MA104 cell monolayers. Pools of
SHFV-LVR were prepared by infecting confluent MA104 monolayers at a
multiplicity of infection (MOI) of 0.2, harvesting culture fluid at 32 h after
infection, clarifying the culture fluid by centrifugation, and freezing ali-
quots at —80°C. Virus pools contained ~10” PFU/ml. Primary cell cul-
tures were infected at an MOI of 1 or 10. After virus adsorption for 1 h at
37°Cina 5% CO, atmosphere, the inoculum was removed, and cells were
washed three times with Hank’s balanced salt solution (HBSS) and then
incubated with cell-specific medium at 37°C in a 5% CO, atmosphere.

Plaque assays were performed on confluent monolayers of MA104
cells in six-well plates. After adsorption for 1 h at room temperature, the
virus inoculum was removed, and the wells were overlaid with 1%
SeaKem ME agarose (Bio-Whittaker Molecular Applications) mixed 1:1
with 2X MEM containing 5% fetal calf serum (FCS) and incubated at
37°C for 72 h. After removal of the agarose, the cells were stained with
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TABLE 1 Antibody clones used in the Luminex ELISAs

Biotinylated detection

Cytokine Capture antibody antibody
TNF-a MADb1° MAb11°
IFN« MT1-3-5" MT2/4/6"
IL-1B JK1B-1° JK1B-2°
IL-6 MQ2-13A5° MQ2-39C3*
IL-10 JES3-9D7° JES3-12G8°
IL-12/23(p40) MT86/221° MT618"
MIP-1a AF-270-NA® BAF270°
MIP-1B AF-271-NA° BAF271¢
RANTES AF-278-NA° BAF-278°

@ Antibody purchased from BioLegend, San Diego, CA.
b Antibody purchased from Mabtech, Inc., Mariemont, OH.
¢ Antibody purchased from R&D Systems, Inc., Minneapolis, MN.

0.05% crystal violet in 10% ethanol. Each virus dilution was assayed in
duplicate.

Preparation of UV-inactivated virus. An aliquot of SHFV was inac-
tivated by exposure to UV light (4.75 J/cm?) for 10 min at a distance of 1
cm. The complete loss of detectable infectivity after UV exposure was
confirmed by plaque assay.

Quantification of secreted cytokines. Culture fluid was collected
from mock-infected and SHFV-infected cultures at various times after
infection. Proinflammatory cytokine levels were quantified using a Lu-
minex microsphere-based enzyme-linked immunosorbent assay (ELISA)
as previously described (12). Briefly, anti-human cytokine polyclonal an-
tibodies were conjugated to polystyrene xXMAP microspheres using an
xMAP antibody coupling kit (Luminex). A total of 500 coupled micro-
spheres per cytokine were incubated at 4°C for 16 h with 25 pl of culture
fluid or phosphate-buffered saline (PBS), pH 7.4 (Sigma), containing 1%
bovine serum albumin (BSA) and a nonhuman primate (NHP) cytokine
standard (alpha interferon [IFN-a] from Mabtech, IL-10 from Bio-
Legend, and the remaining cytokines from Millipore) diluted to concen-
trations ranging from 400 pg/ml to 0.128 pg/ml. The microspheres were
then washed three times in PBS-1% BSA, pH 7.4, and incubated with a
biotinylated anti-human antibody for each cytokine (Table 1) at 25°C for
1 h. Microspheres were washed three times in PBS-1% BSA, pH 7.4,
incubated with 5 pg/ml streptavidin—R-phycoerythrin (Sigma) at 25°C
for 30 min, washed three times in PBS—1% BSA, pH 7.4, resuspended in
Luminex xMAP systems fluid, and analyzed on a Luminex 100 analyzer
(Qiagen). At least 100 events were measured for each cytokine. Alterna-
tively, proinflammatory cytokines in culture fluids were screened using a
14-plex nonhuman primate cytokine Milliplex panel (Millipore) accord-
ing to the manufacturer’s protocol. Although absolute cytokine levels var-
ied between animals, a similar effect of SHFV infection was observed in all
cultures of a particular type from one of the animal species tested. The
data obtained from cultures prepared from different animals of the same
species were averaged and are shown as the fold change compared to data
from time-matched control cultures.

qRT-PCR. Total cellular RNA from SHFV-infected or mock-infected
primary cells was isolated using an RNeasy Minikit (Qiagen) according to
the manufacturer’s protocol. Specific primer mixes and TagMan minor
groove binder (MGB) probes were used to detect rhesus macaque IFN-f3
mRNA (IFN-B Rh03648734_s1) and rhesus macaque IL-10 mRNA (IL-10
Rh02621709_m1) (Applied Biosystems). Quantitative real-time RT-PCR
(qQRT-PCR) was performed for each target gene mRNA and for the en-
dogenous control (eukaryotic 18S rRNA VIC/TAMRA dye-labeled) (Ap-
plied Biosystems) in a single-plex format with 100 ng of cellular RNA and
a TagMan one-step RT-PCR Master Mix reagent kit (Applied Biosys-
tems). The cycling parameters were 48°C for 30 min, 95°C for 10 min, and
40 cycles of 95°C for 15 s and then 60°C for 1 min on an Applied Biosys-
tems 7500 sequence detection system. Multiple independent experiments
were performed, and each sample was assayed in triplicate. The triplicate
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threshold cycle (C;) values were analyzed with Microsoft Excel using the
comparative C;. (AAC;) method of the SDS Applied Biosystems software,
which also applied statistical analysis to the data (TINV test in Microsoft
Excel). The values were normalized to those for 18S rRNA in the same
sample and are presented as the relative fold change compared to the
mock-infected 24-h calibrator sample value in relative quantification
units (RQUs). Error bars represent the standard error of the mean (13)
and indicate the calculated minimum (RQ,,;,,) and maximum (RQ,,,,) of
the mRNA expression levels based on an RQ of the 95% confidence
level.

SHFV genomic RNA in infected cell lysates was quantified by real-time
RT-PCR. A primer-probe set targeting the nsp9 (helicase) region of the
SHFV genome was designed from the sequence of strain LVR (GenBank
accession number AF180391.1). The primer and probe sequences used
were as follows: forward primer, 5'-CGTACACCCGCCGTCTCT-3';
TaqMan probe, 5'-6FAM-TTGACGTTCTCACAAAGG-MGBNFQ-3’
(where 6FAM is 6-carboxyfluorescein and MGBNFQ is minor groove
binder nonfluorescent quencher); and reverse primer, 5'-CGGCAAGTG
GCATCCAA-3'. The reaction mixture contained 200 ng of cellular RNA,
the primer pair (1 uM), and the probe (0.2 wM) in a total volume of 20 pl.
Intracellular genomic SHFV RNA was quantified using a standard curve
generated with serial dilutions of a known concentration of in vitro syn-
thesized SHFV RNA. The in vitro synthesized SHFV RNA was transcribed
with an SP6 mMessage mMachine kit (Ambion) from an SHFV nsp9
cDNA template; the DNA template was digested with Turbo DNase at
37°C for 5 min, and the product RNA was purified with lithium chloride,
precipitated with ethanol, washed with 70% ethanol, resuspended in
RNase-free water, and quantified by UV spectrophotometry.

Confocal microscopy. Cultures of M®s or mDCs grown in eight-
chamber slides were mock infected or infected with SHFV-LVR at an MOI
of 10. At various times after infection, cells were fixed with 4% paraform-
aldehyde in phosphate-buffered saline (PBS) for 5 min, permeabilized
with 0.01% Triton-X in PBS for 5 min, and blocked in 5% horse serum
overnight at 4°C. Cells were incubated with murine anti-double-stranded
RNA (dsRNA) antibody, washed with PBS, and then incubated with Alexa
Fluor 594-conjugated rabbit anti-mouse IgG (Invitrogen) and Hoechst
33342 nuclear stain (0.5 pg/ml; Invitrogen). Cells were washed with PBS
before a coverslip was mounted using ProLong Gold antifade reagent
(Invitrogen). Cells were visualized with a 40X oil immersion objection on
a LSM700 laser scanning confocal microscope (Zeiss), and images were
analyzed with Zeiss LSM software, version 4.2.

Western blotting. Cell lysates were collected in radioimmunoprecipi-
tation assay (RIPA) buffer (1XPBS, 1% Nonidet P-40, 0.5% sodium de-
oxycholate, and 0.1% SDS) containing Halt protease inhibitor cocktail
(Thermo Scientific). Following separation by SDS-PAGE, cell proteins
were electrophoretically transferred to a nitrocellulose membrane. Mem-
branes were blocked with phosphate buffered saline containing either 5%
bovine serum albumin or 5% nonfat dry milk and 0.1% Tween 20 before
incubation with either anti-SOCS3 (L210) antibody (Cell Signaling Tech-
nology) or anti-IL-10R1 antibody (clone F39; Biolegend) in the presence
of blocking buffer. Actin was used as a loading control and was detected
with anti-actin antibody (C-11) (Santa Cruz Biotechnology). Blots were
washed, incubated with anti-sheep or anti-mouse horseradish peroxi-
dase-conjugated antibody (Santa Cruz), washed again, and processed for
chemiluminescence using a SuperSignal West Pico detection kit (Pierce
Scientific) according to the manufacturer’s protocol.

min/max

RESULTS

Analysis of viral replication kinetics in primary NHP cell cul-
tures. Although it was previously reported that peak SHFV yields
produced by primary cultures of M®s from disease-susceptible
macaques were 10-fold higher than those from disease-resistant
patas (14), the numbers of infected M®s in these two types of
cultures were not determined, and viral replication in mDCs was
not analyzed. M®s and mDCs were separately cultured from
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PBMC:s isolated from baboon and rhesus macaque whole-blood
samples as described in Materials and Methods. Comparable
numbers of cells were generated in the cultures prepared from the
two types of NHPs (data not shown). The cells were infected with
SHFV atan MOl of 1. Viral titers in culture fluids were determined
by plaque assay on MA104 cells. Macaque M® cultures produced
a peak titer of 8 X 10* PFU/ml by 24 h after infection while
baboon M® cultures produced a peak titer of 7 X 10> PFU/ml
by 12 h after infection (Fig. 1A). The levels of intracellular viral
RNA were analyzed by qRT-PCR. Intracellular viral RNA levels
were higher in macaque M®s than in baboon M®s at all times
analyzed (Fig. 1B). Macaque mDCs produced a peak titer of 9 X
10* PFU/ml by 24 h after infection while baboon mDCs produced
a peak titer of 2 X 10° PFU/ml by 8 h after infection (Fig. 1D).
Intracellular viral RNA levels were higher in macaque mDCs
than in baboon mDCs at all times analyzed (Fig. 1E). The de-
tection of an increase in intracellular SHFV plus-strand RNA at
24 h confirmed that a low level of virus replication was occur-
ring in the baboon DCs. An MTT [3-(4,5-dimethylthiazol-2-
y1)2 2,5-diphenyl tetrazolium bromide] assay was performed to
assess the effect of SHFV infection on cell viability. Macaque
M® viability decreased by 25% at 12 h and continued to de-
crease with time after infection while baboon M® viability de-
creased by 13% at 24 h and did not decrease further by 48 h
(Fig. 1C). Macaque mDCs also showed a progressive decline in
viability with time after infection. Baboon mDC viability de-
creased by ~25% at 12 h but did not decrease further through
48 h (Fig. 1F). These results indicate that SHFV replicates more
efficiently in both types of macaque cells and significantly de-
creases macaque cell viability.

Analysis of the number of productively infected cells. The
differential viral production and cell viability observed between
the macaque and baboon cells could be due to differences in virus
replication efficiencies and/or to differences in the numbers of
cells infected. Cell cultures were infected with SHFV at an MOI of
10. The number of infected cells and the relative intensity of in-
tracellular viral dsRNA in the infected cells were assessed by im-
munofluorescence. A higher MOI was used for these experiments
to ensure that a maximum number of infected cells was obtained
and to enhance the detection of the weaker dsRNA signal in the
infected baboon mDCs. Perinuclear dsRNA staining was observed
in the majority of macaque M®, the number of infected cells was
observed to increase with time after infection, and cell rounding
indicative of cytopathology was detected by 24 h (Fig. 2A and B).
In contrast, dsSRNA was detected in only ~5 to 10% of the baboon
M®s, but the dsRNA signal was as strong as in the infected ma-
caque M®s. The data suggest that SHFV is able to infect and rep-
licate efficiently in only a subset of the baboon M®s while the
majority of macaque M®s are permissive to SHFV infection. Sim-
ilar percentages of infected baboon and macaque mDCs were de-
tected at 8 and 12 h after infection (Fig. 2D). However, the inten-
sity of the dsRNA staining was much higher in macaque mDCs
than in baboon mDCs (Fig. 2C). The data indicate that although
similar numbers of baboon and macaque mDCs were susceptible
to infection, virus replication was less efficient in baboon mDCs
than in macaque mDCs. Interestingly, the number of baboon DCs
with detectable dsRNA staining decreased by 24 h even though no
reduction in cell number was observed at this time (data not
shown), suggesting the possibility that virus replication decreases
with time after infection in these cells.
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FIG 1 Kinetics of SHFV replication in primary cells isolated from disease-resistant and disease-susceptible primates. M®s (A, B, and C) and mDCs (D, E, and
F) isolated from baboon (black) or macaque (gray) PBMCs were mock infected or infected with SHFV-LVR atan MOI of 1. (A and D) Culture fluid was collected
at the indicated times after infection, and viral yields were quantified by plaque assay on MA104 cells. Each data point is the average of duplicate titrations done
on samples collected from cells isolated from 14 baboons or 28 macaques. (B and E) Total cellular RNA was isolated from cell lysates prepared at the indicated
times after infection, and the amount of viral genome RNA was quantified by qRT-PCR using a helicase region primer and probes as described in Materials and
Methods. Each sample was assayed in triplicate. Values were first normalized to the level of the 18S rRNA in the same sample, and then the amount of viral RNA
was determined by comparison to a standard curve generated with a known amount of in vitro synthesized viral RNA. Error bars represent the standard error of
mean (n = 6). (Cand F) Cell viability was determined by MTT assay. Values shown are averages from six independent experiments. Each sample was assayed in

triplicate. Error bars indicate the standard error of mean. ¥, P < 0.05; **, P < 0.01; ***, P < 0.005.

Analysis of type I IFN induction in SHFV-infected NHP cell
cultures. Several PRRSV proteins are able to suppress type I inter-
feron (IFN) production and signaling (15-17). To analyze the
kinetics of the type I IFN response to SHFV by disease-resistant
and disease-susceptible cell cultures, primary M® and mDC cul-
tures were mock infected or infected with SHFV at an MOI of 1,
and intracellular IFN-B mRNA levels were quantified by qRT-
PCR at different times after infection. IFN- mRNA levels in ma-
caque M®s increased 3-fold by 12 h and 11.6-fold by 24 h after
infection (Fig. 3A). In baboon M®s, IFN-B mRNA levels in-
creased 1.7-fold by 8 h and 3.7-fold by 24 h after infection (Fig.
3A). IFN-B mRNA levels in SHFV-infected macaque mDCs pro-
gressively increased between 8 and 24 h after infection while in
baboon mDCs the levels did not increase significantly (Fig. 3B).

IFN-a protein in culture fluids was quantified by ELISA.
IFN-a levels in macaque M® culture fluids increased 96-fold
compared to those from time-matched, autologous mock-in-
fected cultures at 24 h and then decreased (Fig. 3C). In baboon
M® culture fluids, IFN-« levels were lower, and the peak level was
not observed until 36 h (Fig. 3C). IFN-« levels increased in ma-
caque mDC culture fluids at 36 and 48 h after infection, but no
increase in IFN-a levels was observed in baboon mDC culture
fluids at any time analyzed (Fig. 3D). These data indicate that
SHEV infection efficiently upregulated IFN-B gene expression
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and extracellular IFN-a protein in both macaque mDCs and M®s
while infected baboon M®s showed a lower type I IFN response,
and baboon mDCs did not produce a detectable response.
Analysis of proinflammatory cytokine production by SHFV-
infected primary cell cultures. Previous studies showed that in-
fection of primates with either Ebola virus or Lassa virus induced
the production of several proinflammatory cytokines, including
TNF-a, IL-6, IL-8, IL-1B3, MIP-1a, and MIP-1f3 (18, 19). Upregu-
lation of proinflammatory cytokines by other arteriviruses has
also been reported. The pathogenicity of virulent strains of PRRSV
was reported to correlate with inflammatory cytokine production
(20). EAV infection of equine M®s induced upregulation of the
mRNAs of a similar set of cytokines (21). Although PRRSV infec-
tion did not induce proinflammatory cytokine gene expression in
porcine mDCs and M®s, expression of individual PRRSV pro-
teins indicated that some viral proteins suppressed NF-kB activa-
tion (22) or TNF-a promoter expression (23, 24) while others
activated endogenous NF-kB and the production of proinflam-
matory cytokines (25-27). Induction of inflammatory cytokine
production by SHFV infection in cells from disease-resistant and
disease-susceptible NHPs was analyzed. Baboon and macaque
M® and DC cultures were mock infected or infected with SHFV
(MOI of 1), and cytokines in culture fluids were quantified by
ELISA. Because the absolute amount of a cytokine varied in cul-
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triplicate. Values were normalized to the level of 18S rRNA in the same sample. The values represent fold change over the amount of IFN-8 mRNA in 24-h
mock-infected (M-24) samples expressed as relative quantification units (RUs) and are the average of seven independent experiments. The error bars represent
the calculated standard error of mean and are based on an RQ,.;,/max 0f the 95% confidence level. Culture fluids from M® (C) or mDC (D) cultures were analyzed
for IFN-a protein by a multiplexed ELISA. The values are average fold change in IFN-a levels in SHFV-infected cell culture fluids compared to those in an
autologous, time-matched, mock-infected culture fluid. Values shown are averages from cultures prepared from four baboons (black bars) and four macaques
(gray bars). Error bars represent the standard error of mean. *, P < 0.05; **, P < 0.01; ***, P =< 0.005; ns, not significant.
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FIG 4 Proinflammatory cytokine production in response to SHFV infection by M®s isolated from disease-resistant and disease-susceptible NHPs. Fluids from
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cytokines by multiplexed ELISA. Values shown represent average fold change in cytokine level in an SHFV-infected culture fluid compared to that in an
autologous time-matched mock-infected culture fluid. The data were averaged from 20 baboon cultures infected with SHEV (black bars), 21 macaque cultures
infected with SHFV (gray bars), 3 baboon cultures incubated with UV-inactivated SHFV (white bars), or 3 macaque cultures incubated with UV-inactivated
SHEFV (stippled bars). Error bars represent the standard error of mean. *, P = 0.05; **, P =< 0.01; ***, P = 0.005; ns, not significant.

fluids, but this increase was less than 2-fold. In contrast, the levels
of IL-1B, TNF-a, and IL-12/23(p40) in baboon M® culture fluids
did not increase by 48 h after infection, and only a minimal in-
crease (<2-fold) in IL-6 at 36 and 48 h after infection was ob-
served. Infected baboon M® cultures produced increased levels of
RANTES at 36 and 48 h while macaque M® cultures did not. To
determine whether viral replication was required to induce pro-
inflammatory cytokine production in M®s, cytokine levels in cul-
ture fluid were quantified after incubation of cells with UV-inac-
tivated virus. No increase in cytokine levels was detected in culture
fluids from baboon M® cultures incubated with UV-inactivated
virus. However, a 3.7-fold increase at 12 h and a 4.7-fold increase
at 24 h in IL-6 levels as well as a 10.6-fold increase in IL-1@ and a
6.8-fold increase in RANTES levels at 24 h were detected in culture
fluids from macaque M®s incubated with UV-inactivated virus.
These data indicate that signaling leading to proinflammatory cy-
tokine production can be triggered by UV-inactivated virus in
macaque M®s but that virus replication is required to amplify and
sustain cytokine production.

The production of proinflammatory cytokines in response to
SHEFV infection by baboon and macaque mDCs was also analyzed.
For both macaque and baboon cultures, no significant changes in
the levels of IFN-+y, IL-2, IL-5,IL-8, IL-12/23(p40), IL-13, MCP-1,
MIP-1p3, or RANTES were observed at any time after SHFV infec-
tion compared to levels from time-matched, autologous, mock-
infected culture fluids (data not shown). SHFV infection induced
IL-6, IL-B, MIP-1a, and TNF-a production by macaque mDCs
butinduced only a 1.5-fold increase in MIP-1a production at 36 h
in baboon mDCs (Fig. 5). Incubation of either macaque or ba-
boon mDC cultures with UV-inactivated virus did not increase
the levels of IL-6, MIP-1«, and IL-1 in culture fluids. However, a
4.5-fold increase in the level of TNF-a at 24 h and a 2.5-fold
increase in MIP-1a levels at 12 h were detected in fluids from
macaque mDC cultures after incubation with UV-inactivated vi-
rus. These data indicate that viral replication is required for pro-
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duction of IL-6 and IL-1B but not TNF-a and MIP-1a by ma-
caque mDCs.

Analysis of IL-10 signaling in SHFV-infected primary cell
cultures. EAV infection of equine M®s was previously reported to
induce the expression of proinflammatory cytokine genes, but
PRRSV infection of porcine mDCs and M®s did not (28, 29).
However, PRRSV infection induced upregulation of the regula-
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FIG 5 Proinflammatory cytokine production in response to SHFV infection
by mDCs isolated from disease-resistant and disease-susceptible NHPs. Fluids
from mDC cultures that were mock infected, infected with SHFV (MOI of
1.0), or incubated with UV-inactivated SHFV virus were analyzed for proin-
flammatory cytokines by multiplexed ELISA. Values shown represent average
fold change in cytokine level in an SHFV-infected culture fluid compared to
that in an autologous time-matched mock-infected culture fluid. The data
were averaged from 25 baboon cultures infected with SHFV (black bars), 22
macaque cultures infected with SHFV (gray bars), 4 baboon cultures incu-
bated with UV-inactivated SHFV (white bars), or 4 macaque cultures incu-
bated with UV-inactivated SHFV (stippled bars). Error bars represent the
standard error of mean. ¥, P = 0.05; **, P < 0.01; ***, P < 0.005; ns, not
significant.
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tory cytokine interleukin-10 (IL-10) (15, 30, 31). To determine
whether IL-10 plays a role in modulating the proinflammatory
cytokine response to SHFV infection in baboon cells but not in
macaque cells, the upregulation of IL-10 mRNA by SHFV infec-
tion was examined by qRT-PCR. IL-10 mRNA levels increased
with time after infection in both SHFV-infected baboon and ma-
caque M®s. Peak levels (2.2-fold increase) were detected in ma-
caque M®s at 12 h while in baboon M®s peak levels (3.7-fold
increase) were observed at 24 h after infection (Fig. 6A). In baboon
mDCs, IL-10 mRNA expression increased by 3-fold at 12 h and by
9.5-fold at 48 h after infection while no increase in IL-10 mRNA
expression was observed in infected macaque mDCs (Fig. 6B).
IL-10 protein production has been reported to be posttran-
scriptionally regulated (32-35). To determine whether the in-
crease in IL-10 mRNA expression observed in response to SHFV
infection resulted in increased levels of secreted IL-10 protein,
IL-10 protein levels in culture fluids were quantified by ELISA.
IL-10 protein levels ranged from <0.2 to 1.1 pg/ml at different
times after mock infection in macaque M® culture fluids, with the
highest level observed at 24 h (Fig. 6C). Culture fluids from SHFV-
infected macaque M® cultures contained IL-10 protein levels
ranging between <0.2 and 2.1 pg/ml, with the peak level at 24 h
after infection. The results indicate that the IL-10 levels were sim-
ilar in culture fluids from mock- and SHFV-infected macaque
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M®s. IL-10 protein levels in culture fluids from mock-infected
baboon M®s ranged from 0.5 to 2.1 pg/ml, with the peak level
observed at 4 h, and ranged from 0.3 to 3.4 pg/ml, with the peak
level observed at 24 h after infection, in SHFV-infected baboon
MO culture fluids. However, the level of IL-10 was significantly
increased in infected baboon M® culture fluids only at 36 h. These
results indicate that although an SHFV infection can upregulate
the expression of IL-10 mRNA in both macaque and baboon
M®s, secreted IL-10 protein levels increased only in culture fluids
from infected baboon M®s.

Very low IL-10 protein levels (>0.2 pg/ml) were observed at 4
h in culture fluids from mock-infected macaque mDCs, and the
levels were even lower in fluids from infected macaque mDCs at all
times after infection (Fig. 6D). In contrast, in mock-infected ba-
boon mDC culture fluids, IL-10 protein levels ranged from 1.0 to
2.9 pg/ml, with the peak level at 24 h; in SHFV-infected baboon
mDC culture fluids, IL-10 levels ranged between 0.7 and 1.5 pg/
ml, with the highest levels observed at 12 and 48 h after infection.
The levels of IL-10 protein in mock-infected baboon mDC culture
fluids were significantly higher than those in SHFV-infected ba-
boon mDC culture fluids between 12 and 36 h after infection.
These results suggest that although SHFV infection increased
IL-10 mRNA expression in baboon mDCs, IL-10 protein levels in
the culture fluids of these cells decreased compared to those in
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mock-infected culture fluids. The levels of IL-10 protein detected
in the baboon M®s and mDC culture fluids were higher than
those previously reported in immature cultured human mDCs
(36) on a per-cell basis; unstimulated human mDC cultures pro-
duced 20 to 50 pg/ml per 10° cells. The NHP cultures used in our
study contained only 10* cells due to the smaller samples of blood
that can be obtained from the NHPs.

The high levels of IL-10 observed in mock-infected baboon
mDC culture fluids suggested that these cultures were producing
IL-10 prior to infection. To more accurately assess the basal levels
of IL-10 produced by the various types of cultures, IL-10 levels
were measured in culture fluids prior to infection. As described in
Materials and Methods, both M®s and mDCs were cultured with
two-thirds of the medium being replaced every 3 days with fresh
culture medium, and 11-day culture fluids were collected and as-
sayed by ELISA. Macaque M® culture fluids contained IL-10 lev-
els of 0.5 pg/ml = 0.2 pg/ml (n = 6) while baboon M® culture
fluids contained 1.7 pg/ml = 0.2 pg/ml (n = 6). Macaque mDC
culture fluids contained <0.2 pg/ml (n = 8) of IL-10 while ba-
boon mDC culture fluids contained 5.4 pg/ml = 3 pg/ml (n = 9)
of IL-10.

IL-10 is a regulatory cytokine that can suppress proinflamma-
tory cytokine production (37). Extracellular IL-10 binds to a het-
erodimeric cell surface receptor composed of the IL-10R1 and
IL-10R2 subunits. IL-10R2 is constitutively expressed and is pres-
ent at high levels on the surfaces of monocytic cells while IL-10R1
is expressed at low levels (<100 units/cell surface) until its expres-
sion is upregulated by various stimuli (37). IL-10 binding to its
receptor signals the induction of suppressor of cytokine signaling
3 (SOCS3) expression, and SOCS3 suppresses cytokine produc-
tion. To determine whether the high basal levels of IL-10 pro-
duced by baboon mDC and M® cultures were sufficient to induce
SOCS3 expression, cell lysates from mock- or SHFV-infected
(MOI of 1) macaque and baboon cell cultures were collected at
various times after infection and analyzed by Western blotting.
Even though the culture fluids from mock-infected baboon M®s
and mDCs contained IL-10, SOCS3 was not detected in the lysates
of these cells (Fig. 6E). However, SOCS3 levels increased with time
after SHFV infection in both baboon M®s and mDCs. In contrast,
alowlevel of SOCS3 was observed in mock-infected macaque M®
lysates, but no SOCS3 was detected in either mock-infected ma-
caque mDC lysates or in any of the infected macaque cell lysates
(Fig. 6E). To determine whether the lack of SOCS3 expression in
mock-infected baboon cells correlated with low IL-10R1 expres-
sion and reduced IL-10 signaling, IL-10 levels in mock- and
SHFV-infected cell lysates were analyzed by Western blotting us-
ing anti-IL-10R1 antibody. IL-10R1 was not detected in mock-
infected baboon M®s but was present at a low level in mock-
infected baboon mDCs. The levels of IL-10R1 increased with time
after infection in both types of baboon cells (Fig. 6F). In contrast,
the levels of IL-10R1 were low in mock-infected macaque M®s
and mDCs and decreased to undetectable levels with time after
infection (Fig. 6F). The data indicate that in baboon but not ma-
caque cells, SHFV infection induces the upregulation of IL-10R1
expression. Increased IL-10R1 levels would be expected to en-
hance IL-10 signaling through its receptor, leading to sustained
upregulation of SOCS3 expression. However, SOCS3 levels were
increased in baboon cells by 12 after infection, a time when IL-
10R1 levels were still low, suggesting that SHFV infection may
upregulate SOCS3 through a mechanism that is independent of

2102 jviasm.org

IL-10 signaling. In contrast, in macaque cells, SHFV infection
downregulated IL-10R1 expression and did not upregulate
SOCS3 expression.

Analysis of modulation of host responses to SHFV infection
in disease-susceptible cells by exogenous IL-10. Based on the
finding that disease-resistant baboon mDCs produce higher levels
of IL-10 both before and after SHFV infection than disease-sus-
ceptible macaque mDCs and produce significantly smaller
amounts of proinflammatory cytokines in response to infection,
we hypothesized that IL-10 plays a role in suppressing SHFV-
induced proinflammatory cytokine production in baboon cul-
tures. The observation that detectable levels of IL-10R1 were ex-
pressed by both mock-infected macaque M®Ps and mDCs
suggested that addition of exogenous IL-10 to these cultures might
suppress proinflammatory cytokine production in response to
SHFV infection. Macaque M® and mDC cultures were treated
with 5 pg/ml of rhIL-10 for 47 h starting immediately after the 1-h
virus adsorption period or for 1 h prior to viral adsorption (MOI
of 1) and then for 47 h after virus adsorption. Proinflammatory
cytokines in culture fluids from rhIL-10-treated and untreated
mock- and SHFV-infected cultures were quantified by ELISA.
Both protocols of rhIL-10 treatment significantly reduced the lev-
els of IL-6 produced by macaque M®s at 36 and 48 h after SHFV
infection (Fig. 7A). However, the levels of IL-1B3, TNF-a, IL-12/
23(p40), and RANTES were not altered (Fig. 7B to E). Treatment
of infected macaque mDCs with rhIL-10 decreased IL-6 (Fig. 7F)
and MIP-1a levels (Fig. 7I) but not IL-13 or TNF-a levels (Fig. 7G
and H) in culture fluids. Treatment of macaque M® or mDC
cultures with rhIL-10 (5, 10, or 20 pg/ml) did not alter viral yields
(assessed by plaque assay) or cell viability (analyzed by MTT as-
say) (data not shown). The data indicate that IL-10 treatment was
able to suppress SHFV-induced production of some proinflam-
matory cytokines, such as IL-6, but not that of others, such as
TNF-a, in macaque M® and mDC cultures.

To determine whether inhibition of IL-10 signaling in baboon
cultures would increase SHFV-induced proinflammatory cyto-
kine expression, baboon M® and mDC cultures were treated with
5, 10, or 20 pg/ml of anti-IL-10 antibody or 10 pg/ml of a control
isotype IgA for 47 h starting after the 1-h virus adsorption period
or for 1 h prior to virus adsorption and then for 47 h afterward. No
significant increase in the levels of any of the proinflammatory
cytokines was observed in culture fluids from infected baboon
M®s or mDCs (data not shown). Neither viral replication nor cell
viability was altered by anti-IL-10 antibody treatment of infected
baboon cells (data not shown). These data suggest that effective
counteraction/suppression of an SHFV-induced inflammatory
response in baboon cells does not require IL-10 signaling.

DISCUSSION

The arteriviruses PRRSV and LDV were previously reported to
productively infect only 5 to 10% of the cells in pig or mouse M®
cultures, respectively (38—40). Similarly, SHFV was found to in-
fect ~5 to 10% of baboon M®s. Based on the intensity of the
dsRNA staining, SHFV replication was efficient in this subset of
baboon M®s. In contrast, in M® cultures prepared from ma-
caques which are not natural hosts for SHFV, ~90% of the cells
became infected, efficiently replicated viral RNA, and showed ev-
idence of cytopathology. The higher virus yields produced by ma-
caque M® cultures were likely due to the higher number of cells
infected in these cultures. The larger number of susceptible ma-
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values are averages of data from six macaque cultures. Error bars represent the standard error of mean. *, P < 0.05; **, P < 0.01; ***, P =< 0.005; ns, not significant.

caque M®s was not due to a higher number of cells expressing the
arterivirus coreceptor CD163 since this was one of the cell surface
molecules analyzed by flow cytometry, and >90% of both the
baboon and macaque M®s expressed this surface marker (41, 42).
The expression of the other known arterivirus coreceptor, siaload-
hesin (43), on baboon and macaque cells could not be compared
because an antibody that cross-reacts with NHP sialoadhesin is
not currently available. In contrast to what was observed with
M®s, SHFV infected about 50% of the cells in both baboon and
macaque mDC cultures. However, SHFV replication was less ef-
ficient in baboon mDCs. How virus replication is restricted in
baboon mDCs is not currently known.

Several African NHP species, including baboons, patas, and
African greens, were previously reported to be natural hosts of
SHEV (1, 3). SHFV causes a persistent, asymptomatic infection in
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these animals. Analysis of persistent viremia in baboons indicated
that virus titers are very low, namely, 10 to 100 PFU per ml of
serum (H. A. Vatter and M. A. Brinton, unpublished data). In
contrast, SHFV-infected, asymptomatic colobus monkeys appear
to have a high-titer viremia (44, 45). SHFV isolates from colobus
show extensive sequence variation from the patas isolate used in
the current study (SHFV strain LVR) and also from new SHFV
isolates from persistently infected baboons that are similar to LVR
(H. A. Vatter, E. F. Donaldson, and M. A. Brinton, unpublished
data). However, neither the replication efficiency of the colobus
SHFV isolates in M®s and mDCs from other NHP species nor the
ability of these isolates to cause hemorrhagic disease in macaques
has yet been analyzed.

Macaques were previously reported to produce proinflamma-
tory cytokines in response to infection with hemorrhagic fever
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viruses that resulted in bystander T cell apoptosis as well as in-
creased tissue factor expression leading to increased vascular
permeability and coagulation defects (7, 9, 46, 47). The similar
clinical manifestations observed in SHFV-infected macaques sug-
gested that proinflammatory cytokines were produced (3, 5, 14,
48, 49). Data from the present study show that SHFV infection
induces the production of proinflammatory cytokines, including
IL-6 and TNF-q, in macaque but not baboon M®s and mDCs.
Previous studies of the effects of individually expressed PRRSV
proteins showed that some suppress/counteract while others acti-
vate cell innate immune responses (16). Appropriate regulation of
cell innate responses by SHFV proteins is expected to occur in cells
from natural African NHP hosts, resulting in survival of the host,
while inadequate/inappropriate regulation appears to occur in
cells from a nonnatural host such as a macaque. Although the type
ITFN response of SHFV-infected macaque cells was more efficient
than that of infected baboon cells, it was not sufficient to effec-
tively suppress virus replication. Viral hemorrhagic fever/bacterial
septic shock can result when a pathogen evokes an inflammatory
response and overcomes the host’s innate barriers. Typically, this
results in massive systemic release of inflammatory mediators that
can result in the death of the host (7).

The levels of the immunoregulatory cytokine IL-10 were found
to differ in baboon and macaque M® and mDC culture fluids.
Baboon culture fluids contained higher levels of IL-10 both prior
to and after SHFV infection than macaque cell culture fluids. It
was previously reported that porcine mDCs produced IL-10 but
not proinflammatory cytokines in response to infection with
PRRSV (30, 31, 50) while virulent strains of EAV induced proin-
flammatory cytokines but not IL-10 in equine M®s (21, 28).
These data led to the suggestion that IL-10 suppressed proinflam-
matory cytokine production in PRRSV-infected mDCs. Data
from other virus models support this suggestion. Reduced pro-
inflammatory cytokine and chemokine production as well as
reduced inflammatory cell infiltration into the central nervous
system (CNS) was observed after IL-10 expression from a re-
combinant neurotropic coronavirus (51). Suppression of proin-
flammatory cytokine production and decreased liver pathology
were observed when IL-10 knockout mice were infected with mu-
rine cytomegalovirus, but there was no effect on virus replication
(52).

Basal IL-10 production in human cells was shown to be due to
a constitutive level of IL-10 mRNA expression. In unstimulated
cells, IL-10 protein production is suppressed by destabilizing mo-
tifs in the 3" untranslated region of the IL-10 mRNA that lead to
rapid mRNA degradation, and miR-106a has also been reported
to suppress IL-10 mRNA translation (32-35). Although the ex-
pression of IL-10 mRNA was upregulated in both macaque and
baboon cells by SHFV infection, IL-10 protein was detected in
culture fluids only from baboon cells, indicating that posttran-
scriptional suppression of IL-10 mRNA is more effective in ma-
caque cells. However, the observation of lower IL-10 protein levels
in SHFV-infected than in mock-infected baboon mDCs suggested
that SHFV infection may increase IL-10 mRNA degradation/si-
lencing in baboon cells.

Several previous studies showed that incubation of human or
murine M® and DC cultures with IL-10 suppressed the produc-
tion of proinflammatory cytokines, including IL-6, IL-183, and
TNF-q, in response to a viral infection or a sustained inflamma-
tory response (37). Although incubation of macaque cells with
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rhIL-10 resulted in decreased IL-6 and MIP-1a (mDCs only) pro-
duction in response to SHFV infection, no significant decrease in
TNF-a, IL-1PB, or IL-12/23(p40) production was observed. The
use of human instead of macaque IL-10 might be the cause of the
more limited suppression observed. Unfortunately, macaque
IL-10 is currently not commercially available.

SOCS3 suppresses proinflammatory cytokine production.
SOCS3 expression is upregulated by IL-10 signaling through its
receptor composed of IL-10R1 and IL-10R2 heterodimers. De-
spite the high basal levels of IL-10 in baboon M® and mDC cul-
ture fluids, SOCS3 expression was observed only after SHFV in-
fection. The high levels of SOCS3 expression in both types of
baboon cells at 12 h after infection, a time when IL-10R1 levels
were still low, and the inability of anti-IL-10 antibody to upregu-
late proinflammatory cytokine production in SHFV-infected ba-
boon cells suggest that SHFV infection may be able to upregulate
SOCS3 expression in an IL-10-independent manner. PRRSV pro-
teins have been reported to regulate innate and inflammatory re-
sponses in infected cells (16). The functions of individual SHFV
proteins have not yet been tested. The data obtained in the current
study suggest that differential effects of SHFV proteins in target
cells from a natural host such as a baboon and ones from a non-
natural host such as a macaque may determine the outcome of the
infection.
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