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Antibodies that mediate non-neutralizing functions play an important role in the immune
response to Ebola virus (EBOV) and are thought to impact disease outcome. EBOV has
also been associated with long term sequelae in survivors, however, the extent to which
antibodies that mediate non-neutralizing functions are associated with the development of
these sequelae is unknown. Here, the presence of antibodies mediating different effector
functions and how they relate to long-term sequelae two years after the 2007 Bundibugyo
Ebola virus (BDBV) outbreak was investigated. The majority of survivors demonstrated
robust antibody effector functional activity and demonstrated persistent polyfunctional
antibody profiles to the EBOV glycoprotein (GP) two years after infection. These functions
were strongly associated with the levels of GP-specific IgG1. The odds of developing
hearing loss, one of the more common sequelae to BDBV was reduced when antibodies
mediating antibody dependent cellular phagocytosis (ADCP), antibody dependent
complement deposition (ADCD), or activating NK cells (ADNKA) were observed. In
addition, hearing loss was associated with increased levels of several pro-inflammatory
cytokines and levels of these pro-inflammatory cytokines were associated with lower
ADCP. These results are indicating that a skewed antibody profile and persistent
inflammation may contribute to long term outcome in survivors of BDBV infection
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INTRODUCTION

Ebola virus (EBOV) outbreaks have occurred with an increased
frequency since 1994 (1, 2). Four species of EBOV are known to
cause EBOV disease (EVD) in humans: Zaire (ZEBOV), Sudan
(SUBOV), Tai Forest, and Bundibugyo (BDBV) with fatality
rates ranging from 25% to 90% (3). BDBV is known to have
caused only two outbreaks with fatality rates of 32% and 36% (4).
The Bundibugyo District of Uganda was the site of the first
BDBV outbreak in 2007, which resulted in approximately 116
cases and 39 deaths (5, 6). Many EVD survivors have post-Ebola
syndrome and continue to experience a range of symptoms. We
have previously reported long-term sequelae, such as retro-
orbital pain, blurred vision, hearing loss, and arthralgias in
survivors of the 2007 BDBV outbreak in Uganda (7). Similar
reports from survivors of other species of EBOV infections show
a higher risk of arthralgia, myalgia, fatigue, and vision and
hearing loss compared to household contacts (8–10). While the
causes of post-Ebola syndrome are not clear, direct tissue damage
induced by viral persistence and replication and EBOV-induced
auto-immunity are two possibilities. In this regard, ZEBOV
survivors with long-term sequelae have higher EBOV-specific
CD8+ and CD4+ T cells responses (11), potentially pointing to
viral persistence, and ZEBOV survivors have long-lasting
immune dysfunction characterized by cellular activation,
increased levels of inflammatory markers and intestinal tissue
damage compared to controls (12). Given that there are now
thousands of EVD survivors, understanding the associations
between the EBOV immune response and post-Ebola
syndrome may help identify potential treatments.

EBOV-specific humoral immune responses are likely
necessary for protection from severe disease and most studies
measure antibodies that bind the EBOV glycoprotein (GP) as
the primary marker for immunogenicity (13) and as surrogate
for vaccine efficacy according to the animal rule (14), a process
by which animal study can replace human efficacy trials
when they are not feasible or ethical. A follow up study of the
100% efficacious rVSV-EBOV found that the majority of
vaccinated subjects maintained EBOV specific antibodies two
years after vaccination (15). In natural infection, antibodies,
including neutralizing antibodies, persist in survivors 10 to
40 years after infection (16–18), and ZEBOV survivors also
develop polyfunctional antibodies capable of mediating
Fc-effector functions (19). Combinations of monoclonal
antibodies against EBOV have been used with success in
post-infection treatment in mouse and non-human primate
models (18, 20–23), further supporting a role for antibodies
in control of EBOV. Animal model results suggest that
neutralization, antibody-dependent cell mediated cytotoxicity
(ADCC), complement activation, and phagocytosis could be a
Abbreviations: EBOV, Ebola virus; ZEBOV, Zaire Ebola virus (ZEBOV); SUBOV,
Sudan Ebola virus; BDBV, Bundibugyo Ebola virus; GP, glycoprotein; ADCC,
antibody-dependent cell mediated cytotoxicity; ADCP, antibody-dependent cell
mediated phagocytosis; ADNP, antibody-dependent neutrophil mediated
phagocytosis; ADCD, antibody-dependent complement deposition; ADNKA,
antibody dependent NK cell activation; sCD163, soluble CD163.
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mechanism by which antibodies confer protection against lethal
infection (18, 24–27). Thus, additional studies are needed to
better understand how non-neutralizing mechanisms of EBOV
antibodies associate with the development or resolution
of disease.

In this study, we assessed the biophysical and functional
properties of GP specific antibodies and how they relate to
long-term sequelae two years after the 2007 BDBV outbreak
from 48 survivors and 121 household contacts. We evaluated
antibody-dependent cell mediated phagocytosis (ADCP),
antibody-dependent neutrophil mediated phagocytosis
(ADNP), antibody-dependent complement deposition
(ADCD), and antibody dependent NK cell activation
(ADNKA). The vast majority of the survivors had BDBV GP
specific antibodies mediating two or more functions. Levels of
GP-specific IgG1 were strongly associated with all functions.
Surprisingly, polyfunctional antibodies were also observed in
some of the household contacts. In the survivors, antibodies
mediating ADCP, ADCD, or ADNKA were associated with a
reduced risk of developing hearing loss, while antibodies
mediating ADNP were associated with increased risk of
developing joint pain. Furthermore, EBOV survivors with
hearing loss had elevated levels of several pro-inflammatory
cytokines compared to those without hearing impairment. No
similar pattern was found for the other long-term sequelae.
Altogether, our results suggest that higher levels of antibody
mediating ADCP, ADCD, and ADNKA and lower inflammation
are associated with reduced incidence of hearing loss in
EBOV survivors.
METHODS

Subjects
Plasma samples were collected from individuals with
documented clinical history of BDBV infection approximately
24 months following survival of the 2007 Bundibugyo outbreak
(n=48), household contacts (n=121), or EBOV GP-seronegative
individuals from Uganda (n=8). Participants demographics and
long-term sequelae have been previously described (7). All
subjects provided written consent. This study was approved by
the Institutional Review Board of Walter Reed Army Institute of
Research in the United States and the Makerere University
School of Public Health, Kampala, Uganda.

Phagocytosis (ADCP, ADNP)
Phagocytosis assays were performed as previously described (28,
29). Briefly, biotinylated GP was conjugated to yellow-green
Neutravidin beads (ThermoFisher, Waltham, MA, USA) and
incubated with samples for 2 hours prior to adding fresh white
blood cells from a healthy control donor peripheral blood (5 x
104 cells/well) for 1 hour (antibody-dependent phagocytosis by
neutrophils [ADNP]) or adding THP-1 cells (MilliporeSigma,
Burlington, MA, USA) at 2.5 x 104 cells/well for 18 hours
[antibody-dependent cellular phagocytosis by monocytes
(ADCP)]. Uptake of antibody-bead complexes by cells was
determined by flow cytometry, and a phagocytic score was
May 2021 | Volume 12 | Article 682120
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determined: (% fluorescein isothiocyanate [FITC]+ cells) x
(gMFI FITC+)/10 000.

Antibody-Mediated Complement
Deposition (ADCD)
ADCD was measure as previously described (30). Biotinylated
GP-coated red Neutravidin beads (ThermoFisher) were
incubated with heat-inactivated samples. Guinea pig
complement (Cedarlane Labs, Burlington, NC, USA) diluted in
veronal buffer containing calcium and magnesium (Boston
Bioproducts, Ashland, MA, USA) was incubated with
antibody-bead complexes for 20 minutes, and C3 deposition
onto beads was detected using an anti–guinea pig C3 antibody
(MP Biomedicals, Santa Ana, CA, USA) and measured by
flow cytometry.

Antibody-Dependent NK Cell Activation
(ADNKA)
Enzyme-linked immunosorbent assay (ELISA) plates were
coated with GP antigen (150 ng/well). Wells were washed,
blocked, and incubated with samples for 2 hours prior to
adding PBMC from one healthy control donors (5 x 105 cells/
well) for 6 hours with brefeldin A and GolgiStop (both from BD
Biosciences, San Jose, CA, USA). Intracellular cytokine staining
to detect IFNg, TNFa and MIP1b (BD Biosciences) was
performed using Fix/Perm (ThermoFisher), and cells were
analyzed by flow cytometry.

Flow Cytometry
Sample were acquired on a 5 laser, 16-parameter BD LSRII SORP
flow cytometer. Data were analyzed with FlowJo v.9.9.6
(BD Biosciences).

Antigen-Specific Antibody Levels
Recombinant Bundibugyo GP minus the transmembrane region
(IBT Bioservices, Rockville, MD, USA) was coupled to MagPlex
beads (Luminex, Austin TX, USA) according to previously
published protocols (31). Samples were diluted and incubated
with antigen-coupled beads for 2 hours. Following bead washing,
antibody subclasses (IgG1, IgG2, IgG3, IgG4) and isotypes
[immunoglobulin M [(IgM), IgA1, IgA2] were detected using
PE-labeled secondary antibodies (0.65 mg/mL; Southern Biotech,
Birmingham, AL, USA). The geometric mean fluorescence
intensity (gMFI) of 30 beads/region was analyzed on a
Flexmap 3D instrument (Luminex). A subclass and antigen-
specific cutoff was determined by calculating gMFI and standard
deviation of the responses measured in BDBV GP-seronegative
individuals. The threshold of positivity was defined as gMFI
plus five times the standard deviations of the EBOV GP-
seronegative individuals.

Soluble Markers Mesurements
A total of 53 biomarkers were measured from cryopreserved
plasma using commercially available kits. Bio-Plex Pro Human
Inflammation Panel 1 Luminex kits (BioRad, Hercules, CA,
USA) were used to measure IL-27 (p28), gp130/soluble IL-6Rb,
Frontiers in Immunology | www.frontiersin.org 3
IL-34, IL-22, soluble IL-6Ra, interferon-alpha 2 (IFN-a2), IL-26,
MMP-2, IL-12 (p40), IL-19, IL-20, IL-29/interferon-lambda 1
(IFN-L1), IL-35, IL-32, BAFF/tumor necrosis factor super family
(TNFSF) 13B, IL-11, APRIL/TNFSF13, MMP-1, interferon beta
(IFNb), MMP-3, soluble CD163 (sCD163), Pentraxin-3, LIGHT/
TNFSF14, TSLP, soluble CD30/tumor necrosis factor receptor
super family 8 (TNFRSF8), TWEAK/TNFSF12, Osteocalcin, IL-
28a/interferon-lambda 2 (IFN-L2), soluble tumor necrosis factor
receptor 2 (sTNF-R2), Chitinase3-like1, soluble tumor necrosis
factor receptor 1 (sTNF-R1), and Osteopontin. High Sensitivity
T-Cell Luminex assay kits (MilliporeSigma) were used to
measure ITAC, GM-CSF, Fractalkine, interferon gamma
(IFNg), IL-10, MIP-3a, IL-12 (p70), IL-13, IL-17a, IL-1b, IL-2,
IL-21, IL-4, IL-23, IL-5, IL-6, IL-7, IL-8, MIP-1a, MIP-1b,
and tumor necrosis factor alpha (TNFa), as previously
described (32).

Statistical Analysis
All statistical analysis was performed using Graph Pad Prism
version 8.2.0 for Mac OS (GraphPad Software, La Jolla, CA,
USA). Antibody effector function comparisons between BDBV
survivors and household contacts were performed using the
Mann-Whitney test. Comparisons of the distribution of the
number of antibody effector functions between BDBV
survivors and household contacts were performed using the
Chi-square test. Comparisons of the positivity for a given
antibody effector function between BDBV survivors with and
without a given sequalae were performed using Fisher’s exact
test. Associations were evaluated using Spearman’s rank
correlation. Statistically significant associations (p < 0.05) were
used to generate networks in Cytoscape (version 3.7.2). Principal
component analysis (PCA) was performed with the R basic
function, prcomp method, and the results were visualized
using R plotly bioconductor package. P-values < 0.05 were
considered statistically significant.
RESULTS

We evaluated the ability of BDBV GP-specific antibodies present
in 48 survivors of the 2007 Bundibugyo outbreak and 121
household contacts approximately 24 months after survival to
mediate ADCP, ADNP, ADCD, and ADNKA against BDBV GP-
coated targets (Supplementary Figure 1). Consistent with prior
reports regarding the longevity of humoral immunity against
Ebola, a majority of survivors had antibodies capable of inducing
all functions evaluated (75% ADCP, 64.6% ADNP, 81.3%
ADCD, and 79.2% ADNKA) and the magnitude of the
response in survivors was significantly higher than that of the
household contacts (Figure 1A). Of note, positive responses
were also observed for a subset of household contacts.
Polyfunctionality of anti-Ebola antibodies has been associated
with mAb-mediated protection (25), and we found that the
majority of survivors (77.1%) had polyfunctional antibodies
that could induce 2 or more functions while only a minority of
the contacts were (12.5%, Figure 1B). A minority (12.5%) of
May 2021 | Volume 12 | Article 682120
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survivors were negative for all functions tested, suggesting that
humoral immunity in these survivors was not durable. At the
time of the BDBV epidemic, a subset of household contacts
Frontiers in Immunology | www.frontiersin.org 4
displayed some disease symptoms, although these individuals
were not confirmed as having EVD (7). Within those contacts
that presented with two or more symptoms, polyfunctionality
was significantly higher compared to those with fewer symptoms
or no symptoms (Figure 1C), potentially suggesting that these
individuals may represent mild or undiagnosed EVD. Together,
these results show that a majority of survivors of BDBV-induced
EVD maintain durable polyfunctional antibody effector
responses for at least two years after infection.

Next, we determined the relative antibody levels of IgG and
IgA subclasses as well as IgM specific for the Bundibugyo GP for
BDBV survivors and household contacts. Survivors had
significantly higher magnitude of GP-specific IgG1 and IgG4
compared to household contacts (Figure 2A). Magnitude of GP-
specific IgA1 and IgA2 were also elevated in survivors while
levels of IgM, IgG2, and IgG3 were not. All survivors were
negative for IgM, consistent with resolution of an infection that
occurred two years ago. A subset of the household contacts had
levels of GP-specific antibodies (mostly, but not exclusively,
IgG1) above the threshold for positivity. Amongst BDBV
survivors, IgG1 levels were strongly associated with Fc-
mediated effector functions (Figures 2B, C). IgG4, and to
lower extent IgG2, IgG3, IgA1, and IgA2, were also associated
with Fc-mediated effector functions (Figure 2B). A network
analysis of antibody features demonstrated significant
correlations between the levels of GP-specific antibody isotypes
and antibody effector functions, revealing a coordinated humoral
responses in EVD survivors (Figure 2C).

Given the potential protective and pathologic roles of innate
immune cells in disease manifestations, we then asked if
antibody effector functions were associated with the long-term
sequelae that were previously reported in this cohort of BDBV
survivors (7). There was a trend for increased incidence of joint
pain in the individuals positive for ADNP (odds 3.84; p=0.068,
Table 1), potentially pointing to an immunopathologic role for
neutrophils in sequelae. In contrast, the incidence of hearing loss
was reduced in survivors that showed positive responses for
ADCP (trending, odds 0.24; p = 0.061), ADNKA (odds 0.16; p =
0.016), or ADCD (odds 0.21; p = 0.048). There was no significant
change to the incidence of retro orbital pain, fatigue, or blurred
vision based on the Fc-mediated antibody effector functions.
Importantly, the total levels of BDBV-specific IgG were not
different between survivors with or without long-term sequalae
(data not shown), suggesting that a qualitative rather than
quantitative features of antibodies tracks with protection from
certain EVD-associated sequelae.

While the mechanisms underlying development of sequelae is
not known, previous studies reported elevated levels of IL-8,
TNF, and sCD163 in ZEBOV survivors compared to uninfected
subjects (12). Therefore, to evaluate if BDBV survivors are
characterized by a pro-inflammatory state, we measured 53
soluble markers associated with inflammation and immune
activation in plasma. While we did not observe differences in
plasma levels of IL-8, TNF, and sCD163 between BDBV
survivors and household contacts, BDBV survivors had
significantly lower levels of GM-CSF and sCD30/TNFRSF8 as
well as higher levels of APRIL compared to household contacts
A

B

C

FIGURE 1 | BDBV survivors maintain polyfunctional antibody effector functions
for two years. ADCP, ADNP, ADCD, and ADNKA were measured in plasma of
BDBV survivors (n=48) and household contacts (n=121) (A). The line and
whiskers represent the median and interquartile range respectively. The dotted
line represents the cutoff for positivity. Pie chart indicating the number of positive
functions for BDBV survivors and household contacts (B). Pie chart indicating the
number of positive functions for household contacts with one or less (n=95) and
two or more symptoms (n=25) at the time of the outbreak (C). **** represents
p values < 0.0001 and ** represents p values < 0.01.
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(Supplementary Figure 2). Within the BDBV survivors, hearing
loss was marked by increased levels of pro-inflammatory
cytokines (IL-1b, IL-2, IL-6, IL-7, IL-12p70, IL-17a, IL-23, and
IFNg) and decreased levels of the anti-inflammatory cytokine
IL-10 (Figure 3). Moreover, the levels of chemokines Fractalkine
and MIP1a were similarly elevated in BDBV survivors with
hearing loss while levels of sIL6-Ra, MMP-3, and APRIL were
reduced. PCA analysis of the soluble markers indicates that
BDBV survivors with hearing loss tend to cluster together but
still overlapped with some survivors without hearing loss
(Supplementary Figure 3). With regard to the other sequelae,
Pentraxin 3 levels were lower in BDBV survivors with eye
Frontiers in Immunology | www.frontiersin.org 5
pain and levels of MMP-1 were higher in BDBV survivors
with blurred vision (Figure 3). Together, these data indicate
that BDBV survivors with a subset of sequelae may be
chronically inflamed.

Persistent inflammation can impact antibody effector
function, and thus we performed association analyses to
determine if plasma levels of cytokines tracked with antibody
effector functions. IL-1b, IL-2, IL-6, IL-7, IL12p70, IL-17a, IL-23,
and IFNg were all inversely associated with ADCP (Figure 4),
while ADCP was positively associated with plasma levels of
APRIL (Figure 4). No significant associations were found with
ADCD, ADNP, and ADNKA. These results suggest possibility
A

B C

FIGURE 2 | GP specific IgG1 levels are strongly associated with antibody effector functions in BDBV survivors. Levels of BDBV GP specific IgG1, IgG2, IgG3, IgG4,
total IgG, IgM, IgA1, and IgA2 in plasma of BDBV survivors (n=48) and household contacts (n=121) (A). The line and whiskers represent the median and interquartile
range respectively. The dotted line represents the cutoff for positivity. Heatmap showing the associations between antibody subclasses or isotypes and antibody
effector functions (B). Correlation network analysis of statistically significant associations (p < 0.05) between GP-specific functional activity and levels of GP-specific
antibody levels (C). The strength of correlation is indicated by the weight of the connecting line and the number of significant associations for each feature is
represented by the size of the icon. IgG and IgA subclasses are represented by circles and triangles respectively. IgM is represented by a diamond and Fc-mediated
functions are represented by squares. *** represents p values < 0.001, ** represents p values < 0.01, and * represents p values < 0.05.
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that inflammation in BDBV survivors is associated with lower
antibody-phagocytic activity.
DISCUSSION

In this study, we have demonstrated that BDBV survivors
maintain polyfunctional antibody effector activity for two years
after infection. This extends findings from a previous report of a
cohort from Sierra Leone that showed polyfunctional antibodies
six months after infection with ZEBOV (19). In this cohort, both
IgG1 and IgA were associated with levels of functional
antibodies. Similarly, we found that IgG1, IgA1, and IgA2
levels were increased in this cohort of BDBV survivors
compared to household contacts and that Fc-mediated
antibody effector functions were strongly associated with GP-
specific IgG1 levels. Together, these studies indicate that the
development of durable functional antibodies may be a general
feature of humoral immunity in EVD caused by different
ebola viruses.

A surprising finding of this study is that a minority of
household contacts also had polyfunctional antibody effector
functions. Polyfunctional responses were more frequent in the
contacts that presented two or more symptoms at the time of the
outbreak, indicating that some of them might have a milder or
subclinical form of the disease, as suggested by other studies (33–
35). Alternatively, it has also been documented that EBOV
seropositivity in parts of Africa, including Uganda, is
associated with wild animals contacts (35–37), and thus this
baseline seropositivity may also contribute to the Fc-mediated
Frontiers in Immunology | www.frontiersin.org 6
antibody effector response that we observed in some
household contacts.

Our results demonstrate that Fc-mediated effector functions
could have a protective role against hearing loss, one of the long-
term sequelae previously reported to be associated with BDBV
(7). While the mechanisms underlying the development of
sequelae in EVD survivors is not known, one possibility is that
these functions could have contributed to faster viral clearance
during initial infection, and thus limit EBOV-mediated damage.
We do not know how early following infection that these
antibody functions may have appeared, however longitudinal
analysis of EVD survivors from Sierra Leone suggest that
antibody functional profiles are consistent for at least 3 years
(B. Gunn and G. Alter, unpublished data). Interestingly, the total
levels of IgG were not different between the survivors with or
without sequelae, consistent with a previous study that also
found that binding and neutralizing titers were not associated
with long-term sequalae in EBOV survivors (11), together
suggesting that antibody effector functionality may be a more
important contributor to the development of or protection
from sequelae.

In addition to lower levels of antibody-mediated effector
functions, hearing loss was characterized by elevated plasma
levels of several pro-inflammatory cytokines and lower levels of
IL-10. This increase inflammatory state could be caused by viral
persistence, increased susceptibility to other infections, or
microbial translocation associated with increased damage to
the gut barrier integrity, as observed in chronic HIV patients
(38). Continued antigen stimulation after resolution of EBOV
disease has been suggested to contribute to sustained CD8 T cell
activation (39) and to the periodical waxing and waning of
antibody levels (40). Furthermore, high levels of pro-
inflammatory cytokines were associated with lower ADCP,
suggesting that inflammation may impair the development or
durability of some humoral responses. Alternatively, high levels
of Fc-mediated functions may help reduce EBOV-associated
inflammation. While previous work reported that several pro-
inflammatory markers were elevated in the plasma of ZEBOV
survivors compared to controls, we did not observe differences
in our cohort of BDBV survivors and their household
contacts two years following the outbreak. While differences
in sampling time may underlie these observation, differences in
mortality between BDBV and ZEBOV may also explain this
discrepancy (4).

No clinically relevant differences in results from the
hematology or clinical chemistry laboratories were initially
reported between BDBV survivor and their contacts (7).
Similarly, no differences were found between the survivors with
or without hearing loss (data not shown). One limitation of this
study is small number of BDBV survivor that developed each
long-term sequelae.

Other acute viral infections, such as SARS-CoV-2, MERS, and
Chikungunya, have been associated with long term symptoms
even after viral clearance (41–44). Post-acute viral infection
syndrome may thus be more common than originally thought
and this work may be informative for such other conditions.
TABLE 1 | Odds ratio of BDBV survivors to suffer from long term sequelae
based on positivity for antibody effector functions.

ADNP Odds 95% CI P value

Joint pain 3.84 1.01-14.2 0.068
Hearing loss 0.40 0.12-1.41 0.29
Retro orbital pain 1.20 0.31-4.06 0.99
Fatigue 1.41 0.44-4.36 0.76
Blurred vision 3.76 0.98-13.96 0.11

ADCP
Joint pain 3.57 0.71-17.77 0.17
Hearing loss 0.24 0.06-0.88 0.061
Retro orbital pain 0.54 0.14-2.0 0.45
Fatigue 1.57 0.46-5.22 0.52
Blurred vision 2.40 0.57-9.16 0.32

ADNKA
Joint pain 0.27 0.077-1.03 0.13
Hearing loss 0.016 0.041-0.63 0.016
Retro orbital pain 0.31 0.071-1.34 0.13
Fatigue 1.53 0.39-6.07 0.72
Blurred vision 1.70 0.40-6.70 0.72

ADCD
Joint pain 1.12 0.27-4.58 0.99
Hearing loss 0.21 0.055-0.99 0.048
Retro orbital pain 0.79 0.18-3.28 0.99
Fatigue 0.65 0.16-2.61 0.72
Blurred vision 0.78 0.18-2.89 0.99
P values < 0.05 are indicated bold.
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FIGURE 3 | Elevated plasma levels of pro-inflammatory soluble factors in BDBV survivors with hearing loss. Plasma levels of 53 soluble factors were measure by
Luminex and results were compared between BDBV survivors with or without long term sequalae. Significant differences are shown for IL-1b, IL-2, IL-6, IL-7, IL-10,
IL-12p70, IL-17a, IL-23, IFNg, Fractalkine, MIP1a, sIL-6Ra, MMP-3, and APRIL for hearing loss as well as Pentraxin 3 and MMP-1 for eye pain and blurred vision
respectively. The line and whiskers represent the median and interquartile range respectively. ** represents p values < 0.01 and * represents p values < 0.05.
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In conclusion, our results suggest that antibodies mediating
ADCP, ADCD, and ADNKA are associated with lower incidence
of hearing loss in BDBV survivors and that hearing loss is
characterized by high levels of several pro-inflammatory
cytokines, warranting further investigation into the role of
antibodies in post-Ebola syndrome.
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