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Background. The pathophysiology of Ebola virus disease (EVD) is still poorly understood. This study aimed at identifying sol-
uble biomarkers that inform on disease mechanisms.

Methods.
low-up samples from hospitalized patients with EVD, using Luminex technology. Cross-sectional expression levels and changes over
time were correlated with outcome.

Results.
coagulopathy, were elevated on admission to hospital in patients who died from EVD as compared to survivors. These markers fur-

Fifty-four soluble mediators of the immune, coagulation, and endothelial system were measured in baseline and fol-

Levels of circulating proinflammatory cytokines and chemokines, as well as markers of endothelial dysfunction and

ther increased in patients who died and/or decreased over time in survivors. In contrast, markers of gut integrity and T-cell response

were higher in survivors and increased until discharge.
Conclusions.

pathophysiology.
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Inflammatory response, endothelial integrity, gastric tissue protection, and T cell immunity play a role in EVD

Ebola virus (EBOV) is the prototype filovirus causing Ebola
virus disease (EVD), a severe infection characterized by strong
inflammation, profound disruption of host immune responses,
and a multiorgan syndrome that resembles septic shock [1, 2].
One of the most common findings in EVD is an increased level
of circulating proinflammatory cytokines, which has been asso-
ciated to high viral load [3]. Previous studies have correlated
the expression of proinflammatory mediators in plasma from
patients with acute EVD to disease severity, thereby pointing
out that cytokine expression might be used as a predictor of
EVD outcome [4-6].

However, most studies do not consider the kinetics of soluble
mediators. With the exception of 2 studies conducted in small
cohorts of patients with EVD [4, 7], there are no longitudinal
data reflecting the kinetics of a natural infection [8].

Here, we provide cross-sectional and longitudinal data on the
expression of soluble mediators (cytokines and chemokines)

2R. Kerber, R. Krumkamp, and M. K. contributed equally to this work.

°C. M.-F. and S. G. contributed equally to this work.

Correspondence: S. Ginther, Bernhard Nocht Institute for Tropical Medicine, Bernhard-
Nocht-Str. 74, 20359 Hamburg, Germany (guenther@bnitm.de).

The Journal of Infectious Diseases® 2018;218(S5):5496-503

© The Author(s) 2018. Published by Oxford University Press for the 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/infdis/jiy429

in the blood of patients with EVD diagnosed at the European
Mobile Laboratory (EMLab) units deployed to the Ebola treat-
ment centers (ETCs) of Guéckédou and Coyah in Guinea in
2014 and 2015. Our data suggest that endothelial integrity, gas-
tric tissue protection, and T-cell immunity may be important
correlates of EVD survival.

METHODS

Ethics Statement

The National Committee of Ethics in Medical Research
of Guinea, as well as the Ethics Committee of the Medical
Association of Hamburg, approved the use of diagnostic left-
over samples and the corresponding patient data for this study
(permits 11/CNERS/14 and PV4910). As the samples had been
collected as part of the public health response to contain the
outbreak in Guinea, informed consent was not obtained from
patients. For the purpose of this study, the samples were ano-
nymized. We had a waiver to work with anonymized material
and data.

Patients and Samples

Plasma samples collected in ethylenediaminetetraacetic acid-
containing tubes were obtained from hospitalized patients with
EVD treated at the ETCs in Guéckédou and Coyah. Clinical
EVD diagnoses were confirmed by the EMLab, using reverse
transcription polymerase chain reaction (RT-PCR) as described
elsewhere [9]. Frozen plasma samples were stored on site at
-20°C, shipped on dry ice to the Bernhard Nocht Institute for
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Tropical Medicine (BNITM; Hamburg, Germany), and stored
at —80°C in the biosafety level 4 laboratory. Patient data were
obtained from EMLab and World Health Organization (WHO)
databases. To increase the power of statistical analysis, study
patients were retrospectively selected from the database accord-
ing to the following criteria: similar numbers of patients in the
groups of survivors and patients who died and comparable dis-
tributions of age and sex in both groups. In total, 180 patients
with RT-PCR-confirmed EVD (33 patients from Gueéckedou,
who were also included in a previous study [9], and 147 patients
from Coyah), accounting for 388 plasma samples, were included
in the study. The median number of samples per patient was 2
(range, 1-8 samples). According to the selection criteria, 52%
of the study subjects had a fatal outcome, and 54% were female.
Mean age (+SD) was 32.2 + 17.3 years. Patients who died were
older (mean age [+SD], 35.9 + 17.8 years) than survivors (mean
age [+SD], 28.1 + 15.8 years). In addition to standard of care,
66 patients (37%) received favipiravir on a compassionate use
basis. Fatalities had lower cycle threshold (Ct) values from
the EBOV RT-PCR on admission (median, 18.7; interquartile
range [IQR], 17.1-21.0), compared with survivors (median,
23.0; IQR, 20.4-27.3; Figure 1A and 1B). The case-fatality rate
was inversely correlated with the Ct, indicating an association
between poor outcome and high virus load (Figure 1C), as has
been described previously [9].

Luminex-Based Assays for Soluble Mediators

Infectious specimens were analyzed in the biosafety level 4
laboratory at the BNITM. Soluble mediators were quantified
using commercial immunoassays on the Luminex 200 system
(Luminex). The following assays were obtained from Merck
Millipore (Schwalbach, Germany) and performed according

to manufacturer’s instructions: a 26-plex assay for epidermal
growth factor (EGF), granulocyte colony-stimulating factor,
granulocyte-macrophage colony-stimulating factor, fractal-
kine, growth-regulated oncogene a (GROa), macrophage
inflammatory protein la (MIP-1a), MIP-1B, tumor necrosis
factor a (TNF-a), monocyte chemoattractant protein 1 (MCP-
1), MCP-3, soluble CD40 ligand, vascular endothelial growth
factor (VEGF), interferon y (IFN-y), interferon a2 (IFN-a2),
IFN-y-inducible protein 10 (IP-10), interleukin 2 (IL-2), IL-4,
IL-5, IL-6, IL-8, IL-10, IL-12p40, IL-12p70, IL-1 receptor antag-
onist (IL-1RA), IL-1a, and IL-1p; a 6-plex assay for soluble IL-1
receptor type II (sIL-1RII), soluble TNF receptor I (sSTNFRI),
STNEFRII, soluble VEGF receptor 1 (sVEGFR1), sVEGFR2,
and sVEGFR3; a 5-plex assay for C-reactive protein (CRP),
fibrinogen, sL-selectin, platelet factor 4, and von Willebrand
factor (vWF); 4-plex assays for soluble intracellular adhesion
molecule 1 (SICAM-1), regulated on activation, normal T-cell
expressed and secreted (RANTES), soluble vascular cell adhe-
sion molecule 1 (sVCAM-1), plasminogen activator inhibitor
1, a disintegrin and metalloproteinase with a thrombospondin
type 1 motif 13, D-dimer, serum amyloid antigen (SAA), sP-se-
lectin, sE-selectin, platelet endothelial cell adhesion molecule
1 (Pecam-1), tissue factor (TF), and thrombomodulin; 3-plex
assays for granzyme B (GrzB), soluble Fas (sFas), sFas ligand
(sFasL), MCP-2, thrombopoietin, and TNF-related apopto-
sis-inducing ligand; 2-plex assays for antithrombin IIT and com-
plement factor H, IL-29, and macrophage colony-stimulating
factor (M-CSF); and a single-plex assay for ferritin. Assay for
tissue plasminogen activator (TPA), IFN-p, and B-cell activat-
ing factor (BAFF) was obtained from Affymetrix and performed
as a 3-plex assay according to the manufacturer’s instructions.
Multiplex assay analysis was done with the Milliplex Analyst 5.1
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Figure 1. Association of Ebola virus disease outcome with the cycle threshold (Ct) value obtained by Ebola virus reverse transcription—polymerase chain reaction analysis

of the first sample from 180 patients. Note that 33 of 180 patients were previously described in a similar analysis [9]. A, Histogram of Ct values from survivors. B, Histogram

of Ct values from patients who died. C, Case-fatality ratio depending on Ct value.
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software. Values outside the upper or lower end of the standard
curve (ie, out-of-range values) were considered as maximum or
minimum values, respectively.

To establish a reference range for the concentration of soluble
mediators in blood, samples from 33 healthy human subjects
(reference controls) were measured.

Cross-sectional Analysis of Soluble Mediators

Measurements of soluble mediators in the initial specimens
from 71 patients (48%) who survived EVD and 76 patients
(52%) who died from EVD were included in the cross-sectional
analysis. BAFF, ferritin, fibrinogen, IL-1, IL-1f, IL-2, IL-4, IL-5,
and IL-12p70 were excluded because >75% of measurements
in initial samples were out of range. Median ratios (median
expression in fatalities over median expression in survivors)
were calculated for mediators with <50% of values out of range
(n =50). The nonparametric Mann-Whitney U test was used to
determine the statistical differences between group medians. If
>50% of measurements of a mediator were out of range (n = 4),
parameters were dichotomized into high and low expression,
where the out-of range values constituted one group and the
remaining values the other group. These categorical expressions
were compared between patients who died and survivors by
performing x? analysis and calculating relative risks (RRs) with
95% confidence intervals (CIs).

Receiver operating characteristic (ROC) curves were calcu-
lated to evaluate the ability of a soluble mediator in the initial
specimens to discriminate survivors from patients who died.
Only mediators with <50% values out of range were included in
the analysis. The area under the ROC curve (AUC) is a measure
of the classification performance. AUCs of <0.7 and 0.7-0.8
were classified as having poor and fair, respectively, discrimina-
tion ability. AUCs >0.8 were not observed in our study.

Principal component analysis (PCA) transforms correlated
measurements into a set of uncorrelated values (so called prin-
cipal components) by summarizing covariance measured in
different dimensions, hence simplifying the underlying data
structure. PCA was performed using soluble mediators with a
Mann-Whitney U test P value of <.05 in the differential anal-
ysis of survivors as compared to patients who died. The PCA’s
first 2 components were presented in a diagram to identify
patient clusters characterized by common expressions of solu-
ble mediators.

Longitudinal Analysis of Soluble Mediators

Patients with at least 2 serial samples were included in the
analysis. The median hospital stay of the patients was 10 days
(IQR, 6-14 days). All available EBOV RT-PCR-positive sam-
ples of a patient were analyzed. For survivors, levels of soluble
mediators in at least 1 RT-PCR-negative sample, collected in
the recovery phase, were also included. BAFF, ferritin, fibrino-
gen, GROaq, IL-12p70, IL-1p, IL-2, IL-29, IL-4, IL-5, L-selectin,
and sFasL were excluded from the analysis because >50% of the

longitudinal measurements were out of range. The final analysis
included 51 soluble mediators determined in 268 samples from
71 patients, of whom 26 (37%) died and 45 (63%) survived.
To focus analysis on the change over time, soluble mediator
values for a patient were normalized by the respective medi-
ator value of the first specimen from that patient (the relative
value was calculated as the value for the follow-up specimen
divided by the value for the initial specimen). The association
between expression kinetics of soluble mediators and patient
outcome was analyzed using linear regression. The normal-
ized (relative) soluble mediator values were log, transformed
before analysis because they represent a ratio between 2 mea-
surements. An interaction term for “days after infection” and
“death” was included in the models to test whether the kinetics
of mediator expression differs between patients who died and
those who survived.

Statistical Analysis

Normally distributed continuous variables were described
with their means and SDs and nonnormally distributed vari-
ables with their medians and IQRs. Categorical variables were
reported using the frequency and percentage. Observations
with missing values were excluded from the calculations. All
analyses were performed with R, version 3.4.3, using the pack-
ages pROC (version 1.12.1) to calculate ROC curves, epitools
(version 0.5-10) to calculate RRs, and multcomp (version 1.4-8)
for linear combination of regression coefficients.

RESULTS

Cross-sectional Analysis of Soluble Mediator Expression
A statistically significant difference in the first sample between
patients who died and those who survived was observed for 32
of 54 soluble mediators (59%), of which 28 (88%) showed higher
expression in patients who died (Figure 2 and Supplementary
Figure 1). Box plots for selected mediators are shown in
Figure 3. Fatal outcome was associated with high expression of
proinflammatory chemokines (MIP-1a, MIP-1pB, and TNF-a),
as well as markers of endothelial dysfunction (thrombomod-
ulin) and TF (Figure 3). Since several of these soluble media-
tors are produced mainly by monocytes/macrophages [10, 11],
these findings suggest an involvement of activated myeloid
cells in inflammation and endothelial disruption during EVD.
Interestingly, survivors showed higher expression of EGF asso-
ciated with gut integrity (Figure 3), suggesting that the activa-
tion of compensatory mechanisms for endothelial dysfunction
and gut disruption may be important host responses to over-
come EVD. In addition, survivors showed higher expression of
RANTES, suggesting activation of T-cell function and recruit-
ment of T cells to sites of infection [12] (Figure 3).

ROC curves were calculated for 50 soluble mediators
(Supplementary Figure 2). The estimated AUCs ranged from
0.49 to 0.76 (median, 0.61; IQR, 0.53-0.64). Six mediators
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Figure 2. Association of expression of soluble mediators with outcome. The
median concentration of a soluble mediator in patients who died was divided by the
median concentration in survivors for mediators with <60% of values out of range.
Statistical significance was tested with the Mann-Whitney U test. Mediators with
>50% out-of-range measurements were separated into 2 groups, with one group
composing the out-of range values and the other group composing the remaining
values. Relative risks with 95% confidence intervals were calculated, and differ-
ences between patients who died and survivors were tested for statistical signifi-
cance, using the %’ test.

showed a fair discrimination (defined as an AUC of 0.7-0.8),
namely MIP-1f, TNF-a, M-CSE, IL-10, IL-8, and IL-1RA. The
predictive performance of the remaining markers was poor.
The PCA was calculated, with the 32 mediators showing a sta-
tistically significant association with outcome. The first 2 prin-
cipal components accounted for only 40% of the total model
variance, highlighting the diversity of expression patterns of

soluble mediators in EVD (Figure 4). Survivors showed rather
similar expression profiles, while patients who died were much
more diverse. The profiles of survivors and patients who died
overlapped, suggesting that the outcome is not associated with
a specific expression pattern of soluble mediators.

Longitudinal Expression of Soluble Mediators

Longitudinal data are shown in Supplementary Figure 2;
selected soluble mediators are shown in Figure 5. Thirty-
two mediators (63%) showed statistically significantly dif-
ferent (P < .05) expression kinetics between survivors and
patients who died (Supplementary Table 1). Four patterns
were observed. GrzB, IL-10, IL-1RA, IL-6, IL-8, IP-10,
M-CSF, MCP-1, PECAM-1, sICAM-1, sTNEF-RII, sVEGFRI,
thrombomodulin, TNF-a, and TPA expression increased in
patients who died but decreased in survivors. CRP, MCP-3,
MIP-1B, sE-selectin, sFas, sIL-1RII, sTNFRI, TE, and vWF
expression increased in patients who died but remained
unchanged in survivors. In contrast, EGF and RANTES
increased in survivors but remained unchanged in patients
who died. D-dimer, IFN-y, IL-1, MCP-2, SAA, and sVCAM-1
expression decreased in survivors and remained unchanged
in patients who died. In particular, the trends in the expres-
sion of proinflammatory cytokines and chemokines MCP-1,
MCP-2, MCP-3, M-CSE, TNF-q, IL-6, IL-8, and IP-10, which
increased in patients who died and/or decreased in survivors
over time (Figure 5A), are in agreement with previous stud-
ies [4-6] and support the association between high levels of
virus replication, poor outcome, and inflammation in EVD.
Also in agreement with previous studies [4, 6], we observed
an increasing expression of IL-10 in patients who died,
which probably reflects efforts of the host to control immune
homeostasis (Supplementary Figure 3).

Similarly, levels of PECAM-1, sICAM-1, and sVCAM-1
increased in patients who died and/or decreased in survivors
(Figure 5B). In addition, patients who died showed increased
expression of TPA, TF, and thrombomodulin, while survivors
showed progressive reduction in the expression of D-dimers,
TPA, and thrombomodulin, suggesting control of endothelial
integrity and coagulation. These kinetics are in agreement with
the reported association between endothelial dysfunction and
disseminated intravascular coagulation in EVD [5, 13]. Fatal
EVD was also associated with increasing levels of vWE, a pro-
tein that promotes adhesion to injured endothelium, which
supports cross-sectional data obtained in patients with EVD
infected with Sudan virus [14] (Figure 5B).

Our data also indicated trends regarding expression mark-
ers of T-cell function (Figure 5C). Survivors showed increasing
expression of RANTES, which is related to recruitment of T
cells to peripheral tissues, as well as T-cell activation. However,
expression of sFAS, which marks T-cell cytotoxicity, was higher
in fatal cases of EVD and increased to the point of death. These
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Figure 3. Box plots of selected soluble mediators differently expressed in patients who died and survivors on admission to hospital. Only values measured in the initial
sample collected for Ebola virus disease diagnostic assays were considered in the analysis. The boxes represent medians with interquartile ranges; the whiskers depict min-
imum and maximum values (range). The differences between survivors and patients who died were evaluated via the nonparametric Mann—Whitney U test. All parameters

shown in the figure showed Pvalues of <.01.

results suggest controlled T-cell function in surviving patients
and exacerbated cytotoxicity in patients who died.

Finally, we observed opposite trends in the expression of EGE
which plays a role in the maintenance of gastric tissue integrity
(Figure 5D). Whereas survivors showed increasing expression of EGF
until recovery, the levels decreased over time in patients who died.
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Figure 4. Principal component analysis (PCA) biplot for soluble mediator expression
in patients who died as compared to survivors on admission to hospital. PCA was per-
formed on 32 soluble mediators with a Pvalue < .05 that were differently expressed
between survivors and patients who died. Only values measured in the initial sample
collected for Ebola virus disease diagnostic analysis were considered in the analysis.

DISCUSSION

A strategy to gain insight into the pathophysiology of EVD is the
identification of biomarkers that correlate with disease severity.
The potential applications of biomarker data include clinical
management and therapy design. Our results are in agreement
with previous studies indicating that endothelial dysfunction is
an important predictor of EVD severity in humans and nonhu-
man primates [2, 4, 15, 16]. The endothelial activation might
be a consequence of the high levels of circulating inflammatory
cytokines, in particular TNF-a [12, 17]. This is also consist-
ent with our observation of high circulating levels of TNF-a
and other proinflammatory cytokines and chemokines in fatal
cases. Several of these mediators (ie, MCP-1, MCP-2, MCP-
3, and MIP-1a/p) are produced mainly by myeloid cells [10],
suggesting that infected antigen-presenting cells may be an
important source of inflaimmatory mediators during EVD.
Clinically, it would be important to determine the involvement
of endothelium activation in the hypovolemic shock that is
often associated with EVD [3] and to design measures to control
inflammatory homeostasis in patients with EVD. The observed
concomitant production of antiinflammatory cytokines such as
IL-10 is consistent with the notion that EVD is associated with
immune dysregulation and with host efforts to control immune
homeostasis [6].

An important consequence of endothelium activation is
the concomitant activation of coagulation [18, 19]. Thus,
endothelial dysfunction is probably associated with DIC,
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and in fact, our data show elevated levels of coagulation
markers also in fatal cases of EVD, including D-dimers,
TF, and thrombomodulin. These findings are similar to
those described in previous studies of Ebola virus, Sudan

virus, and Marburg virus infection in humans and nonhu-
man primates [19-21]. Interestingly, however, hemorrhage
was described less frequently during the West African EVD
outbreak, compared with previous outbreaks [1, 22, 23]. It
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would be interesting to determine which factors are respon-
sible for these differences.

A prominent feature of the EVD outbreak in West Africa was
the involvement of the gastrointestinal tract, with vomiting and
diarrhea as prominent symptoms [1, 21, 24]. Our data indicated
that surviving patients had significantly higher levels of circulat-
ing EGE a secreted protein involved in gastric protection [25].
Previously, downregulation of the EGF receptor by EBOV glyco-
protein was proposed as a mechanism to explain glycoprotein-in-
duced cell rounding and detachment in vitro [26, 27]. It is therefore
possible that EGF may support cell adhesion in vivo and protect
the gastric tissue from glycoprotein-mediated effects. This hypoth-
esis needs to be further investigated in relevant animal models.

Finally, we have observed significant differences in the expres-
sion of markers related to T-cell function. T-cell immunity is
important for EBOV clearance and EVD recovery, and several
previous studies have indicated that proper T-cell activation and
control of T-cell homeostasis correlate with a positive outcome [6,
28-30]. Our data argue in favor of T-cell recruitment to peripheral
tissues as a correlate of recovery. However, the expression of T-cell
molecules related to cytotoxicity showed the opposite trend. In a
parallel submission (see the report by Speranza et al in this issue),
we provide evidence that our cytokine data are consistent with
transcriptomics data showing that survival was associated with
high levels of expression of RANTES and low levels of cytotoxic
mediators. Further functional studies shall provide insight into the
mechanisms by which T cells influence EVD outcome.

Two limitations of our study should be mentioned. First, while
we found several mediators that are differentially expressed
between patients who died and survivors and inform the patho-
physiology of the disease, none of them showed strong power in
the ROC analysis to predict the outcome, and PCA did not reveal a
specific pattern of mediators associated with outcome. In addition,
we do not have data on the expression of these mediators in other
diseases, such as other viral hemorrhagic fevers or bacterial sepsis.
We therefore would not consider these mediators as biomarkers of
EVD in a strict sense. Second, a portion of the patients has received
favipiravir on a compassionate use basis in addition to standard of
care. In the longitudinal analysis, we compared the trend of soluble
mediators between treated and untreated patients who died and
survivors, respectively. However, no significant differences were
found, although we cannot exclude that effects were not detected,
owing to the low number of patients in these 4 subgroups.

In summary, our findings indicate that control of endothelial and
gastric integrity as well as T-cell immunity are correlated with EVD
survival and may assist in the design of novel treatment strategies.

Supplementary Data

Supplementary materials are available at The Journal of 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 correspond-
ing author.
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