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Figure 5.3 Analysis of cleavage products produced by polyprotein containing mutations of single
PLPs. Wild type (A), PLPa (B), PLPB (C) or PLPy (D) single cysteine mutant clones were in vitro tran-
scribed and translated using wheat germ extract lysates in a coupled TnT reaction (Promega). Protein
products were labeled by incorporations of [*°S] cysteine, immunoprecipitated with murine IgG, anti-c-
myc or anti-FLAG antibody before separation by 13% SDS-PAGE. Molecular weight markers are shown
on the right and the possible nspl proteins are shown on the left. tf indicates protein produced by cleav-
age at the predicted G265/Y266 cleavage site; ttp indicates protein produced by cleavage at unknown
sites between the nspla/nsplp junction and before predicted cleavage sites within nsplf. A decreased
exposure was used for FLAG IP lanes in A and C.
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Figure 5.4 Analysis of cleavage products produced by polyprotein containing mutations of two
PLPs. Wild type (A), PLPo/B (B), PLPB/y (C) or PLPa/y (D) double cysteine mutant clones were in vitro
transcribed and translated using wheat germ extract lysates in a coupled TnT reaction (Promega). Protein
products were labeled by incorporations of [*°S] cysteine, immunoprecipitated with murine IgG, anti-c-
myc or anti-FLAG antibody before separation by 13% SDS-PAGE. Molecular weight markers are shown
on the right and the possible nspl proteins are shown on the left. tf indicates protein produced by cleav-
age at the predicted G265/Y266 cleavage site; ttp indicates protein produced by cleavage at unknown
sites between the nsplo/nsp1p junction and before predicted cleavage sites within nspl1B. A decreased

exposure was used for FLAG IP lanes in A and B.
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Figure 5.5 Analysis of cleavage products produced by polyprotein containing mutations of predict-
ed PLP cleavage sites. Wild type (A), nspla/nsp1p junction cleavage site (B-D), PLPp catalytic region
cleavage site (E), nsp1p/nsply junction cleavage site (F) or nsply/nsp2 junction cleavage site (G-H) mu-
tant clones were in vitro transcribed and translated using wheat germ extract lysates in a coupled TnT re-
action (Promega). Protein products were labeled by incorporations of [*°S] cysteine, immunoprecipitated
with murine IgG, anti-c-myc or anti-FLAG antibody before separation by 13% SDS-PAGE. Molecular
weight markers are shown on the right and the possible nspl proteins are shown on the left. tf indicates
protein produced by cleavage at the predicted G265/Y266 cleavage site; ttf indicates protein produced by
cleavage at unknown sites between the nsplo/nsp1 junction and before predicted cleavage sites within
nsplp. A decreased exposure was used for FLAG IP lanes in A and B.
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Figure 5.6. In vivo processing and subcellular localization of the nsp1 proteins. Western blot analysis
of MA104 cells infected with SHFV LVR strain at an MOI of 1. Lysates were collected in radioimmuno-
precipitation assay (RIPA) buffer at the indicated times after infection and analyzed using antibodies to
SHFV viral proteins and actin. Arrows indicate viral protein specific bands. (D-F) MA104 cells were
infected with SHFV LVR strain at an MOI of 10, fixed at indicated times after infection and analyzed by
confocal microscopy. Anti-dsRNA antibody (red) was used to detect SHF V-infected cells, anti-SHFV
antibodies (38) were used to detect viral protein localization and Hoeschst dye (blue) to detect nuclei.
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Figure 5.7. Model for polyprotein cleavage by the SHFV nsp1 proteases. The three SHFV nsp1 prote-
ases are indicated by red, blue and green boxes and the recognized cleavage dyads are indicated by
dashed lines. The protease present in the nspla region is predicted to be a cysteine protease (CP) and the
proteases present in both nsp1p and nsply regions are predicted to be PLPs. Red, blue and gree arrows
indicate cleavage dyads that are cleaved in vitro by the proteases present in nspla, nsp1f and nsply, re-
spectively. ZF indicates the predicted zinc finger domain present in the N-terminal region of nspla.
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6 CONCLUSIONS

6.1 Consequences of SHFV-induced Pro-inflammatory Cytokine Production

Previous studies suggested that fatal viral hemorrhagic fever disease is induced by an uncon-
trolled systematic inflammatory response leading to suppression of the adaptive immune response due to
lymphocyte apoptosis and coagulation defects exemplified by development of DIC (12, 72). Emerging
evidence suggests that a non-fatal hemorrhagic fever virus infection is characterized by a controlled in-
flammatory response and activation of adaptive immunity. However, mechanisms contributing to the in-
duction of a regulated response have not been elucidated and may depend to some degree on co-evolution
between host and virus (10, 12). The current study confirmed that disease-susceptible macaques and ma-
caque M®s and mDCs produce high levels of several pro-inflammatory cytokines after SHFV infection
while disease-resistant baboons develop low titer, persistent infections and their M®s and mDCs do not
produce pro-inflammatory cytokines. Baboon cells were shown to produce high levels of the anti-
inflammatory cytokine IL-10. However, IL-10 signaling through IL-10R to induce SOCS3 production
was observed only after SHFV infection. Neither IL-10R1 nor SOCS3 levels increased in macaque cell
cultures after SHFV infection. To our knowledge, this is the first study to show not only higher basal lev-
els of IL-10 protein production by disease-resistant baboons compared to disease-susceptible macaques
but also virus-dependent induction of SOCS3 by IL-10 receptor activation. Additionally, this study
demonstrated the regulation of several, but not all, SHFV-induced pro-inflammatory cytokines by IL-10
signaling.

Data presented in the current study demonstrated that TNF-a was produced in response to SHFV
infection by macaque M®s and mDCs but not by baboon cells. TNF-a was produced after incubation of
cells with either live or UV-inactivated virus, indicating TNF-a production by macaque cells was not de-
pendent upon virus replication. Additionally, neither TNF-a levels nor cell viability after SHFV infection

of macaque cells was altered by IL-10 treatment. A previous study reported that another arterivirus,
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PRRSV, induces caspase-mediated apoptosis of porcine M®s (18). More recent data indicated that the
induction of apoptosis by both EAV and PRRSV is partially dependent on extrinsic signaling, such as
TNF-related apoptosis inducing ligand (TRAIL) mediated signaling, that results in caspase 8 cleavage
(69, 111). Cultured human monocytes and mDCs infected with live and inactivated Ebola virus produced
TNF-a that induced TRAIL-mediated apoptosis (55). TNF-a production in Ebola virus infected primates
was reported to induce lymphocyte apoptosis and increased vascular permeability. Interestingly, the ret-
rovirus, simian immunodeficiency virus (SIV), also induces TRAIL expression in M®s and mDCs isolat-
ed from disease-susceptible primates, such as rhesus macaques, but not from ones isolated from disease-
resistant primates such as African green monkeys, sooty mangabeys and chimpanzees (61) suggesting that
apoptosis of monocytes induced by SIV from disease-susceptible primates is also dependent on TRAIL
signaling. The activation of TRAIL-mediated apoptosis should be investigated in SHFV infected macaque
M®s and mDCs to determine whether TNF-a production in macaque cells is responsible for the induction
of apoptosis after SHFV infection.

Non-fatal Ebola virus infections in humans have been associated with early, transient plasma lev-
els of pro-inflammatory cytokines while fatal infections were characterized by delayed and less controlled
production of similar cytokines (4). In contrast, asymptomatic Ebola virus infections in humans are asso-
ciated with an early, transient production of pro-inflammatory cytokines that coincides with the produc-
tion of IL-10 as well as rapid activation of the adaptive immune response leading to development of virus
neutralizing IgG and IgM (70, 71). Several studies have indicated that IL-10 enhances IgG and IgM pro-
duction from cultured B-cells by promoting B-cell survival and proliferation (84). It is possible that the
high IL-10 levels observed in baboon M® and mDC cultures could increase B-cell proliferation and pro-
duction of anti-SHFV specific IgG and IgM in animals. Interestingly, pigs infected with PRRSV that pro-
duce IL-10 rapidly produce IgM antibodies specific for the major viral structural proteins of GP5, M and
N by 7 to 21 days after infection and virus-specific IgG by 21 days after infection that can persist for up
to one year after infection (73). This extended duration of neutralizing antibody production was signifi-

cantly longer than the estimated 6 weeks of viremia and 2-3 months of virus persistence (103, 114). EAV
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and LDV, which can establish lifelong persistence in horses and mice, respectively, induce neutralizing
antibodies typically targeting the GP5 N-terminal ectodomain (6). While the present study demonstrated
that SHFV can persist in baboons for more than 10 years, production of neutralizing antibodies directed
against the SHFV GP7, or any other viral proteins, has not yet been analyzed. Analysis of SHFV neutral-
izing antibodies in persistently infected baboons may provide further understanding of the differential
immune response to SHFV infection in disease-resistant and disease-susceptible monkeys. Several hem-
orrhagic fever viruses are able to productively infect human DCs but induce only a limited set of pro-
inflammatory cytokines in these cells compared to M®s (9). Interestingly, hemorrhagic fever virus infec-
tion of human DCs was shown to inhibit expression of several cell surface receptors required for activa-
tion of T and B-cells, including CD86, HLA-DR, CDI11c and CD83 while surface expression of the
CCRS cytokine/chemokine receptor was maintained suggesting that DC maturation is suppressed and
these cells are more sensitive to cytokine signaling (9). It remains to be determined whether expression of
these surface receptors are altered by SHFV infection in mDCs isolated from macaques and/or baboons. It
is possible that the ability of macaque mDCs to activate T and B-cells is suppressed after SHFV infection
while infected baboon mDCs are still able to induce T and B-cell mediated immunity. The observation of
CCRS5 down-regulation and increased surface expression of co-stimulatory markers, such as CD83, CD86
and/or HLA-DR on SHFV-infected baboon mDCs would suggest that mDC maturation is not inhibited by
infection.

Previous studies of LDV and PRRSV infections in cultured murine or porcine M®s, respectively,
indicated that less than 10% of the cells are infected by 24 h suggesting that only a subpopulation of
these cells are permissive to infection (37, 63, 93). This limited host cell trophism was suggested to be
due either to differential expression of cell surface receptors required for viral attachment and entry or to
specific host proteases required for a productive viral infection. Data from the present study showed that
10% of M®s from disease-resistant baboons but the majority of M®s from disease-susceptible macaques
were permissive to SHFV infection. These data indicate that SHFV infection of baboon M®s is similar to

what is observed for infections by other arteriviruses of M®s obtained from their natural hosts while the
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highly efficient infection of macaque M®s is the exception. Arterivirus attachment to host cells is de-
pendent on interaction with heparin sulfate as well as sialoadhesin followed by CD163 binding which is
needed for virus entry (14, 26). It has not yet been determined whether M® populations isolated from ba-
boons and macaques differ in the levels of the three critical cell surface proteins. Cellular proteases, such
as aspartic protease cathepsin E and an unidentified trypsin-like serine protease, are required for PRRSV
uncoating in M®s (82). Whether macaque M®s are more permissive to SHFV infection due to differ-

ences in host proteases present in macaque and baboon M®s could also be analyzed.

6.2 Modulation of Host Responses by Viral Proteins

Multiple infectious clones for EAV and PRRSV strains have been constructed (34, 85) and used
to investigate viral replication as well as the induction of host immune responses. The SHFVic contructed
as part of this study is the first full-length cytopathic cDNA infectious clone of SHFV. The SHFV clone
also represents the longest known full-length RNA genome that has been stably maintained within a sin-
gle plasmid because the infectious cDNA clones of coronaviruses are maintained as separate fragment
clones due to instability of maintaining full-length clones in a single plasmid (137, 139). This clone repre-
sents a valuable tool for further studies of virus replication in the MA104 cell line as well as virus replica-
tion and induction of host responses in primary cell cultures from disease-resistant and susceptible pri-
mates.

Attempts to construct an infectious clone based on the Genbank consensus sequence did not pro-
duce infectious progeny virus suggesting the Genbank consensus, which was derived from shot-gun clon-
ing and sequencing using radioactive chain termination sequencing contained errors that prevented the
formation of infectious virus after transfection of full length in vitro transcribed RNA (102). Re-
sequencing of the entire genome directly from RNA isolated from a virus pool, as well as sequencing of
multiple cDNA clones by 454 sequencing, identified multiple changes from the Genbank consensus, in-
cluding an insertion-deletion that changed a stretch of ten amino acids. All 18 nt changes were incorpo-

rated into the cDNA clone and transfection of RNA transcribed from this clone produced virus compara-
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ble to RNA isolated directly from the parental SHFV LVR pool. However, all 18 nts may not be required
for production of infectious virus and additional work is needed to determine which of the substitutions is
critical.

Previous studies indicated that the nspl proteins of EAV and PRRSV inhibit cell anti-viral re-
sponses such as NF-kB and IFNf as well as have functions in viral genome replication and sg mRNA
transcription (62, 64, 109, 119, 120). Also, both nspla and nsp1p of PRRSV were reported to be able to
transcriptionally suppress TNF-a expression (112). Data from the present study indicate that SHFV pro-
duces three nspl proteins in infected MA104 cells. The nspla and nsply proteins were observed in both
the cytoplasm and nucleus of infected cells, while nsp1p was only present in the cytoplasm. It has not yet
been determined which, if any, of the SHFV nspl proteins may affect the differential IFNP expression
observed in the primary cell cultures from disease-resistant and disease-susceptible monkeys. The func-
tions of each nsp1 protein can now be investigated in the context of a virus infection using mutated infec-
tious clones to transfect primary cell cultures.

Previous studies also showed that the nucleocapsid proteins of both PRRSV and EAV localize to
the nucleolus of infected cells due to a bipartite pat7 NLS and an adjacent NoLS (91, 94, 121). Analysis
of pigs infected with a mutant PRRSV that had the NLS of the nucleocapsid protein substituted indicated
that nuclear localization of the nucleocapsid protein is required for efficient viral replication as well as for
modulation of host responses such as suppression of antibody production (91). Interestingly, the nucle-
ocapsid protein of the coronavirus, severe acute respiratory syndrome (SARS-CoV) also localizes to the
nucleus of infected cells by a similar bipartite NLS where it binds to the NF-kB element in the i16 gene
promoter leading to induction of IL-6 (141). IL-6 production during SARS-CoV infection has been asso-
ciated with the cytokine storm and damaging inflammatory response observed in SARS patients. Data
from the present study showed that IL-6 production increased in macaque-derived cells after SHFV infec-
tion but not in baboon-derived, infected cells suggesting differential NF-xB activation in cells isolated
from the two types of primates. In data not shown, the SHFV nucleocapsid was found to localize to the

nucleolus of MA104 cells by 12 h after infection. It remains to be determined whether nucleocapsid sub-
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cellular localization is similar in M®s and mDCs isolated from baboons and macaques. Also, additional
preliminary data (data not shown) suggest that NF-xB is activated in macaque cells but not in baboon
cells. Mutant SHF Vic-derived viruses could be used to analyze nucleocapsid activation of NF-«xB in pri-

mary cell cultures.
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