
Antiviral Innate Responses Induced by VSV-EBOV Vaccination
Contribute to Rapid Protection

Andrea R. Menicucci,a Allen Jankeel,a Heinz Feldmann,b Andrea Marzi,b Ilhem Messaoudia

aDepartment of Molecular Biology and Biochemistry, University of California—Irvine, Irvine, California, USA
bLaboratory of Virology, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, Montana, USA

ABSTRACT Ebola virus (EBOV) is a single-stranded RNA virus that causes Ebola virus
disease (EVD), characterized by excessive inflammation, lymphocyte apoptosis, hem-
orrhage, and coagulation defects leading to multiorgan failure and shock. Recombi-
nant vesicular stomatitis virus expressing the EBOV glycoprotein (VSV-EBOV), which
is highly efficacious against lethal challenge in nonhuman primates, is the only vac-
cine that successfully completed a phase III clinical trial. Additional studies showed
VSV-EBOV provides complete and partial protection to macaques immunized 7 and
3 days before EBOV challenge, respectively. However, the mechanisms by which this
live-attenuated vaccine elicits rapid protection are only partially understood. To ad-
dress this, we carried out a longitudinal transcriptome analysis of host responses in
whole-blood samples collected from cynomolgus macaques vaccinated with VSV-
EBOV 28, 21, 14, 7, and 3 days before EBOV challenge. Our findings indicate the
transcriptional response to the vaccine peaks 7 days following vaccination and con-
tains signatures of both innate antiviral immunity as well as B-cell activation. EBOV
challenge 1 week after vaccination resulted in large gene expression changes sug-
gestive of a recall adaptive immune response 14 days postchallenge. Lastly, the tim-
ing and magnitude of innate immunity and interferon-stimulated gene expression
correlated with viral burden and disease outcome in animals vaccinated 3 days be-
fore challenge.

IMPORTANCE Ebola virus (EBOV) is the causative agent of Ebola virus disease (EVD),
a deadly disease and major public health threat worldwide. A safe and highly effica-
cious vesicular stomatitis virus-based vaccine against EBOV is the only platform that
has successfully completed phase III clinical trials and has been used in recent and
ongoing outbreaks. Earlier studies showed that antibodies are the main mode of
protection when this vaccine is administered 28 days before EBOV challenge. Re-
cently, we showed this vaccine can provide protection when administered as early
as 3 days before challenge and before antibodies are detected. This study seeks to
identify the mechanisms of rapid protection, which in turn will pave the way for im-
proved vaccines and therapeutics. Additionally, this study provides insight into host
gene expression signatures that could provide early biomarkers to identify infected
individuals who are at highest risk of poor outcomes.
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Infection with Ebola virus (EBOV), an enveloped virus containing a negative-sense
single-stranded genome, results in Ebola virus disease (EVD), characterized by exces-

sive inflammation, lymphocyte death, vascular impairment, and coagulation defects
with high fatality rates. Currently there are 3 main variants of EBOV used for research
purposes: Mayinga, Kikwit, and Makona. The latter is responsible for the 2014-to-2016
epidemic that resulted in �28,600 cases and �11,300 fatalities (1). This unprecedented
epidemic accelerated the progression of several vaccines through clinical trials (2). One
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vaccine platform that has reliably demonstrated 100% efficacy in nonhuman primate
(NHP) models and successfully completed a phase III clinical trial is the recombinant
live-attenuated vesicular stomatitis virus (VSV) expressing the EBOV glycoprotein (GP) in
place of the VSV G protein (VSV-EBOV) (3). A single dose of VSV-EBOV provides
complete protection against lethal EBOV challenge in cynomolgus macaques vacci-
nated 28 days before challenge (4). Moreover, administration of VSV-EBOV 30 min or
24 h after challenge confers approximately 50% protection in rhesus macaques (5, 6).
Additionally, several people, including those exposed during the 2014-to-2016 epi-
demic, received VSV-EBOV as a postexposure treatment and did not exhibit any signs
of EVD (7, 8). Multiple phase I-II clinical trials have demonstrated VSV-EBOV to be safe
and immunogenic (9). Importantly, the phase III ring vaccination trial in Guinea dem-
onstrated VSV-EBOV is efficacious in humans (10).

We previously established antibodies as the primary mode of protection conferred
by VSV-EBOV when administered 28 days before challenge (11). We also reported
complete and partial (66%) protection when cynomolgus macaques were immunized
with VSV-EBOV 7 and 3 days before challenge, respectively (12). Given the lack of
detectable EBOV GP-specific antibodies at the time of challenge, these data suggest
VSV-EBOV can initially confer rapid protection through mechanisms other than humoral
immunity. However, these mechanisms remain incompletely understood. To address
this, we carried out a longitudinal transcriptome analysis of blood samples collected
from cynomolgus macaques that were vaccinated 28, 21, 14, 7, and 3 days before
EBOV-Makona challenge from our recent study (12).

Data presented herein show that animals vaccinated 14 days or more before chal-
lenge exhibited small transcriptional changes postchallenge. In contrast, animals vac-
cinated 7 days prior to challenge had a strong transcriptional response characterized by
high expression of interferon (IFN)-stimulated genes (ISGs), viral RNA sensors, inhibitors
of viral RNA synthesis, and markers of B-cell activation at the time of challenge.
Interestingly, these animals exhibited large transcriptional changes 14 to 28 days
postchallenge, suggestive of the generation of a recall adaptive immune response.
Animals vaccinated 3 days before EBOV-Makona challenge also exhibited increased
expression of transcripts associated with innate immunity and antiviral defense at the
time of challenge, albeit significantly reduced in magnitude and breadth compared to
the animals vaccinated 7 days before challenge. The kinetics and magnitude of these
early innate immune gene expression changes were predictive of disease outcome.
These data reveal that innate immune responses engendered by VSV-EBOV contribute
to protection against lethal challenge within 3 days and, more importantly, can pave
the way for the development of a robust humoral immune response.

RESULTS

To elucidate the mechanisms by which VSV-EBOV provides rapid protection against
EBOV challenge, we leveraged samples collected during our previous study investigat-
ing the time to protective immunity following VSV-EBOV vaccination (12). Fifteen
cynomolgus macaques were divided into groups of 2 or 3 animals that were immunized
with a single intramuscular injection of 5 � 107 PFU of VSV-EBOV at 28, 21, 14, 7, or
3 days before lethal EBOV-Makona challenge (see Fig. S1A in the supplemental mate-
rial). Additionally, a negative-control group was immunized with the VSV-Marburg virus
GP vaccine (VSV-MARV), which does not provide cross protection against EBOV, 28 days
before EBOV challenge and succumbed to infection 5 to 6 days postchallenge (DPC).
RNA was extracted from blood samples collected from each group on 0, 3, 6, 14, 28, and
42 DPC, and transcriptome sequencing (RNA-Seq) was used to measure host gene
expression changes (Fig. S1A).

VSV-EBOV vaccination elicits innate immune responses and activates B cells.
Our previous studies using peripheral blood mononuclear cells (PBMCs) demonstrated
the host response to VSV-EBOV peaks 7 days postvaccination (DPV) and returns to
baseline 14 DPV (13). However, we were unable to assess responses at earlier time
points and only had access to PBMCs. Therefore, in this study, we analyzed gene
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expression changes in whole-blood (WB) samples collected 3, 7, 14, and 21 DPV in order
to gain a broader understanding of the response to vaccination with VSV-EBOV (the
same vaccine that was deployed in the West African epidemic and is currently used in
the Democratic Republic of the Congo [DRC] outbreak) (12). Our previous studies using
VSV-EBOV demonstrated the host transcriptional response to vaccination is resolved 28
DPV (13). Thus, for this analysis, samples collected on the day of challenge from the day
�3, �7, �14, and �21 vaccination groups were compared to those obtained from the
day �28 group (baseline [BL]) in order to determine gene expression changes induced
by VSV-EBOV vaccination on 3, 7, 14, and 21 DPV.

We detected 83 differentially expressed genes (DEGs) 3 DPV and 518 DEGs 7 DPV.
In contrast, very few DEGs were detected 14 (12 DEGs) and 21 (6 DEGs) DPV (Fig. 1A).
Functional enrichment revealed that DEGs detected 3 DPV enriched to Gene Ontology
(GO) terms associated with defense response and innate immunity (Fig. 1B). Some of
the DEGs detected 3 DPV were also detected 7 DPV, albeit with a higher magnitude of
expression (Fig. 1A and C). These 61 DEGs consisted primarily of interferon-stimulated
genes (ISGs) important for antiviral defense, such as OAS1, MX1, and IFIT2, as well as viral
sensor genes DDX58 and DDX60 (Fig. 1C). Other DEGs that were most upregulated 3
DPV and, to a lesser extent, 7 DPV play a role in the cell cycle (DBF4, TOP2A, and CHEK2)
(Fig. 1C).

DEGs detected 7 DPV mapped to GO terms associated with innate immune re-
sponse, initiation of adaptive immunity, apoptosis, and signaling (Fig. 1B). Of the DEGs
exclusively identified 7 DPV that enriched to “Immune system process,” 157 are
predicted to directly interact as proteins (Fig. 1D). These genes play a role in antiviral
innate immunity, including transcription factor genes STAT1 and IRF1, inflammatory
mediator genes (i.e., MYD88, NFKBIA, and IL1B), and pathogen recognition receptor
genes, such as TLR 2 and 4 (Fig. 1D). We also detected increased expression of genes
involved in antigen processing and presentation, such as proteasome subunit genes
PSMB9 and PSMB8 and major histocompatibility complex genes HLA-DQB1 and HLA-B,
as well as TAP2, B2M, and MR1 (Fig. 1D). Moreover, we observed signatures of T-cell
activation based on increased expression of HSH2D and TAGAP, as well as B-cell
activation, as evidenced by increased expression of SPI1, JCHAIN, BAFF, LYN, PTK2B, and
BLIMP1 (Fig. 1D). The 12 DEGs detected 14 DPV consisted of mitochondrial genes
(MT-CO1 and MT-ND3) and ribosomal protein genes (RPL6 and RPS29), suggesting
resolution of immune responses (data not shown).

We next used the Immunological Genome Project Consortium (ImmGen) database,
which visualizes the distribution of gene expression across immune cell populations
(14) in order to infer the source of DEGs detected 7 DPV. This analysis showed that
vaccine-induced DEGs are highly expressed by antigen-presenting cells (monocytes
and dendritic cells) and, to a lesser extent, lymphocytes (Fig. S1B). Additionally, we
utilized Immquant, which implements a digital cell quantification algorithm (15), to
predict changes in immune cell subsets based on DEGs detected 7 DPV. Using the
Immune Response In Silico (IRIS) database (16), this analysis predicted the transcrip-
tional changes to be associated with a significant increase in monocytes, activated
dendritic cells, and CD4 Th2 T cells (Fig. S1C).

Innate immune responses generated in animals vaccinated 3 days before
challenge correlate with disease outcome. Each of the animals vaccinated 3 days
before challenge displayed distinct outcomes following challenge (12). One animal
(viremic nonsurvivor [VNS]) succumbed 8 DPC after exhibiting signs consistent with
EVD (rash, thrombocytopenia, increased liver enzymes, and inflammatory mediators)
and viremia on 6 and 8 DPC. The second animal (viremic survivor [VS]) developed mild
signs of EVD and detectable viral titers 6 DPC but cleared the virus 9 DPC. The third
animal exhibited no viremia or EVD symptoms (survivor [S]). To uncover gene signa-
tures that determine disease outcome, we analyzed transcriptional changes 0, 3, and 6
DPC using maSigPro, which provides a set of statistically significant DEGs for the entire
time course rather than at each time point (17). DPC 0 of the day �28 group served as
a control, and each animal (VNS, VS, and S) was treated as a separate condition. This
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FIG 1 VSV-EBOV vaccination elicits transcriptional changes suggestive of antiviral innate immunity and B-cell activation. (A) The bar graph depicts the number
of differentially expressed genes (DEGs; defined as those with a fold change [FC] of �2 and a false-discovery rate [FDR]-corrected P value of �0.05) that have
human homologues detected in animals vaccinated 3, 7, 14, and 21 days before challenge relative to animals vaccinated 28 days before challenge on the day
of challenge (DPC 0). Red indicates upregulated DEGs, while blue indicates downregulated DEGs. The Venn diagram displays overlap between DEGs detected
in day �3- and day �7-vaccinated animals. (B) Functional enrichment of DEGs detected in the day �3- and day �7-vaccinated animals. Color intensity
represents the statistical significance (shown as –log10 of the FDR-corrected P value); the range of colors is based on the lowest and highest –log10 (FDR) values

(Continued on next page)
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approach identified 689 protein-coding genes with temporal expression changes that
were significantly different between the VNS, VS, and S animals. We next carried out
unsupervised gene clustering using a Pearson correlation-based distance measure to
identify groups of coregulated genes on 0 and 3 DPC (before the detection of viremia)
and filtered genes that distinguished disease outcome, resulting in 152 genes (Fig. 2).

Genes in cluster 4 were either exclusively or very highly expressed in the S animal
0 DPC compared to the VS and VNS animals. These genes play a role in regulation of
wound healing (APOL1, FGL1, and EDN1), cell adhesion and migration (CDH24 and
CHST3), innate immunity (LTB4R2, LY6G5C, and WNT10A), and humoral immunity (IGLV3
to -19) (Fig. 2). Additionally, genes highly expressed by the S animal at both 0 and 3 DPC
(cluster 5) are involved in cell adhesion (KDR and ICAM1) and Th1-mediated immunity
(HAVCR2). Expression of genes in cluster 4 was reduced in the survivor by 3 DPC,
indicating a regulated innate immune response. Newly upregulated genes 3 DPC in the
S animal (cluster 1) included ICAM5, a cell adhesion molecule gene, MMP8, which
degrades extracellular matrix, IGLV3-10 and FCGR1A, which play a role in humoral
immune response, and SOCS3, which negatively regulates cytokine signaling. Genes in
cluster 3 were expressed by all animals on the day of challenge but remained upregu-
lated only in the S animal on 3 DPC, such as TRIM22, an antiviral gene induced by
interferon, GZMA, which is important in lysing target cells by cytotoxic T cells and NK
cells, and SIGLEC11, which mediates anti-inflammatory signaling.

Genes within cluster 7, which mostly consisted of ISGs (OAS1, IFIT2, TRIM9, RSAD2,
ISG15, and HERC5), were highly expressed by both the S and VS animals on the day of
challenge compared to the VNS animal (Fig. 2). The expression of genes in cluster 7
increased dramatically 3 DPC in the VS animal, while ISG expression did not increase in
the VNS animal until 3 DPC. Interestingly, genes in cluster 6 were highly expressed in
the VS animal 3 DPC and play a role in monocyte chemotaxis (CCL2) and lymphocyte
migration (JAM2).

Genes that were highly expressed in viremic animals (both VS and VNS) DPC 0
(clusters 2 and 10) play a role in type I IFN-induced apoptosis (IFI27), antibacterial
defense (DEFB108B), and TRIM40, an E3 ubiquitin ligase that promotes proteasomal
degradation of RIG-I and MDA5 (Fig. 2). Genes that were only upregulated in the VNS
animal (clusters 8 and 9) are involved in angiogenesis (POU5F1), coagulation (FGG),
vasodilation (XPNPEP2), apoptosis (BAK1), and ion transport (SLC1A3 and SLC22A4).
Interestingly IL-27, which has been shown to regulate T-cell-mediated immunity and
promote production of anti-inflammatory cytokine interleukin-10 (IL-10), was also
elevated only in the VNS animal on the day of challenge (18) (Fig. 2).

By 14 DPC, no viremia was detected in VS and S; therefore, these two animals were
grouped for DEG analysis at subsequent time points with DPC 0 of the day �28 group
serving as the baseline again (see Fig. S2 in the supplemental material). Most transcrip-
tional changes 14 DPC were upregulated, and DEGs with the highest fold change (FC)
were enriched to GO term “Immune system process” and play a role in innate immunity
(Fig. S2A, B, and C). Although most DEGs 28 DPC encoded innate immunity-related
transcripts, their expression was downregulated, suggesting resolution of host re-
sponse (Fig. S2A, B, and D).

EBOV-Makona challenge 1 week after vaccination induces a robust adaptive
immune response. Samples collected from animals vaccinated 7 days prior to chal-
lenge were compared to BL. Following challenge, the number of DEGs detected 3 and
6 DPC initially decreased, followed by a large increase 14 and 28 DPC before a return

FIG 1 Legend (Continued)
for the entire set of Gene Ontology (GO) processes. The number of DEGs enriching to each GO term is listed within each box; blank boxes represent lack of
significant enrichment to a given GO term. (C) Heat map representing expression (shown as normalized RPKM values) of DEGs detected in the day �3- and
day �7-vaccinated animals on the day of challenge. The range of colors is based on scaled and centered RPKM values of the entire set of genes: red represents
increased expression, while blue represents decreased expression. Each column represents 1 animal; BL represents the transcriptional profile of the day �28
animals at 0 DPC. (D) Network showing direct interactions between DEGs detected on the day of challenge in the day �7 group enriched to the GO term
“Immune system process.”
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to baseline by 42 DPC (Fig. 3A). DEGs detected 3 and 6 DPC enriched to “Innate immune
response” and “Type I interferon signaling pathway” (see Fig. S3A in the supplemental
material) and consisted mostly of upregulated ISGs (ISG15, MX2, OAS2, and IFIT2)
(Fig. S3B).

DEGs detected 14 and 28 DPC were largely shared between these two time points
(�90%) (Fig. 3A). DEGs upregulated 14 and 28 DPC enriched to GO terms associated
with metabolism and adaptive immunity (Fig. 3B). DEGs that mapped to either “Adap-
tive immune response,” “T-cell activation,” or “B-cell activation” play a role in antigen
presentation (HLA-DQB1, CD83, and CD1C), lymphocyte proliferation and development
(IL2RB, TCF7, and TCF3), T-cell signaling and activation (CD2, CD4, CD28, LAT, TRBV2, and
ZAP70), and B-cell signaling and activation (CD19, SLAMF1, CD40LG, and IGHA1) (Fig. 3C).
In silico analysis using Immquant indicates these transcriptional changes are predicted
to be associated with a significant increase in monocytes, CD4 and CD8 T cells, and

FIG 2 Animals vaccinated 3 days before challenge display distinct transcriptional responses that correlate with disease
outcome. Shown is a heat map representing hierarchical clustering of genes significantly associated with clinical outcome
identified by maSigPro on 0 and 3 DPC. Clusters of genes that are coregulated are numbered 1 to 10. The range of colors is
based on rlog transformation of normalized read counts: red represents increased expression, while blue represents decreased
expression. Each column represents the nonviremic survivor (S), viremic survivor (VS), or viremic nonsurvivor (VNS).

FIG 3 EBOV-Makona challenge 1 week after vaccination induces a recall response. (A) Number of DEGs detected
in day �7-vaccinated animals following EBOV-Makona challenge. A Venn diagram displays overlap between DEGs
detected 14 and 28 DPC in the day �7 group. (B) Functional enrichment of upregulated DEGs detected 14 and 28
DPC in the day �7 group. (C) Heat map representing upregulated DEGs detected 14 and 28 DPC in the day �7
group that enriched to “T-cell differentiation,” “B-cell activation,” and “Adaptive immune response.” Each column
represents 1 animal; BL represents the transcriptional profile of the day �28 animals at 0 DPC.
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stimulated CD4 Th1 T cells, as well as memory B cells, 14 DPC (Fig. S3C). DEGs
downregulated 14 and 28 DPC also enriched to metabolism, cell cycle, and immunity,
in addition to signaling and cell death (Fig. S3D). The most downregulated DEGs that
enriched to “Myeloid leukocyte activation” play a role in chemotaxis and inflammation
(MMP9, TNFAIP6, and S100A9), neutrophil-mediated immunity and chemotaxis (FPR2
and GCA, CXCR1, and CXCL8), and pathogen recognition (TLR 2 and 4) (Fig. S3D and E).

Animals vaccinated at least 2 weeks prior to challenge show limited gene
expression changes following challenge. Consistent with the lack of clinical symp-
toms, we detected few DEGs in blood samples collected from the day �28 group
following EBOV-Makona challenge (Fig. 4A). DEGs detected 28 DPC, which were mostly
upregulated, play a role in cell cycle (e.g., CHEK2, ANAPC10, and KIF11) (Fig. 4B and E).
At 42 DPC, DEGs were mostly downregulated and included genes involved in innate
immunity (FPR1, S100A9, PADI4, and FCAR) (Fig. 4B and E). Similarly, a small number of
DEGs was detected 42 DPC in the day �21 group (Fig. 4A). These DEGs, which were
mostly downregulated, play a role in inflammation (e.g., S100A9, C1RL, CD14, and
MYD88) (Fig. 4A, C, and F). A larger number of DEGs was detected in the day �14 group
28 DPC (Fig. 4A). These DEGs are associated with metabolic processes and include
genes involved in ATP synthesis (ATP23), mitochondrial respiration (FXN), immunity
(FKBP3 and CTSC), and DNA replication (ORC4, POLE2, and PRIM2) (Fig. 4D and G).

EBOV-Makona challenge results in gene expression changes consistent with
excessive inflammation and lymphopenia in unprotected animals. A substantial
number of DEGs (380) were detected 3 days postchallenge (DPC) with EBOV-Makona in
negative-control animals, with the largest changes observed 5 or 6 DPC (1,569 DEGs),
consistent with a large increase in viral transcript counts (see Fig. S4A in the supple-
mental material). Overall transcriptional changes detected in negative-control animals
are indicative of excessive inflammation and lymphopenia consistent with EVD devel-
opment. Expression of the majority of genes upregulated 3 DPC remained increased 5
or 6 DPC and enriched to host defense, inflammation, cardiovascular disease, and cell
death (Fig. S4B). Notable upregulated genes play a role in inflammation, such as
transcription factor genes RELB, STAT1, CEBPB, and IRF7, signaling molecule genes
MYD88 and IRAK 2 and 3, and chemokine/cytokine genes CCL2, CXCL10, and TNF
(Fig. S4C). Additionally, ISGs (such as ISG15, IFIT2, OAS1 and -2, and MX1), as well as
genes that play a role in cell death (e.g., FAS, BAK1, and TNFSF10A), were upregulated
(Fig. S4C). Downregulated DEGs were only detected 5 or 6 DPC and mapped to cell
cycle, cellular metabolism, and T-cell activation (see Fig. S5A in the supplemental
material). Decreased transcripts that enriched to “TCR signaling pathway” included
HLA-DMB, TCF7, THEMIS, and ZAP70 (Fig. S5B). The second major group of downregu-
lated genes enriched to cell cycle, such as ANAPC10, CCND2, and CHEK2 (Fig. S5B).

We compared DEGs detected 6 DPC in negative controls to those reported in our
recent study in which cynomolgus macaques were intramuscularly challenged with the
same isolate of EBOV-Makona (19). Approximately �60% of DEGs detected 6 DPC (872
DEGs) were common, while the remaining 40% of DEGs represented unique transcrip-
tional changes (660 DEGs in our previous study, 573 DEGs in this study). DEGs detected
in both studies were associated with defense response to virus, response to type I IFN,
cell death, and lymphopenia (Fig. S5C). DEGs detected only in our previous study
(challenged with EBOV-Makona only) enriched to similar GO terms as the shared DEGs,
while those detected exclusively in this study (vaccinated with VSV-MARV before
EBOV-Makona challenge) also enriched to GO terms involved in cell cycle, DNA repair,
and reactive oxygen species metabolism (Fig. S5C).

DISCUSSION

In this study, we performed a longitudinal transcriptome analysis in peripheral blood
samples obtained postvaccination and post-EBOV-Makona challenge from cynomolgus
macaques that were vaccinated 28, 21, 14, 7, and 3 days before challenge in order to
identify mechanisms of rapid protection conferred by VSV-EBOV. We previously re-
ported gene expression changes in NHP PBMCs following vaccination with VSV-EBOV

Menicucci et al. ®

May/June 2019 Volume 10 Issue 3 e00597-19 mbio.asm.org 8

https://mbio.asm.org


Mechanism of VSV-EBOV-Mediated Rapid Protection ®

May/June 2019 Volume 10 Issue 3 e00597-19 mbio.asm.org 9

https://mbio.asm.org


(13). The present study provided us with an opportunity to gain a broader understand-
ing of the immune response to VSV-EBOV by identifying transcriptional changes in
whole-blood samples following vaccination with the human vaccine. Our analysis
showed DEGs detected in WB post-VSV-EBOV vaccination are associated with antiviral
innate immunity, notably ISGs, which had the highest degree of expression 7 DPV. This
is in accordance with the elevated levels of IFN-� detected 3 and 7 DPV in these animals
(12). Consistent with these transcriptional changes, ImmGen analysis indicates that
gene expression changes detected 7 DPV originate mostly from monocytes and
dendritic cells, which were also predicted to increase in frequency based on Immquant
analysis. The production of IFN-� and expression of ISGs prior to infection correlate with
survival in both day �7 and day �3 animals by potentially creating an antiviral state
that restricts viral loads, thus providing enough time for development of an adaptive
immune response.

Expression of several genes important for cell cycle progression was increased 3 and
7 DPV, consistent with the proliferative burst of lymphocytes observed 7 DPV in our
previous studies (11). Additionally, our analysis revealed increased expression of genes
important for antigen presentation, T-cell activation, and B-cell activation 7 DPV, in line
with robust antibody responses detected 14 DPV. Indeed, we detected increased
expression of LYN, BAFF, and BLIMP1, which are important for B-cell activation, prolif-
eration, and differentiation into plasma cells (20–22). Moreover, Immquant predicted
that transcriptional changes 7 DPV would be associated with an increase of CD4 Th2 T
cells, a subclass of helper T cells that stimulate B cells to produce antibodies. A previous
study showed that vaccination with a single dose of VSV-EBOV can confer partial
protection when administered 20 to 30 min postexposure (5). However, another study
showed that 6 cynomolgus macaques treated with 2 doses of either VSV-EBOV or
VSV-MARV 1 h and 24 h after EBOV challenge had similar survival rates (6). Whether
VSV-mediated innate immune responses solely contribute to rapid protection or if there
is a role for EBOV-GP-specific immune responses should be further investigated.

In comparison to our recent transcriptional analysis in PBMCs following vaccination
with VSV-EBOV (13), we detected a much larger number of DEGs in WB (467) compared
to PBMCs (60) 7 DPV. Interestingly, only 12 DEGs were shared between the 2 studies
and consisted of ISGs (IFIT2, IFIT3, IFI44, IFI44L, OAS2, OASL, and GBP6). This discrepancy
could be mediated by differences in cellular composition of WB versus PBMCs, use of
a higher vaccine dose (5 � 107 versus 1 � 107), and the immunogen (EBOV-Kikwit GP
in the present study versus EBOV-Mayinga GP in our previous study).

Immunization 3 days prior to EBOV challenge was not uniformly protective against
viremia or fatality and resulted in distinct disease outcomes (S, VS, and VNS) for each
animal. Although transcriptional changes that enriched to type I interferon signaling
and innate immunity were detected on the day of challenge in the day �3 group, the
number of genes and magnitude of fold changes were much smaller than those
observed in day �7-vaccinated animals. Gene signatures associated with survival
include high expression of ISGs, as well as genes important for innate immunity on the
day of challenge. In contrast, viremia and/or fatality was associated with high expres-
sion of genes that play a role in regulating immunity, coagulation, and apoptosis.
Specifically, the animal that did not experience clinical disease (S) exhibited the highest
number of transcripts involved in host defense as well as the highest plasma levels of
IFN-� on the day of challenge (12). By 3 DPC, expression of these genes was reduced
in this animal, while expression of genes involved in humoral immunity and effector
responses increased, suggesting a regulated innate immune response and develop-

FIG 4 Animals that were vaccinated at least 2 weeks prior to EBOV challenge show limited gene expression changes. (A) Number of DEGs detected following
EBOV-Makona challenge in animals vaccinated 28, 21, and 14 days before challenge. (B to D) Functional enrichment of DEGs observed in animals vaccinated
28 (B), 21 (C), and 14 (D) days before challenge. (E) Heat map of DEGs detected 28 and 42 DPC in the day �28 group that enriched to “Cell cycle” or “Response
to stress,” respectively. Each column represents 1 animal. (F) Heat map of DEGs detected 42 DPC in the day �21 group that enriched to “Response to stress.”
Each column represents 1 animal. (G) Heat map representing DEGs detected 28 DPC in the day �14 group that enriched to the GO term “Cellular
macromolecule metabolic process.” Each column represents 1 animal.
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ment of an adaptive immune response. This animal also developed EBOV GP-specific
antibodies 7 DPC. As observed in the S animal, ISG transcripts were increased 0 DPC and
peaked 3 DPC in the VS animal, contributing to the lower level of viremia. On the other
hand, expression of genes associated with humoral immunity was not as high as that
observed in the S animal. In line with this observation, development of EBOV GP-
specific antibodies was delayed and reduced in magnitude in the VS compared to the
S animal.

Unlike the two animals from the day �3 group that survived EBOV challenge,
expression of ISGs and innate immune-related transcripts in the VNS animal was
significantly delayed, appearing 3 DPC. This pattern of expression is reminiscent of that
seen in unvaccinated cynomolgus macaques and patients who succumbed to EVD (19,
23, 24). Only 6 DEGs were common between the VNS animal and the day �7 animals
on the day of challenge, including IFI27, TRIM22, BAK1, CHD7, PLA2G4C, and SLFN13,
suggesting these genes do not correlate with survival or fatality. Interestingly, tran-
scripts associated with negative regulation of innate immune responses (TRIM40 and
IL-27) or promoting vasodilation and coagulation (XPNPEP2 and FGG) were only highly
expressed by the VNS. Thus, it is reasonable that the absence of an early innate immune
response in addition to indications of vascular disease may have resulted in develop-
ment of EVD in this animal. Although there was limited overlap in the number of DEGs
between VNS at 0 to 3 DPC and the negative-control animals at 6 DPC (11 DEGs),
increased expression of FGG, the gamma component of fibrinogen, was detected in
both the VNS animal and negative-control animals, which may be a potential marker
that correlates with fatal disease outcome. In contrast to what we observed in animals
vaccinated 7 days before challenge, we did not detect gene expression changes
consistent with the generation of a recall response in the animals that were vaccinated
3 days before challenge and survived. These data are reminiscent of decreased immune
responses observed when booster injections are administered too soon following
priming vaccination (25).

Although animals in the day �7 group had weak IgM responses and no detectable
EBOV GP-specific IgG antibodies at the time of challenge, they were protected against
lethal infection (12). Our analysis showed an increased number of antiviral defense- and
B-cell activation-related transcripts in these animals on the day of challenge, suggesting
innate defenses engendered by VSV-EBOV coupled with the initiation of a humoral
response contribute to initial protection. Following challenge, transcriptional changes
in these animals are highly suggestive of the development of a recall adaptive immune
response 14 to 28 DPC. Highly expressed genes play a role in antigen presentation and
T- and B-cell activation, as well as T- and B-cell differentiation. Moreover, Immquant
predicted an increase in CD4 and CD8 T cells and memory B cells 14 DPC. Although the
GP-specific antibody titer did not increase after the detection of these transcriptional
changes 14 to 28 DPC, it is possible the antibody repertoire and the avidity of the
antibody response could have improved. Additionally, the quantity and quality of the
T-cell response to EBOV could have also changed. Unfortunately, we are unable to
address these questions due to a lack of cryopreserved cells. The reason for the delayed
appearance of these transcriptional changes (14 DPC) is also not understood. These
questions will be the focus of future studies.

Animals vaccinated 2 or more weeks before challenge exhibited few DEGs—most
likely due to the presence of EBOV GP-specific IgG and neutralizing antibodies at the
time of challenge (12). Animals vaccinated 28 days before challenge displayed limited
transcriptional changes post-EBOV challenge, suggestive of resolution of an immune
response. This is in contrast to our previous study (13), where we reported upregulation
of genes involved in antiviral defense in cynomolgus macaques vaccinated with
VSV-EBOV and challenged with EBOV-Kikwit 28 days later. The difference in the tran-
scriptional changes and the lack of viral transcripts in this study could potentially be
attributed to the use of different EBOV GP, increased vaccine dose, or different
challenge strains (Makona versus Kikwit) (26). Similarly, expression of genes involved in
response to stress and host defense was reduced in the day �21-vaccinated animals,
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indicative of immune regulation. Although we observed a larger number of DEGs in day
�14-vaccinated animals compared to day �28- and �21-vaccinated animals, func-
tional enrichment analysis revealed these DEGs are not consistent with EVD.

In contrast to VSV-EBOV-vaccinated animals, we detected robust gene expression
changes in negative-control animals following EBOV-Makona challenge that correlated
with viremia and clinical scores. The transcriptional profile of these animals was
dominated by increased transcripts of genes that positively regulate production of
inflammatory cytokines and chemokines. These transcriptional changes contribute to a
cytokine storm, vascular leakage, and cell death. Moreover, we detected lymphopenia
consistent with severe EVD and similar to that reported in recent NHP and clinical
studies (19, 23, 24, 27, 28). We compared DEGs detected in the control animals with
those we recently reported in a separate study investigating the transcriptional re-
sponse to EBOV-Makona (19). Transcriptional changes reported in both studies were
consistent with development of EVD. Interestingly, DEGs detected only in the negative-
control animals in this study that were vaccinated with VSV-MARV prior to EBOV-
Makona challenge enriched to cell cycle and DNA repair. In contrast, transcriptional
changes detected exclusively in the earlier study enriched to immune terms. Since
these animals received the same EBOV-Makona isolate (Guinea C07) and had similar
disease progression, it is possible that these differences are due to previous exposure
to the VSV-MARV vector prior to challenge, which resulted in less immune dysregula-
tion and more pronounced changes in cell cycle that contributed to disease by
promoting cell death.

In summary, the data presented here demonstrate that the robust innate antiviral
immune response elicited by VSV-EBOV is followed by the development of a humoral
response. This analysis provides novel insight into the possible role of innate immune
responses and ISG expression in dictating disease outcome after EBOV challenge.
Future studies should be repeated with a larger cohort and focus on (i) delineating the
relative contribution of innate versus early adaptive immunity in mediating rapid
VSV-EBOV protection, (ii) evaluating the durability of this immune response, (iii) deter-
mining effector functions elicited by antibodies generated using B-cell repertoire
sequencing analysis, and (iv) investigating the role of T-cell responses in protection
against subsequent infections.

MATERIALS AND METHODS
Study design. We leveraged samples collected during our previous study (12), in which 15 cyno-

molgus macaques were divided into groups of 2 or 3 animals that were immunized with a single
intramuscular injection of 5 � 107 PFU of VSV-EBOV at 28, 21, 14, 7, or 3 days before lethal EBOV-Makona
challenge (Fig. S1A). Additionally, a negative-control group was immunized with the VSV-Marburg virus
GP vaccine (VSV-MARV), which does not provide cross protection against EBOV, 28 days before EBOV
challenge.

Animal ethics statement. All animals from the previous study from which these samples were
derived (12) were handled in strict accordance with the recommendations described in the Guide for the
Care and Use of Laboratory Animals (29) of the National Institutes of Health, the Office of Animal Welfare,
and the United States Department of Agriculture. Animal procedures were carried out under ketamine
anesthesia by trained personnel under the supervision of veterinary staff, and all efforts were made to
ameliorate the welfare and to minimize animal suffering in accordance with the recommendations of the
Weatherall Report on the Use of Non-human Primates in Research (30). All animal work was approved by
the Institutional Animal Care and Use Committee at the Rocky Mountain Laboratories (RML). RML is
accredited by the American Association for Accreditation of Laboratory Animal Care.

Library generation and sequencing. RNA was isolated from whole blood using the QIAmp viral
RNA kit (Qiagen, Valencia, CA). RNA concentration and integrity were determined using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). rRNA was depleted and libraries were constructed
using the TruSeq stranded total RNA LT-LS kit (Illumina, San Diego, CA). First, rRNA-depleted RNA was
fragmented and converted to cDNA. Adapters were ligated, and the �300-bp-long fragments were then
amplified by PCR and selected by size exclusion. In order to ensure proper sizing, quantitation, and
quality prior to sequencing, libraries were analyzed on the Agilent 2100 Bioanalyzer. Multiplexed libraries
were subjected to single-end 100-bp sequencing using the Illumina HiSeq2500.

Bioinformatic analysis. Data analysis was performed with the RNA-Sequencing (RNA-Seq) workflow
of systemPipeR (31). RNA-Seq reads were demultiplexed, quality filtered, and trimmed using Trim Galore
(average phred score of 30 and minimum length of 50 bp). In order to quantify longitudinal changes in
viral reads, the EBOV-Makona genome (H.sapiens-wt/GIN/2014/Makona-Gueckedou-C07) from Virus
Pathogen Resource was adjoined to the Macaca fascicularis reference genome (Macaca_fascicularis
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.Macaca_fascicularis_5.0.dna.toplevel.fa) as previously described (19, 32). Trimmed RNA-Seq reads were
aligned using HISAT2 against the reference genome containing both Macaca fascicularis and EBOV-
Makona genomes. Raw expression values in the form of gene-level read counts were generated with the
summarizeOverlaps function, counting only the reads overlapping exonic regions of genes using the
annotation file from Ensembl (Macaca_fascicularis.Macaca_fascicularis_5.0.94.gtf).

Our previous studies using VSV-EBOV demonstrated host transcriptional responses to vaccination are
resolved 28 days postvaccination (13). Thus, day 0 (day of challenge) of the day �28 group (n � 2) served
as a baseline (BL). Gene expression changes induced by VSV-EBOV were determined by comparing
samples collected on the day of challenge from animals vaccinated 21 (n � 3), 14 (n � 2), 7 (n � 2), and
3 (n � 3) days to those from BL. Following challenge, each time point was compared to the respective
day 0 for groups at days �28, �21, and �14 or BL for groups at days �7 and �3.

Normalization and statistical analysis of differentially expressed genes (DEGs) were performed using
edgeR. Host DEGs were defined as those with a fold change of �2 and a false-discovery rate (FDR)-
corrected P value of �0.05. Only protein-coding genes with human homologs and an average of 5 reads
per kilobase of transcript per million mapped reads (RPKM) were included for further analysis. Reads
mapping to the EBOV-Makona genome were also normalized as RPKM. Statistical analysis of changes in
normalized reads mapping to the EBOV-Makona genome was performed using edgeR. Heat maps and
Venn diagrams were generated using R packages gplot and VennDiagram.

MaSigPro was used to obtain a list of genes that correlated significantly with disease outcomes in
animals vaccinated 3 days before challenge and at early time points of infection. R2 of the regression
model was set to 0.7, and vars was set to “all” in the “get.siggenes” function (17).

Functional enrichment of these genes was done to identify clusters of genes mapping to specific
biological pathways, specifically Gene Ontology (GO) terms, using MetaCore (Thomson Reuters, New
York, NY).

Data availability. The RNA sequencing data presented in this article have been submitted to the
National Center for Biotechnology Information Sequence Read Archive (accession no. PRJNA539939).
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