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The Lack of Maturation of Ebola Virus-Infected Dendritic Cells
Results from the Cooperative Effect of at Least Two Viral Domains
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Ebola virus (EBOV) infections are characterized by deficient T lymphocyte responses, T lymphocyte apoptosis, and lym-
phopenia in the absence of direct infection of T lymphocytes. In contrast, dendritic cells (DC) are infected but fail to mature
appropriately, thereby impairing the T cell response. We investigated the contributions of EBOV proteins in modulating DC
maturation by generating recombinant viruses expressing enhanced green fluorescent protein and carrying mutations affecting
several potentially immunomodulating domains. They included envelope glycoprotein (GP) domains, as well as innate response
antagonist domains (IRADs) previously identified in the VP24 and VP35 proteins. GP expressed by an unrelated vector, but not
the wild-type EBOV, was found to strongly induce DC maturation, and infections with recombinant EBOV carrying mutations
disabling GP functional domains did not restore DC maturation. In contrast, each of the viruses carrying mutations disabling
any IRAD in VP35 induced a dramatic upregulation of DC maturation markers. This was dependent on infection, but not inter-
action with GP. Disabling of IRADs also resulted in up to a several hundredfold increase in secretion of cytokines and chemo-
kines. Furthermore, these mutations induced formation of homotypic DC clusters, which represent close correlates of their mat-
uration and presumably facilitate transfer of antigen from migratory DC to lymph node DC. Thus, an individual IRAD is
insufficient to suppress DC maturation; rather, the suppression of DC maturation and the “immune paralysis” observed during
EBOV infections results from a cooperative effect of two or more individual IRADs.

bola virus (EBOV), along with Marburg virus, is a member of

the family Filoviridae. The virus causes a severe hemorrhagic
fever in humans with exceptionally high, up to 90%, mortality and
even greater, up to 100%, mortality in nonhuman primates
(NHP) (1). After the first recorded outbreak in 1976 (2), out-
breaks of EBOV infections have occurred regularly. The latest
deadly outbreaks occurred in July 2012 in Uganda and in Au-
gust to October 2012 in the Democratic Republic of the Congo
(DRC), and a new EBOV outbreak started in Uganda in
November 2012 (3).

Infections with EBOV lead to “immune paralysis” characterized
by deficient T lymphocyte responses, T lymphocyte apoptosis, and
lymphopenia, despite the lack of infection of T lymphocytes (4). In
contrast, dendritic cells (DC), along with macrophages, are believed
to be the primary targets of the virus in both humans and NHP (5-7),
yet they do not undergo normal maturation despite the infection (8,
9). Importantly, inactivated preparations of EBOV not only fail to
stimulate human DC (8, 9) but actually inhibit activation of DC in
response to other stimuli (9). Depending on their maturation state
and presentation of antigen, DC promote either T lymphocyte sur-
vival or apoptosis (10), the latter of which, if related to interleukin 2
(IL-2) deprivation, can be overcome by a cytokine cocktail (11).
Thus, the lack of a functional T lymphocyte response to EBOV may
be directly related to the lack of proper DC maturation.

Glycoprotein (GP) is the only envelope protein of EBOV and is
atypel transmembrane protein (12). Posttranslational cleavage of
the protein results in two major subunits, the N-terminal GP1 and
the C-terminal GP2, which are connected by a disulfide bond,
and they form trimers (13, 14). GP1 is heavily glycosylated with N-
and O-linked carbohydrates and is also C-mannosylated (15, 16).
The mucin domain of GP causes rounding and detachment of
infected cells, resulting from a strong global downregulation of
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cell surface proteins and a loss of cell adherence, without causing
cell death (17, 18). Another study described GP as the main viral
determinant of vascular cell toxicity and injury (19), which was
suggested to be mediated by a dynamin-dependent protein-traf-
ficking pathway (20). The GP-induced cytotoxicity was also
shown to be mediated by the ERK mitogen-activated protein ki-
nase pathway (21). A single amino acid, aspartic acid, in position
71 of GP1 was suggested to be responsible for cell rounding. Re-
placement of this amino acid with glutamic acid in the adenovirus
type 5-vectored vaccine construct completely abolished cell
rounding (22). A 17-amino-acid-long immunosuppressive do-
main of EBOV is highly similar to the domain in the p15E enve-
lope proteins of nononcogenic retroviruses (23, 24). The biologi-
cal effects of the immunosuppressive domain of retroviruses have
been studied extensively and include disabling the activity of pro-
tein kinase C, which is involved in T cell activation, suppression of
cell-mediated immunity, and the induction of an imbalance be-
tween Th1 and Th2 responses (25). The peptides corresponding to
the immunosuppressive domain of EBOV showed strong sup-
pression of activation and strong apoptosis of human CD4* and
CD8™" T cells (24). However, without a direct demonstration of
the domain’s effects during EBOV infection, its role in pathogen-
esis remains unknown. The soluble (secreted) GP (sGP) (26, 27),
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TABLE 1 Recombinant viruses generated for the study

Virus name Gene/protein

Mutated amino acids and nucleotides

Description of mutations

EBOV/GP-R587D-K588D" GP

EBOV/GP-1584L GP 1584L; ATC—CTC
EBOV/AsGP GP AAAAAAA—AAGAAGAA
EBOV/GP-E71D GP E71D; GAA—>GAT
EBOV/VP24-K142A VP24 K142A; AAG—GCG
EBOV/VP35-R312A VP35 R312A; CGT—GCT
EBOV/VP35-F239A VP35 F239A; TTC—GCC
EBOV/VP35-R322A VP35 R322A; CGA—GCA

R587D and K588D; CGT—GAT and AAG—GAC

Disabling the immunosuppressive domain (55)

Replacement of the immunosuppressive domain
with that of EBOV Reston

Disabling the expression of sGP and stabilizing the
transcriptional editing site by three point
mutations (56)

Abrogation of cell rounding (22)

Disabling of an IRAD (38)

Disabling of an IRAD (40, 42, 81, 82)

Disabling of an IRAD (57)

Disabling of an IRAD (57)

“ The virus was not capable of replication.

which is an alternative form of the protein produced from the GP
gene as a result of alternative transcription, was demonstrated to
inhibit neutrophils (28). A recent study demonstrated that sGP
competes with anti-GP antibodies and subverts the immune re-
sponse to induce cross-reactivity with epitopes it shares with
membrane-bound GP1 and GP2 (29).

Two EBOV proteins, VP24 and VP35, each antagonize the in-
nate immune response through multiple mechanisms (30).
Translocation of phosphorylated STAT1 to the nucleus is neces-
sary for transcriptional activation of multiple genes induced by
type I interferon (IFN-I). This translocation is triggered by its
interaction with karyopherin a1l (KPNal) and possibly other
NPI-1 proteins (31-33). EBOV VP24 protein interacts with
KPNal, thereby preventing translocation of STAT-I (34), and
also interacts with heterogeneous nuclear ribonuclear protein
complex C1/C2 (hnRNP C1/C2), partially altering its nuclear
transport (35). VP24 also blocks the phosphorylation of p38 (36),
which triggers the phosphorylation of transcription factors medi-
ating the IFN response (37). The interaction of VP24 with KPNa1
is completely prevented by a K142A mutation (38).

VP35 blocks the induction and phosphorylation of IFN regu-
latory factor 3 (IRF-3) and inhibits the IFN production induced by
RIG-I signaling (39, 40). Introduction of K319A and R322A mu-
tations in the VP35 protein abrogated its double-stranded RNA
(dsRNA) binding activity and severely impaired its ability to sup-
press IFN-a/p production but did not affect the primary polymer-
ase function of the protein; the resulting virus was attenuated in
guinea pigs (41).

The ability of EBOV VP24 and VP35 proteins to antagonize the
innate immune response is associated with separate clusters of
amino acids located at or around positions 42 and 142 to 146 in
VP24 (38) and 239, 240, 305, 309, 312, 319, 322, and 339 in VP35
(38,42, 43). The mechanisms by which innate immunity is inhib-
ited by these specific amino acids in both VP24 and VP35 partially
overlap, and the degree of their dependence on each other is still
unclear. Since some of these regions only weakly suppress the IFN
response while strongly suppressing other components of innate
immunity (38, 42, 43), we will refer to them as the innate response
antagonist domains (IRADs), rather than IFN antagonist do-
mains.

Here, we investigated how EBOV infection prevents effective
DC maturation. We hypothesized that the deficient adaptive im-
mune response during EBOV infections could result from the
effects of one or several of the potentially immunomodulating
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domains located in GP, or IRADs located in VP24 and VP35. To
investigate why EBOV does not cause DC maturation, we used
two approaches: (i) a comparison of DC maturation induced by a
chimeric virus carrying the envelope GP of EBOV and the rest of
the proteins from human parainfluenza virus type 3 (HPIV3) (44)
with maturation induced by EBOV and (ii) a comparison of DC
maturation induced by a panel of recombinant EBOVs in which
the potential immunomodulating domains were disabled by point
mutations with that induced by the nonmutated (wild-type [wt])
EBOV. Consistent with previous studies (8, 9), we found that wt
EBOV induced no or weak maturation of human DC. However,
EBOV GP by itself was found to be a strong inducer of DC matu-
ration, and none of the functional domains in the GP had a sig-
nificant effect on DC maturation. In contrast, each of the viruses
carrying mutations disabling any IRAD induced a dramatic in-
crease in DC maturation and/or an even more dramatic (up to
several hundredfold) increase in secretion of chemokines. This
was accompanied by the formation of homotypic DC clusters,
which represents a close correlate of their maturation and antigen-
presenting potential (45). Neither the wt EBOV nor the viruses
carrying mutations in GP induced DC clusters. Collectively, these
results suggest that the effect of each individual IRAD is insuffi-
cient to suppress DC maturation, and thus, the strong suppression
of DC maturation by the virus results from the cooperative effect
of multiple IRADs.

MATERIALS AND METHODS

Viruses and cells. To generate the recombinant viruses, we used the
EBOV reverse genetics system, which included the “full-length clone,”
representing the plasmid carrying the genomic RNA of wt Zaire EBOV
under the control of T7 polymerase, previously modified by addition of
the transcriptional cassette encoding enhanced green fluorescent protein
(EGFP) between the NP and VP35 genes (46), generously provided by J.
Towner and S. Nichol (CDC). The system also included the five “support
plasmids” encoding the EBOV components of the polymerase NP, VP35,
L, and VP30, and also T7 polymerase (47), kindly provided by Y. Kawaoka
(University of Wisconsin) and H. Feldmann (NIH). The full-length clone
was used to introduce the mutations described in Table 1. To generate the
mutations in the GP or VP24 gene, the Sall-Sacl fragment of the pEBOV
plasmid encompassing a part of EBOV, including the GP gene, was cloned
ina pUC19 plasmid digested by the same enzymes. The resulting subclone
was subjected to mutagenesis using the QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA), followed by replacement of the
corresponding fragment in pEBOV with its mutagenized copy. The mu-
tations in VP35 were introduced in a similar manner, with the exception
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that the Apal-Nrul fragment of the EBOV plasmid encompassing part of
the genome encoding VP35 was cloned in the pcDNA3 plasmid (Invitro-
gen, Carlsbad, CA) digested by the same enzymes and was subjected to
mutagenesis as described above. The recovered recombinant viruses were
amplified by two passages in Vero-E6 cells, and the presence of the muta-
tions was confirmed by sequencing the entire viral genomes; no reversions
to the wt genotype or occurrence of any other mutations were observed in
any part of the genome of any of the viruses. The growth kinetics of the
viruses were compared in triplicate Vero-E6 monolayers; cells were in-
fected at a multiplicity of infection (MOI) of 0.1 PFU/cell, incubated for 2
h, washed three times with phosphate-buffered saline, covered with min-
imal essential medium (MEM) with 2% fetal bovine serum, and incubated
for 5 days. Daily aliquots were collected, flash frozen, and used for quan-
titation of the viruses by plaque titration. Plaques positive for EGFP were
counted under a UV microscope. The statistical significance of the differ-
ences between the titers for each mutant compared to that for wt EBOV
were evaluated by paired-sample t tests. The other viruses used in the
study, HPIV3/AF-HN/EboGP (44) and HPIV3, were also propagated in
Vero-E6 cells, and the concentrations of all the viruses were determined
by plaque titration in Vero-E6 cell monolayers under a 0.9% methylcel-
lulose overlay. Plaques of HPIV3/AF-HN/EboGP and HPIV3 were
counted under bright-field microscopy or after immunostaining with
rabbit serum specific for HPIV3, followed by treatment with goat anti-
rabbit IgG antibodies conjugated with horseradish peroxidase and stain-
ing of the antigen with the 4CN two-component peroxidase substrate
system (KPL, Gaithersburg, MD). Work with the EBOV full-length clone
was performed in a laboratory approved by the NIH Recombinant DNA
Advisory Committee. All work with EBOV was performed in the biosafety
level 4 (BSL-4) facility of the Galveston National Laboratory and in the
BSL-4 facility of the Robert E. Shope Laboratory (University of Texas
Medical Branch [UTMB]). All staff had the appropriate training and U.S.
government permissions and registrations for work with the full-length
clone and with EBOV.

Analysis of GP by Western blotting. Infected or mock-infected
Vero-E6 cells were harvested at day 1 or 2 postinfection, resuspended in
lysis buffer (100 mM Tris-HC, 0.03% Triton X-100, 5 mM MgCl,, 4%
SDS), and heated for 10 min at 95°C. Cell lysates were separated in Nu-
PAGE 4 to 12% Bis-Tris gels, along with Novex Sharp Pre-Stained Protein
Standard, and proteins were transferred to nitrocellulose membranes us-
ing the iBlot Gel transfer system (Invitrogen). The membranes were in-
cubated with primary rabbit polyclonal antibodies against EBOV strain
Mayinga (kindly provided by T. Ksiazek, University of Texas Medical
Branch) and secondary goat anti-rabbit IgG antibodies conjugated with
horseradish peroxidase (1:2,000; KPL). Protein bands were visualized us-
ing the chromogenic 4CN two-component peroxidase substrate system
(KPL), scanned, and quantified using Image] software, version 1.46 (NIH,
Bethesda, MD).

Isolation of monocytes and generation of DC. Deidentified buffy
coats obtained from the blood of healthy adult donors according to a
clinical protocol approved by the UTMB Institutional Review Board were
provided by the UTMB Blood Bank. CD14™ monocytes were purified by
positive selection using anti-CD14 monoclonal-antibody-coated mag-
netic microbeads according the manufacturer’s instructions (Quadro-
MACS; Miltenyi Biotech, Auburn, CA). The purity of the CD14" cells was
determined to be greater than 98% by flow cytometry using anti-CD14-
phycoerythrin (PE) monoclonal antibodies (BD Biosciences, San Jose,
CA). The monocytes were placed in 6-well plates at 1.2 X 10° cells per well
in Advanced RPMI 1640 medium (Invitrogen) supplemented with 10%
heat-inactivated fetal bovine serum (Quality Biologicals, Gaithersburg,
MD), 2 mM 1-glutamine (Invitrogen), 0.05 mM B-mercaptoethanol, 50
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF)
(R&D Systems, Minneapolis, MN), 16 ng/ml interleukin-4 (IL-4) (R&D
Systems), 200 IU/ml penicillin, and 200 p.g/ml streptomycin sulfate
(Invitrogen). The cells were incubated for 7 days at 37°C, 5% CO,.
Following incubation, the cells had phenotypic characteristics of im-
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mature DC: CDlat CD14"" CD38"" CD11c"®", as determined by
flow cytometry.

Infection of DC. On day 7 of incubation with IL-4 and GM-CSF, the
immature DC were harvested, and their viability was tested by trypan blue
staining. Cells were seeded at 6 X 10° per well in 12-well plates; inoculated
at an MOI of 2 PFU/cell with the recombinant strains of EBOV listed in
Table 1, HPIV3/AF-HN/EboGP or HPIV3, or Escherichia coli O55:B5 li-
popolysaccharide (LPS) (Sigma, St. Louis, MO) at 1 ug/ml; and incubated
at 37°C, 5% CO,. Microscopy of infected DC was performed using an
Olympus IX71 microscope available in the BSL-4 facility of the Galveston
National Laboratory, and the images were taken using a Hamamatsu
ORCA-ER Monochrome digital camera with HCImage Live 4.0 software.
To determine viral titers in supernatants, DC were infected as described
above, incubated for 3 h, and washed three times, followed by centrifuga-
tion at 200 X g for 5 min to remove the unbound virus. Aliquots of
supernatants were collected daily, centrifuged as described above to sep-
arate the cells, and frozen. Thereafter, viral concentrations were deter-
mined by plaque titration in Vero-E6 monolayers covered with medium
containing 0.9% methylcellulose; EGFP plaques were counted under a UV
microscope on days 3 and 4 postinfection.

Flow cytometry analysis of DC. DC were analyzed for cell surface
expression of multiple markers of maturation by flow cytometry at 40
h postinfection. Most of the DC were collected by pipetting, and the
remaining cells, which were attached to the bottoms of the plates, were
collected by applying staining buffer (phosphate-buffered saline con-
taining 2% fetal bovine serum and 2 mM EDTA). The cells were pel-
leted by centrifugation at 200 X g at 4°C for 5 min, the buffer was
removed, and the pellet was resuspended in staining buffer. DC were
incubated for 20 min on ice in the dark with the monoclonal antibodies
anti-CD54-PE (clone HA58), anti-CD80-allophycocyanin (APC)-H7 (clone
L307.4), and anti-CD86-peridinin chlorophyll protein (PerCP)-Cy 5.5
(clone FUN-1). In addition, IgG1-PE, IgG1-APC-H7, and IgG2a-PerCp-
Cy5.5 were used as the respective isotype control antibodies (all from BD
Biosciences, San Jose, CA). Following incubation, the cells were washed
three times with the staining buffer and resuspended in 200 pl of the same
buffer. The Far Red fluorescent dye (Invitrogen) was used to evaluate cell
viability by flow cytometry. Data were acquired using a flow cytometer
(FACSCanto II; BD Biosciences) located in the BSL-4 facility of the
Galveston National Laboratory or using the LSRII Fortessa (BD Biosci-
ences) at the UTMB Flow Cytometry Core Facility following inactivation
of infectivity by formalin treatment according to the approved standard
operating procedure (SOP). The data were analyzed using FlowJo 7.6.1
software (Tree Star, Inc., Ashland, OR). The statistical significance of the
differences in median fluorescence intensity (MFI) values for each indi-
vidual mutant compared to that for wt EBOV were evaluated by paired-
sample ¢ test. The graphs were generated using Prism 6 software (Graph-
Pad, San Diego, CA).

Cytokine assays. DC culture supernatants were collected at 40 h post-
inoculation, inactivated by gamma irradiation according to the approved
SOP, and removed from the BSL-4 facility. Concentrations of cytokines
were determined using multiplex laser bead technology (Bioplex 200; Bio-
Rad, Hercules, CA) by Eve Technologies (Calgary, Canada).

Chemokine-driven migration assay. Immature DC were stimulated
with EBOV, EBOV/VP24-K142A, EBOV/VP35-R312A, or LPS for 48 h,
and their ability to migrate in response to a CCL19 concentration gradient
was evaluated using polycarbonate Transwell plates with 5-pum-diameter
pore size (Corning, Lowell, MA). Cell viability was analyzed by flow cy-
tometry using Far Red fluorescent reactive dye. Live DC were seeded in the
upper chamber at 1 X 10° per well in duplicate for each condition, and
CCL19 (1 pg/ml; R&D Systems, Minneapolis, MN) was added to the
lower chamber. After a 3-h incubation at 37°C, 5% CO,, DC that migrated
to the lower chamber were harvested, pelleted, resuspended in 200 wl of
fluorescence-activated cell sorter (FACS) buffer, and counted by flow cy-
tometry using FACSCanto II. Data were analyzed with FlowJo software.
The average number of DC specifically migrating in response to CCL19
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FIG 1 DCare not readily infected by EBOV. (A) Bright-field (left and middle)
and UV (right) microscopy of Vero-E6 cells (day 2; top) or DC (day 3; bottom)
infected or mock infected with wt EBOV. (B) Flow cytometry analysis of ex-
pression of EGFP by infected DC on days 1 to 5 after infection with wt EBOV.
The experiment with DC was repeated with cells derived from blood from two
different donors, which resulted in essentially similar results.

was calculated as follows: average number of stimulated DC that migrated
in the presence of CCL19 minus average number of stimulated DC that
migrated in the absence of CCL19. The statistical significance of the dif-
ferences in the numbers of migrating cells for each mutant compared to
that for wt EBOV was evaluated by paired-sample t test. The graph was
generated using Prism 6 software.

Stimulation of DC with immobilized EBOV. EBOV and EBOV/
VP35-R312A were diluted and adjusted to 1 X 10° PFU/ml and then

A

inactivated at 56°C for 60 min. The lack of infectivity was confirmed by
adding the inactivated viruses to Vero-E6 cells at an MOI of 2 PFU/cell. To
immobilize the viruses, a 96-well enzyme-linked immunosorbent assay
(ELISA) plate (Immulux HB; Dynex, Chantilly, VA) was coated with 150
pl of inactivated virus aliquots adjusted to 2 X 10° PFU/ml or equivalent
amounts of live viruses, and the plate was stored overnight at 4°C; equiv-
alent amounts of the viruses were stored overnight at 4°C in tubes. The
next day, the wells covered with viruses were washed 6 times with PBS,
inactivated viruses or viruses stored at 4°C in tubes were added to separate
wells, and 150,000 immature DC were added per well in order to achieve
an input MOI of 2 PFU/cell. For each condition, assays were performed in
quadruplicate. Cells were collected after 40 h, stained, and analyzed by
flow cytometry.

RESULTS

DC are poorly infected by EBOV. We used recombinant EBOV
expressing EGFP (46), referred to here as “wt EBOV,” to charac-
terize EBOV infection of immature human blood monocyte-
derived DC. Despite the addition of EGFP as an extra gene, the
growth kinetics of the virus were not reduced (46). Immature
DC were generated by 7-day-long incubation with IL-4 and
GM-CSF. Following infection of immature DC at an MOI of 2
PFU/cell, the infection kinetics were monitored daily by
bright-field and UV microscopy (Fig. 1A) and by flow cytomet-
ric quantification of EGFP-positive cells (Fig. 1B). Surpris-
ingly, we found that the proportions of EGFP-positive DC at 24
and 48 h postinfection were only 1.3% and 8.3%, respectively,
and even on day 5, the number of EGFP-positive cells did not
exceed 26.8%. In contrast, Vero-E6 cells were readily infected
at the same multiplicity; for example, by day 2, virtually all cells
were EGFP positive (Fig. 1A). These data suggest that DC are
not readily infected by EBOV.

Day 1 Day 2

12 3 4 4 3 2 1kDa
T - cPie BB "%
Nl - 110
80

HPIV3 F HPIV3 HN EBOV GP s . -

HPIV3 EBOV  HPIV3/AF-HNEboGP AN o
VP35
c
Mock HPIV3

HPIV3/AF-HN/EboGP

wt EBOV

LPS

FIG 2 GP of EBOV, not whole EBOV particles, induces the formation of homotypic clusters. (A) Schematic representation of the viral particles used in the study.
The EBOV proteins and RNA are depicted in red and pink, respectively, and those of HPIV3 in blue and light blue, respectively; the inserted EGFP gene is depicted
in green. (B) Western blot analysis of GP expressed by wt EBOV (lanes 2) or by HPIV3/AF-HN/EboGP (lanes 3) on days 1 and 2 postinfection. Lanes 1, protein
standards; lanes 4, mock infection. (C) Formation of homotypic clusters of DC infected with HPIV3/AF-HN/GP, but not EBOV or HPIV3, on day 2

postinfection.
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FIG 3 GP of EBOV induces maturation of DC. (A) Representative flow cytometry data on the expression of maturation markers CD54, CD80, and CD86; the
MEI values are shown in the upper right corner. (B) MFI of CD54, CD80, and CD86 normalized to the level of expression induced by wt EBOV in DC from the
same donor (100%, indicated by the red horizontal lines). The log,, MFI values * standard errors (SE) for DC infected with wt EBOV were 3.5 = 0.2,3.7 £ 0.1,
and 3.0 = 0.2, respectively, for the three markers of maturation. The values for each donor are indicated by symbols, and the mean values are indicated by
horizontal bars. Statistical significance for each treatment compared to wt EBOV: *, P < 0.05; **, P < 0.001.

The GP of EBOV, but not EBOV particles, induces the forma-
tion of homotypic clusters of DC. Because GP may affect the
immune response through multiple mechanisms, we tested the
role of whole GP in suppressing EBOV-induced maturation of
DC. To do so, we used three viruses: wt EBOV; HPIV3, which
causes only low-level DC maturation (48); and the replication-
competent chimeric virus HPIV3/AF-HN/EboGP, bearing an en-
velope consisting solely of EBOV GP and the rest of the proteins of
HPIV3 (Fig. 2A). Electron microscopy characterization of HPIV3/
AF-HN/EboGP particles demonstrated that it is covered by GP
spikes identical to those on the surface of EBOV (44). To compare
the levels of expression of GP by wt EBOV and by HPIV3/AF-HN/
EboGP, we infected monolayers of Vero-E6 cells with the two
viruses at an MOI of 2 PFU/cell and analyzed the protein by West-
ern blotting and densitometry (Fig. 2B). We found that the ex-
pression levels of GP in cells infected by HPIV3/AF-HN/EboGP
were 84% (day 1) and 87% (day 2) of that in cells infected by wt
EBOV. These data suggest that the two viruses express comparable
levels of the protein. We infected DC with each of the three viruses
at an MOI of 2 PFU/cell. Starting at 40 h postinfection, we ob-
served the formation of large homotypic clusters in DC infected
with HPIV3/AF-HN/EboGP. In contrast, DC infected with wt
EBOV or HPIV3 looked similar to mock-infected DC and showed
only occasional small homotypic DC clusters (Fig. 2C). The for-
mation of such clusters is mediated by transforming growth factor
Bl (TGF-B1)-induced E-cadherin, in cooperation with several
constitutively expressed adhesion molecules (49). This represents
a close correlate of their state of maturation (50). The formation of
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structures similar to such clusters was observed after viral infec-
tions in vivo (51) and is believed to facilitate stimulation of T cells
by various mechanisms, including the transfer of antigen from
migratory DC to lymph node DC (45). The formation of DC clus-
ters by HPIV3/AF-HN/EboGP, but not EBOV or HPIV3, indi-
cates that GP alone is insufficient to prevent the formation of
clusters during EBOV infections.

GP induces effective DC maturation. We next employed mul-
tiple markers to investigate the effect of GP on DC maturation.
They included CD54, CD80 (also known as B7-1), and CD86 (B7-
2). CD54 (or ICAM-1) is an intracellular adhesion molecule in-
volved in the interaction of DC with T cells (52). CD80 and CD86
are the ligands for costimulatory receptor CD28 necessary for T
cell activation and survival, respectively (53), and for CD152 (or
cytotoxic T cell antigen 4 [CTLA-4]), which is an inhibitory re-
ceptor (54). DC were infected with wt EBOV, HPIV3, or HPIV3/
AF-HN/EboGP as described above and analyzed by multicolor
flow cytometry at 40 h postinfection. Consistent with the previous
results (Fig. 2B), infection with HPIV3/AF-HN/EboGP, but not
wt EBOV or HPIV3, resulted in a dramatic upregulation of the
expression of CD54, CD80, and CD86 (Fig. 3). Specifically, the
expression levels of these three molecules were increased by 54%,
47%, and 146% over the level induced by wt EBOV. These data
suggest that GP effectively induces DC maturation, which is likely
suppressed by some other components of EBOV.

Generation of EBOV carrying disabling mutations in the pu-
tative immunomodulating domains. The experiments with
HPIV3/AF-HN/EboGP described above suggest that GP is un-
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FIG 4 (A) Generation of the recombinant viruses. Recombinant EBOVs were generated that express EGFP and carry amino acid mutations in GP, IRADs located
in the VP35 and VP24 proteins, or the RNA-editing site to disable the transcription of sGP and to restore the open reading frame encoding the transcription of
the full-length GP1/2 without the requirement for transcriptional editing. The enlarged GP gene is shown in blue, with the functional elements of the protein
indicated in yellow, and the EGFP gene is shown in light green. The transcriptional gene start and gene stop signals are shown as green and red bars, respectively,
and the introduced mutations are indicated with red arrows. (B) Viral titers in supernatants of Vero cells infected with the indicated viruses (mean = SE based
on triplicate samples). For some values, the error bars cannot be seen due to their small size.

likely to significantly contribute to the suppression of DC matu-
ration. However, the possibility exists that the functional domains
present in GP may quantitatively or qualitatively modulate DC
maturation. To determine the role of the putative immune-mod-
ulating domains of GP, and of the IRADs located in VP24 and
VP35, in the formation of homotypic DC clusters, DC matura-
tion, and secretion of cytokines and chemokines, we designed a
panel of eight mutant EBOVS, each carrying one individual amino
acid substitution in GP, VP24, or VP35 and each expressing EGFP
(Fig. 4A). Specifically, we introduced the mutation E71D in GP to
disable cell rounding mediated by the protein (22); the mutations
R587D and K588D in GP, which disable the protein kinase C
phosphotransferase activity of a peptide homologous to the im-
munosuppressive domain of the retroviral p15E protein (55); and
the mutation I584L (24) to convert the immunosuppressive do-
main of EBOV to that of Reston, which is a filovirus believed to be
nonpathogenic for humans, and replaced the GP editing site AA
AAAAA with AAGAAGAA, as in our previous study, to transcrip-
tionally stabilize the site and to disable the production of the se-
creted GP protein (56). We also disabled IRADs in VP24 by
introduction of the mutation K142A (38) and in VP35 by individ-
ual introductions of the mutation F239A, R312A, or R322A (57,
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58). With the exception of VP35 R312A, the effects of the four
mutations disabling IRADs were previously tested using plasmid-
expressed proteins, and therefore, their roles in EBOV infection
remained largely unknown, as did the role of any of the four mu-
tated amino acids in DC maturation. Seven mutated viruses,
EBOV/GP-E71D, EBOV/GP-1584L, EBOV/AsGP, EBOV/VP24-
K142A, EBOV/VP35-R312A, EBOV/VP35-F239A, and EBOV/
VP35-R322A, were successfully recovered (Table 1). When the
full-length clone with mutations R587D and K588D in the GP
gene was used in the virus recovery experiments, isolated EGFP-
positive cells were visible under UV microscopy after transfection.
However, attempts to propagate the virus were unsuccessful, sug-
gesting that the mutations were incompatible with the ability of
EBOV to replicate. Next, we compared the multistep growth ki-
netics of the mutants in Vero-E6 cells (Fig. 4B), which demon-
strated the marginally increased replication of EBOV/GP-1584L
and the marginally reduced replication of EBOV/VP35-R312A
(Fig. 4B) with no significant difference in any viruses.

IRADs modulate EBOV infection of DC. Next, we determined
the effects of the mutations on the ability of EBOV to infect DC.
DC infected with any of the viruses carrying mutations in GP
appeared morphologically identical to those infected with the wt
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FIG 5 Disabling of IRADs alters EBOV infectivity for DC. (A) Bright-field (top) and UV (bottom) microscopy of the same field on day 3 postinfection of DC with
the indicated viruses. DC infected with EBOV/VP24-K142A demonstrated greater intensity of EGFP than those infected with wt EBOV, while no EGFP-positive
cells were visible among DC infected with the three VP35 mutants. (B) Flow cytometry analysis of EGFP expression on day 2 after infection of DC with the viruses
indicated in panel A. Percentages of EGFP™ cells and MFI are shown. The experiment was performed three times. (C) Percentages (left) and MFI (right) of
EGFP" DC on days 1 to 5 postinfection for wt EBOV and the two mutants. The experiment was performed two times. Note that DC from different donors were
used in the experiments shown in panels A, B, and C, which had somewhat different levels of susceptibility to the viruses.

EBOV (data not shown). Surprisingly, UV microscopy demon-
strated a greater number of infected cells for EBOV/VP24-K142A
than for the wt EBOV. In contrast, for the three VP35 mutants,
EGFP-positive cells were either absent or barely visible (Fig. 5A).
We next determined the percentages of EGFP-positive cells and
the level of EGFP expression by flow cytometry (Fig. 5B and C).
These experiments demonstrated that, following infection with
the viruses carrying mutations in GP, the percentages and MFIs of
EGFP-positive cells were essentially the same as those of cells in-
fected with wt EBOV (data not shown). As expected, after infec-
tions with any of the three VP35 mutants, percentages of EGFP-
positive DC were strongly reduced compared to that for wt
EBOV-infected DC. Consistent with the results of UV micros-
copy, infection with EBOV/VP24-K142A resulted in an increase
in the percentages of EGFP-positive cells. The reason for this phe-
nomenon is unclear. It could be related to suppression of protein
translation by the VP24-encoded IRAD, which was disabled by the
mutation, or to some other, unknown mechanism.

A recent study demonstrated abortive replication of influenza
virus in mouse DC (59). To determine if the very low level of
infection observed for the VP35 mutants was the result of abortive
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EBOV replication in DC, we quantified infectious wt EBOV in
supernatants of infected DC by plaque titration in Vero-E6 cell
monolayers. We found that the titers of the tested VP35 mutant
were well above the limit of detection and that of the VP24 mutant
was comparable to that of the wt EBOV (Fig. 6), indicating effec-
tive release of infectious viral particles from the cells. In addition,

6
5
_ —e— Wt EBOV
E 4
S —&— EBOV/VP24 K142A
w
e 3 —e— EBOV/VP35 R312A
>
5 2
1 Limit of detection
0

1 2 3 4 5 6
Days post infection

FIG 6 Viral titers in supernatants of DC infected with the indicated viruses
(mean * SE based on triplicate samples). For some values, the error bars
cannot be seen due to their small size.
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FIG 7 Formation of homotypic DC clusters (day 2 postinfection). Disabling
any of the four EBOV IRADs by a single point mutation each results in effective
formation of homotypic clusters by infected DC.

no differences in the viabilities of DC infected with wt EBOV and
mutated viruses were detected (data not shown).

The formation of homotypic clusters by wt EBOV-infected
DC is prevented by the cooperative effect of at least two IRADs.
The viruses described above were used for 40-h-long infections of
DC at an MOI of 2 PFU/cell. Consistent with the previous results
(Fig. 2C), infection with wt EBOV did not cause the formation of
DC clusters. The mutations in the GP gene caused no significant
changes in the phenotypes of infected DC compared to wt EBOV
(data not shown). Surprisingly, each of the four viruses with
mutations in VP24 or VP35 IRADs induced formation of ho-
motypic DC clusters (Fig. 7) similar to that induced by HPIV3/
AF-HN/EboGP (Fig. 2C). The most dramatic effect was ob-
served for EBOV/VP35-R312A, which induced formation of
the largest clusters. These data suggest that none of the VP24
and VP35 IRADs may effectively prevent the formation of ho-
motypic clusters of EBOV-infected DC when acting indepen-
dently of the other IRADs. Therefore, the formation of clusters
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by EBOV-infected DC is prevented by the cooperative effect of
multiple IRADs.

The effects of individual IRADs are not sufficient to suppress
DC maturation. A multiparameter flow cytometry analysis of in-
fected DC demonstrated, consistently with the experiment shown
in Fig. 3, the lack of maturation of cells infected with wt EBOV. In
contrast, infections with EBOV/VP35-R312A induced a dramatic
upregulation of CD54, CD80, and CD86, by 129%, 48%, and
210% over the wt EBOV level (the data normalized to results with
wt EBOV are shown in Fig. 8). Infections with EBOV/VP35-
F239A and EBOV/VP35-R322A resulted in comparable increases
of all three maturation markers, although the increase of some of
them did not reach statistical significance due to large donor-to-
donor variations. Infections with EBOV/VP24-K142A resulted in
a strong increase in the level of CD86 in DC from three out of six
donors. These data indicate that none of the individual IRADs is
sufficient to suppress maturation of EBOV-infected DC, and
therefore, IRADs located in separate parts of VP35 act coopera-
tively to suppress DC maturation during EBOV infection.

The mutated EBOVs induce maturation of both infected and
uninfected DC. Even though only a fraction of DC infected with
wt EBOV or EBOV/VP24-K142A, and even much smaller frac-
tions of those infected with VP35 mutants, were EGFP positive
(Fig. 5A and B), the majority of the DC exposed to any of the
mutated viruses appeared to be matured (Fig. 8A and B). To de-
termine how the efficiency of infection affects DC maturation, we
compared the levels of expression of the maturation markers in
EGFP-positive and EGFP-negative populations of DC infected
with each of the three VP35 mutants. We found that infections
resulted in upregulation of both EGFP-positive and EGFP-nega-
tive cells, with somewhat greater increase of CD54 in EGFP-posi-
tive than in EGFP-negative cells and of CD86 in EGFP-negative
cells than in EGFP-positive cells, and comparable levels of upregu-
lation of CD80 in the two cell populations (Fig. 9). Overall, no
significant difference between EGFP-positive and EGFP-negative
DC was observed for any of the three maturation markers. These
data demonstrate that effective infection of DC by the mutants, as
evidenced by the expression of EGFP, is not absolutely required
for the induction of their maturation, which may be caused by a
low-level infection or by a transfer of antigen from infected to
uninfected cells (see Discussion).

Disabling at least one IRAD is sufficient to induce secretion
of chemokines and cytokines. We next quantified 65 cytokines
and chemokines in the supernatants from DC infected with the
mutant or wt EBOV 40 h postinfection by a bead-based multiplex
assay. We first tested supernatants of DC isolated from subject 1,
which were infected with HPIV3/AF-HN/EboGP, EBOV/VP24-
K142A, EBOV/VP35-R312A, EBOV/VP35-F239A, or EBOV/VP35-
R322A. To determine reproducibility and donor-to-donor varia-
tions, the analysis was repeated with cells from subject 2, which
were infected with HPIV3/AF-HN/EboGP, EBOV/VP24-K142A,
and EBOV/VP35-R312A (infections with EBOV/VP35-F239A or
EBOV/VP35-R322A were not repeated, since all three VP35 mu-
tants generally demonstrated upregulation of the same set of cy-
tokines and chemokines). Analysis of supernatants of infected DC
from subject 2 demonstrated a profile of upregulated cytokines
and chemokines similar to that of cells from subject 1. We found
that infection with each of the four mutants, as well as HPIV3/
AF-HN/EboGP, resulted in a dramatic, up to several hundredfold,
upregulation of multiple cytokines and chemokines involved in
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FIG 8 Disabling any of the individual EBOV IRADs by a single point mutation each results in effective maturation of infected DC. (A) Expression of maturation
markers CD54 and CD86 by DC infected with the indicated viruses; the MFI values are shown in the upper right corner. (B) MFI of CD54, CD80, and CD86
normalized to the level of expression induced by wt EBOV in DC from the same donor (100%, indicated by the red horizontal lines). The log,, MFI values = SE
for DC infected with wt EBOV were 3.5 = 0.1, 3.5 = 0.1, and 2.7 £ 0.2 for the three markers of maturation. Values for each donor are indicated by the same
symbol in each plot, and the mean values are indicated by horizontal bars. Statistical significance of values for each individual mutant or LPS treatment compared
to wt EBOV: *, P < 0.05; **, P < 0.01. Note that most of the DC samples were also included in the experiment shown in Fig. 3.

the induction of immune responses (the data normalized to re-
sults with wt EBOV are shown in Fig. 10). For example, the level of
CXCL10 induced by EBOV/VP35-R312A infection of DC from
two donors was increased 243- and 100-fold over that induced
by wt EBOV. Importantly, we detected a strong increase in the
levels of chemokines in DC infected with EBOV/VP24-K142A
compared to wt EBOV. Specifically, the levels of CCL2 in both
donors were increased 4- and 10-fold, those of CCL7 9- and
40-fold, those of CCL5 7- and 14-fold, and those of CCL8 17-
and 9-fold (Fig. 10).

The levels of IFN-« and IFN-vy were elevated 12 to 278% in
supernatants of DC infected with any of the four mutants, as well
as with HPIV3/AF-HN/EboGP, over that induced by wt EBOV
(Fig. 10). Importantly, cytokines strongly upregulated due to dis-
abling of the individual IRADs included platelet-derived growth
factor (PDGF) and vascular endothelial growth factor (VEGF).

Interestingly, the sets of upregulated cytokines and chemo-
kines induced by the VP24 mutant, the VP35 mutants, and
HPIV3/AF-HN/EboGP were not identical. For example, CCL7
was upregulated by the VP24 mutant, but not the VP35 mutants.
In contrast, CXCL10, CCL5, CCL8, and tumor necrosis factor
alpha (TNF-a) were upregulated by the three VP35 mutants, but
not by the VP24 mutant.

IRADs reduce chemotaxis of EBOV-infected DC. Since the
IRADs appear to block the expression of the maturation markers

July 2013 Volume 87 Number 13

and the secretion of cytokines and chemokines by the infected DC,
we hypothesized that they may also suppress their migration to-
ward a chemokine gradient, which is a key step required for the
induction of a T cell response. To test this possibility, we infected
DC with wt EBOV, EBOV/VP24-K142A, or EBOV/VP35-R312A
or mock infected them as described above for 40 h and placed
100,000 infected cells in the upper chambers of polycarbonate
Transwell plates separated from the lower chambers by a mem-
brane with 5-pwm-diameter pores and tested their migratory ca-
pacity in response to CCL19. DC are polymorphic and typically
several micrometers in diameter and therefore are able to slowly
migrate through 5-pm pores. The lower chambers were filled with
a medium containing the CCL19 chemokine at 1 pg/ml. After a
3-h-long incubation, cells from the lower chamber were collected
and quantitated by flow cytometry. Despite the lack of maturation
of DC infected with the wt EBOV, we observed some migration at
a level exceeding that for the mock-infected DC. However, infec-
tion with EBOV/VP24-K142A or EBOV/VP35-R312A increased
the number of cells that migrated to the lower chamber over that
of DC infected with wt virus in each donor tested (Fig. 11). Spe-
cifically, the mean increases for the two viruses were 80% and
382%, although for EBOV/VP24-K142A, the increase was not sta-
tistically significant due to the variation between the samples.
These data suggest that each of the IRADs located in VP24 and
VP35 contributes to the inhibition of migration of infected DC
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FIG 9 The mutated EBOVs induce maturation regardless of the level of infection. (A) CD86 expression in EGFP" (green histograms) and EGFP~ (black
histograms) DC. (B) Expression of the three maturation markers in EGFP* and EGFP~ DC infected with the four mutants and normalized to the levels of the
markers in DC infected with wt EBOV (100%). The log,, MFI values = SE for EGFP" DC infected with wt EBOV were 3.1 * 0.3,3.4 = 0.1,and 3.1 = 0.2 for the
three markers of maturation, and the respective values for EGFP™ DC were 3.5 * 0.2, 3.7 = 0.1, and 2.9 = 0.2. Values for each donor are indicated by the same
symbol in each plot, and the mean values are indicated by horizontal bars. No statistical difference between EGFP" and EGFP~ DC was observed for any of the

three markers of activation for any virus.

toward a chemokine gradient, thus contributing to the deficient
adaptive immune response.

EBOV exposure without infection is not sufficient for DC
maturation. Since GP is the only envelope protein of EBOV, and
since it was found to effectively induce DC maturation (Fig. 3)
despite only a limited level of infection (Fig. 1), we hypothesized
that the effect may be caused by direct contact of the virus with
immature DCin the absence of actual infection as a necessary step.
We therefore immobilized wt EBOV or the mutated EBOV/VP35-
R312A, which effectively induces DC maturation (Fig. 8), on a
high-adsorption 96-well plate by overnight incubation at 4°C and
followed with a wash to remove the unbound virus, as in our
previous study with adenovirus 35 (60). The virus bound to the
plate could be detected by an ELISA-based assay (data not shown).
In addition, viruses in amounts equal to that in the plate were
either incubated overnight at 4°C in tubes, which did not result in
the reduction of the viral titers (data not shown), or were inacti-
vated by a 60-min-long incubation at 56°C, which resulted in
complete loss of infectivity, and were placed in wells of the 96-well
plate. Thereafter, DC were added to achieve an MOI of 2 PFU/cell,
the plate was incubated for 40 h, and the DC were analyzed by flow
cytometry. Incubation of DC in the presence of plate-bound vi-
ruses did not result in a significant infection, as only a few EGFP-
expressing cells (presumably resulting from a small number of
unbound viral particles not removed by the wash) were detected.
In contrast, nonbound viruses preincubated at 4°C in a tube
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caused efficient infection (data not shown). CD86 was upregu-
lated on DC in each of three donors tested after incubation with
EBOV/VP35-R312A or with the virus preincubated at 4°C in a
tube, but not with the immobilized or heat-inactivated virus
(Fig. 12), suggesting that direct contact of DC with the virus with-
out infection is not sufficient to induce their maturation.

DISCUSSION

This study resulted in several important conclusions about the
mechanism by which EBOV suppresses the immune response.
First, the lack of DC maturation during EBOV infection results
from the cooperative effect of several IRADs located in two differ-
ent proteins of the virus, VP35 and VP24. Each of the viruses with
mutations disabling individual IRADs in either of the two proteins
induced a dramatic upregulation of the expression of the classic
maturation markers CD54, CD80, and CD86 and/or even more
dramatic upregulation of the secretion of cytokines and chemo-
kines compared to that induced by the wt virus. Next, each of the
mutated viruses, but not wt EBOV, induced strong formation of
homotypic DC clusters, which represents a close correlate of their
maturation and presumably facilitates transfer of antigen from
migratory DC to lymph node DC (45). In addition, the disabling
of an individual IRAD in VP35 or VP24 increased chemokine-
driven migration of infected DC. The effective induction of DC
maturation by each of the viruses carrying one point mutation
each in individual IRADs, but not by wt EBOV, suggests that the
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FIG 10 Disabling any of the individual EBOV IRADs by a single point mutation each results in effective secretion of chemokines and cytokines by infected DC.
The levels of CXCL chemokines (row 1 from top), CCL chemokines (row 2), and cytokines, including IFNs (rows 3 and 4), in supernatants of DC infected with
the VP24 and VP35 EBOV mutants, HPIV3 and HPIV3/AF-HN/EboGP, normalized to that for DC infected with wt EBOV. The 100% levels in DC infected by
wt EBOV are shown by the red lines. Shown are results of two independent experiments, in which DC from subject 1 or DC from subject 2 were used.

effect of each of the IRADs is insufficient to suppress maturation
of DC, and thus, the strong suppression of DC maturation by the
virus results from the synergistic effect of at least two IRADs
(Fig. 13). To our knowledge, no such synergistic effect has been
reported for any virus.
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FIG 11 CCL19-driven migration of infected DC. Shown are the numbers of DC
infected with the indicated viruses that migrated to the lower chamber during 3 h.
The experiment was performed three times, with DC from each donor shown with
the same symbol for each treatment and the mean values indicated by horizontal
bars. The 100% level in DC infected by wt EBOV is shown by the dashed line. A
statistically significant difference between cells infected with EBOV/VP35-R312A
and wt EBOV is indicated by the asterisk (P = 0.002).
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FIG 12 EBOV exposure without infection is not sufficient for DC maturation.
The indicated viruses were subjected to 1-h-long incubation at 56°C, overnight
incubation at 4°C in tubes, or overnight incubation at 4°C in ELISA plates. The
next day, the wells of ELISA plates containing the viruses were washed, and DC
were added. Alternatively, DC were added to wells containing the viruses
treated in tubes or fresh, untreated viruses. At 40 h, expression of CD86 was
measured by flow cytometry. The CD86 MFI values were normalized to the
level of expression in mock-infected DC (100%), indicated by the dashed line.
Values for each donor are indicated by symbols, and the mean values are
indicated by horizontal bars. The P values of the difference between the level of
CD86 in DC exposed to EBOV/VP35-R312A preincubated in a plate at 4°C
versus the same virus preincubated at 4°C in a tube (*) or untreated virus (**)
are 0.02 and 0.007, respectively.
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FIG 13 Individual IRADs act synergistically to disable the adaptive immune response during EBOV infections. (A) Summary of the effects of EBOV GP and
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Second, these data demonstrate that GP is a strong inducer of
DC maturation and that the induction of DC maturation caused
by GP or other components of EBOV particles is suppressed by
IRADs located in VP35 and, to a lesser degree, VP24. These data
are consistent with the previously published data demonstrating
that virus-like particles, which included only the GP, NP, and
VP40 proteins, did cause maturation of DC (61) and induced a
protective immune response in animal models (62, 63). They are
also consistent with a recently published study demonstrating that
infection of mouse DC by a recombinant herpes simplex virus
expressing EBOV VP35 reduces their maturation (64). The data
also explain the high level of protection against EBOV challenge
achieved in the NHP model by vectored vaccines carrying GP as a
single immunogen (63, 65-67) and the lack of significant protec-
tion in response to whole-virion vaccines (reviewed in reference
4), which include all viral proteins, including VP35 and VP24.
While the replication-deficient EBOV was protective in rodents
(68), it is possible that the immunosuppressive effect of VP35 and
VP24 was significantly reduced due to the lack of replication and,
therefore, the small amounts of VP35 and VP24 in the cells of
vaccinated animals.

Third, these data also help to explain the “immune paralysis”
during EBOV infections, which is characterized by massive apop-
tosis of lymphocytes, lymphopenia, and a deficient immune re-
sponse (5, 69-72). Even though this study was not designed to
investigate the connection between the lack of DC stimulation
and the deficient T cell response, the requirement for effective
DC maturation and cytokine secretion for stimulation of T
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cells is well known. As already noted, DC may promote T lym-
phocyte survival or cause their apoptosis, depending on their
maturation state (10).

Fourth, the cytokines strongly upregulated due to the disabling
of IRADs included not only those involved in the initiation of the
adaptive immune response, but also PDGF and VEGF, two growth
factors implicated in angiogenesis following injury of tissues.
These two growth factors act together in angiogenesis, including
both tissue-generating vessels and microvascular vessels following
injury of tissues (73), such as liver tissues (74). Impairment of the
vascular system and liver functions is an important characteristic
feature of EBOV infections, and therefore, the strong suppression
of induction of these two factors by individual IRADs suggests an
additional mechanism by which IRADs promote the disease
caused by EBOV.

One interesting phenomenon observed in the study is that the
levels of DC maturation were comparable in EGFP-positive and
EGFP-negative cells. This phenomenon can be explained in two
ways. First, maturation could be caused by infection at a very low
level, which is insufficient to produce EGFP detectable by flow
cytometry but which is nevertheless sufficient to induce DC mat-
uration, a situation similar to that with respiratory paramyxovi-
ruses (48). Second, it is possible that during EBOV infection,
EGFP-positive DC transfer viral-peptide—major histocompatibil-
ity complex (MHC) complexes to uninfected DC, a phenomenon
known as “cross-dressing” (75, 76). Moreover, injection of mice
with matured DC induced maturation of some of endogenous
splenic DC (77).
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An important consideration resulting from this study is related
to development of live attenuated or killed vaccines in general.
Following the identification of IFN-antagonizing activity of the
NSI protein of influenza A virus in 1998 (78), domains that confer
such activities were identified in proteins of many viruses, and the
spectra of their activities were found to be broader than IFN-I
antagonism alone. The current live attenuated vaccines carry at-
tenuating mutations in sites not related to antagonism of the in-
nate immune response, and killed vaccines are prepared from
whole unmodified viral particles. Disabling of IRADs in live atten-
uated vaccines may attenuate the virus and simultaneously in-
crease their immunogenicity to levels greater than that induced by
attenuated vaccines in which attenuation was achieved by intro-
duction of mutations in areas other than IRADs. Use of recombi-
nant viruses with disabled IRADs for the generation of killed vac-
cines may improve their immunogenicity.

This study will be followed by research in several directions.
One obvious direction is investigation of the role of IRADs in
stimulation and apoptosis of T cells. Second, it will be important
to identify the inhibitory pathways triggered by the IRADs that
suppress DC maturation. Identification of these pathways may
lead to development of treatments for the disease caused by the
virus, which will be based on the blockade of these pathways,
which should rescue DC maturation. Third, Marburg virus, which
is another virus of the family Filoviridae, is also known to infect
DC without inducing their maturation (9). The mechanism by
which Marburg virus evades innate immunity is different from
that of EBOV and is associated with its VP40 protein (79), in
addition to the VP35 protein (80). It will be important to know
whether the virus suppresses DC maturation in a manner similar
to that described here for EBOV.
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