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ABSTRACT
Due to its high mortality rate and continued re-emergence, Ebolavirus disease (EVD) continues to pose a serious threat to
global health. A group of viruses within the genus Ebolavirus causes this severe hemorrhagic disease in humans: Ebola
virus (EBOV; species Zaire ebolavirus), Sudan virus (SUDV; species Sudan ebolavirus), Bundibugyo virus, and Taï Forest
virus. EBOV and SUDV are associated with the highest case fatality rates. While the host response to EBOV has been
comprehensively examined, limited data exists for SUDV infection. For medical countermeasure testing, well-
characterized SUDV nonhuman primate (NHP) models are thus needed. Here, we describe a natural history study in
which rhesus (N = 11) and cynomolgus macaques (N = 14) were intramuscularly exposed to a 1000 plaque-forming
unit dose of SUDV (Gulu variant). Time-course analyses of various hematological, pathological, serological,
coagulation, and transcriptomic findings are reported. SUDV infection was uniformly lethal in cynomolgus macaques
(100% mortality), whereas a single rhesus macaque subject (91% mortality) survived to the study endpoint (median
time-to-death of ∼8.0 and ∼8.5 days in cynomolgus and rhesus macaques, respectively). Infected macaques exhibited
hallmark features of human EVD. The early stage was typified by viremia, granulocytosis, lymphopenia, albuminemia,
thrombocytopenia, and decreased expression of HLA-class transcripts. At mid-to-late disease, animals developed
fever and petechial rashes, and expressed high levels of pro-inflammatory mediators, pro-thrombotic factors, and
markers indicative of liver and kidney injury. End-stage disease was characterized by shock and multi-organ failure. In
summary, macaques recapitulate human SUDV disease, supporting these models for use in the development of
vaccines and therapeutics.
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Introduction

The Ebolavirus genus (family Filoviridae) is comprised
of six recognized species: Reston ebolavirus, Bombali
ebolavirus, Zaire ebolavirus, Sudan ebolavirus, Bundi-
bugyo ebolavirus, and Taï Forest ebolavirus [1]. Afri-
can fruit bats are the purported natural reservoirs of
these filamentous, enveloped, non-segmented, nega-
tive-sense RNA viruses [2]. Reston virus (RESTV;
species Reston ebolavirus) causes disease in nonhuman
primates and pigs, but no cases have been reported in
people [3–5]. In 2018, Bombali virus (BOMV; species
Bombali ebolavirus) was discovered in bats in Sierra
Leone [2], but it is still unclear whether the virus is
pathogenic in humans or animals [6]. The other
filovirus species comprise a group of viruses that are
important human pathogens with case-fatality rates
ranging from 50% to 90% for Ebola virus (EBOV;
species Zaire ebolavirus), ∼ 55% for Sudan virus

(SUDV; species Sudan ebolavirus), and ∼25-50% for
Bundibugyo virus (BDBV; species Bundibugyo ebola-
virus) [1, 7–9]. Taï Forest virus (TAFV; species Taï
Forest ebolavirus) was the culprit of a single non-
fatal case of Ebola virus disease (EVD) [1, 10].

SUDV and EBOV have been responsible for most
cases of EVD and were the first ebolaviruses discov-
ered. These viruses appeared to emerge simul-
taneously in the summer of 1976 in the Sudanese
towns of Nzara andMaridi and Yambuku, Democratic
Republic of Congo (formerly Zaire), respectively [7],
and ostensibly spread independently to people in
each of the affected areas. Emerging filovirus species
causing outbreaks in Central and West Africa are
hypothesized to coincide with the proportion of sero-
positivity to each filovirus species in fruit bats or other
potential reservoirs. For example, filoviruses causing
outbreaks in West and Central Africa between 2005
and 2012 shifted from Zaire ebolaviruses to Sudan
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and Bundibugyo ebolaviruses, concurrent with a
change in the serologically dominant virus species in
bats [11]. Further investigation of SUDV in animal
and human hosts is clearly needed given its historic
serodominance in bats, high lethality, and high poten-
tial for future spillover into human populations.

In humans and preclinical animal models, the host
response to EBOV is well-characterized, whereas lim-
ited data is available for SUDV infection. In rodents
(mice, guinea pigs, and hamsters), adaptation of
filoviruses is necessary to cause lethal disease in immu-
nocompetent hosts [12,13]. Typically, rodent models do
not exhibit the disordered coagulopathy seen in human
EVD cases, e.g. pro-thrombotic changes or extensive
fibrin deposition. Ferrets are susceptible to wild-type
SUDV and exhibit some of the coagulopathies associ-
ated with human infection [14,15], but few immuno-
logical reagents are available to study host responses.
Nonhuman primates (NHPs), particularly macaque
species, are considered the “gold standard” animal
model for filovirus infection as they recapitulate most
human manifestations of EVD including the develop-
ment of disseminated intravascular coagulation and a
maculopapular rash [16]. Macaques are highly suscep-
tible to SUDV without the need for virus adaptation
[17], and ample immunological resources are available
to study the immune response.

To date, only an aerosol model of SUDV infection
has been characterized in an NHP model [17]. Here,
we describe a detailed natural history study of cynomol-
gus macaques (CM) and rhesus macaques (RM)
exposed to 1000 plaque-forming units of SUDV via
the intramuscular (i.m.) route. The i.m. model is
important as it represents the most lethal route of infec-
tion (e.g. needlestick) and is the standard for evaluating
medical countermeasures as well as serving as a com-
parison for other filovirus models (i.e. there are limited
mucosal challenge data available). Virology and various
hematological, pathological, serological, coagulation,
and transcriptomic findings are reported. Our results
shed light on the pathophysiology of SUDV infection
and highlight the utility of NHPs for testing medical
countermeasures against this deadly pathogen.

Materials and methods

Ethics statement

Animal studies were conducted in compliance with
the Animal Welfare Act and other federal statutes
and regulations relating to animal experimentation.
Details are provided in the Supplemental Methods.

Challenge virus

The SUDV seed stock (Gulu variant) originates from
the serum of a fatal patient (35-year-old male; isolate

200011676) during the 2000–2001 Uganda outbreak
(RefSeq #NC_006432). Details are provided in the
Supplemental Methods.

Animal challenge

Fourteen cynomolgus (Macaca fascicularis) [18–20]
and eleven rhesus (Macaca mulatta) [21–24] maca-
ques of Chinese origin (PreLabs, Worldwide Primates)
that served as virus positive controls from 17 studies at
the Galveston National Laboratory (GNL) were
employed for this project. Results from the remaining
seven cynomolgus and three rhesus macaques have
not been published. Details are provided in the Sup-
plemental Methods.

Blood collection

Blood was collected by venipuncture into EDTA and
serum tubes throughout the course of the study.
Details are provided in the Supplemental Methods.

Hematology and clinical chemistry

Blood samples were analyzed using a laser-based
hematologic analyzer and serum samples were tested
using a Piccolo point-of-care analyzer and Biochemis-
try Panel Plus analyzer discs (Abaxis). Details are pro-
vided in the Supplemental Methods.

Viral load determination

SUDV viral loads were determined using RT-qPCR
and standard plaque assays. Details are provided in
the Supplemental Methods.

Transcriptomics

Targeted transcriptomics was performed on macaque
whole blood as previously described [25]. Immune cell
profiling was accomplished via CIBERSORT web-
based deconvolution software [26] using the LM22
signature matrix file. The 6-way Venn diagram was
created with InteractiVenn [27]. Details are provided
in the Supplemental Methods.

Bead-based multiplex assays

Analytes were measured by flow cytometry using
Biolegend LegendPlex™ assays and a FACS
Canto-II cytometer (Becton Dickson) and plotted
using the ggplot2 (v3.3.5) [28], ggbreak (v0.0.8)
[29], viridis (v0.6.2) [30], and rstatix (v0.7.0)
packages. Details are provided in the Supplemental
Methods.
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Histopathology and immunohistochemistry

Tissue samples of all major organs were harvested in
10% neutral buffered formalin for histopathologic
and immunohistochemical (IHC) examination. Slides
were reviewed by a board-certified veterinary pathol-
ogist. Details are provided in the Supplemental
Methods.

Statistical analysis

Statistical comparisons were carried out in GraphPad
Prism. Details are provided in the Supplemental
Methods.

Results

Eleven rhesus macaques (RM) and fourteen cynomol-
gus macaques (CM) were i.m. challenged with a 1000

PFU target dose of SUDV-Gulu. The median time-to-
death (TTD) for CM and RM was ∼8.0 (mean TTD
7.64 ± 1.72) and ∼8.5 days (mean TTD 8.3 ± 1.27),
respectively. Disease was uniformly lethal in CM. A
single RM subject survived to the 28-day post infec-
tion (DPI) study endpoint, corresponding to a 91%
mortality rate within this group (Figure 1(A)). No stat-
istically significant difference in survival was noted
between the two species (log-rank test). Viral loads
were assessed by performing RT-qPCR amplification
and conventional plaque assays on whole blood and
plasma samples, respectively. Viral RNA (vRNA)
(Figure 1(B)) and infectious SUDV particles (Figure
1(C)) were first detected in both species at ∼ 4 DPI.
Peak vRNA titres ranged from 7.2 to 12.4 log10
copies/ml, whereas infectious titres ranged from 5.2
to 8.6 log10 PFU/ml. CM compared to RM tended to
have higher titres at 6–8 DPI, although no statistically
significant difference was noted between the two

Figure 1. Survival and viral loads of SUDV-infected macaques. (A) Kaplan-Meier survival curves of cynomolgus macaques (red; N =
14) and rhesus macaques (black; N = 11) i.m. exposed to 1000 PFU of SUDV-Gulu. Macaque icons were created with BioRender
(https://biorender.com/). (B) Viral loads were measured by RT-qPCR in whole blood and reported as log10 copies/ml at the
denoted time points. The limit of detection for this assay is 1000 copies/ml (indicated by a dotted horizontal line). (C) Plasma
viremia was measured by standard plaque assay at the denoted time points and reported as log10 PFU/ml. The limit of detection
for this assay is 25 PFU/ml (indicated by a dotted horizontal line). For (B) and (C), each bar represents the average titre ± SEM for
each cohort. Individual subjects are represented by circles. Abbreviations: SUDV, Sudan virus; i.m., intramuscular; DPI, days post
infection; PFU, plaque-forming units.
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cohorts for this parameter at any time point (Mann–
Whitney t-tests). The single rhesus survivor had a
peak titre of 5.1 log10 PFU/ml at 5 DPI, but no infec-
tious virus was detected in this subject by 11 DPI.

SUDV-exposed macaques displayed hallmark fea-
tures of human EVD (Figure 2, Tables S1 and S2).
Early common clinical signs (3–4 DPI) included
decreased food consumption, fever, lymphopenia,
monocytosis, and granulocytosis. At mid-to-late dis-
ease (5–6 DPI), RM and CM exhibited anorexia,
thrombocytopenia, hypoalbuminemia, hypoamylase-
mia, and a petechial rash. Liver enzymes (ALT, AST,
ALP, GGT), markers indicative of kidney injury
(BUN, CRE), and C-reactive protein (CRP; general
inflammation marker) were elevated in all subjects at
this stage. Preagonal disease (7-10 DPI) was character-
ized by weakness, lateral recumbency, and decreased
body core temperature.

Postmortem gross examination of animals at
necropsy revealed one or more lesions consistent
with EVD including petechial to ecchymotic

rash, necrotizing hepatitis (characterized as
hepatic pallor with reticulation), splenomegaly,
lymphadenitis, hemorrhagic interstitial pneumonia,
and gastrointestinal ulceration (Figure 3(A, E, R,
O)).

Microscopically, tissue sections were consistent
with EVD induced by SUDV infection. Predominant
microscopic findings consisted of mixed inflamma-
tory infiltrates largely composed of mononuclear
cells that were IHC positive for SUDV antigen and
widespread throughout multiple organs (Figure 3
(B, G, J, K)). Inflammation was often accompanied
with hemorrhage fibrin deposition and necrosis.
Prominent fibrin deposition was noted particularly
in highly vascularized organs such as the spleen
and liver (Figure 3(D, I, M)). Conversely, the survi-
vor lacked inflammatory findings, fibrin deposition,
and immunolabeling for SUDV antigen (Figure 3
(P, Q)).

Serology indicated that only the sole rhesus survi-
vor (RHES-7) formed SUDV-specific antibodies

Figure 2. Notable clinical findings in SUDV-exposed macaques. (A-I) Each line represents repeated sampling of each individual
SUDV-infected cynomolgus macaque (red; N = 14) or rhesus macaque (black; N = 11). (A-F) Fold-change clinical chemistry changes
in the serum of infected cynomolgus and rhesus macaques at the denoted time points. (G-I) Fold-change hematological changes
in the whole blood of infected cynomolgus and rhesus macaques at the denoted time points. Sampling timepoints for each sub-
ject are represented by circles. Abbreviations: SUDV, Sudan virus; alanine aminotransferase (ALT), aspartate aminotransferase
(AST), C-reactive protein (CRP), blood urea nitrogen (BUN), creatine (CRE); DPI, days post infection.
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Figure 3. Representative gross and histologic lesions of SUDV-infected macaques. (A) Diffuse hepatic pallor indicative of hepatitis
in cynomolgus macaque (RHES-1). (B) Immunohistochemistry (IHC) double labelling for macrophage (CD68-brown) and SUDV
VP40 (red) in the liver of rhesus macaque (RHES-6) 40x, normal hepatic architecture was disrupted with expanded sinusoids
that were occupied with clusters of macrophages infected with SUDV. (C) Hematoxylin and eosin (H&E) staining of the liver in
rhesus macaque (RHES-6) 40x, normal hepatic architecture was disrupted with expanded sinusoids with mononuclear inflam-
mation and eosinophilic cellular debris (black arrows), rarely eosinophilic intracytoplasmic inclusion bodies were noted (white
arrow). (D) IHC for fibrin (red) in rhesus macaque (RHES-6) 20x, intra-sinusoidual fibrin deposition. (E) Bilateral periorbital petechial
rash in rhesus macaque (RHES-2). (F) H&E staining of lung in cynomolgus macaque (CYNO-9) 40x, expansion of alveolar septa with
mononuclear inflammatory cells and minimal extravasation of erythrocytes within alveoli. (G) IHC double labelling for macrophage
(CD68-brown) and SUDV VP40 (red) in the lung of cynomolgus macaque (CYNO-9) 60x, alveolar macrophages were infected with
SUDV (black arrow). (H) H&E staining of spleen in rhesus macaque (RHES-6) 10x, loss of normal white pulp architecture with exten-
sive lymphocytolysis, hemorrhage and fibrin deposition (black arrows). (I) IHC labelling for fibrin (red) in the spleen of rhesus
macaque (RHES-6) 10x, extensive fibrin deposition in red and white pulp. (J) IHC double labelling for macrophage (CD68-
brown) and SUDV VP40 (red) in the spleen of rhesus macaque (RHES-6) 20x, macrophages infected with SUDV were sparsely pre-
sent in the red and white pulp. (K) Higher magnification of IHC double labelling for macrophage (CD68-brown) and SUDV VP40
(red) in the spleen of rhesus macaque (RHES-6) 60x, macrophages infected with SUDV (black arrow). (L) H&E staining of spleen in
cynomolgus macaque (CYNO-9) 10x, loss of normal white pulp architecture with extensive lymphocytolysis, hemorrhage and fibrin
deposition (black arrows). (M) IHC labelling for fibrin (red) in the spleen of cynomolgus macaque (CYNO-9) 10x, extensive fibrin
deposition in red and white pulp. (N) IHC double labelling for macrophage (CD68-brown) and SUDV VP40 (red) in the spleen of
cynomolgus macaque (CYNO-9) 20x, macrophages infected with SUDV were sparsely present in the red and white pulp. (O) Muco-
sal surface of the pyloric region of the stomach and aboral duodenum in rhesus macaque (RHES-2), multifocal pinpoint ulcerations
of the gastric mucosa (black arrow) and diffuse ulceration and hemorrhage of the aboral duodenum extending up to the pyloric
sphincter (white arrows). (P) H&E staining of spleen in SUDV survivor rhesus macaque (RHES-7) 10x, no signification lesions. (Q)
H&E staining of liver in SUDV survivor rhesus macaque (RHES-7) 10x, no signification lesions. (R) Petechial rash of the extremity in
rhesus macaque (RHES-2).
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(Table S2). In this subject, a low IgM titre (1:100) was
detected by 8 DPI that subsided during the convales-
cent stage conjointly with the detection of moderate-
to-high titres of IgG (1:800–1:3200) (Table S2).

To further characterize the immune response to
SUDV infection, we performed targeted transcriptomics

on whole blood RNA samples from RM (N = 10) or CM
(N = 12) at baseline (pre-challenge), early (3–4 DPI),
mid (5–6 DPI), and late (7–10 DPI) disease. One RM
and two CM subjects were excluded from this analysis
due to insufficient sample availability. Dimensional
reduction via principal component analysis (PCA)

Figure 4. Transcriptional changes in SUDV-infected macaques. (A) Shown are principal component (PC) analyses of all normalized
transcripts from cynomolgus macaques (red; N = 14) and rhesus macaques (black; N = 11) on the day of challenge (0 DPI), and at
early (3–4 DPI), mid (5–6 DPI), late disease (7–10 DPI), and convalescence (14, 21, 28 DPI). Individual samples were filtered by
disease stage (baseline, early, mid, late, convalescent), species (cyno, rhesus), DPI, or disposition (fatal, survivor). (B) 6-way
Venn diagram depicting overlapping differentially expressed transcripts in each species at each disease stage. (C) Heatmap depict-
ing the most differentially expressed transcripts in SUDV-infected macaques at each disease stage (multiple hypothesis Benjamini-
Hochberg false discovery rate (FDR) corrected p-value less than 0.05). Red indicates upregulated transcripts; blue indicates down-
regulated transcripts; white indicates no change from baseline. Abbreviations: PC1 (principal component 1); PC2 (principal com-
ponent 2); DPI, days post infection; cyno, cynomolgus macaque; rhesus, rhesus macaque; SUDV, Sudan virus.
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Figure 5. Biomarker discovery, pathway analysis, and immune cell type profiling of macaques exposed to SUDV. Trend plots
depicting (A) historical or (B) novel transcriptional biomarkers for SUDV-infected fatal macaque subjects. (C) Pathway enrichment
of differentially expressed transcripts in fatal SUDV-infected macaques sorted by Z-score and -log (p-value). Red indicates upre-
gulated transcripts; blue indicates downregulated transcripts; grey indicates no change. (D) Respective cell-type quantities for
SUDV-infected macaques at each disease stage. (E) Volcano plot displaying overall -log10(p-values) and log2 fold changes for
each mRNA target in the single rhesus survivor versus fatal SUDV-infected macaques. Horizontal lines within the plot indicate
adjusted p-value thresholds. Targets highlighted in blue indicate those differentially expressed in the survivor versus fatal
group. A multiple hypothesis Benjamini-Hochberg false discovery rate (FDR) corrected p-value less than 0.05 was deemed signifi-
cant for transcripts unless otherwise stated. Abbreviations: DPI, days post infection; cyno, cynomolgus macaque; rhesus, rhesus
macaque; SUDV, Sudan virus.
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showed most transcriptional changes occurred at the
mid- and late-disease stages (Figure 4(A)). For both
species, transcripts were mostly upregulated versus
downregulated throughout the course of disease (Figure
S1A). The survivor convalescent samples clustered with
baseline RM and CM samples, indicating resolution of
disease in this animal and a return to baseline mRNA
levels by 11 DPI. Limited species-specific transcriptional
differences were noted among SUDV-infected maca-
ques, which comports with our survival, viremia, and
clinical data (Figure 4(B,C)). A majority of differentially
expressed (DE) transcripts (adjusted p-values < 0.05)
was shared between different species and across each
disease stage. Analysis of global changes showed
repressed transcripts were associated with antigen pro-
cessing and presentation (HLA-DMB, HLA-DRA,
HLA-DQB1, HLA-DMA, CD74) and lymphocyte acti-
vation (SH2D1A, KLRK1, CD2, ZAP70, GZMH,
TBX21, CD27, GPR183) (Figure 4(C)). The topmost
upregulated molecules were involved in inflammation
(e.g. CXCL10, IL1RN, IL18RAP, TNFAIP6), viral RNA
sensing (e.g. OAS1, OASL,MX1, DDX58, IFIH1), inter-
feron induction (e.g. IFIT2, IFI44), and monocyte/gra-
nulocyte accumulation and chemotaxis (e.g. S100A8,
S100A9, CCR1).

To validate and demonstrate that systemic signa-
tures in our NHP models match those seen in
human SUDV disease, we compared previously
reported biomarkers [31,32] to those identified
using targeted transcriptomics in this study. The
NHP models harmonized well with human infec-
tion with detection of biomarkers identified during

SUDV outbreaks as early as 3 DPI. These bio-
markers include MCP-1 (CCL2), M-CSF (CCL3),
IP-10 (CXCL10), IL-1RA (IL1RN), and IL-6 (IL6)
(Figure 5(A)). Consistent with human cases,
expression of sCD40L (CD40LG) (sCD40-related
transcript) was repressed in infected NHPs. To aug-
ment the current array of prognostic indicators, we
identified a panel of novel biomarkers (ALOX5,
CD274, IDO1, IFIT2, KLRB1, S100A8, S100A9,
SOCS3, TNFAIP6) that were consistently upregu-
lated (or downregulated in the case of KLRB1)
throughout the course of disease beginning 3–4
DPI (Figure 5(B)).

Functional enrichment of transcripts was executed
to determine canonical signalling pathways and
upstream regulators associated with SUDV infection.
This analysis supported activation of pathways
involved in cytokine/chemokine signalling, viral sen-
sing, and antiviral immunity (Figure 5(C)). To capture
shifts in circulating cell populations, we performed
digital cell quantitation via transcriptional profiling
(Figure 5(D)). SUDV infection of RM and CM was
associated with predicted recruitment of monocyte,
M2 macrophages, and various granulocyte popu-
lations (mast cells, eosinophils, and neutrophils), in
accordance with our hematology results. Disease and
function terms predominantly mapped to terms
involved in myeloid cell phagocytosis (Figure S1B).
The topmost upstream regulators included LPS, poly
IC-RNA, TNF, IFNG, and IL1B, factors that have
been previously identified for other ebolaviruses
(Figure S1C) [25]. A pharmacological inhibitor of

Figure 6. Expression of pro-inflammatory mediators and coagulation markers in the plasma of SUDV-infected macaques. Heatmap
depicting expression fold-change values for individual cynomolgus or rhesus macaques with respect to a pre-challenge baseline.
Red indicates increased expression; blue indicates decreased expression; white indicates no change in expression. Bolded text
indicates a statistically significant analyte by ANOVA (p < 0.05). Abbreviations: DPI, days post infection; cyno, cynomolgus maca-
que; rhesus, rhesus macaque.
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p38 mitogen-activated protein kinase (MAPK),
SB203580 [33], was conversely predicted to signifi-
cantly decrease. Congruent with our serum biochem-
istry results, predicted tox functions included terms
associated with liver and kidney injury, e.g. “apoptosis
of kidney cells,” “increased levels of ALT,” “increased
levels of BUN,” and “acute renal failure” (Figure S1D).
These transcriptional changes were evident by early
disease.

To identify factors involved in natural defence
against SUDV infection, we compared overall tran-
scriptional changes in the single rhesus survivor
(RHES-7) versus fatal animals. As opposed to fatal
subjects, numerous antigen presentation molecules
were expressed in the survivor (HLA-DRA, HLA-
DMB, HLA-DMA, CD1C, CIITA) along with markers
associated with activation of adaptive immunity
(CD74, GPR183, CD79A, CD79B, TBX21) (Figure 5
(E)). In contrast, decreased expression of transcripts
involved in cell adhesion (CEACAM8, CEACAM1,

CEACAM3) and migration (CCL3, CXCL3) were
noted in the survivor, as well as plasminogen activator
urokinase (PLAU).

Lastly, we measured protein levels of plasma-
derived inflammatory mediator and thrombosis ana-
lytes. Like EBOV, SUDV disease was associated with
elevated IL-6, IP-10, and MCP-1 concentrations
(Figure 6, Figure S2) [31,32]. Of the 15 analytes
that had a statistically significant association, 4
were cytokines or chemokines, and 3 of those –
IL-10, IP-10, and RANTES – were associated with
an age-dependent survival outcome. tPA levels
were also increased, whereas plasminogen and Fac-
tor XIII were decreased, possibly due to consumptive
coagulopathy.

Overall temporal changes in SUDV-infected NHPs
are summarized in Figure 7. Specifically, clinical signs,
viral load, pathology, transcriptomic findings, and
plasma cytokine/chemokine and thrombosis analyte
profiles at each stage of disease are highlighted.

Figure 7. Summary of the most salient features of disease in SUDV-exposed cynomolgus and rhesus macaques. Infected maca-
ques and humans share many disease features including perturbations in liver enzymes (ALT, AST) and kidney function markers
(BUN, CRE) along with hemorrhagic manifestations such as a petechial rash and hematochezia. Tissue factor, tPA, and PAI-1 were
elevated in infected macaques, which may play a role in disseminated intravascular coagulation, fibrin deposition, and an over-
active endothelium, respectively. Transcriptional biomarkers were detectable at the early disease stage followed by shifts in
plasma inflammatory and thrombosis mediators at the mid disease stage. The rhesus macaque survivor exhibited only transient
shifts in liver and kidney markers, and this subject had a reduced viral load and delayed disease onset in the absence of hemor-
rhagic manifestations. Survival was also associated with increasing levels of anti-SUDV IgM by the late disease stage followed by
increasing levels of anti-SUDV IgG in the convalescent phase. Figure created with BioRender (https://biorender.com/). Abbrevi-
ations: SUDV, Sudan virus; I.M, intramuscular; alanine aminotransferase (ALT), aspartate aminotransferase (AST), C-reactive protein
(CRP), blood urea nitrogen (BUN), creatine (CRE); DPI, days post infection.
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Discussion

The continued re-emergence of ebolaviruses empha-
sizes the need for animal models that accurately reca-
pitulate human EVD, particularly for less
characterized members of the genus such as SUDV,
BDBV, TAFV, RESTV, and BOMV. While research
focus has been placed on the development of vaccines
and treatments against SUDV, there remains a paucity
of clinical and preclinical studies to describe the natu-
ral progression and pathophysiology of infection with
this virus. Here we assessed the pathogenic potential of
SUDV infection in CM and RM by i.m. exposure.

Infection with a ∼ 1000 PFU dose of SUDV was
100% lethal in CM and near uniformly lethal in RM
(91% mortality rate), with a mean TTD of 7.64 ± 1.72
and 8.3 ± 1.27, respectively. In comparison, the mean
TTD for the largest outbreak of SUDV in the Gulu dis-
trict of Uganda was 8 days after onset of symptoms with
a case fatality rate of 53% [34]. The high challenge dose
used and i.m. route of infection in this study likely has-
tened disease progression in NHPs as these factors are
known to accelerate the course of EVD [16]. Inocu-
lation via the i.m. route is intended to mimic a worst-
case scenario involving an accidental needle stick of
either a healthcare worker performing procedures on
an infected patient or a laboratory staff member per-
forming procedures on an infected animal. Under-
standing the disease kinetics of this route of infection
is important for identifying the prophylactic window
for vaccines and treatments. The clinical pathology
and progression of disease were analogous between
the two macaque species. These results suggest both
CM and RM serve as suitable animal models for
SUDV infection. Although we observed earlier detec-
tion of fever, rash, and hunched posture in some RM
subjects, the disease course appeared slightly faster
and more lethal in CM than RM, suggesting the latter
model may be more appropriate for treatment studies
to evaluate therapeutic effect more sensitively [16].

Immune dysregulation is a hallmark of EVD [1].
Some key features include hypercytokinemia,
hyperchemokinemia, and a failed or delayed adaptive
response [25]. Infection of NHPs with SUDV led to
early and dramatic upregulation of transcripts encod-
ing IP-10, IL-6, MCP-1, pro-inflammatory mediators
that were previously reported to correlate with lethal-
ity in humans [32,35]. By mid-disease, we detected
plasma secretion of these inflammatory proteins. IP-
10 and MCP-1 are powerful chemoattractants for
monocytes/macrophages and dendritic cells, whereas
IL-6 is a molecular control involved in differentiation
of monocytes to macrophages [36]. As monocytes,
macrophages, and dendritic cells are early and pre-
ferred sites of filovirus replication [37], secretion of
these cytokines and chemokines likely serves to recruit
more cells to the site of infection, thereby promoting

dissemination of the virus. This reasoning is in agree-
ment with our hematology and histopathology results.

To identify corelates of natural protection against
SUDV infection, we conducted a targeted assessment
of the whole blood transcriptome in the single RM
survivor. Our results demonstrated the survivor
expressed lower expression of granulocyte markers
(CEACAM8, CEACAM1, CEACAM3) and higher
levels of major histocompatibility complex class II
transcripts (e.g. HLA-DRA, HLA-DMB, HLA-DMA,
CD74). Thus, antigen presentation and formation of
an adaptive response is implicated in resistance to
SUDV infection, whereas prolonged innate signalling
correlates with lethality. This hypothesis is supported
by the induction of SUDV-specific IgM and IgG and
transcriptional evidence of B- and T-cell activation
(CD79A, CD79B, TBX21) in the RM survivor but
not fatal subjects. We and others have shown host
MHC class II proteins are strikingly downregulated
on monocytes following filovirus exposure [38–40]
independent of direct infection of these cells [41].
The cytokine milieu, release of immature cells as a
consequence of emergency myelopoiesis, or recruit-
ment of myeloid-derived suppressor cells might
explain this phenomenon, although the mechanism
of MHC class II downregulation is still undetermined
[25,41]. Reduced monocyte antigen presentation may
contribute to the lack of an adaptive response and ulti-
mate inability to clear the virus.

Our analyses indicate macaques and humans
infected with SUDV share many disease features. Coa-
gulopathy and acute liver and kidney injury are signifi-
cantly associated with severe cases of EVD [1,42,43].
Accordingly, perturbations in liver enzymes (ALT,
AST, ALP, GGT) and kidney function markers
(BUN, CRE) were prominent findings in fatal maca-
ques along with hemorrhagic manifestations such as
petechial rash, epistaxis, and hematochezia. Tissue fac-
tor and PAI-1 were also elevated in infected macaques,
which may play a role in disseminated intravascular
coagulation and an overactive endothelium, respect-
ively [31,44]. Importantly, the single RM survivor
exhibited only transient shifts in liver and kidney mar-
kers, and this subject had a reduced viral load and
delayed disease onset in the absence of hemorrhagic
manifestations. While few postmortem examinations
in humans with SUDV disease have been carried
out, notable findings in two patients resembled those
of an acute viral infection with some, but not exclu-
sively, defining EVD features [7]. Some mutual histo-
logical findings between SUDV-infected humans and
NHPs included focal eosinophilic necrosis of the
liver, renal tubular necrosis, massive deposition of
fibrin in tissues, and extensive lymphocyte depletion.

In conclusion, this natural history study has
expanded our understanding of the pathogenesis of
SUDV infection and has enhanced our understanding
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of immunological factors that mediate natural protec-
tion. Our results revealed many similarities between
NHP and human SUDV-induced EVD, suggesting
the reliability of CM and RM models for medical
countermeasure development to fight endemic disease
and for biodefense purposes.

Acknowledgements

The authors wish to thank the UTMB Animal Resource
Center for husbandry support of laboratory animals. CW,
TWG, RWC conceived and designed the study. JBG, DJD,
and TWG performed the challenge experiments. CW, AP,
DJD, JG, TWG, and RWC performed the animal procedures
and clinical observations. KNA and VB performed the clini-
cal pathology assays. VB performed the plaque assays. KNA
performed the PCR assays. CW performed the transcrip-
tomic assays and ELISAs. NSD and KAF performed the
necropsies and gross pathology analysis. KAF interpreted
the gross and histological data. CW and AF performed the
LegendPlex assays. All authors analyzed the data. CW
wrote the paper. CW, ACF, ANP, KAF, TWG, and RWC
edited the paper. All authors had access to the data and
approved the final version of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author
(s).

Funding

This study was supported in part by the Department of
Health and Human Services, National Institute of Allergy
and Infectious Diseases of Health, grant numbers
U19AI109711 and U19AI142785 to TWG. Operations sup-
port of the Galveston National Laboratory was supported by
NIAID/NIH grant UC7AI094660.

Availability of data and materials

All study data are included in the article and/or sup-
plementary material. Transcriptomic fold change
and p-values are provided as Table S3.

ORCID

Courtney Woolsey http://orcid.org/0000-0003-3389-0137
Alyssa C. Fears http://orcid.org/0000-0002-0242-2309
Krystle N. Agans http://orcid.org/0000-0002-7319-6935
Abhishek N. Prasad http://orcid.org/0000-0002-4147-
2077
Karla A. Fenton http://orcid.org/0000-0002-5530-6969
Thomas W. Geisbert http://orcid.org/0000-0003-0858-
1877
Robert W. Cross http://orcid.org/0000-0001-7718-1522

References

[1] Feldmann H, Sprecher A, Geisbert TW. Ebola. N Engl
J Med. 2020;382(19):1832–1842. doi:10.1056/
nejmra1901594.

[2] Goldstein T, Anthony SJ, Gbakima A, et al. The dis-
covery of Bombali virus adds further support for
bats as hosts of ebolaviruses. Nat Microbiol. 2018;3
(10):1084–1089. doi:10.1038/s41564-018-0227-2.

[3] Jahrling PB, Geisbert TW, Johnson ED, et al.
Preliminary report: isolation of Ebola virus frommon-
keys imported to USA. The Lancet. 1990;335
(8688):502–505. doi:10.1016/0140-6736(90)90737-P.

[4] Cantoni D, Hamlet A, Michaelis M, et al. Risks posed
by Reston, the forgotten ebolavirus. mSphere. 2016;1
(6):e00322–16. doi:10.1128/msphere.00322-16.

[5] Marsh GA, Haining J, Robinson R, et al. Ebola Reston
virus infection of pigs: clinical significance and trans-
mission potential. J Infect Dis. 2011;204(suppl_3):
S804–S8S9. doi:10.1093/infdis/jir300.

[6] Forbes K, Webala P, Jääskeläinen A, et al. Bombali
virus in Mops condylurus Bat, Kenya. Emerging
Infectious Disease Journal. 2019;25(5):955. doi:10.
3201/eid2505.181666.

[7] WHO. Ebola haemorrhagic fever in Sudan, 1976.
Report of a WHO/International Study Team. Bull
World Health Organ. 1978;56(2):247–270.

[8] Nicastri E, Kobinger G, Vairo F, et al. Ebola virus dis-
ease: epidemiology, clinical features, management,
and prevention. Infect Dis Clin North Am. 2019;33
(4):953–976. doi:10.1016/j.idc.2019.08.005.

[9] Woolsey C, Geisbert TW. Current state of Ebola virus
vaccines: a snapshot. PLoS Pathog. 2021;17(12):
e1010078. doi:10.1371/journal.ppat.1010078.

[10] Le Guenno B, Formenty P, Wyers M, et al. Isolation
and partial characterisation of a new strain of Ebola
virus. The Lancet. 1995;345(8960):1271–1274. doi:10.
1016/s0140-6736(95)90925-7.

[11] Ogawa H, Miyamoto H, Nakayama E, et al.
Seroepidemiological prevalence of multiple species of
filoviruses in fruit bats (Eidolon helvum) migrating
in Africa. J Infect Dis. 2015;212(suppl 2):S101–S1S8.
doi:10.1093/infdis/jiv063.

[12] Wong G, He S, Wei H, et al. Development and
characterization of a Guinea pig-adapted Sudan
virus. J Virol. 2016;90(1):392–399. doi:10.1128/jvi.
02331-15.

[13] Brannan JM, Froude JW, Prugar LI, et al. Interferon α/
β receptor–deficient mice as a model for Ebola virus
disease. J Infect Dis. 2015;212(suppl 2):S282–SS94.
doi:10.1093/infdis/jiv215.

[14] Cross RW, Mire CE, Borisevich V, et al. The domestic
Ferret (Mustela putorius furo) as a lethal infection
model for 3 species of Ebolavirus. J Infect Dis.
2016;214(4):565–569. doi:10.1093/infdis/jiw209.

[15] Kroeker A, He S, de La Vega M-A, et al.
Characterization of Sudan ebolavirus infection in fer-
rets. Oncotarget. 2017;8(28):46262–46272. doi:10.
18632/oncotarget.17694.

[16] Geisbert TW, Strong JE, Feldmann H. Considerations in
the use of nonhuman primate models of Ebola Virus and
Marburg virus infection: table 1. J Infect Dis. 2015;212
(suppl 2):S91–SS7. doi:10.1093/infdis/jiv284.

[17] Zumbrun E, Bloomfield H, Dye J, et al. A
Characterization of aerosolized Sudan virus infection
in African Green monkeys, cynomolgus macaques,
and Rhesus Macaques. Viruses. 2012;4(10):2115–
2136. doi:10.3390/v4102115.

[18] Matassov D, Mire CE, Latham T, et al. Single-dose tri-
valent VesiculoVax vaccine protects macaques from
lethal ebolavirus and Marburgvirus challenge. J
Virol. 2018;92(3). doi:10.1128/jvi.01190-17.

EMERGING MICROBES & INFECTIONS 1645

http://orcid.org/0000-0003-3389-0137
http://orcid.org/0000-0002-0242-2309
http://orcid.org/0000-0002-7319-6935
http://orcid.org/0000-0002-4147-2077
http://orcid.org/0000-0002-4147-2077
http://orcid.org/0000-0002-5530-6969
http://orcid.org/0000-0003-0858-1877
http://orcid.org/0000-0003-0858-1877
http://orcid.org/0000-0001-7718-1522
https://doi.org/10.1056/nejmra1901594
https://doi.org/10.1056/nejmra1901594
https://doi.org/10.1038/s41564-018-0227-2
https://doi.org/10.1016/0140-6736(90)90737-P
https://doi.org/10.1128/msphere.00322-16
https://doi.org/10.1093/infdis/jir300
https://doi.org/10.3201/eid2505.181666
https://doi.org/10.3201/eid2505.181666
https://doi.org/10.1016/j.idc.2019.08.005
https://doi.org/10.1371/journal.ppat.1010078
https://doi.org/10.1016/s0140-6736(95)90925-7
https://doi.org/10.1016/s0140-6736(95)90925-7
https://doi.org/10.1093/infdis/jiv063
https://doi.org/10.1128/jvi.02331-15
https://doi.org/10.1128/jvi.02331-15
https://doi.org/10.1093/infdis/jiv215
https://doi.org/10.1093/infdis/jiw209
https://doi.org/10.18632/oncotarget.17694
https://doi.org/10.18632/oncotarget.17694
https://doi.org/10.1093/infdis/jiv284
https://doi.org/10.3390/v4102115
https://doi.org/10.1128/jvi.01190-17


[19] Cross RW, Xu R, Matassov D, et al. Quadrivalent
VesiculoVax vaccine protects nonhuman primates
from viral-induced hemorrhagic fever and death. J Clin
Invest. 2019;130(1):539–551. doi:10.1172/jci131958.

[20] Milligan JC, Davis CW, Yu X, et al. Asymmetric and
non-stoichiometric glycoprotein recognition by two
distinct antibodies results in broad protection against
ebolaviruses. Cell. 2022;185(6):995–1007.e18. doi:10.
1016/j.cell.2022.02.023.

[21] Thi EP, Lee ACH, Geisbert JB, et al. Rescue of non-
human primates from advanced Sudan ebolavirus infec-
tion with lipid encapsulated siRNA. Nat Microbiol.
2016;1(10):16142. doi:10.1038/nmicrobiol.2016.142.

[22] Gilchuk P, Murin CD, Cross RW, et al. Pan-ebolavirus
protective therapy by two multifunctional human
antibodies. Cell. 2021;184(22):5593–5607.e18. doi:10.
1016/j.cell.2021.09.035.

[23] Cross RW, Bornholdt ZA, Prasad AN, et al.
Combination therapy with remdesivir and mono-
clonal antibodies protects nonhuman primates against
advanced Sudan virus disease. JCI Insight. 2022.
doi:10.1172/jci.insight.159090.

[24] Kuang E, Cross RW, McCavitt-Malvido M, et al.
Reversion of ebolavirus disease from a single intra-
muscular injection of a pan-ebolavirus immunothera-
peutic. bioRxiv. 2022: doi:10.1101/2022.01.06.475142.

[25] Woolsey C, Borisevich V, Agans KN, et al.
Bundibugyo ebolavirus survival is associated with
early activation of adaptive immunity and reduced
myeloid-derived suppressor cell signaling. mBio.
2021;12(4):e0151721. doi:10.1128/mBio.01517-21.

[26] Newman AM, Liu CL, Green MR, et al. Robust enu-
meration of cell subsets from tissue expression
profiles. Nat Methods. 2015;12(5):453–457. doi:10.
1038/nmeth.3337.

[27] Heberle H, Meirelles GV, Da Silva FR, et al.
InteractiVenn: a web-based tool for the analysis of
sets through Venn diagrams. BMC Bioinformatics.
2015;16(1). doi:10.1186/s12859-015-0611-3.

[28] Wickham H. Ggplot2: elegant graphics for data analy-
sis. New York: Springer-Verlag; 2018.

[29] Xu S, Chen M, Feng T, et al. Use ggbreak to effectively
utilize plotting space to deal with large datasets and
outliers. Front Genet. 2021;12; doi:10.3389/fgene.
2021.774846.

[30] Garnier S R, Noam R, Robert C, et al. Cédric viridis –
colorblind-friendly color maps for R. Zenodo. 2021.
doi:10.5281/zenodo.4679424. R package version
0.6.2, https://sjmgarnier.github.io/viridis/

[31] McElroy AK, Erickson BR, Flietstra TD, et al.
Biomarker correlates of survival in pediatric patients
with Ebola Virus disease. Emerg Infect Dis. 2014;20
(10). doi:10.3201/eid2010.140430.

[32] McElroy AK, Erickson BR, Flietstra TD, et al. Ebola
hemorrhagic fever: novel biomarker correlates of clini-
cal outcome. J Infect Dis. 2014;210(4):558–566. doi:10.
1093/infdis/jiu088.

[33] Li G, Dai Y, Tan J, et al. SB203580 protects against
inflammatory response and lung injury in a mouse
model of lipopolysaccharide-induced acute lung
injury. Mol Med Rep. 2020;22(2):1656–1662. doi:10.
3892/mmr.2020.11214.

[34] Okware SI, Omaswa FG, Zaramba S, et al. An
outbreak of Ebola in Uganda. Trop Med Int Health.
2002;7(12):1068–1075. doi:10.1046/j.1365-3156.2002.
00944.x.

[35] Wauquier N, Becquart P, Padilla C, et al. Human fatal
Zaire Ebola virus infection is associated with an aber-
rant innate immunity and with massive lymphocyte
apoptosis. PLoS Negl Trop Dis. 2010;4(10):e837.
doi:10.1371/journal.pntd.0000837.

[36] Chomarat P, Banchereau J, Davoust J, et al. IL-6
switches the differentiation of monocytes from den-
dritic cells to macrophages. Nat Immunol. 2000;1
(6):510–514. doi:10.1038/82763.

[37] Bray M, Geisbert TW. Ebola virus: the role of
macrophages and dendritic cells in the pathogenesis
of Ebola hemorrhagic fever. Int J Biochem Cell Biol.
2005;37(8):1560–1566. doi:10.1016/j.biocel.2005.02.
018.

[38] Woolsey C, Jankeel A, Matassov D, et al. Immune cor-
relates of postexposure vaccine protection against
Marburg virus. Sci Rep. 2020;10(1). doi:10.1038/
s41598-020-59976-3.

[39] Menicucci AR, Versteeg K, Woolsey C, et al.
Transcriptome analysis of circulating immune cell
subsets highlight the role of monocytes in Zaire
Ebola Virus Makona pathogenesis. Front
Immunol. 2017;8:1372. doi:10.3389/fimmu.2017.
01372.

[40] Lüdtke A, Ruibal P, Becker-Ziaja B, et al. Ebola virus
disease is characterized by poor activation and
reduced levels of circulating CD16+ monocytes. J
Infect Dis. 2016;214(suppl 3):S275–Ss80. doi:10.1093/
infdis/jiw260.

[41] Kotliar D, Lin AE, Logue J, et al. Single-cell profiling of
Ebola Virus disease in vivo reveals viral and host
dynamics. Cell. 2020;183(5):1383–1401.e19. doi:10.
1016/j.cell.2020.10.002.

[42] Bowen ETW, Lloyd G, Harris WJ, et al. Viral
Hæmorrhagic fever in Southern Sudan and Northern
Zaire. The Lancet. 1977;309(8011):571–573. doi:10.
1016/s0140-6736(77)92001-3.

[43] Pierre D, Sanchez A. Blood chemistry measurements
andd-dimer levels associated with fatal and nonfatal
outcomes in humans infected with Sudan Ebola
virus. J Infect Dis. 2007;196(s2):S364–SS71. doi:10.
1086/520613.

[44] Geisbert TW, Young HA, Jahrling PB, et al.
Mechanisms underlying coagulation abnormalities in
Ebola Hemorrhagic fever: overexpression of tissue fac-
tor in primate monocytes/macrophages is a key event.
J Infect Dis. 2003;188(11):1618–1629. doi:10.1086/
379724.

1646 C. WOOLSEY ET AL.

https://doi.org/10.1172/jci131958
https://doi.org/10.1016/j.cell.2022.02.023
https://doi.org/10.1016/j.cell.2022.02.023
https://doi.org/10.1038/nmicrobiol.2016.142
https://doi.org/10.1016/j.cell.2021.09.035
https://doi.org/10.1016/j.cell.2021.09.035
https://doi.org/10.1172/jci.insight.159090
https://doi.org/10.1101/2022.01.06.475142
https://doi.org/10.1128/mBio.01517-21
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.5281/zenodo.4679424
https://sjmgarnier.github.io/viridis/
https://doi.org/10.3201/eid2010.140430
https://doi.org/10.1093/infdis/jiu088
https://doi.org/10.1093/infdis/jiu088
https://doi.org/10.3892/mmr.2020.11214
https://doi.org/10.3892/mmr.2020.11214
https://doi.org/10.1046/j.1365-3156.2002.00944.x
https://doi.org/10.1046/j.1365-3156.2002.00944.x
https://doi.org/10.1371/journal.pntd.0000837
https://doi.org/10.1038/82763
https://doi.org/10.1016/j.biocel.2005.02.018
https://doi.org/10.1016/j.biocel.2005.02.018
https://doi.org/10.1038/s41598-020-59976-3
https://doi.org/10.1038/s41598-020-59976-3
https://doi.org/10.3389/fimmu.2017.01372
https://doi.org/10.3389/fimmu.2017.01372
https://doi.org/10.1093/infdis/jiw260
https://doi.org/10.1093/infdis/jiw260
https://doi.org/10.1016/j.cell.2020.10.002
https://doi.org/10.1016/j.cell.2020.10.002
https://doi.org/10.1016/s0140-6736(77)92001-3
https://doi.org/10.1016/s0140-6736(77)92001-3
https://doi.org/10.1086/520613
https://doi.org/10.1086/520613
https://doi.org/10.1086/379724
https://doi.org/10.1086/379724

	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Challenge virus
	Animal challenge
	Blood collection
	Hematology and clinical chemistry
	Viral load determination
	Transcriptomics
	Bead-based multiplex assays
	Histopathology and immunohistochemistry
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Disclosure statement
	Availability of data and materials
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


