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Vesicular stomatitis virus expressing Zaire Ebola virus (EBOV) glycoprotein (VSV�G/EBOVgp) could be used as a vaccine to
meet the 2014 Ebola virus outbreak. To characterize the host response to this vaccine, we used mRNA sequencing to analyze pe-
ripheral blood mononuclear cells (PBMCs) from cynomolgus macaques after VSV�G/EBOVgp immunization and subsequent
EBOV challenge. We found a controlled transcriptional response that transitioned to immune regulation as the EBOV was
cleared. This observation supports the safety of the vaccine.

The 2014 Ebola virus outbreak in West Africa has highlighted
the need to deliver a vaccine to those in direct contact with the

virus, which includes health care workers and first responders (1).
At present, two vaccines are undergoing clinical trials; both have
shown effective protection in nonhuman primates (NHPs) and
express the Zaire Ebola virus glycoprotein (EBOVgp) on an ade-
novirus (2) or vesicular stomatitis virus (VSV) (3, 4) backbone.
The VSV-based vaccine has the advantage of needing only a single
immunization without a separate boost, and it has increased du-
rability. As we have reported, the immunity provided by VSV
expressing EBOV glycoprotein (VSV�G/EBOVgp) vaccine com-
pletely abolished the clinical signs of disease and was mediated by
IgG antibodies (5). However, the host responses to immunization
and subsequent EBOV challenge have not been characterized on a
genomic scale; this might aid in assessments of vaccine safety,
complementing previous targeted analyses (6–8).

To complement previous measures of viral load and inflam-
matory mediators in these animals (5), we performed RNA deep
sequencing analysis (see Supplemental Methods in the supple-
mental material) on peripheral blood mononuclear cells (PB-
MCs) obtained from cynomolgus macaques (CMs) prior to and
after immunization with VSV carrying EBOVgp (VSV�G/EB-
OVgp) and at multiple points after EBOV challenge. Specifically,
three CMs were immunized using a single dose of VSV�G/EB-
OVgp 28 days prior (D�28) to EBOV challenge (day 0 [D0]), and
PBMCs were collected on D�28, D0, D4, D7, D14, and D35. As a
positive control, we also assessed data from animals immunized
with a nonprotective vaccine carrying a Marburg virus glycopro-
tein (VSV�G/MARVgp) (9). These animals showed the hallmarks
of Ebola hemorrhagic fever and succumbed around D7 (7).

To assess the host response to immunization and EBOV chal-
lenge, sequenced reads were mapped to both the host and EBOV
genomes (GEO accession no. GSE64538). We detected low levels
of viral transcription in all three protected animals following chal-
lenge, with virus levels peaking at D7 before it was cleared (Table
1), which was consistent with previously measured IgG titers (5).

Normalization and differential expression (DE) analysis of the
host transcriptome were carried out using the Bioconductor pack-
age EdgeR (see Supplemental Methods in the supplemental mate-
rial). Immunization triggered a restricted transcriptional re-
sponse, in that the entire time series produced a pool of only 502
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TABLE 1 Numbers of sequenced reads mapping to the Ebola virus
genome in each animal immunized with protective (EBOVgp) and
nonprotective (MARVgp) vaccines

Groupa

No. of sequenced reads found on:

D0 D4 D7 D14 D35

EBOVgp 1 0 0 33 0 0
EBOVgp 2 0 1 55 0 0
EBOVgp 3 0 14 22 15 1
MARVgp 1 0 1,416 65,822
MARVgp 2 0 383 57,217
MARVgp 3 0 164 88,664
a In the protected group, a small number of reads was found, peaking at D7.
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DE genes (Fig. 1A) compared to 2,661 in the unprotected animals
(see Fig. S1A in the supplemental material). In the protected ani-
mals, expression changes that manifested between D�28 and D0
tended to persist throughout the time series; EBOV challenge had
a comparatively small effect on gene expression.

To identify the key elements in the host response to immuni-
zation and challenge, we used ingenuity pathway analysis (IPA) to
perform functional enrichment analysis on the DE genes from
each time point (Fig. 1B). The analysis identified biological path-
ways and predicted transcription factors and other regulators of
gene expression (e.g., cytokines) as underlying regulators of the
host response to immunization. The unprotected animals showed
increasing activation of immune pathways with deteriorating
health (see Fig. S1B and Supplemental Results in the supplemental
material).

This analysis specifically showed the activation of Toll-like re-
ceptor (TLR) signaling and NF-�B activation after immunization

(D0), and IPA implicated beta interferon 1a (IFN-�-1a) and in-
terleukin-5 (IL-5) as underlying regulators of this response. TLRs
have been implicated in protection against VSV in both in vivo
knockout studies (10) and cell culture of dendritic cells (11) and
macrophages (12). The TLRs found to be upregulated (TLR1,
TLR6, and TLR10) at D0 have not been reported in the context of
VSV, but our data suggest that TLR signaling participates in the
immunogenicity of VSV�G/EBOVgp, as it has in other vaccines
(13). At D4 and D7, the response to challenge after immunization
also included interferon signaling (upregulation of alpha/beta
interferon receptor 1 [IFNAR1], gamma interferon receptor 1
[IFNGR1], IFNGR2, interferon-induced protein with tetratrico-
peptide 1 [IFIT1], and MX dynamin-like GTPase 1 [MX1]), CD28
signaling, and T-cell receptor signaling. The upstream IPA also
implicated the T-cell receptor and interferon regulatory factor 7
(IRF7) as regulators of the observed gene expression changes.

In order to identify the interactions between the immunolog-
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FIG 1 Host response to immunization and Zaire Ebola virus challenge in the protected group. (A) Heatmap showing, at each time point, the average log2 fold
change (FC) compared to D�28 of the 502 pooled DE genes from D0 to D35. The differential expression observed at D0 tended to persist throughout the time
series, although the number of genes passing the significance threshold varied, peaking at D7. (B) Functional enrichment analysis for canonical pathways and
targets of upstream regulators. Both analyses show the activation of interferon responses during the first time points and T-cell activation peaking at D7. LPS,
lipopolysaccharide; TCR, T-cell receptor. (C) Constructed network showing interactions between key genes from enriched canonical pathways. The D0 network
showed differential expression, suggesting the regulation of immune responses, while the D7 network showed predominantly immune activation. By D35, the
network had returned to near that of the D0 state.
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ical processes that are activated at different time points, we used
IPA to carry out an enrichment analysis of the pool of 502 DE
genes in manually curated biological networks (14). This allowed
us to include the interactions between DE genes that were not
present in canonical signaling pathways. Networks containing key
genes from the enriched pathways were merged, and DE genes
from each time point were mapped onto this resulting network
(Fig. 1C). In this network, TLR4 had the highest number of out-
going interactions (i.e., regulated the highest number of genes). Its
downstream-regulated genes (MX1, guanylate binding protein 2
[GBP2], tripartite motif-containing protein 38 [TRIM38], and
nucleotide binding oligomerization domain-containing protein 2
[NOD2]) showed predominantly predicted inhibition at D0, ac-
tivation at D7, and returned to inhibition at D35, indicating that
after the initial host response to EBOV challenge, the response
resolved and returned close to the baseline state. Immune regula-
tion at D35 was indicated by the activation of a significant number
of targets for forkhead box P3 (FOXP3), the marker of regulatory
T cells. In contrast, a number of antiviral genes, regulated in the
network by DEAD box protein 58 (DDX58) and IFNAR1, showed
upregulation or predicted activation throughout the time course
(IFIT1, IFI27, tumor necrosis factor [ligand] superfamily, mem-
ber 13B [TNFSF13B], and radical S-adenosyl methionine domain
containing 2 [RSAD2]). Also, the T-cell coreceptor CD28 showed
downregulation from D0 throughout the time series, possibly due
to the increased frequency of effector memory T cells in response
to immunization.

Taken together, these results suggest that in immunized chal-
lenged animals, innate immune activation correlates with EBOV
replication over time, peaking around D7 after infection, support-
ing the participation of innate immune responses in IgG-depen-
dent immunity. At D35 after infection, the immune response ap-
pears to have resolved; the number of differentially expressed
genes decreased, and the immune pathways activated at D7 were
downregulated while immune regulators (e.g., FOXP3) were acti-
vated. While these results are based on a limited number of ani-
mals, they suggest that NHPs immunized by VSV�G/EBOVgp
show restricted immune activation upon EBOV challenge and re-
solve their immune response after the infection is cleared.

Our observations support the safety of VSV�G/EBOVgp; the
number of DE genes following immunization and EBOV chal-
lenge was limited and entailed the early activation of genes asso-
ciated with antiviral immunity, with subsequent activation of
immune regulators. The VSV�G vector can be redesigned to in-
corporate glycoproteins from other Ebola viruses; even though
such vaccines would need an independent evaluation, our results
suggest that this approach is likely to produce safe vaccines.
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