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Abstract: Natural killer cells play an important role in the control of viral infections both by regulating
acquired immune responses and as potent innate or antibody-mediated cytotoxic effector cells. NK
cells have been implicated in control of Ebola virus infections and our previous studies in European
trial participants have demonstrated durable activation, proliferation and antibody-dependent NK
cell activation after heterologous two-dose Ebola vaccination with adenovirus type 26.ZEBOV followed
by modified vaccinia Ankara-BN-Filo. Regional variation in immunity and environmental exposure
to pathogens, in particular human cytomegalovirus, have profound impacts on NK cell functional
capacity. We therefore assessed the NK cell phenotype and function in African trial participants with
universal exposure to HCMV. We demonstrate a significant redistribution of NK cell subsets after
vaccine dose two, involving the enrichment of less differentiated CD56dimCD57− and CD56dimFcεR1γ+

(canonical) cells and the increased proliferation of these subsets. Sera taken after vaccine dose two
support robust antibody-dependent NK cell activation in a standard NK cell readout; these responses
correlate strongly with the concentration of anti-Ebola glycoprotein specific antibodies. These sera also
promote comparable IFN-γ production in autologous NK cells taken at baseline and post-vaccine dose
two. However, degranulation responses of post-vaccination NK cells were reduced compared to baseline
NK cells and these effects could not be directly attributed to alterations in NK cell phenotype after
vaccination. These studies demonstrate consistent changes in NK cell phenotypic composition and
robust antibody-dependent NK cell function and reveal novel characteristics of these responses after
heterologous two dose Ebola vaccination in African individuals.
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1. Introduction

The control of Ebola virus outbreaks continues to present a significant ongoing chal-
lenge for the African continent, with cases being confirmed in the Democratic Republic
of the Congo as recently as April 2022 [1]. Adenovirus type 26 (Ad26).ZEBOV and mod-
ified vaccinia Ankara (MVA)-BN-Filo is a safe and immunogenic, two dose anti-Ebola
vaccine regimen which has undergone phase 1 and 2 clinical trials in Europe and Africa
and marketing authorization approval under exceptional circumstances by the European
Medicines Agency (EMA) [2–8]. Exploratory investigations of the immune responses in-
duced after both dose one (Ad26.ZEBOV) and dose two (MVA-BN-Filo) of this vaccine are
of importance for the further understanding of the immune response to vaccination.

Vaccine-induced anti-Ebola antibodies induce NK cell antibody-dependent cellular cy-
totoxicity (ADCC) in human PBMC in vitro and antibody-dependent cellular mechanisms
are associated with post-exposure therapeutic protection in animal models [9–12].

Our previous studies show that serum collected post-dose one and post-dose two
from Ad26.ZEBOV, MVA-BN-Filo vaccinated individuals induced significant NK cell de-
granulation (surface expression of CD107a), higher IFN-γ secretion and CD16 (FcγRIII)
downregulation compared with baseline (pre-vaccination) serum [13]. These studies in
European trials also demonstrate that this vaccine induces a redistribution of NK cell sub-
sets towards less differentiated CD56bright and CD57− NK cells accompanied by increased
frequency of CD25+ NK cells, suggesting potential for increased responsiveness to CD4+

T cell derived IL-2 (CD25 expression) and proliferation 21 days after the second vaccine
dose [14]. Further, we demonstrated persistent redistribution of NK cell subsets up to
180 days post-dose 2, also involving an enrichment of CD56bright NK cells and enhanced
CD25 expression [15].

There is substantial evidence that the functional differentiation of innate and acquired
immune cells differs considerably between geographically distinct populations, [16] and that
advanced differentiation of both NK cells and CD8+ T cells in African populations is associated
with a high prevalence of human cytomegalovirus (HCMV) infection [17,18]. Regions with
high endemicity for HCMV infection coincide with those targeted for prophylactic vacci-
nation against Ebola infection. HCMV infected individuals have dominant expansions of
NK cells expressing the c-type lectin-like receptor NKG2C and lacking the adaptor protein
FcεR1γ [19,20]. Our recent studies indicate that antibody-dependent NK cell activation
after heterologous two dose Ebola vaccination is influenced by these expansions in HCMV
seropositive Europeans [15].

In the present study, ex vivo NK cell phenotypic changes and in vitro anti-EBOV
glycoprotein (GP) antibody-dependent NK cell responses were evaluated in samples from
a phase 2 clinical trial of the Ad26.ZEBOV, MVA-BN-Filo vaccine at sites in Burkina Faso,
Kenya and Uganda, where HCMV exposure is ubiquitous [7,21,22]. Two vaccination
strategies were assessed with varying time intervals (28 or 56 days) between dose one
(Ad26.ZEBOV) and dose two (MVA-BN-Filo).

NK cell responses may contribute to durable immune responses of target populations
receiving the Ad26.ZEBOV, MVA-BN-Filo vaccine.

2. Materials and Methods
2.1. Study Participants and Samples

Eligible, healthy adult volunteers were recruited into a multi-centre, randomised,
placebo-controlled, observer blind Ebola vaccine trial, conducted in several African coun-
tries; EBL2002 (ClinicalTrials.gov Identifier registered 29 September 2015, NCT02564523
https://clinicaltrials.gov/ct2/show/record/NCT02564523?term=EBL2002&cond=Ebola+
Virus+Disease&draw=2&rank=2, accessed on 14 March 2022). Active vaccination com-
prised monovalent Ad26.ZEBOV encoding the GP of the Ebola Zaire virus (Mayinga
variant) followed by multivalent MVA-BN-Filo encoding of the GP of the Sudan and Zaire
Ebola viruses and Marburg virus together with Tai Forest virus nucleoprotein (Janssen
Vaccines and Prevention B.V., The Netherlands and Bavarian Nordic, Denmark). Groups

https://clinicaltrials.gov/ct2/show/record/NCT02564523?term=EBL2002&cond=Ebola+Virus+Disease&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/record/NCT02564523?term=EBL2002&cond=Ebola+Virus+Disease&draw=2&rank=2
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one and two received Ad26.ZEBOV on day 1 and MVA-BN-Filo, respectively, on day 29
and day 57.

The EBL2002 trial protocol and study documents were approved by the relevant
authorities and ethics committees. For the samples used in this study, approvals were
obtained under the principal trial from the Joint Kenyatta National Hospital—University
of Nairobi Ethics Research Committee (Ref Number KNH/ERC/R/206; The Uganda Virus
Research Institute Research Ethics committee (Ref Number GC/127/18/08/157) and The
Institutional Ethics Committee, Centre Muraz, Burkina Faso (Ref Number HB/MGK/2019-
002/EBOVAC-2). Serum and PBMC samples were collected at baseline (Visit 0), post-dose
one (day of dose two administration), days 29, or 57 (Visit one), 21 days post-dose two (Visit
two) and 180 days post-dose two (Visit three). PBMC and serum samples from 29 actively
vaccinated adult participants were analysed for this study (Table 1). A predominance of
male study samples reflected the distribution of participants in the original clinical trial [7].
In some experiments, a total of seven study participants from placebo arms (Group one,
n = 3; Group two, n = 4) were analysed in parallel. Ex vivo phenotyping and ADNKA
assays with a standard NK cell readout were performed on samples from all 29 actively
vaccinated participants and all seven placebo control individuals. For NK cell activation
with autologous sera, a subset of 18 paired PBMC and serum samples were used for each
study visit. A blood sample from a standard healthy unvaccinated donor was obtained in
the UK for standard NK cell readout assays with approval from the Ethics committee of
The London School of Hygiene & Tropical Medicine (LSHTM, reference number 14383).
The current study was approved by the ethics committee of London School of Hygiene and
Tropical medicine (Ref numbers 14760-2). All participants of the EBL2002 trial provided
written informed consent.

Table 1. Randomised vaccination regimen and corresponding numbers of serum and PBMC samples
used in this study.

Group 1 Group 2

Vaccine Schedule Ad26 1, MVA 2

28 Day Interval
Ad26, MVA

56 Day Interval

Age years: median (IQR) 32, (24–46) 25, (22–44)

Sex: n (m/f) 12/2 10/5

Baseline samples (Visit 0)
(PBMC/Serum) Day 1 (14/14) Day 1 (15/15)

Post-dose 1 samples (Visit 1) 3

(PBMC/Serum)
Day 29 (14/0) Day 57 (15/0)

21 days post-dose 2 samples
(Visit 2) (PBMC/Serum) Day 50 (14/14) Day 78 (15/15)

180 days post-dose 2 samples
(Visit 3) (PBMC/Serum) Day 209 (14/0) Day 237 (15/0)

Anti-Ebola GP IgG (Visit 2)
concentration (EU/mL)

(median, IQR)
11,513 (3409–16,021) 13,379 (3367–19,788)

Anti-HCMV IgG (Visit 0)
concentration (IU/mL)

(median, IQR)
2879 (2492–3918) 2677 (1258–4299)

Study participants received monovalent Ad26.ZEBOV encoding the GP of the Ebola Zaire virus (Mayinga
variant) followed by multivalent MVA-BN-Filo encoding the GP of the Sudan and Zaire Ebola viruses and
Marburg virus together with Tai Forest virus nucleoprotein. Groups one and two received Ad26.ZEBOV
on day one (Visit 0) and MVA-BN-Filo on day 29 or 57 respectively (Visit 1). 1 Adenovirus type 26.ZEBOV;
2 Modified vaccinia Ankara-BN-Filo; 3 This time point corresponds to the day of administration of vaccine dose
two. PBMC = peripheral blood mononuclear cells; GP = glycoprotein; IgG = Immunoglobulin G; EU/mL = ELISA
units per millilitre; HCMV = human cytomegalovirus; IQR = interquartile range.
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PBMC from EBL2002 volunteers from Burkina Faso, Kenya and Uganda were isolated
using Leucosep tubes cryopreserved in liquid nitrogen. PBMC separation and cryop-
reservation at each study site were performed under controlled conditions and samples
validated on receipt by Janssen Vaccines for storage. For this study PBMC samples were
then shipped to LSHTM in liquid nitrogen vapour phase and sera were shipped on dry
ice. EBOV GP-specific IgG concentration was determined by EBOV GP Filovirus Animal
Non-Clinical Group (FANG) ELISA [23]. All study volunteers involved in this study were
tested seropositive for HCMV as determined by IgG ELISA (Demeditec, Kassel, Germany).

2.2. NK Cell Assays

Ex vivo phenotypic analysis or antibody-dependent NK cell activation (ADNKA)
assays were performed after recovery of cryopreserved PBMC [15]. Recovered PBMC were
stained for ex vivo flow cytometric analysis or reserved for ADNKA assay in RPMI 1640
supplemented as previously described [15]. ADNKA assays were performed in 96 well
flat bottom plates pre-coated with recombinant Ebola virus GP (EBOV GP; Zaire strain,
prepared in Hek293F cells; (Stratech, Ely, UK) as previously described [15]. PBMC from a
single, non-study donor (non-vaccinated; from fresh blood) or from vaccinated EBL2002
trial participants (cryopreserved) were seeded (3 × 105/well) onto the antigen-coated
plates together with 5% pre- or post-vaccination sera (autologous in the case of vaccine
study PBMC) or with 5% Visit 2 serum pooled from all donors at and incubated for 6 h at
37 ◦C. Positive control cultures comprised the CD20 expressing human Burkitt’s Lymphoma
cell line (RAJI; ECACC, Salisbury, UK) used at a PBMC: target cell ratio of 5:1 with monoclonal
Rituximab anti-CD20 at a final concentration of 100 ng/mL (Rituxan®, Genentech, San Francisco,
CA, USA). GolgiPlug (Brefeldin A; 1/1000 final concentration; BD Biosciences, Wokingham, UK)
and GolgiStop (Monensin; 1/1500 concentration; BD Biosciences) were added for the final 3 h of
culture. Cells were harvested into round bottom plates for staining by soaking and resuspension
in cold PBS (with 0.5% FCS, 0.05% sodium azide and 2 mM EDTA).

2.3. Flow Cytometry

Anti-CD107a-FITC (clone H4A3; BD Biosciences) was added to the cultures (2 µL
per well) for the entire culture period. Cells were stained for all other surface markers
including a viability marker (Fixable Viability Stain 700; BD Biosciences) in FACS buffer
(PBS, 0.5% FCS, 0.05% sodium azide and 2 mM EDTA) for 30 min in 96-well round bot-
tom plates after blocking Fc receptors for 5 min with Fc Receptor (FcR) Blocking Reagent
(Miltenyi Biotec, Woking, UK). Cells were then washed in wash buffer, fixed and per-
meabilized using Cytofix/Cytoperm Kit (BD Biosciences) or Foxp3/Transcription Factor
Fixation/Permeabilization Kit (ThermoFisher, Altricham, UK) according to the manufac-
turer’s instructions. Cells were then stained for intracellular markers with FcR blocking for
20 min and washed again. Finally, cells were resuspended in FACS buffer and analysed
using a BD LSRII flow cytometer (Becton Dickinson, Oxford, UK). Cells were acquired
using FACSDiva software and data were analysed using FlowJo V10 (FlowJo LLC, Beckton
Dickinson). FACS gates were set using unstimulated cells or fluorescence minus one (FMO)
controls. Samples with less than 100 NK cell events were excluded from the analysis (less
than 3% of samples).

Ex vivo phenotypic and in vitro phenotypic analysis of NK cells was performed
separately after labelling with the following reagents: anti-CD3-V500 (clone UCHT1) (BD
Biosciences), anti-CD56-BV605 (clone HCD56), anti-CD16-APC (clone CB16), anti-CD57-
e450 (clone TB01), anti-Ki67-PerCP-eFluor710 (clone 20Raj1), anti-NKG2C-PE (clone 134591)
(Biotechne, Abingdon, UK), anti-FcεR1γ−FITC (rabbit polyclonal Ig) (Millipore, UK), anti-
CD25-BV785 (clone BC96) (Biolegend, London, UK) and anti-IFN-γ-BV785 (clone 4S.B3).

2.4. Statistics

A statistical analysis was performed using GraphPad Prism version 7.04 (Dotmatics,
Boston, MA, USA). Functional responses were compared using Wilcoxon signed-rank
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test or one-way ANOVA mixed effects analysis with correction for multiple comparisons
(detailed in figure legends). Correlation of two variables was determined using a Pearson’s
correlation analysis. Significance levels are assigned as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
and **** p ≤ 0.0001 for all tests.

3. Results
3.1. Longitudinal NK Cell Subset Changes after Heterologous 2 Dose Ebola Vaccination

We performed a phenotypic assessment of NK cells from baseline (Visit zero, Day one),
after the first vaccine dose (Visit one, Day 29 or Day 57), 21 days post-dose 2 (Visit two, Day
50 or day 78) and 180 days after dose two (Visit three) (see Figure S1 for NK cell and subsets
analysis gating strategies). Initially, we pooled data from all actively vaccinated participants
from both vaccine strategies for analysis (see Table 1 for participant characteristics).

We observed no significant change in the frequencies of total NK, CD56bright and
CD56dim NK cells or in the overall proliferation (Ki67+) of these subsets between visits
(Figure 1A,B,E,F). However, after sequential gating of CD57 or FcεR1γ defined subsets
within CD56dim NK cells, we observed a significant increase at visit two in the proportion of
‘canonical’ FcεR1γ+ NK cells with a reciprocal reduction in the representation of ‘adaptive’
FcεR1γ− NK cells and a trend towards an increase in the proportion of less differentiated
CD57− cells (Figure 1C,D) post-vaccination. These changes were accompanied by signifi-
cant increases in the proliferation of both CD56dimCD57− and CD56dimFcεR1γ+ cell subsets
(Figure 1G,H). Overall, CD56dimCD57+ or CD56dimFcεR1γ− NK cell subsets exhibited
lower frequencies of proliferating cells compared to CD56dimCD57− and CD56dimFcεR1γ+,
respectively, and these were unaffected by vaccination (Figure 1G,H), in contrast with our
previous studies.
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Figure 1. Ex vivo analysis of NK cell subsets and activation markers. Frequencies of NK cells and
subsets at Visit zero (baseline), Visit one (post-vaccine dose one), Visit two (21 days post vaccine dose
two) and Visit three (180 days post-vaccine dose two) (A) NK cells (B) CD56bright and CD56dim

(C) CD56dimCD57− and CD57+ and (D) CD56dimFcεR1γ+ and FcεR1γ− (E) Ki67 expres-
sion within NK cells and within (F) CD56bright and CD56dim (G) CD56dimCD57− and CD57+

and (H) CD56dimFcεR1γ+ and FcεR1γ− NK cell subsets (I) Frequencies of CD57+NKG2C+ and
(J) FcεR1γ−NKG2C+ subsets within CD56dim NK cells across the vaccination time course. Vacci-
nation groups were pooled for analysis and all actively vaccinated individuals are represented (n =
29). Paired comparisons between time points were made using Wilcoxon signed-rank test. * p < 0.05,
** p < 0.01.

In Europeans [15], no significant changes in NK cell subset distributions were ob-
served 180 days after vaccine dose two (Visit three) as compared to baseline (Visit zero)
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(Figure 1C,D,G,H). Furthermore, we did not see any alterations in the frequencies of NK
cells or subsets expressing CD25 (IL-2Ra) in these African samples over time (data not
shown). There was no significant change in the frequencies of highly differentiated (CD57+)
or adaptive (FcεR1γ−) NK cells expressing the HCMV associated c-type lectin-like receptor,
NKG2C (Figure 1I,J). No significant change is the distribution of NK cell subsets or in the
proliferation of these was observed in study participants from the placebo group (Figure S2).

We then analysed the ex vivo NK cell subset distribution, proliferation and activation
responses according to a 28 day (Group one) or 56 day (Group two) interval occurring be-
tween vaccine doses (Figure S3). No significant change in the frequencies or proliferation of
CD56dim, CD56bright or CD57-defined NK cell subsets was seen (Figure S3a,b,d,e). However,
a shorter dosing interval (Group 1, 28 days) resulted in a significant increase in the fre-
quency of CD56dimFcεR1γ+ NK cells at visits one and two, whereas no significant effect was
observed for a longer period between vaccine doses (Group two, 56 days) (Figure S3c). This
increase was consistent with increased proliferation within the CD56dimFcεR1γ+ subset in
Group one (Figure S3f).

3.2. Post-Ad26.ZEBOV, MVA-BN-Filo Vaccination-Induced Antibody-Dependent NK Cell
Activation at 21 Days Post-Dose 2

We measured antibody-dependent NK cell activation (ADNKA) in response to baseline
(Visit zero), post-dose one (Visit zero), 21 days post-dose two (Visit two) serum plus
immobilized EBOV GP using a uniform responder NK cell preparation (PBMC from a
single blood donor) (Figure 2). Frequencies of CD107a and IFN-γ expressing NK cells
were analysed in addition to the geometric mean fluorescence intensity of CD16, which is
down regulated upon antibody-dependent NK cell activation (flow cytometric analysis for
a representative study participant is shown in Figure S4).

When data from both vaccination groups were combined for analysis, there was a
significant induction of CD107a and IFN-γ expression, and a significant down-regulation
of CD16 expression mean fluorescence intensity (MFI) on CD56dim NK cells in response
to stimulation with EBOV GP in the presence of 21 days post-dose two (Visit two) serum
compared with baseline serum (Figure 2A–C). No significant changes in ADNKA responses
were observed using sera from individuals within the placebo arm (Figure S5). Com-
paring ADNKA responses between vaccine groups, no impact of dosing interval was
observed on the frequency of degranulating CD56dim NK cells or on CD16 expression
(Figure 2D,E) post-vaccination. Significantly higher frequencies of IFN-γ producing
CD56dim NK cells were observed only after a 56-day dosing interval (Group two V3,
mean = 2.5, S.E.M = 0.46, p = 0.019) compared to baseline values (Group two V1,
mean = 0.85, S.E.M = 0.26) and this was significantly higher than that observed after a
28-day dosing interval (Group one V3, mean = 0.92, S.E.M = 0.04). and only Group two
(Figure 2F). There was no significant difference in baseline IFN-γ frequencies between groups.

3.3. Reduced Ebola Glycoprotein Specific Antibody-Dependent Responses in Post-Vaccination
NK Cells

Less highly differentiated NK cells are well known to mount superior responses to
inflammatory cytokines, while further differentiation and the emergence of adaptive NK
cells is associated with reduced cytokine responsiveness and adaptation towards antibody-
dependent activation [17,19,20]. The African individuals studied here were universally
HCMV infected and had high frequencies of adaptive NK cells compared to our previous
study (CD56dimFcεR1γ− = 36.1% IQR% 18.2–58.1 compared to 17.9% IQR 5.3–38.4%). We
therefore studied the potential impact of the high frequencies of highly differentiated and
adaptive NK cell subsets observed in our African vaccine recipients on Ebola virus GP-
specific ADNKA responses. Baseline (Visit 0) or post-dose two (Visit two) NK cells within
individual PBMC were cultured in the presence of autologous pre- or post-vaccination
(Visit two) sera and the frequencies of degranulating or IFN-γ producing cells and the
levels of CD16 on these cells was assessed (Figure 3).
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(from a single unvaccinated donor) cultured with serum samples from individual trial donors 

Figure 2. Antibody-dependent NK cell responses to immobilized EBOV GP. CD107a (A,D), CD16
MFI (B,E) and IFN-γ (C,F) expression within gated CD56dim NK cells from a standard PBMC readout
(from a single unvaccinated donor) cultured with serum samples from individual trial donors
collected pre-vaccination (Visit zero) and 21 days post-dose two (Visit 2). Data are presented for
combined vaccination groups (A–C) and for individual vaccination group (D–F) (see Table 1 for
participant numbers in each group). Plots show individual data points before and after vaccination
(A–C) and mean values with standard error of the mean (s.e.m.) for vaccination group one (open
symbols) and group two (filled symbols) (D–F). Across visit (A–C) and intergroup (D–F) comparisons
were performed using one-way ANOVA mixed effects analysis with Geisser-Greenhouse correction.
* p < 0.05. *** p < 0.001. **** p < 0.0001.

Similar to our observations using a standardised NK cell readout (Figure 2), we
observed significant antibody-dependent activation (higher CD107a expression, CD16
downregulation and higher IFN-γ production) in autologous NK cells at baseline (Visit
zero cells) in the presence of serum taken 21 days post-dose two (Visit two) compared to
baseline serum (Figure 3A–C, left columns). We also observed a similar pattern when cells
taken at Visit two were assessed using autologous baseline or visit two sera (Figure 3A–C
right columns). However, degranulation (CD107a) responses were significantly lower in
cells taken at Visit two compared with baseline cells (Figure 3A, right columns vs. left
columns). Similar response patterns of NK cells to autologous Visit two sera from individual
study donors were observed using pooled sera from all donors tested (V2P), suggesting
that the variation in responses could be attributed to individual level differences in NK cell
functional capacity (Figure 3A–C).

NK cells from baseline (V0) or post vaccine dose two mounted significant responses to
positive control stimulus Rituximab (anti-CD20) crosslinked onto the Raji B tumour cell
line (R + R) compared to the negative isotype control (R + I). Notably, no differences were
observed between the responses of NK cells taken at Visit zero or Visit two when stimulated
with the positive control (R + R, Figure 3D–F). These data suggest that whilst individual
level variation in ADNKA may be attributable to intrinsic differences in NK cell functional
capacity both before and after vaccination, degranulation responses of post-vaccination NK
cells to autologous or pooled Ebola GP specific post-vaccination serum could be influenced
by vaccine-induced changes in the NK cell compartment.
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Figure 3. ADNKA responses of pre- and post-vaccination NK cells from individual trial participants
using their autologous pre- and post-vaccination sera. PBMC collected pre-vaccination (Visit 0) and
21 days post-dose two (Visit two) were cultured with EBOV GP in the presence of autologous serum
from the same visit or with pooled serum from all participants at Visit two (V2P) (A–C). Positive and
negative control stimuli were Raji B cells + Rituximab™ (R + R condition) or isotype control antibody
(R + I condition), respectively (D–F). Responses were analysed by flow cytometry for (A,D) CD107a,
(B,E), CD16 mean fluorescence intensity (MFI) and (C,F) IFN-γ expression. Individual data points
are shown for 18 participants tested in this assay with a line representing median values for all tested
donors. Comparisons between visits were performed using one-way ANOVA mixed effects analysis
with Geisser-Greenhouse correction. * p < 0.05, ** p < 0.01, *** p < 0.001. **** p < 0.0001.



Vaccines 2022, 10, 884 9 of 16

A comparison of responses between different vaccination groups suggests that the
interval between vaccine doses had no significant impact on ADNKA of baseline or post-
vaccination autologous NK cells cultured either with EBOV GP and post-vaccination
serum (Figure S6a–c) or with control stimuli (Figure S6d–f). However, consistent with
observations across all study participants tested (Figure 3), the frequency of CD107a+ cells
was significantly lower in group two (p = 0.027) amongst CD56dim NK cells taken after
vaccination (Visit two) compared with baseline (Visit zero) and tended towards a reduction
in group one (p = 0.078) (Figure S6a). These data again suggest that the dosing interval did
not significantly affect ADNKA responses.

3.4. HCMV Associated NK Cell Expansions do Not Influence Antibody-Dependent Responses to
Ebolavirus Glycoprotein

Adaptive expansions of NK cells are associated with HCMV infection and these cells
are reported to mount superior antibody-dependent degranulation responses in a number
of experimental systems [19,20]. To further explore whether high frequencies of these
HCMV associated adaptive NK cell expansions observed before and after vaccination in
this African study population influenced ADNKA, we compared responses in groups of
individuals with higher or lower frequencies of adaptive expansions of CD56dimFcεR1γ−,
CD56dimCD57+NKG2C+ NK cells or CD56dimFcεR1γ−NKG2C+ NK cells (Figure 4). Com-
paring ADNKA responses, we observed no significant difference in the frequencies of
CD107a+ and IFN-γ+ NK cells or in the MFI for CD16 in individuals with low frequencies
(lower 50th centile) of adaptive NK cell populations compared to those with larger (upper
50th centile) expansions (Figure 4).

Similar outcomes were observed after stratification for CD56dimFcεR1γ− (Figure 4A–C),
CD56dimCD57+NKG2C+ (Figure 4D–F) or CD56dimFcεR1γ−NKG2C+ NK cell frequencies
(Figure 4G–I). Degranulation responses were significantly lower when autologous cells
taken post-dose two (Visit 2) were stimulated in the presence of matched serum compared to
cells taken at baseline (Visit zero), irrespective of the frequencies of adaptive NK cell subsets
(Figure 4A,D,G). Overall, these data suggest that the adaptive expansions of NK cells do
not significantly influence the magnitude of ADNKA responses and that mechanisms
independent of NK cell functional differentiation could account for reduced degranulation
responses in post-vaccination NK cells.

3.5. Anti-Ebolavirus GP Antibody Concentration does not Correlate with the ADNKA Response of
Autologous NK Cells

ADNKA responses of a standardised readout in response to EBOV GP and multiple
serum samples from Visit two correlated significantly with the anti-EBOV GP antibody
concentration determined for each sample used (Figure 5, upper panels). CD16 MFI was
significantly negatively correlated with antibody concentration (r = −0.612, p = 0.0004.
Figure 5B) and CD107a and IFN-γ showed significant positive correlations (r = 0.495,
p = 0.006 and r = 0.658, p = 0.0001, respectively. Figure 5A,C). Ebola GP-specific ADNKA re-
sponses of NK cells collected from individual participants taken at baseline (Figure 5D–F) or
post-dose two (Figure 5G–I) did not correlate with the antibody concentration determined
for each serum sample. These data suggest that intrinsic features of host NK cells combine
with antibody associated factors, including concentration, to determine the individual
ADNKA response. We demonstrate distinct changes in NK cell phenotype and functional
characteristics in this study cohort after heterologous two dose Ebola vaccination with
Ad26.ZEBOV administration followed by MVA-BN-Filo which differ from those previously
observed in European studies.
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circles) and upper (n = 9, filled circles) 50th centiles for frequencies of CD56diimFcεR1γ− (A–C); 
CD56dimCD57+NKG2C+; D–F) or CD56dimFcεR1γ−NKG2C+ subsets; G–I) as determined in Figure 1. 
Data points are shown with a line representing median values. Comparisons across visits were per-
formed using a one-way ANOVA mixed effects analysis with a Geisser-Greenhouse correction. * p 
< 0.05. 
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subsets (Figure 4A,D,G). Overall, these data suggest that the adaptive expansions of NK 

Figure 4. HCMV-associated adaptive expansions and ADNKA responses. Comparison of ADNKA
cell CD107a (A,D,G), CD16 mean fluorescence intensity (MFI) (B,E,H) and IFN-γ (C,F,I) expression
in groups defined according to HCMV associated NK cell expansions. Responses to autologous
post vaccination serum (21 days post-dose two; Visit two) combined with either baseline (V0) or
post-dose two (V2) cells were assessed (A–C). Responses were compared between lower (n = 9,
open circles) and upper (n = 9, filled circles) 50th centiles for frequencies of CD56diimFcεR1γ−

(A–C); CD56dimCD57+NKG2C+; (D–F) or CD56dimFcεR1γ−NKG2C+ subsets; G–I) as determined
in Figure 1. Data points are shown with a line representing median values. Comparisons across
visits were performed using a one-way ANOVA mixed effects analysis with a Geisser-Greenhouse
correction. * p < 0.05.
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Figure 5. Correlation between vaccination-induced anti-GP antibody concentration and NK cell
responses. ADNKA responses in a single standardized donor readout (A–C) or from 19 individual
study participants at Visit zero (D–F) or Visit two (G–I) were cultured with EBOV GP in the presence
of serum collected from the trial individuals 21 days post-dose two (Visit two). For the standard
readout, 27 sera were tested for each study time point. For the autologous readouts, 18 sera were
tested for each study time point. NK cell CD107a (A,D,G), CD16 MFI (B,E,H) and IFN-γ (C,F,I)
expression was compared against anti-GP antibody concentration (measured at Visit 2) (ELISA
units/mL, Table 1). Goodness-of-fit line was determined by linear regression and r- and p-value
analysis was performed by Pearson’s correlation. Significance was defined as p < 0.05.

4. Discussion

Compared with previous studies in Europeans of this and other Ebola vaccines [15,24],
we saw no change in the least differentiated CD56bright NK cell subset, whereas higher
frequencies and increased proliferation of cells with canonical, intermediate differentiation
phenotype (CD56dimCD57− or CD56dimFcεR1γ+) were observed 21 days after vaccine
dose two. CD56bright NK cells are reduced in number and frequency within the first few
years of life in Africans, whereas these are maintained at higher frequencies throughout
life in European individuals [17]. These characteristics and a preponderance of highly
differentiated and adaptive NK cells in Africans could therefore account for differences
in vaccine-induced effects. The effects on CD56bright NK cells in European cohorts are
observed in response to a number of different vaccines through heightened responsiveness
to cytokines IL-12, IL-18 and IL-2, [25–28] although these responses were not evident in
African studies using equivalent vaccines [29,30].
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Vaccine induced proliferation of less differentiated cells observed ex vivo may reflect
responsiveness to cytokines induced either by the vaccine or by the vector. Interestingly,
an interval of 28 days between vaccine dose one and vaccine dose two resulted in more
significant effects on the frequencies of CD56dimFcεR1γ+ NK cells than the longer interval
of 56 days, possibly reflecting a reduction in responsiveness to the second dose. Previous
studies after a single dose influenza vaccination demonstrated heightened responsiveness
of NK cells to restimulation in vitro was lost within 90 days after vaccination, poten-
tially reflecting transient epigenetic effects on less differentiated NK cells which affect
cytokine responsiveness.

In this study we also demonstrate robust ADNKA responses after Ad26.ZEBOV, MVA-
BN-Filo vaccination both in a standardised NK cell assay and in autologous baseline and
post-vaccination NK cells up to 21 days after vaccine dose two. We observed no significant
impact of dosing interval on the antibody-dependent NK cell degranulation (CD107a)
response. However, a longer dosing interval of 56 days induced a higher frequency of IFN-
γ producing cells in the ADNKA assay, potentially reflecting stronger boosting of antibody
levels in some individuals in this group and consistent with increased immunogenicity
after a delayed second dose. This is in line with the benefits of delaying the second dose
on immunogenicity in other trials of this two dose Ad26.ZEBOV, MVA-BN-Filo vaccine
regimen [2,3,6,8].

Expansions of adaptive NK cells (defined by the expression of NKG2C, activation of killer
cell immunoglobulin-like receptors and by a loss of FcεR1γ) are observed during acute HCMV
infection and persist lifelong during periods of viral latency or reactivation [17,19,20,25,31].
These HCMV associated adaptive NK cell subsets express higher levels of CD16, the low
affinity Ig Fc receptor and stable epigenetic changes promote responsiveness to antibody-
dependent signals. In contrast with our previous study where 59% of individuals were
HCMV infected with low HCMV overall IgG titres (median 70.8, IQR 35.1–12.3) [15], the
African individuals studied here were universally HCMV infected with relatively high
antibody titres (Table 1). Correspondingly, African study participants had high frequencies
of adaptive NK cells compared to our previous European study [15]. However, while our
previous observations were that NKG2C+FcεR1γ−cell frequencies influenced the overall
IFN-g response in a European cohort, we observed no difference in the frequency of cells
mounting CD107a or IFN-γ ADNKA responses when comparing African individuals with
lower or higher frequencies of HCMV associated adaptive expansions.

HCMV could potentially affect ADNKA responses through effects on vaccine induced
antibodies. However, in contrast with other studies on influenza vaccination in adults or
tetanus, specific antibody responses after diphtheria-tetanus-whole cell pertussis vaccina-
tion in infants [32–34], we observed no association between anti-HCMV antibody titres and
vaccine induced anti-EBOV GP antibody concentration in this study (data not shown). A
recent study found no significant impact of HCMV associated T cell or NK cell differentia-
tion phenotype on the immunogenicity of chimpanzee adenovirus vectored coronavirus
vaccine [35]. It is likely that a complex interplay influences vaccine induced antibody
responses, involving factors such as age and the relative timing of HCMV infection and
Ebola vaccination. Additionally, we cannot rule out the possibility of interactions with
other chronic infections, including malaria and helminth parasites which are the focus of
further studies.

Effective ANDKA responses in both baseline and post-vaccination NK cells indicate
that a balanced response is achieved involving both canonical and adaptive NK cells.
Cytokines induced by Ebola glycoprotein could conceivably co-stimulate the responses
of less differentiated canonical NK cells in our assay system and could also contribute to
occasional in vitro IFN-γ responses observed in placebo controls. Ebola virus glycoprotein
induces a number of NK cell activating pro-inflammatory cytokines, including IL-18, which
is known to contribute to innate NK cell activation and to co-stimulate ADNKA responses
to pathogens and vaccine antigens [14,36,37].



Vaccines 2022, 10, 884 13 of 16

We observed significantly lower degranulation responses in NK cells post-dose two
compared to baseline NK cells when combined with sera from matched participants.
Paradoxically, no significant difference in CD16 downregulation or IFN-γ production was
observed in baseline and post-vaccination NK cells and there was no difference in NK
cell function in response to control stimuli, indicating these NK cells had similar intrinsic
function, irrespective of vaccination time point. In addition to NK cell activating cytokines,
Ebola virus glycoprotein induces a number of anti-inflammatory cytokines, including IL-10,
which are also elevated during infection [14,38] and which could potentially suppress the
degranulation response of post-vaccination NK cells within our PBMC cultures. Antibody
Fc mediated effects have been associated with vaccine induced protection against Ebola
virus in non-human primates, although not directly involving NK cells [39]. Maturation
of the antibody response, including the emergence of isotypes which bind to distinct Fc
receptors for antibodies on NK cells could also potentially contribute to the modulation of
the ADNKA degranulation response after vaccine dose two. The significance of reduced
antibody-dependent NK cell degranulation responses while maintaining NK cell IFN-γ
after vaccination on vaccine-induced immunity remains to be elucidated.

In summary, this study demonstrates transient alteration to NK cell differentiation
and proliferation and robust antibody-dependent NK cell responses to Ad26.ZEBOV, MVA-
BN-Filo Ebola virus vaccination in Africa cohorts. This study also highlights features of
the NK cell phenotype and effector function which contributes to our understanding of
vaccine-induced immune response in populations with differing levels of exposure to
infectious agents.
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ADNK responses of autologous NK cells.

Author Contributions: Conceptualization, H.R.W., R.T., L.R., Y.L., C.L., V.B., K.L., M.D. and M.R.G.;
Data curation, M.R.G.; Formal analysis, H.R.W. and M.R.G.; Funding acquisition, R.T. and M.D.;
Investigation, H.R.W., O.A., H.K., Z.A., S.B.S., R.T., L.R., Y.L., C.L., V.B., K.L., M.D. and M.R.G.;
Methodology, H.R.W. and M.R.G.; Resources, O.A., H.K., Z.A. and S.B.S.; Supervision, O.A., H.K.,
Z.A., S.B.S., V.B. and M.R.G.; Writing—original draft, H.R.W. and M.R.G.; Writing—review & editing,
H.R.W., R.T., L.R., Y.L., C.L., K.L., M.D. and M.R.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This work has received funding under Grant Agreement EBOVAC2 (No.115861) from
the Innovative Medicines Initiative 2 Joint Undertaking which receives support from the European
Union’s Horizon 2020 research and innovation programme and EFPIA with in-kind contribution
from the vaccine developer, Janssen.

Institutional Review Board Statement: The EBL2002 trial protocol and study documents were
approved by the relevant authorities and ethics committees. For the samples used in this study, ap-
provals were obtained under the principal trial from the Joint Kenyatta National Hospital—University
of Nairobi Ethics Research Committee (Ref Number KNH/ERC/R/206; The Uganda Virus Research
Institute Research Ethics committee (Ref Number GC/127/18/08/157) and The Institutional Ethics
Committee, Centre Muraz, Burkina Faso (Ref Number HB/MGK/2019-002/EBOVAC-2). The current
study was approved by the ethics committee of London School of Hygiene and Tropical medicine
(Ref numbers 14760-2 and 14383).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

https://www.mdpi.com/article/10.3390/vaccines10060884/s1
https://www.mdpi.com/article/10.3390/vaccines10060884/s1


Vaccines 2022, 10, 884 14 of 16

Acknowledgments: We thank our partners in the EBOVAC2 Study Program (which is part of the
Innovative Medicines Initiative Ebola+ Program). We also thank Carolynne Stanley for recruiting
and obtaining consent from London School of Hygiene and Tropical Medicine study subjects and for
control blood sample collection.

Conflicts of Interest: K.L. and M.D. are employees and potential stockholders of Janssen Pharmaceu-
ticals. The funders had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Centres for disease control and prevetion (CDC), Ebola Virus Disease—Democratic Republic of the Congo. Disease Outbreak

News. Available online: https://www.cdc.gov/vhf/ebola/outbreaks/drc/2022-apr.html (accessed on 30 March 2022).
2. Mutua, G.; Anzala, O.; Luhn, K.; Robinson, C.; Bockstal, V.; Anumendem, D.; Douoguih, M. Randomized clinical trial ex-amining

safety and immunogenicity of heterologous prime-boost Ebola vaccines, Ad26.ZEBOV and MVA-BN-Filo: 12-month data from
Nairobi, Kenya. J. Infect. Dis. 2019, 220, 57–67. [CrossRef]

3. Anywaine, Z.; Whitworth, H.; Kaleebu, P.; Praygod, G.; Shukarev, G.; Manno, D.; Kapiga, S.; Grosskurth, H.; Kalluvya, S.;
Bockstal, V.; et al. Randomized clinical trial examining safety and immunogenicity of heterologous prime-boost Ebola vaccines,
Ad26.ZEBOV and MVA-BN-Filo: 12-month data from Uganda and Tanzania. J. Infect. Dis. 2019, 220, 46–56. [CrossRef] [PubMed]

4. Winslow, R.L.; Milligan, I.D.; Voysey, M.; Luhn, K.; Shukarev, G.; Douoguih, M.; Snape, M. Immune Responses to Novel
Adenovirus Type 26 and Modified Vaccinia Virus Ankara–Vectored Ebola Vaccines at 1 Year. JAMA J. Am. Med. Assoc. 2017, 317,
1075–1077. [CrossRef] [PubMed]

5. Shukarev, G.; Callendret, B.; Luhn, K.; Douoguih, M. A two-dose heterologous prime-boost vaccine regimen eliciting sus-tained
immune responses to Ebola Zaire could support a preventive strategy for future outbreaks. Hum. Vaccines Immunother. 2017, 13,
266–270. [CrossRef] [PubMed]

6. Milligan, I.D.; Gibani, M.M.; Sewell, R.; Clutterbuck, E.A.; Campbell, D.; Plested, E.; Nuthall, E.; Voysey, M.; Silva-Reyes, L.;
McElrath, M.J.; et al. Safety and Immunogenicity of Novel Adenovirus Type 26- and Modified Vaccinia Anka-ra-Vectored Ebola
Vaccines: A Randomized Clinical Trial. JAMA 2016, 315, 1610–1623. [CrossRef]

7. Barry, H.; Mutua, G.; Kibuuka, H.; Anywaine, Z.; Sirima, S.B.; Meda, N.; Anzala, O.; Eholie, S.; Bétard, C.; Richert, L.; et al. Safety
and immunogenicity of 2-dose heterologous Ad26.ZEBOV, MVA-BN-Filo Ebola vaccination in healthy and HIV-infected adults:
A randomised, placebo-controlled Phase II clinical trial in Africa. PLoS Med. 2021, 18, e1003813. [CrossRef] [PubMed]

8. Pollard, A.J.; Launay, O.; Lelievre, J.-D.; Lacabaratz, C.; Grande, S.; Goldstein, N.; Robinson, C.; Gaddah, A.; Bockstal, V.;
Wiedemann, A.; et al. Safety and immunogenicity of a two-dose heterologous Ad26.ZEBOV and MVA-BN-Filo Ebola vaccine
regimen in adults in Europe (EBOVAC2): A randomised, observer-blind, participant-blind, placebo-controlled, phase 2 trial.
Lancet Infect. Dis. 2020, 21, 493–506. [CrossRef]

9. Gunn, B.M.; Yu, W.-H.; Karim, M.M.; Brannan, J.M.; Herbert, A.S.; Wec, A.Z.; Halfmann, P.J.; Fusco, M.L.; Schendel, S.;
Gangavarapu, K.; et al. A Role for Fc Function in Therapeutic Monoclonal Antibody-Mediated Protection against Ebola Virus.
Cell Host Microbe 2018, 24, 221–233. [CrossRef]

10. Liu, Q.; Fan, C.; Li, Q.; Zhou, S.; Huang, W.; Wang, L.; Sun, C.; Wang, M.; Wu, X.; Ma, J.; et al. Anti-body-dependent-cellular-
cytotoxicity-inducing antibodies significantly affect the post-exposure treatment of Ebola virus infection. Sci. Rep. 2017, 7, 45552.
[CrossRef]

11. Bornholdt, Z.A.; Herbert, A.S.; Mire, C.E.; He, S.; Cross, R.W.; Wec, A.Z.; Abelson, D.M.; Geisbert, J.B.; James, R.M.; Rahim, M.N.; et al.
A Two-Antibody Pan-Ebolavirus Cocktail Confers Broad Ther-apeutic Protection in Ferrets and Nonhuman Primates. Cell Host
Microbe 2019, 25, 49–58.e5. [CrossRef]

12. Wec, A.Z.; Bornholdt, Z.A.; He, S.; Herbert, A.S.; Goodwin, E.; Wirchnianski, A.S.; Gunn, B.M.; Zhang, Z.; Zhu, W.; Liu, G.; et al.
Development of a Human Antibody Cocktail that Deploys Multiple Functions to Confer Pan-Ebolavirus Protection. Cell Host
Microbe 2019, 25, 39–48.e5. [CrossRef] [PubMed]

13. Wagstaffe, H.R.; Clutterbuck, E.A.; Bockstal, V.; Stoop, J.N.; Luhn, K.; Douoguih, M.; Shukarev, G.; Snape, M.D.; Pollard, A.J.;
Riley, E.M.; et al. Antibody-Dependent Natural Killer Cell Activation After Ebola Vaccination. J. Infect. Dis. 2019, 223, 1171–1182.
[CrossRef] [PubMed]

14. Wagstaffe, H.R.; Clutterbuck, E.A.; Bockstal, V.; Stoop, J.N.; Luhn, K.; Douoguih, M.J.; Shukarev, G.; Snape, M.D.; Pollard, A.J.;
Riley, E.M.; et al. Ebola virus glycoprotein stimulates IL-18–dependent natural killer cell responses. J. Clin. Invest. 2020, 130,
3936–3946. [CrossRef] [PubMed]

15. Wagstaffe, H.R.; Susannini, G.; Thiébaut, R.; Richert, L.; Lévy, Y.; Bockstal, V.; Stoop, J.N.; Luhn, K.; Douoguih, M.; Riley, E.M.; et al.
Durable natural killer cell responses after heterologous two-dose Ebola vaccination. NPJ Vaccines 2021, 6, 19. [CrossRef]

16. Hill, D.L.; Carr, E.J.; Rutishauser, T.; Moncunill, G.; Campo, J.J.; Innocentin, S.; Mpina, M.; Nhabomba, A.; Tumbo, A.;
Jairoce, C.; et al. Immune system development varies ac-cording to age, location, and anemia in African children. Sci. Transl. Med.
2020, 12, eaaw9522. [CrossRef]

https://www.cdc.gov/vhf/ebola/outbreaks/drc/2022-apr.html
http://doi.org/10.1093/infdis/jiz071
http://doi.org/10.1093/infdis/jiz070
http://www.ncbi.nlm.nih.gov/pubmed/30796818
http://doi.org/10.1001/jama.2016.20644
http://www.ncbi.nlm.nih.gov/pubmed/28291882
http://doi.org/10.1080/21645515.2017.1264755
http://www.ncbi.nlm.nih.gov/pubmed/27925844
http://doi.org/10.1001/jama.2016.4218
http://doi.org/10.1371/journal.pmed.1003813
http://www.ncbi.nlm.nih.gov/pubmed/34714820
http://doi.org/10.1016/S1473-3099(20)30476-X
http://doi.org/10.1016/j.chom.2018.07.009
http://doi.org/10.1038/srep45552
http://doi.org/10.1016/j.chom.2018.12.005
http://doi.org/10.1016/j.chom.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30629917
http://doi.org/10.1093/infdis/jiz657
http://www.ncbi.nlm.nih.gov/pubmed/31821493
http://doi.org/10.1172/JCI132438
http://www.ncbi.nlm.nih.gov/pubmed/32315287
http://doi.org/10.1038/s41541-021-00280-0
http://doi.org/10.1126/scitranslmed.aaw9522


Vaccines 2022, 10, 884 15 of 16

17. Goodier, M.R.; White, M.J.; Darboe, A.; Nielsen, C.M.; Goncalves, A.; Bottomley, C.; Moore, S.E.; Riley, E.M. Rapid NK cell
differentiation in a population with near-universal human cytomegalovirus infection is attenuated by NKG2C deletions. Blood
2014, 124, 2213–2222. [CrossRef]

18. Miles, D.J.C.; van der Sande, M.; Jeffries, D.; Kaye, S.; Ismaili, J.; Ojuola, O.; Sanneh, M.; Touray, E.S.; Waight, P.;
Rowland-Jones, S.; et al. Cytomegalovirus Infection in Gambian Infants Leads to Profound CD8 T-Cell Differentiation.
J. Virol. 2007, 81, 5766–5776. [CrossRef]

19. Lee, J.; Zhang, T.; Hwang, I.; Kim, A.; Nitschke, L.; Kim, M.; Scott, J.M.; Kamimura, Y.; Lanier, L.L.; Kim, S. Epigenetic Modification
and Antibody-Dependent Expansion of Memory-like NK Cells in Human Cytomegalovirus-Infected Individuals. Immunity 2015,
42, 431–442. [CrossRef]

20. Schlums, H.; Cichocki, F.; Tesi, B.; Theorell, J.; Béziat, V.; Holmes, T.D.; Han, H.; Chiang, S.; Foley, B.; Mattsson, K.; et al.
Cytomegalovirus Infection Drives Adaptive Epigenetic Diversification of NK Cells with Altered Signaling and Effector Function.
Immunity 2015, 42, 443–456. [CrossRef]

21. Stockdale, L.; Nash, S.; Nalwoga, A.; Gibson, L.; Painter, H.; Raynes, J.; Asiki, G.; Newton, R.; Fletcher, H. HIV, HCMV and
mycobacterial antibody levels: A cross-sectional study in a rural Ugandan cohort. Trop. Med. Int. Health 2018, 24, 247–257.
[CrossRef]

22. Bates, M.; Brantsaeter, A.B. Human cytomegalovirus (CMV) in Africa: A neglected but important pathogen. J. Virus Erad. 2016, 2,
136–142. [CrossRef]

23. Logue, J.; Tuznik, K.; Follmann, D.; Grandits, G.; Marchand, J.; Reilly, C.; Sarro, Y.D.S.; Pettitt, J.; Stavale, E.J.; Fallah, M.; et al. Use
of the Filovirus Animal Non-Clinical Group (FANG) Ebola virus immuno-assay requires fewer study participants to power a
study than the Alpha Diagnostic International assay. J. Virol. Methods 2018, 255, 84–90. [CrossRef] [PubMed]

24. Pejoski, D.; de Rham, C.; Martinez-Murillo, P.; Santoro, F.; Auderset, F.; Medaglini, D.; Pozzi, G.; Vono, M.; Lambert, P.H.;
Huttner, A.; et al. Rapid dose-dependent Natural Killer (NK) cell modulation and cytokine responses following human rVSV-
ZEBOV Ebo-lavirus vaccination. NPJ Vaccines 2020, 5, 32. [CrossRef] [PubMed]

25. Björkström, N.K.; Riese, P.; Heuts, F.; Andersson, S.; Fauriat, C.; Ivarsson, M.A.; Björklund, A.T.; Flodström-Tullberg, M.;
Michaëlsson, J.; Rottenberg, M.E.; et al. Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim NK-cell
differentiation uncoupled from NK-cell education. Blood 2010, 116, 3853–3864. [CrossRef] [PubMed]

26. Jost, S.; Tomezsko, P.J.; Rands, K.; Toth, I.; Lichterfeld, M.; Gandhi, R.T.; Altfeld, M. CD4 + T-Cell Help Enhances NK Cell Function
following Therapeutic HIV-1 Vaccination. J. Virol. 2014, 88, 8349–8354. [CrossRef] [PubMed]

27. Nielsen, C.M.; White, M.J.; Bottomley, C.; Lusa, C.; Galan, A.R.; Turner, S.E.G.; Goodier, M.; Riley, E.M. Impaired NK Cell
Responses to Pertussis and H1N1 Influenza Vaccine Antigens in Human Cytomegalovirus-Infected Individuals. J. Immunol. 2015,
194, 4657–4667. [CrossRef]

28. White, M.J.; Nielsen, C.M.; McGregor, R.H.C.; Riley, E.H.C.; Goodier, M. Differential activation of CD 57-defined natural killer cell
subsets during recall responses to vaccine antigens. Immunology 2014, 142, 140–150. [CrossRef]

29. Darboe, A.; Danso, E.; Clarke, E.; Umesi, A.; Touray, E.; Wegmuller, R.; Moore, S.E.; Riley, E.M.; Goodier, M.R. Enhancement
of cytokine-driven NK cell IFN-gamma production after vaccination of HCMV infected Africans. Eur. J. Immunol. 2017, 47,
1040–1050. [CrossRef]

30. Goodier, M.R.; Rodriguez-Galan, A.; Lusa, C.; Nielsen, C.M.; Darboe, A.; Moldoveanu, A.L.; White, M.J.; Behrens, R.; Riley, E.M.
Influenza Vaccination Generates Cytokine-Induced Memory-like NK Cells: Impact of Human Cytomegalovirus In-fection. J.
Immunol. 2016, 197, 313–325. [CrossRef]

31. Della Chiesa, M.; Falco, M.; Podesta, M.; Locatelli, F.; Moretta, L.; Frassoni, F.; Moretta, A. Phenotypic and functional het-
erogeneity of human NK cells developing after umbilical cord blood transplantation: A role for human cytomegalovirus? Blood
2012, 119, 399–410. [CrossRef]

32. Wald, A.; Selke, S.; Magaret, A.; Boeckh, M. Impact of human cytomegalovirus (CMV) infection on immune response to pandemic
2009 H1N1 influenza vaccine in healthy adults. J. Med. Virol. 2013, 85, 1557–1560. [CrossRef] [PubMed]

33. Furman, D.; Jojic, V.; Sharma, S.; Shen-Orr, S.S.; Angel, C.J.L.; Onengut-Gumuscu, S.; Kidd, B.A.; Maecker, H.T.; Concannon, P.;
Dekker, C.L.; et al. Cytomegalovirus infection enhances the immune response to influenza. Sci. Transl. Med. 2015, 7, 281ra43.
[CrossRef] [PubMed]

34. Cox, M.; Adetifa, J.U.; Noho-Konteh, F.; Njie-Jobe, J.; Sanyang, L.C.; Drammeh, A.; Plebanski, M.; Whittle, H.C.;
Rowland-Jones, S.L.; Robertson, I.; et al. Limited Impact of Human Cytomegalovirus Infection in African Infants on
Vaccine-Specific Responses Following Diphtheria-Tetanus-Pertussis and Measles Vaccination. Front. Immunol. 2020, 11, 1083.
[CrossRef]

35. Sharpe, H.R.; Provine, N.M.; Bowyer, G.S.; Folegatti, P.M.; Belij-Rammerstorfer, S.; Flaxman, A.; Makinson, R.; Hill, A.V.;
Ewer, K.J.; Pollard, A.J.; et al. CMV-associated T cell and NK cell terminal differentiation does not affect immunogenicity of
ChAdOx1 vaccination. JCI Insight 2022, 7, e154187. [CrossRef] [PubMed]

36. Nielsen, C.M.; Wolf, A.-S.; Goodier, M.; Riley, E.M. Synergy between Common γ Chain Family Cytokines and IL-18 Potentiates
Innate and Adaptive Pathways of NK Cell Activation. Front. Immunol. 2016, 7, 101. [CrossRef] [PubMed]

37. Sherratt, S.; Patel, A.; Baker, D.A.; Riley, E.M.; Goodier, M.R. Differential IL-18 Dependence of Canonical and Adaptive NK Cells
for Antibody Dependent Responses to P. falciparum. Front. Immunol. 2020, 11, 533. [CrossRef]

http://doi.org/10.1182/blood-2014-05-576124
http://doi.org/10.1128/JVI.00052-07
http://doi.org/10.1016/j.immuni.2015.02.013
http://doi.org/10.1016/j.immuni.2015.02.008
http://doi.org/10.1111/tmi.13188
http://doi.org/10.1016/S2055-6640(20)30456-8
http://doi.org/10.1016/j.jviromet.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29481881
http://doi.org/10.1038/s41541-020-0179-4
http://www.ncbi.nlm.nih.gov/pubmed/32337075
http://doi.org/10.1182/blood-2010-04-281675
http://www.ncbi.nlm.nih.gov/pubmed/20696944
http://doi.org/10.1128/JVI.00924-14
http://www.ncbi.nlm.nih.gov/pubmed/24829350
http://doi.org/10.4049/jimmunol.1403080
http://doi.org/10.1111/imm.12239
http://doi.org/10.1002/eji.201746974
http://doi.org/10.4049/jimmunol.1502049
http://doi.org/10.1182/blood-2011-08-372003
http://doi.org/10.1002/jmv.23642
http://www.ncbi.nlm.nih.gov/pubmed/23852679
http://doi.org/10.1126/scitranslmed.aaa2293
http://www.ncbi.nlm.nih.gov/pubmed/25834109
http://doi.org/10.3389/fimmu.2020.01083
http://doi.org/10.1172/jci.insight.154187
http://www.ncbi.nlm.nih.gov/pubmed/35192547
http://doi.org/10.3389/fimmu.2016.00101
http://www.ncbi.nlm.nih.gov/pubmed/27047490
http://doi.org/10.3389/fimmu.2020.00533


Vaccines 2022, 10, 884 16 of 16

38. Reynard, S.; Journeaux, A.; Gloaguen, E.; Schaeffer, J.; Varet, H.; Pietrosemoli, N.; Mateo, M.; Baillet, N.; Laouenan, C.; Raoul, H.; et al.
Immune parameters and outcomes during Ebola virus disease. JCI Insight 2019, 4, e125106. [CrossRef]

39. Meyer, M.; Gunn, B.M.; Malherbe, D.C.; Gangavarapu, K.; Yoshida, A.; Pietzsch, C.; Kuzmina, N.A.; Saphire, E.O.; Collins, P.L.;
Crowe, J.E.; et al. Ebola vaccine–induced protection in nonhuman primates correlates with antibody specificity and Fc-mediated
effects. Sci. Transl. Med. 2021, 13, eabg6128. [CrossRef]

http://doi.org/10.1172/jci.insight.125106
http://doi.org/10.1126/scitranslmed.abg6128

	Introduction 
	Materials and Methods 
	Study Participants and Samples 
	NK Cell Assays 
	Flow Cytometry 
	Statistics 

	Results 
	Longitudinal NK Cell Subset Changes after Heterologous 2 Dose Ebola Vaccination 
	Post-Ad26.ZEBOV, MVA-BN-Filo Vaccination-Induced Antibody-Dependent NK Cell Activation at 21 Days Post-Dose 2 
	Reduced Ebola Glycoprotein Specific Antibody-Dependent Responses in Post-Vaccination NK Cells 
	HCMV Associated NK Cell Expansions do Not Influence Antibody-Dependent Responses to Ebolavirus Glycoprotein 
	Anti-Ebolavirus GP Antibody Concentration does not Correlate with the ADNKA Response of Autologous NK Cells 

	Discussion 
	References

