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Ebola virus (EBOV) is a highly pathogenic filovirus that causes
outbreaks of a severe hemorrhagic fever known as EBOV di-
sease (EVD). Ebola virus disease is characterized in part by a
dysregulated immune response and massive production of both
pro- and anti-inflammatory cytokines. To better understand the
immune response elicited by EVD in the context of treatment
with experimental anti-EBOV antibody cocktails, we analyzed
29 cytokines in 42 EBOV-infected rhesus macaques. In compar-
ison to the surviving treated animals, which exhibited minimal
aberrations in only a few cytokine levels, nonsurviving animals
exhibited a dramatically upregulated inflammatory response
that was delayed by antibody treatment.
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Ebola virus (EBOV) is a highly pathogenic filovirus that causes
outbreaks of a severe hemorrhagic fever known as EBOV disease
(EVD). The largest outbreak of EVD occurred in West Africa
from 2013 to 2016, resulting in over 11 000 deaths and under-
scoring the significant global health threat posed by EBOV [1].
Ebola virus disease is characterized by robust and systemic virus
replication that leads to a dysregulated immune response, organ
damage, and coagulation abnormalities, often culminating in
death [2]. In particular, high levels of pro- and anti-inflamma-
tory cytokines released during the innate immune response to
infection not only fail to control virus replication but are also

Received 19 September 2018; editorial decision 28 January 2019; accepted 30 January 2019.;
Published online February 6, 2019.

L. B. and V. S. contributed equally to this work.

Correspondence: Xiangguo Qiu, MD, Zoonotic Diseases and Special Pathogens Program,
National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, MB R3E 3R2,
Canada (xiangguo.qiu@canada.ca).

Open Forum Infectious Diseases®

© The Author(s) 2019. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any
medium, provided the original work is not altered or transformed in any way, and that the
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
DOI: 10.1093/0fid/0fz046

BA1DSA

Infectious Diseases Society of America hiv medicine association

thought to contribute to the development of ineffective cellular
and humoral responses [3, 4]. Indeed, the upregulation of sev-
eral proinflammatory cytokines correlates with increased mor-
tality in humans infected with EBOV [5-9].

Thanks to their recapitulation of human disease, nonhuman
primates (NHPs) are considered the gold-standard animal for
modeling EVD pathogenesis and evaluating viral countermea-
sures [10, 11]. To better understand the changes in cytokine ex-
pression elicited by EBOV infection, we analyzed the cytokine
profiles of 42 rhesus macaques infected with EBOV and treated
with experimental anti-EBOV antibody cocktails. Our find-
ings agree with much of the previously reported literature for
human cases of EVD [5-9, 12-15], demonstrating that animals
who succumb to disease exhibit dramatic increases in serum
concentrations of some pro- and anti-inflammatory cytokines.
In contrast, we found that treated animals who survive exhibit
little change in their cytokine profiles. Overall, these data help
further elucidate the pathophysiological processes of EVD, and
they may aid in the future development of anti-EBOV vac-
cines or therapeutics, which have yet to see widespread clinical
licensure.

METHODS

Nonhuman Primate Studies, Biosafety, and Ethics Statement

Serum samples were obtained from 42 rhesus macaques
infected intramuscularly with a target dose of 1000 median
tissue culture infectious dose (TCIDsO) EBOV (H.sapiens-wt/
GIN/2014/Makona-Gueckedou-C07) enrolled in 3 separate ef-
ficacy studies of anti-EBOV antibody cocktails (Supplementary
Table S1). Back titration revealed the actual virus doses to be
734 TCID, for study 1, 862 TCID,, for study 2, and 862-1000
TCID,, for study 3 (Supplementary Table S1). Detailed descrip-
tions of these efficacy studies and the antibody cocktails have
been recently reported elsewhere [16-18]. All work with infec-
tious samples was performed in the containment level 4 labora-
tories at the Canadian Science Centre for Human and Animal
Health (CSCHAH), Public Health Agency of Canada, Winnipeg,
Canada. Sample inactivation/removal was performed according
to standard operating protocols approved by the institutional
biosafety committee. All NHP studies were approved by the an-
imal care committee of the CSCHAH according to guidelines
from the Canadian Council on Animal Care.

Cytokine Quantification

Cytokine levels were quantified in y-irradiated (5 mrad) NHP
serum samples using the Cytokine 29-Plex Monkey Panel
(Thermo Fisher Scientific) and the Luminex MAGPIX instru-
ment (Thermo Fisher Scientific), according to manufacturer’s
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directions. In brief, 50 uL serum was diluted 1:4 and added to
25 pL 1x anticytokine antibody-coupled beads. After incuba-
tion, 1x biotinylated detector antibody was added before incu-
bation with 1x streptavidin-RPE solution. Bead complexes
were resuspended in wash buffer and 50 beads were counted
for each sample during acquisition. All samples were run in
duplicate, and mean fluorescence intensity was used to calcu-
late final concentrations in picograms per milliliter. Analyzed
cytokines were as follows: interleukin (IL)-1p, IL-1 receptor
antagonist (IL-1RA), IL-2, IL-4, IL-5, IL-6, IL-8 (CXCLS3),
IL-10, IL-12, IL-15, IL-17, eotaxin, basic fibroblast growth fac-
tor (bFGF), granulocyte colony-stimulating factor (G-CSF),
granulocyte macrophage CSF (GM-CSF), interferon-y (IFN-y),
IFN-inducible protein 10 (IP-10; CXCL10), monocyte chemo-
attractant protein-1 (MCP-1; CCL2), macrophage inflamma-
tory protein-1la (MIP-1a; CCL3), MIP-1f (CCL4), regulated-on
activation normal T-cell expressed and secreted (RANTES;
CCL5), tumor necrosis factor-a (TNF-a), vascular endothelial
growth factor (VEGEF), hepatocyte growth factor (HGF), mono-
kine induced by IFN-y (MIG; CXCL9), IFN-inducible T-cell
alpha chemoattractant (ITAC), macrophage-derived chemo-
kine (MDC; CCL22), macrophage migration inhibitory factor
(MIF), and epidermal growth factor (EGF).

Statistical and Other Analyses

To facilitate comparisons among our data, we organized each
serum sample into 1 of 5 temporal categories. Samples obtained
preinfection (days —1, 0) were categorized as “Pre”; samples
obtained early during acute disease (days 3, 4 postinfection)
were categorized as “Early”; samples obtained late during acute
disease (days 6, 7) were categorized as “Late”; samples obtained
from survivors during convalescence (day 21) were categorized
as “Conv.’; and terminal samples obtained from treated nonsur-
vivors (days 9-11) were categorized as “Term.” All data are pre-
sented as means plus or minus standard deviation. Individual
values are indicated for each sample by a colored dot. Statistical
comparisons were performed using an ordinary one-way anal-
ysis of variance test and Dunnett’s multiple comparison test
using GraphPad Prism (version 7).

RESULTS

To broadly characterize the cytokine response in NHPs after
infection with EBOV and treatment with antibody therapeu-
tics, serum samples from 42 rhesus macaques were analyzed by
Luminex assay using a 29-plex cytokine panel. All animals were
infected intramuscularly with a lethal dose of EBOV (variant
Makona), 36 were treated with 1 of 6 different antibody cock-
tails, and 6 control animals were left untreated (Supplementary
Table S1). All control animals succumbed to disease by 8 days
postinfection (DPI), whereas 28 of the 36 antibody-treated
animals survived. It is notable that 8 of the treated animals

succumbed between 9 and 11 DPI (termed “Treated Non-
survivors”). Serum samples were obtained from each animal
before infection and at regular intervals after infection, up to
the terminal time point or the end of the study (28 DPI). All ter-
minal samples were taken while the animal was still alive before
euthanasia, except for the sample taken from Group G animal
#2 (Supplementary Table S1), which was found dead. Cytokine
levels, as well as viral genomic ribonucleic acid (RNA) concen-
trations, were assessed for each sample.

The surviving animals exhibited an average peak level of
viremia late in the disease course approximately 10° genome
equivalents (GEQ)/mL, which was less than the average peak
of ~10" GEQ/mL observed in control animals (Figure 1A),
demonstrating that although virus replication occurred in most
survivors, it was reduced by antibody treatment. Likewise,
treated nonsurvivors reached an average peak viremia slightly
less than 10" GEQ/mL late in the disease course (Figure 2A).
Viremia in treated nonsurvivors was significantly higher than
the survivors at the late time point, and it was not appreciably
reduced by the terminal time points (Figure 2A), indicating that
antibody treatment was ineffective in these animals.

Overall, control animals exhibited a dysregulated inflam-
matory response characterized by dramatic upregulation of
many pro- and anti-inflammatory cytokines (Figure 1B-D,
Supplementary Figure S4, Supplementary Table S2). It is inter-
esting to note that TNF-a levels did not increase significantly
in either control or surviving animals throughout infection,
and, although IFN-y levels did increase, there were no statis-
tically significant differences between the 2 groups (Figure 1B).
Of the remaining cytokines analyzed, 11 showed significant
increases in the control animals and reached peak levels statis-
tically greater than the survivors (Figure 1C and D). Levels of
the anti-inflammatory IL-1RA, as well as the proinflammatory
IL-6 and IL-15, increased significantly in control animals, with
peak levels in the control group reaching higher levels than
the survivors (Figure 1C). A similar trend was observed for
IL-10, whereas the remaining ILs exhibited little change from
their preinfection levels (Supplementary Figure S1). In con-
trast, the majority of chemokines analyzed exhibited dramatic
increases in the control animals compared with the survivors.
Monokine induced by IFN-y, MIF, MIP-1a, MIP-1B, MCP-1,
IP-10, ITAC, and eotaxin all reached significantly greater peak
levels than the survivors late during infection (Figure 1D), al-
though RANTES, MDC, and IL-8 did not (Supplementary
Figure S2). Although the levels of some growth factors, namely
bFGE VEGE and GM-CSE increased in surviving and control
animals, no significant differences were observed between the 2
groups (Supplementary Figure S3).

The treated nonsurvivors exhibited relatively modest
increases, if any, in cytokine levels up to the late time points
(Figure 2B-D, Supplementary Figure S4, Supplementary Table
S2), despite high levels of viremia (Figure 2A). Remarkably,
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Figure 1. Comparison of virus ribonucleic acid and cytokine levels in surviving and control nonhuman primates infected with Ebola virus. (A) Ebola virus genome equivalents
(GEQ) per milliliter of serum. (B-D) Serum concentrations (in log,, pg/mL) for (1) tumor necrosis factor (TNF)-o. and interferon (IFN)-y (B) as well as (2) specified interleukins
(C) and specified chemokines (D) that exhibited significant upregulation in control animals in addition to significantly higher peak values than surviving animals. Data are
depicted as mean values plus or minus the standard deviation for surviving and control animals preinfection (Pre), early postinfection (Early), late postinfection (Late), and
during convalescence (Conv.; for survivors only). Values for each individual sample are indicated by a colored dot. *, P< .05; **, P<.01; ***, P<.001; ****, P<.0001. IL,
interleukin; IL-1RA, IL-1 receptor antagonist; IP-10, IFN-inducible protein 10; ITAC, IFN-inducible T-cell alpha chemoattractant; MIF, macrophage migration inhibitory factor;
MIG, monokine induced by IFN-y; MIP, macrophage inflammatory protein-1a.
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Figure 2. Virus ribonucleic acid and cytokine levels in treated nonsurviving nonhuman primates infected with Ebola virus. (A) Ebola virus genome equivalents (GEQ) per
milliliter of serum. (B—D) Serum concentrations (in Iogm pg/mL) for (1) tumor necrosis factor (TNF)-a and interferon (IFN)-y (B) as well as (2) specified interleukins (C) and
specified chemokines (D), mirroring Figure 1. Data are depicted as mean values plus or minus the standard deviation for antibody-treated, nonsurviving animals preinfection
(Pre), early postinfection (Early), late postinfection (Late), and at the terminal time points (Term.). Data depicting the surviving animals (from Figure 1) are provided for com-
parison. Values for each sample are indicated by a colored dot. *, P<.05; **, P< .01; ***, P<.001; ****, P<.0001. IL, interleukin; IL-1RA, IL-1 receptor antagonist; IP-10,
IFN-inducible protein 10; ITAC, IFN-inducible T-cell alpha chemoattractant; MIF, macrophage migration inhibitory factor; MIG, monokine induced by IFN-y; MIP. macrophage
inflammatory protein-1a.
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however, TNF-a, IFN-y, IL-1RA, IL-6, IL-15, MIG, MIF
MIP-1a, MIP-1B, MCP-1, IP-10, ITAC, and eotaxin (Figure
2B-D), as well as IL-2, IL-1f, IL-8, HGF, VEGF, GM-CSE, and
G-CSF (Supplementary Figures S1-S3) increased dramatically
at the terminal time points, reaching peak levels that were sig-
nificantly higher than those observed in the surviving animals
at late time points and, in many cases, higher than what was
observed in the control animals.

DISCUSSION

The uncontrolled overexpression of pro- and anti-inflammatory
cytokines is a hallmark of EVD and is closely associated with
severe disease and fatal outcomes in both NHPs and humans
[4]. In general, our data are consistent with previous reports of
cytokine expression during EBOV infection [5-9, 12-15, 19],
demonstrating a much more robust mixed inflammatory re-
sponse in nonsurviving animals compared with animals that
received antibody treatment and survived.

In the control animals, particularly high levels of IL-6, as well
as numerous chemokines, were observed, suggesting a highly
inflammatory environment. In contrast, significant and com-
pensatory upregulation of certain anti-inflammatory cytokines,
including IL-1RA and IL-10, was also observed, indicating the
overall dysregulation of the immune response [3]. Unlike other
reports [6-8, 13-15, 19], we observed no significant changes in
TNEF-a levels in control animals, although treated, nonsurviv-
ing animals did show a significant upregulation at the terminal
stage. Increased TNF-a expression has been correlated with le-
thal EVD in humans [6-8, 15] and some NHP studies [13, 14,
19]; however, not every study shows consistent increases in the
expression of this cytokine [12], suggesting that it may not be a
uniform marker of severe disease. There was also a significant
increase in IFN-y expression in both surviving and nonsurviv-
ing animals, perhaps reflecting the activation of a protective
cytotoxic T-cell response in survivors and the activation of a
deleterious proinflammatory/proapoptotic response in non-
survivors [4]. The role that growth factors play in the immune
response to EBOV infection remains unclear, because only
moderate increases in a few factors were observed in control
animals, which is in line with some studies and in conflict with
others [5, 8, 12].

We were intrigued to find that the majority of analyzed cyto-
kines showed significant upregulation in the animals that were
treated with an antibody cocktail but did not survive. In almost
every case, the level of each cytokine peaked dramatically at the
terminal stage (days 9-11), reaching levels significantly higher
than what was observed in the survivors and occasionally higher
than what was seen in the controls. Although it is unclear why
treatment was unsuccessful in these animals, we hypothesize
that their extended disease course—likely a result of antibody
treatment—permitted more time for the cytokine response to

increase in magnitude. These data also once again demonstrate
that high levels of pro- and anti-inflammatory cytokines are
associated with poor outcomes during EVD. It is curious that
virus RNA levels in the blood of these animals were very similar
to the controls late during infection, yet no appreciable cytokine
response was observed at this time point. The reasons for this
are unclear and remain the subject of future investigation.

Unlike the nonsurviving animals, surviving animals exhib-
ited little change in the majority of their cytokine profiles over
the course of infection. We hypothesize that, in these animals,
the antibody treatment, which was initiated between 3 and 5
DPI, held virus replication in check long enough for an ap-
propriate immune response to develop. Indeed, previous work
has demonstrated that EBOV-infected NHPs treated with the
monoclonal antibody cocktail ZMab survive and mount a ro-
bust immune response that protects against subsequent rein-
fection [20]. Some evidence of this immune response may be
found in the levels of a few cytokines, namely, IL-1RA, IL-6,
and ITAC, which increased late during infection but decreased
again during convalescence, indicating a well controlled im-
mune response. Likewise, TNF-a, IFN-y, IL-4, IL-12, and IL-15
increased in expression at the convalescent stage, perhaps indic-
ative of a balanced and protective T-cell response.

A key caveat to the present study is that our data reflect a ret-
rospective analysis of both treated and untreated NHPs from 3
separate efficacy studies of anti-EBOV antibody cocktails, with
each efficacy study using a different therapeutic and a distinct
dosing regimen. With this study, we sought to investigate the
differences in cytokine profiles between animals that survived
EBOV infection and animals that did not survive. We believe
that this is a valid comparison, even if some animals received
treatment. This is similar to comparing cytokine profiles among
human EVD patients, which many studies do, despite the
fact that supportive treatments or experimental therapies are
often used [5, 6, 8, 9]. In addition, we have supplied the cyto-
kine profiles stratified by experimental group (Supplementary
Figure S4), which demonstrate that variations in cytokine levels
observed in our 3 groups—survivor, control, and treated non-
survivor—are less than the variations observed between the 3
groups.

CONCLUSIONS

Overall, this study represents a thorough analysis of the cyto-
kine responses observed in a total of 42 EBOV-infected NHPs,
14 of which succumbed to infection. Our data support the
notion that the upregulation of pro- and anti-inflammatory
cytokines is associated with a poor clinical outcome during
EVD, although further studies of the cytokine response to
EBOV in both humans and NHPs will be necessary to deter-
mine whether the NHP cytokine response is truly predictive of
the human response. Moreover, to our knowledge, this is the
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first study to detail the cytokine response in a large number
of animals treated with an anti-EBOV antibody therapeutic,
which has revealed important details of the immune response
in both surviving and treated, nonsurviving animals.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of
the authors, so questions or comments should be addressed to the corre-
sponding author.
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