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Ebola virus disease (EVD) outbreaks are increasing, posing significant threats
to affected communities. Effective outbreak management depends on pro-
tecting frontline health workers, a key focus of EVD vaccination strategies. IgG
specific to the viral glycoprotein serves as the correlate of protection for
recent vaccine licensures. Using advanced cellular and transcriptomic ana-
lyses, we examined B cell responses to the Ad26.ZEBOV, MVA-BN-Filo EVD
vaccine. Our findings reveal robust plasma cell and lasting B cell memory
responses post-vaccination. Machine-learning models trained on blood gene
expression predicted antibody response magnitude. Notably, we identified a
unique B cell receptor CDRH3 sequence post-vaccination resembling known
Orthoebolavirus zairense (EBOV) glycoprotein-binding antibodies. Single-cell
analyses further detailed changes in plasma cell frequency, subclass usage, and

CDRH3 properties. These results highlight the predictive power of early
immune responses, captured through systems immunology, in shaping
vaccine-induced B cell immunity.

Ebola virus disease (EVD) remains a feared and serious threat with
epidemic potential. Periodic outbreaks—predominantly affecting
Central and West African populations—are associated with high mor-
tality rates, alongside severe challenges to healthcare infrastructure
and the economy of affected countries. Non-pharmaceutical inter-
ventions are the mainstay of epidemic management. Rapid develop-
ment of novel vaccines was initiated in response to the West African
Epidemic between 2014 and 2016 of the Orthoebolavirus zairense
(EBOV), and the principal target antigen for vaccine-induced immune
response is the surface glycoprotein (GP). Two vaccines have been
licensed by European Medicines Agency (EMA) for individuals aged 1
year and older to protect against EVD (https://www.ema.europa.eu).
The first World Health Organization prequalified vaccine was the live-
attenuated rVSVAG-ZEBOV-GP (ERVEBO, Merck), which demonstrated
safety, immunogenicity and efficacy in a ring-vaccination study’. A

second vaccine Ad26.ZEBOV (Zabdeno, Janssen) used with MVA-BN®-
Filo (Mvabea, Janssen) has demonstrated safety and immunogenicity
in healthy volunteers, including down to 1 years of age, with evidence
for efficacy being inferred from immunobridging studies®*.

A phase 1 clinical trial (EBL1001) in the UK compared dosing order
and spacing of two vaccines: Ad26.ZEBOV (adenovirus serogroup 26
vaccine encoding EBOV Mayinga GP, dose 1) and MVA-BN-Filo (mod-
ified vaccinia Ankara encoding GPs from EBOV, Orthoebolavirus
sudanense (SUDV), Orthomarburgvirus marburgense (MARV), and the
Orthoebolavirus taiense (TAFV) nucleoprotein, dose 2). In this trial, 97%
of participants receiving Ad26.ZEBOV as dose 1 had detectable EBOV-
GP IgG responses by day 28, and all participants had detectable IgG
responses 21 days post-boost, with responses still detectable after
8 months’. The phase 2 trial (EBL2001, EVOLVE) conducted in Oxford
and London, UK, involved a two-dose regimen with Ad26.ZEBOV (dose
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1) and MVA-BN-Filo (dose 2). Participants were randomized into three
groups to receive dose 2 at either day 29, 57 or 85 post dose 1. The
spacing of the doses was compared to determine the optimal spacing
for enhancing the immunogenicity outcomes and to have some flex-
ibility of dosing in the field. The trial reported outcomes of safety and
immunogenicity, showing that the dosing regimens were equally
immunogenic and that increasing the dosing interval enhanced initial
antibody responses, with elevated serum antibody levels at day 365.
CD4+and CD8 + T cell responses were observed in 37%-48% (CD4) and
55%-67% (CD8) of participants at day 21 post dose 2, with CD8
responses maintained in 42%-56% of participants at day 365°. A similar
robust outcome in serum antibody, CD4+, and CD8 + T cell responses
was observed in the EBL2002 trial, conducted at sites in Kenya,
Uganda, and Burkina Faso, using the same trial design’. Long-term
follow-up of antibody and T cell responses from the UK EBL2001 study
was undertaken as part of the PRISM study (under review), which looks
at the maintenance of immunity four years after dose 2.

Although the mechanistic correlates of vaccine-induced pro-
tection against EVD have not been identified, preclinical and phase 2/
3 clinical studies have suggested that levels of IgG specific to the viral
GP best correlate with protection®’°. An immunobridging study
using a non-human primate (NHP) model was used to infer protective
effects of EBOV-GP binding antibody levels obtained from clinical
trials and demonstrated protection following the two-dose vaccine
regimen (Ad26.ZEBOV, MVA-BN-Filo)’. Vaccine-induced immune
memory has been proposed as a correlate of protection, as the
anamnestic response can potentially halt disease progression during
the extended viral incubation period”. Rapid recall responses have
been described after a Ad26.ZEBOV booster vaccination of indivi-
duals who received a primary Ad26.ZEBOV, MVA-BN-Filo vaccine
regimen'.

In the present study, we perform detailed assessment of the B cell
responses underlying the humoral immunity induced by this hetero-
logous two-dose EVD vaccine regimen—using contemporary high-
resolution transcriptomic and cellular phenotyping. This clinical study
provides insight into the generation and maintenance of the long-
lasting B cell immunity following EVD vaccination of humans.

Results

Ad26.ZEBOV followed by MVA-BN-Filo vaccination induces
persistent EBOV-GP specific B cell memory responses

Within the EBL2001 and EBL2002 trials, participants were recruited in
Cohorts (Supplementary Fig. 1). For EBL2001, in the UK, a sentinel
Exploratory Cohort 1 (n=30) was recruited specifically to assess peak
plasma cell time points, following dose 1 and dose 2, to target sample
collection in Cohorts 2. Cohort 2 was the exploratory cohort for col-
lection of PBMCs and DNA samples, while Cohort 3 (not discussed in
this manuscript) was for main clinical trial objectives only®. Each study
Cohort was randomised into Group 1, Group 2 or Group 3 depending
on when they would receive the MVA-BN-Filo (dose 2). For EBL2002
(Kenya, Burkina Faso and Uganda), samples were only available from
Cohort 2 (vaccine Groups 1 and 2). Sampling timepoints and vaccina-
tion regimens are shown in Supplementary Fig. 1, for each Study,
Cohort and Group, along with timepoints tested for each analysis. In
the UK trial, EBL2001, participants were recruited from the Oxford
area. Cohort 1, consisted of (n=30) healthy adults aged 18-65 years
old, and was recruited specifically, with a more intense sample sche-
dule, for determination of the optimal plasma cell timing over 14 days
post dose 1 and 9 days post dose 2. Cohort 2 (n=50 healthy adults
aged 18-65 years) was recruited for immunogenicity, along with
exploratory analysis of the B cell response via ELISpot, flow cytometry
and transcriptomics, and included long term follow-up to day 265. A
further study, PRISM, recalled participants from Cohort 2 at four years
post MVA-BN-Filo (V1), to look for long-term maintenance of immune
memory (manuscript in preparation). For memory B cell responses, six

participants in each vaccine group (G1, G2 and G3) had PBMCs avail-
able at V1 (4 years post dose 2) and V2 (4.5 year post dose 2). For
analysis of BMEM responses in none-UK participants, PBMC samples
were obtained from the EBL2002 trial sites in Kenya, Uganda and
Burkina Faso. Only PBMCs from participants in vaccine Group 1 (n=8)
and Group 2 (n=11) were available.

In the EBL2001 Study, B cell memory (BMEM) responses were
observed following a single dose of Ad26.ZEBOV (dose 1), Fig. 1 and the
magnitude of the response (fold change) was greater with the longer
interval (d85, group 3, p = 0.0111, Fig. 1a, b and Supplementary Table 3).
A fold change in BMEM was not observed after Ad26.ZEBOV (dose 1) in
the EBL2002 Study (dotted lines, Fig. 1a, b and Supplementary Table 5).
Administration of MVA-BN-Filo (dose 2) in EBL2001 on d29, d57 or d85
enhanced the BMEM frequency, resulting in a significant increase
above baseline at d21 post MVA (Gl d50, p=0.0029; G2, d78,
p=0.0065; G3 d106, p=<0.0001, Supplementary Table 3). This was
also observed in EBL2002 when MVA-BN-Filo was administered at d29
or d57 (Fig. 1a and Supplementary Table 5). The fold change in BMEM
following MVA-BN-Filo was lower than after Ad26.ZEBOV in the
EBL2001 cohort but greater in the EBL2002 cohort (Fig. 1c). The
minimum to maximum ranges of EBOV-GP specific BMEM/million
cultured PBMCs in EBL2001 vs EBL2002 were (Group 1: 0.10-42.50 vs
0.10-21.25) and (Group 2: 6.75-153.8 vs 0.10-10.10). The frequency of
Total IgG-BMEM in all studies was similar across all Study Groups at all
time points (Supplementary Fig. 15a).

In the EBL2001, the frequency of IgG-BMEM was maintained,
significantly above baseline, at six months post MVA (dose 2, G1, d209,
p=<0.0001; G2,d237, p=0.0005 and G3, d265, p = 0.0111) (Fig. 1d and
Supplementary Table 3). In the EBL2002 Study, the fold rise after MVA
(dose 2), was maintained at d180 and d365, and was higher than that
observed in the EBL2001 Study (Fig. 1d). No difference between study
country was observed in EBL2002 (Burkina Faso, Kenya or Uganda,
Supplementary Fig. 16b). In the follow-up study (PRISM), Cohort 2
participants from EBL2001 were recruited to return, 4 years post dose
2, to assess long term maintenance of immunity. For assessment of
BMEM frequencies, six volunteers within each of Groups 1, 2 and 3
returned. These were participants had BMEM data available from the
original study so that all time points could be paired for analysis. The
follow-up results are shown in Fig. 1a and Supplementary Table 4,
where at V1 (4 years post dose 2) and V2 (a further six months later),
there appeared to be minimal waning in the frequency of circulating,
EBOV-GP specific IgG-BMEM.

Ad26.ZEBOV followed by MVA-BN-Filo induces a robust plasma
cell response to the Zaire GP
Total antibody (IgG) secreting plasma cells (IgG-ASC) and EBOV-GP
specific IgG-ASC (EBOV-GP-ASC) were enumerated by ex vivo ELISpot
at sequential days following Ad26.ZEBOV (dose 1) and MVA-BN-Filo
(dose 2) as part of the EBL2001 Study. For Cohort 1, the time points
post dose 1 and dose 2 were chosen to capture the peak of vaccine-
specific plasma cells in peripheral blood (Fig. 1e). The Total-IgG-ASC
frequency peaked at d9-d11 post dose 1 (Ad26.ZEBOV) and d5-d7 post
dose 2 (MVA-BN-Filo) (Fig. 1e and Supplementary Table 1). The pro-
portion of EBOV-GP-ASC during the first two weeks after the
Ad26.ZEBOV, peaked at d11 (Fig. 1e and Supplementary Table 1), at
d11-13 the response was 0.6%-1.3% of the total-IgG-ASC in circulation.
Following MVA-BN-Filo boosting (dose 2), an increase in EBOV-GP-
ASC frequency was observed by day 7 (Fig. 1e and Supplementary
Table 1), reaching significance in all groups (G1-d36, p =0.0305, G2-
dé64, p=<0.0001 and G3-d92, p=<0.0001). In Groups 2 and 3,
receiving dose 2 at either d57 or d85, the EBOV-GP-ASC response
remained significantly elevated above baselines at day 9 post dose 2
(G2-d66, p=0.0011 and G3-d94, p =<0.0001, Fig. 1e and Supplemen-
tary Table 1). These results informed a reduced time point schedule for
Cohort 2 of day 1 and d11, post dose 1 and dO and d7 post dose 2 for
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Fig. 1| The EBOV-GP specific IgG-BMEM response induced by Ad26.ZEBOV
(dose 1) and boosted by MVA-BN-Filo (dose 2) given at d29 (Group 1, purple),
d57 (Group 2, olive) or d85 (Group 3, coral). a IgG-BMEM ELISpot response:
Arrows indicate the time of prime (black) and boost coloured by group. Partici-
pants recruited as part of the EBL2001 (UK study) responses were measured at d1,
d29, d50, d237 (Gr 1 (purple, solid line); d1, d57, d78, d237 (Grp2, olive, solid line)
and d1, d85, d106, d265 (Grp 3, coral, solid line). Similarly, participants followed up
four years later as part of the UK PRISM study (at V1 and V2) are also displayed. Also
included in this figure are the responses of participants recruited as part of
EBL2002 (Group 1 (purple, dotted lines, d1, d29, d50, d185, d365) and Group 2
(golive, dotted lines, d1, d57, d78, d185, d365). Data are expressed as the median
(+/- 1QR) of IgG-BMEM/miillion PBMCs. ANOVA, two-sided Freidmans test, with
Dunn’s multiple comparison test, p-values *<0.05, **<0.01, ***, 0.001,

*++<0.0001 shown for EBL2001 and PRISM only. b Fold Change in IgG-BMEM at
d29/d57/d85 post dose 1. ¢ Fold Change in IgG-BMEM at day 21 post MVA-BN-Filo
(dose 2). d Fold Change at d180 post dose 2. Median bar is shown and error bars are

minimum and maximum values for (b-d). e Ex vivo ELISpot Frequency of Total IgG-
ASC, (top) and EBOV-GP specific 1gG-ASC, (bottom), following dose 1 (d1, d9, di1,
d13, d15) and dose 2 (administered at d29, purple line); d57, olive line; or d85, coral
line), with frequency quantified on d0, 3, 5, 7 and 9 post dose 2. Data are expressed
as Median (+/- IQR). Two-sided one-way ANOVA, with Dunn’s multiple comparison
test, p-values *<0.05, **<0.01, **, 0.001, ***<0.000L1. f Flow cytometric character-
isation of plasma cells (CD19 + CD20loCD38 + CD27 +) expressing CD86, CD62L or
a4, (the gating strategy is shown in Supplementary Figs. 17, 18 and 19)., Date are
presented as percentage of total viable CD19 + B cells, or %CD27 + CD38+CD20lo
plasma cells in PBMCs obtained at d1, d9, d11, d13 and d15 post dose 1 and dO, d3,
d5, d7 and d9 post dose 2 following MVA-BN-Filo at d29 (Group 1, purple) or d85
(Group 3, coral). Data are expressed as the median (+/- IQR). g Activated
(ICOS'PD1') cTfh response following Ad2.ZEBOV as dose 1 (d1, d9, d11, d13, d15) and
MVA-BN-Filo administered at d57 post dose 1 (Group 2), with samples obtained on
do, d3, d5, d7 and d9 post dose 2. Gating strategies are shown in Supplementary
Fig. 16¢.

plasma cell analysis, with statistically significant increases in EBOV-GP-
ASC by day 11 in all groups (p=<0.01, Supplementary Fig. 16d and
Supplementary Table 2) and statistically significant increases by d7
post dose 2 (p=<0.0001 in all groups, Supplementary Fig. 16d and
Supplementary Table 2).

Activated and migratory plasma cells were seen following
Ad26.ZEBOV and MVA-BN-Filo

Here, we show the phenotypic characterisation of peripheral blood
plasma cells from EBL2001 Cohort 1 participants (Group 1 dose 2-d29,
purple and Group 3 dose 2-d85, coral) as shown in Fig. 1f and Sup-
plementary Figs. 17-20. The CD19'CD20"°CD27'CD24 CD38" total
blood plasma cell response (Fig. 1f, Top), showed the same kinetic as
that of the ELISpot Total-IgG-ASC response (Fig. 1e, Top). These plasma
cells were also predominantly class switched (IgD-IgM-) plasma cells
(Supplementary Fig. 17m, dotted lines). Plasma cells expressing
migration marker, CD62L" and survival marker, a4p1" (Fig. 1f and
Supplementary Fig. 18k, m), showed a circulatory kinetic similar to the
EBOV-GP specific ASC ELISpot response (Fig. 1e, bottom panel). The
presence of activated CD86" plasma cells peaked at day 9 post dose 1
and then at d7 post dose 2 (Fig. 1If and Supplementary Fig. 18i), also
following the same kinetic as the ELISpot EBOV-GP specific response.
While these findings are not statistically significant, they do point to a
trend of activated, migratory plasma cell responses to both dose 1 and
dose 2 administration.

Ad26.ZEBOV prime induces robust activated cTfh response
Phenotypic analysis of circulating T-follicular helper (cTfh) cells was
undertaken on samples obtained in the first two weeks following
Ad26.ZEBOV and 1 week post MVA-BN-Filo. The proportion of acti-
vated (ICOS* PDI") cTfh cells were analysed in a total of seven, EBL2001
Cohort 1 participants recruited to Group 2 (MVA-BN-Filo given on day
57). ICOS'PD1* cTfh cells were detected in all participants and their
frequency of total cTfh cells peaked at day 9 post Ad26.ZEBOV
administration and disappeared rapidly by day 13 (Fig. 1g and Sup-
plementary Fig. 16c). The proportion of ICOS* PD1* cTfh cells did not
show any increase up to 9 days following the MVA-BN-Filo vac-
cine (Fig. 1g).

Extensive differential gene regulation coinciding with the peak
of plasma cell responses following Ad26.ZEBOV and MVA-BN-
Filo vaccines

We next explored gene regulation with bulk RNA-sequencing of whole
blood samples taken at the peak of plasma cell responses. We observed
25 differential expressed genes (DEGs, FDR < 0.05) 10 days after the
first dose of study vaccine (Ad26.ZEBOV) and 442 DEGs 7 days after the
second dose of vaccine (MVA-BN-Filo) (Fig. 2a, b). General agreement
was seen in terms of the direction of gene regulation—at the peak of
plasma cell responses—following both study vaccines (Fig. 2c). Sixteen
genes were found to be differentially expressed following both vac-
cines—the majority of which encoded immunoglobulin gene segments
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Fig. 2 | The blood gene expression response to Ad26.ZEBOV and MVA-BN-Filo
vaccines. a Volcano plot highlighting differentially expressed genes (DEGs, false
discovery rate [FDR] <0.05; red upregulated and blue downregulated) on day 11
after first dose of Ad26.ZEBOV vaccine (all groups) compared with pre-vaccination
(25 DEGs, n =40). b Volcano plot highlighting differentially expressed genes (DEGs,
false discovery rate [FDR] <0.05; red upregulated and blue downregulated) 7 days
after second dose vaccine (MVA-BN-Filo) compared with pre-vaccination (442
DEGs, n=39). c Agreement plot of changes in gene expression (differentially
expressed gene only) after the first and second dose of vaccine. In purple are DEGs
after first vaccine, green represent DEGs after the second dose only and cyan are
genes differentially expressed at both time points. d Modular signatures induced
during different study time points, enriched modules (FDR <1 x 107) are displayed
order by g-value. Segments of the pie charts represent the proportion of upregu-
lated (red) and downregulated (blue) genes (absolute fold change >1.25). Module

-1.0 1.0

D7 (dose 2)

expression was assessed using the “tmodCERNOtest” function, this is a one-sided
test for enriching that applies FDR correction for multiple testing. e Volcano plot
highlighting differentially expressed genes (DEGs, false discovery rate [FDR] <0.05;
red upregulated and blue downregulated) on day 11 after first dose of Ad26.ZEBOV
vaccine (all groups) compared with 7 days after second dose vaccine (MVA-BN-Filo)
(1987 DEGs, n =39). f Plotted are the CIBERSORTx plasma cell fractions from whole
blood RNA-sequencing data, with median and interquartile range. P-values were
determined from a two-sample Wilcoxon rank-sum test (D1 n =40 individuals, D11
n=40 individuals and D7 n =39 individuals). g Volcano plot derived from imputed
plasma cell gene expression using CIBERSORTx on the 1000 most differentially
expressed genes at day 11, highlighting differentially expressed genes based on
two-sided moderated t-tests (DEGs, false discovery rate [FDR] <0.05; red upregu-
lated and blue downregulated) day 11 after first dose of Ad26.ZEBOV vaccine (all
groups) compared with pre-vaccination (228 DEGs, n =40 individuals).

(Fig. 2c and Supplementary Fig. 2). Moreover, blood transcriptional
module (BTM) analysis identified gene modules such as “plasma cells &
immunoglobulins” and “cell division stimulated CD4 +T cells” that
were upregulated following both study vaccines (Fig. 2d). Direct

comparison of post-first (+10 days) versus post-second vaccine
(+7 days) also showed extensive differential regulation (1987 DEGs),
albeit this appears to be mostly driven by the magnitude of changes
(Fig. 2e and Supplementary Fig. 3). However, there was a notable
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test was performed in (b-d): *: p <=0.05, **: p <=0.01, **: p <= 0.001 and
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difference in the expression of genes such as the transcription factor
SOXS5 and several histones following each of the study vaccines (Fig. 2e
and Supplementary Fig. 3). Also, a notable upregulation of cell cycle
genes was observed after the second dose of vaccine (MVA-BN-Filo)
(Fig. 2d and Supplementary Fig. 4). Cellular deconvolution analysis,
using the whole blood transcriptomic data, indicated a relative
increase in plasma cells both 10 days after the first vaccine and 7 days
after the second vaccine (Fig. 2f). This analysis did not show consistent
changes in other cellular fractions after both these vaccine doses
(Supplementary Fig. 5). Moreover, extending the deconvolution ana-
lysis to impute cell type gene expression, implied that plasma cells
were responsible for the upregulation in the immunoglobulin genes
observed in these sequencing data (Fig. 2g and Supplementary
Figs. 6 and 7).

Detection of a complementarity-determining region 3 length
(CDRS3) exclusively seen post-vaccination with similar properties to
GP-binders. The upregulation of a shared set of genes encoding
antibody segments following both vaccine doses prompted an
investigation into whether this phenomenon reflected convergent,
antigen-specific B cell receptor sequences. Given that immunoglo-
bulin specificity is primarily determined by the hypervariable region
(CDR3), we analysed CDR3 repertoire information extracted from the
bulk RNA-sequencing data using the MiXCR software platform". We
extracted the B cell receptor sequences from the whole blood RNA-
seq data and described study time point dependent differences in B
cell repertoire properties: CDR3 length, insert size, VJ junction size
and convergence (Fig. 3a-d). The CDRH3 length distribution shifted,
and the VJ junction size increased 10 days post-vaccination com-
pared with baseline (Fig. 3a, c). Additionally, both vaccine doses led

to an increase in the mean CDRH3 insert size and convergence
relative to baseline (Fig. 4b, d). Moreover, a particular CDRH3 amino
acid (+1 hamming distance) sequence was shared by several post-
vaccination samples (13/79) that was not observed at baseline (0/40)
(Fig. 3e). This CDRH3 used the IGHV3-15 variable gene, and the amino
acid motif is shown in Fig. 3f.

Machine learning model based on gene expression early post-
vaccination able to predict subsequent antibody responses. A
machine learning model using the 200 genes most differentially
expression 10 days after the first dose of vaccine was able to predict
specific antibody responses (Fig. 4a, b). Analysis of the genes impor-
tant in building this model included IGHV3-15 (ranked first in impor-
tance) and IGLV1-40 (ranked 11th in importance), these are the variable
heavy and light chain genes used by an EBOV-GP binding monoclonal
that is an edit distance of 2 from the CDRH3 uniquely seen post-
vaccination in this data set (Figs. 3f and 4c). A machine learning model
based on the most differentially expressed genes at 7 days post-second
vaccine dose successfully predicted specific antibody responses to this
dose (Fig. 4d, e). The genes with the highest importance in this pre-
dictive model are highlighted in Fig. 4f. Correlation coefficients
between gene expression and subsequent antibody levels are shown in
Supplementary Data 1 and 2.

Single cell analysis reveals changes to plasma cell frequency, sub-
class usage and CDRH3 properties, following Ebola virus vaccines.
To further explore B cells responses to the heterologous Ebola virus
vaccine regimen at high-resolution, we employed high-dimensional
single-cell immune profiling using flow cytometric phenotyping com-
plemented with single cell RNA-sequencing (scRNA-seq). PCA was
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a) Training data set (n=28), cor= 1, p.val < 2.2e-16

b) Validation data set (n=10), cor= 0.7, p.val= 0.0342
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Fig. 4 | Support vector regression (SVR) performance of model to predict post-
vaccination EBOV glycoprotein binding antibody concentrations. a training
dataset built on the 200 most differentially expressed genes post-first dose of
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vaccine (n=10), c the top 25 genes ranked by importance from the SVR model
predicting post-first dose EBOV glycoprotein binding antibodies. d training dataset
built on the differentially expressed genes (FDR < 0.05) post-second dose of

-0.4
Predicted residual (logioELISA)

HISTIHAF [——
SECE1G | —
voAG1

-0.2 0.0

Scaled imprtance 0-100)
vaccine (n=28), e performance of model in the test dataset post-second dose of
vaccine (n = 8), f the top 25 genes ranked by importance from the SVR model
predicting post-second dose EBOV glycoprotein binding antibodies. Two-sided
Pearson correlation tests are used in (a, b, d and e) with the shaded area in shaded
area representing the 95% confidence band for the predicted values from the lin-
ear model.

performed on the cytometric data (Total of 295,136 CD19" viable B cells
from 11 individuals), cell clusters were labelled as immature, naive,
unswitched memory, switch memory and plasma cells (Fig. 5a). Simi-
larly, dimension reduction was performed on the scRNA-seq data from
34,344 B cells from 13 samples from 5 individuals collected on days 1, 11,
and 64/92: cell clusters were labelled as immature, naive, unswitched
memory, switch memory, proliferating and plasma cells (Fig. 5b and
Supplementary Data 3). The top gene markers that define scRNA-seq
clusters via diferential expression—i.e., each cluster compared with all
other cells—are shown in Fig. 6¢. We did not observe consistent changes
in the frequencies of total immature, naive, switched memory or
unswitched memory cells over the study time points by cytometry or
scRNA-seq (Supplementary Fig. 8). The frequency of B cells expressing
innate like B cell markers such as CD1d and CD11b also showed no
overall change in frequency in the early days post dose 1 or dose 2
(Supplementary Fig. 20). However, increases in the relative frequency of
plasma cells was observed for the majority of individuals 10 days after
dose 1 and 7 days after dose 2 of the vaccination regimen—in both the
cytometry and scRNA-seq data (Figs. 1f and 5d). In the scRNA-seq
data, a nominally significant decrease in proliferating B cells (unadjusted
p-value <0.05) was also observed when comparing baseline samples
with aggregated post-vaccination data (Fig. 5e). In the scRNA-seq data,
differences in immunoglobulin subclass frequencies were evident
between B cell clusters and study time point, with the proportion of
IgGl subclass being particularly enriched in plasma cells following the
second dose of study vaccine (Supplementary Fig. 9). We also observed
a statistically significant increase in the average CDRH3 length after
the second dose of study for IgG, but not IgM, isotype plasma cells
(Fig. 5f, g). The Hamming distance of the available CDRH3 sequences
from each B cell population compared with a manually curated database
of EBOV GP monoclonal antibodies is shown in Fig. 5h and

Supplementary Fig. 15. The minimal number of amino acid changes
needed to match a known GP binding mAb was three, this was the case
for two plasma cell CDRH3 sequences both seen post-vaccination
(Fig. Sh—highlighted with blue arrow).

Pseudobulk analysis reveals B cell subset specific vaccine-induced
changes in gene expression including changes in export of protein
from endoplasmic reticulum in plasma cells. Principal component
(PC) analysis shows separation of the plasma cell cluster on PC2—
based on pseudobulk gene expression data (Fig. 6a). This plasma cell
population was also distinct in terms of the cell cycle phase pro-
portions, with enrichment of cells in G1 and relatively depletion of
cells in S and G2/M phases (Supplementary Fig. 10). The largest
number of DEGs post-vaccination in pseudobulk analysis were
observed in the plasma cell population, with the majority of the DEGs
seen 10 days after the first study vaccine also differentially expressed
7 days following the second study vaccine (Supplementary Fig. 13).
Many of these shared DEGs encoded immunoglobulin segments
(Fig. 6b, c). The biological processes inferred by gene set enrichment
analysis of these plasma cells showed consistency following both
vaccines, with 4/5 of the top upregulated gene pathways being
shared (Fig. 6d, e). These pathways included “protein exit from
endoplasmic reticulum”, which is crucial for plasma cell production
of antibodies (Supplementary Data 4 and 5).

General agreement in gene regulation across cell types after study
vaccines but disparities in immunoglobulin variable gene usage
and cell cycle regulation. The single cell RNA-seq data broadly
indicated agreement in gene regulation, across the cell types, after
each of the study vaccines (Supplementary Figs. 11 and 12). For
example, in naive and unswitched memory B cells, a common set of
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Fig. 5 | The B cell characteristics by flow cytometry and single cell RNAseq.

a APS-1 (automatic population separator) of the flow cytometric data based on the
expression of surface markers listed in the methods, Table ii, (a) and Supplemen-
tary Fig. 19). The square symbols indicate each individual, coloured by population,
and the contour lines indicate 1 x Standard Deviation for each population. The
dotted arrow indicates the direction of differentiatin and the solid arrow the
direction of plasma cell differentiation. b B cell clusters identified using 10x single
cell RNA-sequencing (cells from all time points with immunoglobulin gene
removed). ¢ Top (n=2) genes defining each B cell cluster (cells from all time
points). d Plasma cell proportion of total B cells at study time points (each coloured
line is an individual). e The proliferating B cell proportion of B cells at study time

n Amino acid distance from known EBOV GP binding antibodies

64
Day Pre-vaccinaton ] Post-vacaiaton

points (each coloured line is an individual). f CDRH3 length in IgM plasma cells at
study time points (day 1 n=2 cells, day 11 n=6 cells, day 64 n=3 cells, day 92 n=9
cells). The horizontal lines are the median and interquartile range (IQR) with
whiskers to +/- 1.5 x IQR. g CDRH3 length in IgG plasma cells at study time points
(day 1 n=8 cells, day 11 n=37 cells, day 64 n=7 cells, day 92 n=32 cells). The
horizontal lines are the median and interquartile range (IQR) with whiskers to +/-
1.5 xIQR. h Hamming distance of CDRH3 sequences from plasma cells to known
Ebola glycoprotein binding antibody sequences. The two plasma cell

CDRH3 sequences closest to known GP binding monoclonal antibodies (within 3
amino acid changes) are highlighted with a blue arrow. A two-sided Wilcoxon rank-
sum test was performed in (f and g).

genes (CDKNIA, LY9 and PERI) that were also differentially expressed
after the first and second dose of vaccine (Supplementary Fig. 13a).
CDKNIA—which encodes a protein involved in cell cycle G1 phase
arrest—was downregulated post-vaccination and this coincided with
an increase in the most abundant naive B cell subsets in the S phase
of cell cycle (Supplementary Fig. 10). However, differences in
gene expression in the plasma cell population was seen both at the
gene and pathway level, between the two study vaccines (Supple-
mentary Figs. 11 and 14a). Several immunoglobulin gene segments
were differentially expressed including paralogous IGHV genes,
IGHV3-53 and IGHV3-66, which were exclusively upregulated after
MVA-BN-Filo (Supplementary Fig. 11). Moreover, disparities in the
regulation of pathways related to cell cycle such as SCF SKP2 medi-
ated degradation of P27/P21 were detected after the second dose of
vaccine compared with the first vaccine, in naive, unswitched and
switched B cells (Supplementary Fig. 14b-d).

Discussion

Here, we utilised contemporary approaches to dissect the B cells
responses to heterologous two-dose schedule of Ad26.ZEBOV and
MVA-BN-Filo Ebola vaccines. We describe an increase in total activated
and migratory plasma cells following both doses of this vaccine regi-
men with an increase in the proportion of activated (ICOS* PDI") cTfh
cells observed after the first dose of vaccine (Ad26.ZEBOV). An initial
dose of Ad26.ZEBOV followed by MVA-BN-Filo induced a robust
plasma cell response to the Ebola Zaire species glycoprotein. We
revealed extensive differential gene regulation coinciding with the
peak of plasma cell responses following these vaccines and were
able to use machine-learning to interrogate gene expression data and
predict subsequent antibody responses. Moreover, we detected a
particular CDRH3 exclusively seen post-vaccination that had similar
sequence properties to antibodies specific to Ebola virus GP. We went
on use single cell approaches to describe changes to plasma cell
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differentially expressed gene list from pseudobulk plasma cells 10 days following
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frequency, subclass usage and CDRH3 properties, following Ebola
virus vaccines.

Our finding of robust Tfh responses is important because induc-
tion and maintenance of germinal centers is required for long-term B
cell memory, long-lived antibody responses by bone marrow (BM)
plasma cells and the boosting of antibody levels with subsequent
immunisation or in response to infection'*. Tfh cells and germinal
centers have been shown to be required for memory B cells and long-
lived antibody maintenance following the ChAdOx1 adenoviral vec-
tored COVID-19 vaccine, a vaccine that induces robust BMEM
responses and is associated with a slow rate of antibody decay” ™.
SARS-CoV-2 vaccines based on the Ad26 backbone also induced
memory B cell (up to 84 days post dose 1) and cTfh responses® as well
as durable antibody titers**%. We have shown here that Ad26.ZEBOV
(dose 1) induces EBOV-GP specific BMEM, detectable in peripheral
blood at d29 that increases further at d56 and still present at day 85.
One hypothesis is that this is the consequence of prolonged antigen
expression; in mice, non-replicating adenoviral vectors show persis-
tent transgene expression at the vaccination site and in lymphatic
tissues®. Evidence of prolonged germinal centers responses have been
observed in mice following administration of human adenovirus
expressing the model antigen OVA compared with OVA protein
immunised mice®.

We have also shown that Ad26.ZEBOV (dose 1) induces activated
(ICOS* PD1') cTfh cells after immunisation (peaking 8 days after
vaccination), but this was not evident up to 9 days following MVA-
BN-Filo (dose 2). It has previously been described that adenoviral
vectored vaccines induce strong primary humoral and cellular
responses due to prolonged presentation of antigen®?. This
increase in activated cTfh cells post-first dose but not post-second
dose is consistent with findings from other studies assessing these
cells in an Ad followed by MVA (ChAd63-MVA) heterologous vacci-
nation schedule”. In mice, MVA (MVA-OVA) appears to be a weak
inducer of GC B cells*. Clinical studies have detected rises in cTfh
cells when a priming MVA dose is given, but not after a repeated
dose®. This may suggest that when MVA is given as a second dose it
promotes differentiation of existing memory B cells into plasma cells
rather than GC re-entry”. Nevertheless, we described boosting of
BMEM after MVA-BN-Filo given as a second dose of vaccine, which is
consistent with the literature of MVA-responsive IgG-secreting
memory B cells following MVA (empty MVA) vaccine’. We also show
that this long-lasting BMEM response was reproducible in partici-
pants from both UK and study sites in Uganda, Kenya and Burkina
Faso. The memory B cell responses remained elevated above baseline
at >4 years post dose 2 in the absence of further intervention.
However, in contrast to the UK study, B cell memory responses were
detected at lower frequencies in samples obtained after the first dose
of vaccine in the African studies, despite the production of Ebola GP-
specific antibody’” which showed equivalent IgG GMC obtained in
comparison to those see in the UK trial®. Despite the difference in
Ebola GP specific memory B cell responses, we showed that total IgG-
memory B cell responses were similar between all populations at all
time points (Supplementary Fig. 16a). A direct comparison between
study sites in the UK compared to the African sites was not made as
the studies were not designed for this purpose. One explanation for
this could be an influence of anti-vector immunity, as Ad26 neu-
tralising antibodies (NAbs) are common in adult sub-Saharan
Africans®®’'. However, contradicting this explanation are data show-
ing a second dose of adenovirus-vectored vaccines can boost B cell
memory responses®. It is also possible that the smaller number of
participants in EBL2002 vs EBL2001 (G1, n=8 vs 13 and G2, n=11 vs
13) combined with the data being only from the shorter dosing gaps
contributed to lower median frequencies.

We described extensive differential gene regulation coinciding
with the peak of plasma cell responses following Ad26.ZEBOV and

MVA-BN-Filo vaccines. We observed general agreement in terms of the
direction of gene regulation following both study vaccines, with the
majority shared DEGs encoding immunoglobulin gene segments.
However, direct comparison of gene regulation after each vaccine
dose did highlight differences in a several histone genes as well as
genes involved in cell cycle regulation. Moreover, the transcription
factor SOX5 was upregulated following Ad26.ZEBOV compared with
MVA-BN-Filo. SOX5 is involved in late B cell development and has a role
in reducing proliferative capacity and is a marker of activated memory
B cells****. Cellular deconvolution analysis indicated a relative increase
in plasma cells following both vaccine doses, and that these cells
accounted for the upregulation in the immunoglobulin genes. This is
consistent with other studies of bulk whole blood sequencing data that
show an increase immunoglobulin segments around a week after
vaccination®*¢, Moreover, we employed machine-learning to these
changes in the gene expression post-vaccination to predict sub-
sequent Ebola GP-specific antibody levels. Interestingly, IGHV3-15 and
IGLV1-40 were ranked amongst the most important genes in this pre-
dictive model, and this variable heavy and light chain pairing is the
most common combination in the publicly-available EBOV specific
antibody sequences®. We extracted the B cell receptor sequences
from the whole blood RNA-seq data. Post-vaccination, we observed a
shift in the CDRH3 length distribution and an increase in both the
mean CDRH3 insert size and VJ junction size, reflecting an adaptive
response aimed at generating a broader repertoire of antigen-specific
BCRs**. Additionally, the convergence of CDRH3 sequences post-
vaccination suggests the selective expansion of vaccine-specific B cell
clones. Moreover, we observed a cluster of highly similar
CDRH3 sequences (within one hamming distance) that were present
exclusively in post-vaccination samples. This CDRH3 sequence cluster
contained the IGHV3-15 variable gene and its motif differed by only two
amino acids, at positions 5 and 6, from a known Ebola virus glyco-
protein binding antibody*’. Central CDRH3 amino acid positions, such
as positions 5 and 6, a tend to exhibit greater diversity, but their impact
on CDRH3 structure and epitope interactions are not known*’. How-
ever, CDRH3 sequences within this motif have been observed follow-
ing EVD*.

We next used single cell approaches to further explore B cells
response to this heterologous Ebola virus vaccine regimen. A relative
increase in the frequency of plasma cells in peripheral blood was
observed for the majority of individuals 10 days after vaccine dose 1
and 7 days after vaccine dose 2 in both the cytometry and scRNA-seq
data. This represents an increase in the total plasma cell frequency,
coinciding with the peak in antigen-specific antibody-secreting cells in
peripheral blood, which is not surprising as up to 90% of circulating
IgG plasma cells 7 days post-vaccination may be vaccine-specific*>**. In
the scRNA-seq there was also a decrease in “proliferating” B cells post-
vaccination. This annotation was based on high expression of pro-
liferation markers, such as MYC, and consistent with the description of
phenotypically similar B cell population by ref. 44. On the UMAP
clustering of scRNA-seq these cells reside between the unswitched and
switched memory B cell populations. Although the function these cells
has not yet to be described, expression of MYC by B cells has been
shown to have a regulatory role in immunoglobulin class switch
recombination®’. Moreover, repression of MYC by BLIMP-1 is essential
for differentiation of mature B cells into plasma cells*°. Taken together,
the increase in plasma cells and decrease in proliferating cells may
represent the same underlying vaccine-induced differentiation of
mature B cells into plasma cells.

Plasma cells 10 days after the first vaccine and 7 days after the
second vaccine were enriched for IgGl subclass usage, consistent
with previously reports of an expansion of IgGl plasma cells after
other vaccines such as Tdap-IPV and BNT162b2"*%, The average
CDRH3 length of IgG plasma cells increased after the second dose of
vaccine, but not in IgM plasma cells. Changes in the distribution of
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CDRH3 length can be indicative of an antigen-specific clonal expan-
sion—as each clonotype would share the same CDRH3 length—which
has been described following other vaccines®. A minimum of three
amino acid changes is needed for one of these plasma cell
CDRH3 sequences to match a known Ebola GP binding mAb-all of
which were identified post-vaccination. Interestingly, both VH3-53
and VH3-66 gene segments were exclusively upregulated after MVA,
these genes encode V regions that differ in only one amino acid
position, in the framework region, and are functionally equivalent*’.
IGHV3-53 has previously been shown to be upregulated following
MVA (MVA.HIVconsv), suggesting this observation may be vector
specific’®. Notably, in the scRNA-seq plasma cell data, we did not
identify any CDRH3 sequences similar to the motif that was high-
lighted in the bulk RNA-seq data observed exclusively post-
vaccination. However, the scRNA-seq experiment was limited by
the scarcity of plasma cells among the total peripheral blood B cells
with only 215 plasma cells being captured in the scRNA-seq experi-
ment. This low number may particularly limit the generalisability of
the pseudobulk plasma cell analysis, as the comparison was based on
a small number of cells. In addition, the scRNA-seq was run on a
smaller number of individuals (n =35) than the bulk RNA-seq experi-
ment (n=42). The modest sample size, coupled with a high number
of parameters, likely contributed to some degree of overfitting in the
machine learning model, as evidenced by higher predictive accuracy
in the training set compared to the test set. Nevertheless, the model
was able to explain over 50-60% of the variance in post-vaccination
ELISA levels, and the predicted values remained significantly corre-
lated with the observed values. These findings suggest that, despite
the potential for overfitting, the model retains substantial predictive
value and offers meaningful biological insights.

Further limitations to this study include that our transcriptomic
and cellular phenotyping assessment of B cells following the two doses
of study vaccines was not antigen-specific. However, previous studies
that have suggested up to 90% of IgG-secreting antibody-secreting
cells 7 days after vaccination are antigen-specific*’. Accordingly, we
were able to demonstrate changes in both the frequency and proper-
ties of plasma cells in blood 7 days post-vaccination. A limitation to our
comparison of immune responses to the first and second dose of study
vaccine is that these vaccines differed both in terms of viral vector and
transgene antigens. The first adenovirus vectored vaccine contained
only one Ebola virus GP, whereas the second MVA vectored vaccine
contained two additional GPs and a nucleoprotein from other Ebola
virus variants. Prior to the first dose participants will have been
immunologically naive to both the viral vectors and transgene; how-
ever, the immune response to the second vaccine will be a conflated de
novo and recall immune response. Nevertheless, this heterologous and
multivalent vaccination strategy produces robust humoral and cellular
responses to multiple Orthroebolavirus species®'. Homologous 2-dose
regimens (e.g., Ad26, Ad26 or MVA, MVA) are less immunogenic than
heterologous strategies but induce humoral immune memory*% Since
homologous 2-dose regimens have not been examined at the resolu-
tion of B cell subset-specific responses (e.g., plasma cells, memory B
cells) or through RNA-seq analysis, direct comparison with the data
presented here is not possible.

EBOV-GP is a glycosylated viral surface protein which contains a
fusion domain, that exists in both membrane-bound and cleaved
(secreted) forms, the latter being present during infection, and both
versions can bind to TLR4 via the GP-fusion domain®’. TLR4 is
expressed by dendritic cells and macrophages®, as well as T cells, B
cells and NK cells®*. However, in vitro studies involving direct
stimulation of T, B and NK cells with purified, soluble glycoprotein
exhibited increased cell death®**’. In human B cells, TLR4 expression
is induced following activation®®. In mice, the combination of anti-
gen plus TLR7 and TLR4 ligands results in increased specific, NAbs
and long-lasting germinal center responses and similar effects were

seen in humans, involving TLRs on B cells, DCs and activation of
T cells®. It is possible that prolonged presentation of antigen to
activated B cells and T cells expressing TLR4 has contributed to the
persistent circulation of high frequencies of BMEM seen in this
study. Therefore, a proposed mechanism for long term main-
tenance of elevated BMEM frequencies involves the adenoviral
vectors infecting DCs, resulting in DC expression of EBOV-GP, pro-
viding the initial combination of antigen plus multiple TLR stimuli
and activated T cell cytokine production to initiate naive B cell
activation. Once this has been initiated the BMEM derived from this
priming event upregulate TLR4 and migrate to other lymphoid
tissues®®. The prolonged expression of antigen in the resulting
germinal centers® may continue to stimulate this response in
the subsequent days prior to the second dose of vaccine (MVA-
BN-Filo).

Similar requirement for antigen-specific stimulation of murine B
cells via TLR4, in combination with T cell production of cytokines
such as IL-2 was also shown to drive plasma cell production®. In a
murine immunisation study specifically targeting MAACAM-1+ stro-
mal cell TLR4 with adjuvants induced germinal center responses with
increased GC B cells, BM long-lived plasma cells and enhanced anti-
body production in both young and aged mice®’. We demonstrated
further evidence of Ad26.ZEBOV priming a germinal center response
with the appearance, in peripheral blood, of IgG secreting plasma
cells (IgG-ASC), mirrored by the by the appearance of CDI19 +
CD20loCD27 + CD38 + CD24~ plasma cells expressing CD86, a4f31 or
CD62L. Transient increase in migratory, vaccine-specific plasma cells
can be used to detect the presence of ongoing vaccine responses
with surface markers such as CD62L, indicative of antigen-specific
migratory plasma cells®®, CD86, highly expressed on recently acti-
vated plasma cells®* and a4p1 (VLA-4), which enhances bone marrow
survival®. This response may be related to the viral vector as the
EBOV-GP specific-IlgG-ASC was weak. Previously, it has been shown
that cytopathic viruses such as VSV and influenza promote both
extrafollicular and germinal center responses, resulting in rapid
neutralising antibody responses and GC responses lasting for up to
100 days®. The weak EBOV-GP-IgG-ASC response, which we show in
this study (at day 9-13), may represent the extrafollicular response to
dose 1. The more robust responses after MVA as dose 2, peaking at
day 7, resulted from the prolonged germinal center responses fol-
lowing dose 1, deriving from the continued generation of BMEM.
Previous description of blood plasma cell responses to toxoid vac-
cines (tetanus/diphtheria) described the CD62L+ Plasma cells as
being enriched for IgG+ antigen-specific cells®’. Also the enhanced
expression of CD86 on plasma cells inparticular has been shown to
be essential for IgG secretion®*”*%, While expression of a4f1 has
been shown to upregulate in response to CXCL12 and has been
implicated as a plasma cell survival molecule, interacting with VCAM-
1 on bone marrow stromal cells, thus suggesting that the plasma cells
characterised here represent the bone marrow® homing, antigen-
specific plasma cells which were detected in the plasma cell ELISPot.
Data from mice immunised with AdHu5 showed that viral vectors
induced strong germinal center B cell and Tfh responses, with
antigen-specific cells detected by days 7-11 post immunisation and
antigen-specific germinal center B cells still elevated by day 34 when
the experiment ended™.

Here, we demonstrate that a heterologous EVD vaccine
regimen (Ad26.ZEBOV, MVA-BN-Filo) induces robust plasma cell
responses as well as prolonged B cell memory. Moreover, we
revealed early immune responses, in peripheral blood, that were
vaccine-specific and predictive of the magnitude of subsequent
antibody responses. These insights into the induction of strong
and persistent vaccine-induced B cell immunity that will inform
future preparedness strategies against diseases with outbreak
potential, such as EVD.
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Methods

Participants, vaccine schedule and blood Sampling

Blood samples were collected from healthy, UK, adult participants
(aged 18-65) as part of the VAC52150 Ad26.ZEBOV, MVA-BN-Filo,
randomised, observer blind, placebo-controlled, Phase 2 study (Clin-
icalTrials.gov NCT02416453, EudractCT 2015-000596, which was
undertaken as part of the Innovative Medicines Initiative-2 EBOVAC2
consortium European for evaluation of prophylactic vaccines for EVD.
The study was approved by UK National Research Ethics Service (South
Central, Oxford; A 15/SC/0211). We have obtained informed consent
from all participants. Participants were enrolled as part of a multi-
center trial at University of Oxford (UOXF), (UCL) and IMSERM, France
and the clinical trial is reported®. The participant samples studied in
this report were all recruited at UOXF and were divided into two study
Cohorts (Supplementary Fig. 1).

A subset of participants (n =18, six per group) were recruited to a
follow-up study PRISM, at approximately 4 years (41 months) post
dose 2, to look at maintenance of the immune response in UK Adults.
Two blood samples were obtained, V1 (41 [39-43] months post dose 1,
and V2 (201[181-239] days post V1. Memory B cell IgG responses were
quantified using the described ELISpot assay (Supplementary Fig. 1).
The memory B cell responses were also analysed from a subset of
samples collected from healthy adults, (aged 18-70 years old) as part
of a Phase Il Trial of the same vaccines, which was conducted at mul-
tiple sites across Africa (Kenya, Uganda and Burkina Faso) under
EBL2002, ClinicalTrials.gov NCT02564523’. The samples were
obtained from the Janssen central biobank CSM Europe, under CUREC
R73519/RE0Q01 (Supplementary Fig. 1).

Peripheral blood mononuclear cell (PBMC) isolation

PBMCs were isolated and frozen within 5h of venepuncture. Whole
blood was centrifuging at 1800 x g for 10 min, removing plasma for
freezing. Resuspending cells in Rinse buffer (Miltenyi, UK) + heparin,
pouring into leucosep tubes (Greiner), centrifuging at 1000 x g for
20 min (break off). Remove PBMC layer, resuspend in rinse buffer,
wash at 250-300 x g for 10 min, remove supernatant. Incubate with
RCLB (Qiagen) for max 5 min, resuspend to 50 ml with rinse buffer.
Wash at 250-300 x g for 10 min. Resuspend to count with Millipore
Sceptre Cell Counter. Pellet cells, remove supernatant and resuspend
in Recovery™ Cell Freezing Medium (Gibco) at 10 x 10°cells per/ml.
Frozen down at -80 °C in Mr Frosty overnight and transferred to LN2
within 72 h.

ELISpot Assay for detection of EBOV-GP specific IgG-ASC
ELISpot plates (MSCRN-IP Dura 0.45UM, 96-well PVDF membrane,
Merck-Life Technologies #MAIPS4510) were coated with ZEBOV-his-
GP (5 pug/ml, donated by Janssen), Anti-Ig (10 ug/ml), Tetanus Toxoid
(5 ug/ml) and PBS only. The plates were coated for at least 24 h prior to
use and kept at 4 °C for 1 week. Prior to use, the plates were washed
three times with sterile PBS (200 pl/well) and then blocked for at least
1h with CM.

For ex vivo plasma cell detection on Cohort 1 and 2, freshly iso-
lated PBMCs (d1, d9, 11, 13 and 15 post dose 1 and d1, 3, 5, 7 and 9 post
dose 2). PBMCs were resuspended at 2x106 cells/ml CM and the
2x10° cells added to ZEBOV (triplicate), Tetanus Toxoid (duplicate)
coated wells. For Total IgG binding 2 x 10° cells were diluted at 1/10, 1/
100. The plates were then incubated overnight (16 h) at 37 C/5%CO,/
95% humidity.

Polyclonal stimulation of PBMCs to expand memory B cells to
detect ZEBOV specific IgG-antibody-secreting cells (ASC) by ELISpot.
PBMC:s (following defrosting and overnight rest) were added to plates
at 2x10° cells/well in CM. Then 100 ul of polyclonal stimulation mix
was added per well, final concentrations [Staphylococcus aureus
Cowan Strain (SAC) 1:5000, Pokeweed Mitogen 83 ng/ml and CpG-
ODN-2006 (1.7 pg/ml)] and then incubated for 5 days at 37 C/5%CO,/

95% humidity. Following the incubation period cells were pooled and
washed two times in running buffer at 300 x g for 10 min, counted and
resuspended at 2 x 10° viable cells/ml CM and 100 pl added per well for
ZEBOV (quadruplicate), tetanus toxoid (duplicate), PBS (duplicate)
and for total IgG binding at 1/100 and 1/1000 in duplicate. The plates
were incubated overnight.

Developing ELISPot plates for plasma cell and memory B cell
assay: Cells were flicked out of the plated, tapped on tissue and then
washed four time with PBS + 0.05% Tween, and once with PBS. Goat-
Anti-human IgG-Alkaline Phosphatase conjugate was diluted 1:5000
in CM, filtered and 50 ul/well added to all test wells. The conjugate
was incubated for four hours at room temperature, followed by
washing as above followed by one wash with water. Biorad Alkaline
substrate was made up immediately before use in room temperature
water, filtered and 50 ul added per well. Development of the sub-
strate was monitored and stopped with 200 ul/well water when
spots appeared, before background turned purple. The plate was
then washed three time with water and dried overnight prior to
reading.

Plates were analysed using AID ELISpot reader and software with
pre-set count settings. Debris and background was removed prior to
data export in excel and analysis and statistics in GraphPad
PRISM V10.

Whole blood bulk RNA-sequencing

Venous peripheral blood (up to 3 ml) was collected directly in Tempus™
RNA tube immediately pre-vaccination, then 10 days post-first vaccine
and 7 days post-second vaccine. RNA was extracted using the Tempus™
spin RNA isolation kit (Invitrogen, USA). Eluted RNA was quantified using
Qubit™ RNA BR Assay Kit (Invitrogen, USA) and quality control was
conducted using the Agilent RNA ScreenTape assay on the 4200
TapeStation System (Agilent, USA). RNA was ribodepleted and globin
depleted using Ribo-Zero™ Gold rRNA removal Kit (Illumina, USA). RNA
was converted to cDNA, second-strand cDNA synthesis incorporated
dUTP. The cDNA was end-repaired, A-tailed and adapter-ligated and
prior to amplification, samples underwent uridine digestion. The pre-
pared libraries were size selected, multiplexed and quality controlled
before 75bp paired-end sequencing (HiSeq4000). Sequencing was
conducted at the Wellcome Trust Centre for Human Genetics (Oxford,
UK). The sequencing data were aligned against the whole human (Homo
sapiens) genome build GRCh38 (https://ccbjhu.edu/software/hisat2/
index.shtml), using STAR (version 2.6.1d). Gene features were counted
using HTSeq (version 0.11.1), using human gene annotation general
transfer format version GRCh38.92 (www.ensembl.org). Genes with
low counts across most libraries were removed by only retaining
genes with abundance greater than 3 counts per million in 4 or
more samples. Ribosomal RNA (rRNA), sex chromosome genes,
mitochondrial RNA and haemoglobin genes were excluded from
downstream analysis. Human leukocyte antigen typing of RNA-
sequencing data was used to check correct pairing of samples
collected from the same participants using RNA2HLA (version
1)%°. The analysis script is deposited on GitHub (https://github.
com/dan-scholar/Ebola_vaccine_B_cell.git).

Statistics & reproducibility

Gene expression analysis. Differential gene expression analysis was
performed using the R Bioconductor packages edgeR and limma’®7%
RNA-sequencing data were normalized for RNA composition using the
trimmed mean of M-value method”. The data were then transformed
using the voom function in limma. A linear model was fitted to the data
with the ImFit function, employing the empirical Bayes method to
share information across genes’. Paired analyses were conducted to
compare pre- and post-vaccination samples at each study time point,
with a statistical significance threshold set at a false discovery rate
(FDR) < 0.05.
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Blood transcriptional module analysis. BTM analysis was performed
using the “tmod” R package, with genes ranked based on their log-ratio
(LR) values. Module expression was assessed using the “tmodCER-
NOtest” function, a non-parametric statistical test that operates on
gene ranks”.

Machine learning derived predictors of immune responses. We
developed a supervised machine learning algorithm to predict GP-
specific antibody levels based on changes in differentially expressed
genes post-vaccination. A linear kernel support vector regression
(SVR) model was trained on 75% of the data, using fivefold cross-
validation repeated 10 times to optimize performance. The trained
model’s performance was then evaluated on the remaining 25% of the
dataset. A support vector regression (SVR) model was developed to
predict antibody levels following the first vaccine dose. The dependent
variable comprised the residuals of loglO-transformed ELISA mea-
surements, with the group effect regressed out. Model features
included post-vaccination limma voom-normalised expression (£)
values from the top 200 differentially expressed genes (DEGs) identi-
fied after the first dose. A similar modelling approach was applied to
predict antibody levels following the second vaccine dose, using all
DEGs identified post-second dose as input features. A linear SVR was
selected due to its robustness in high-dimensional settings, where the
number of features exceeds the number of observations. In such
contexts, linear models are less prone to overfitting and often perform
more reliably. Moreover, SVR with a linear kernel offers greater inter-
pretability compared with many non-linear alternatives, allowing
clearer insight into the contribution of individual features to the pre-
dicted outcome. The full analysis script is deposited on GitHub
(https://github.com/dan-scholar/Ebola_vaccine_B_cell.git).

Cell abundance deconvolution from whole blood transcripto
mic data. The cell composition of whole blood samples was assessed
using the CIBERSORTx method’. A filtered, non-log-transformed
reads per kilobase million (RPKM) sample gene matrix, along with a
“signature” gene file (LM22; representing 22 immune cell types), was
used to deconvolute cell abundances. CIBERSORTx was executed in
relative mode with B-mode batch correction and 1000 permutations.

B cell receptor profiling from bulk RNA-sequencing data. B cell
receptor sequence information was extracted from bulk RNA-
sequencing using the MiXCR (MIXCR (version 2.1.12) functions
“Align,” “Assemble partial,” “Assemble,” and “Export clones” using
default settings®”. Basic statistics were calculated on MiXCR output
using VDJtools (version 1.1.10)”".

Single cell B cell RNA-sequencing. B cells were enriched from
cryopreserved peripheral blood mononuclear cells. PBMCs were
labelled with CD19-BB515, and [CD3 + CD4 + CD14 + CD16 + BV421 and
viability stain] as a dump channel. Viable, CD19 + B cells were sorted
using FACS Aria Il with 85 uM sort nozzle, FACS Diva software. B cells
were sorted into complete medium (RPMI +10%FBS with pen/strep,
non-essential amino acids, sodium pyruvate and 2-mercaptoethanol)
and transferred directly to the sequencing facility for 10x sequencing.

Data preprocessing. Single cell libraries were created using a Chro-
mium 10x controller using 5'gene expression (v2.0) kits and Human
V(D)) B cell (v2.0 kits). Sequencing was performed using 150 paired-
end sequencing on the NovaSeq 6000 system (lllumina, USA). Single-
cell RNA-sequencing data was pre-processed using CellRanger (10x
Genomics, version 6.1.1) and aligned to the GRCh38 genome. Clono-
type group was inferred using Enclone, CDR3 nucleotide identity of at
least 85% was required for subclonotype retention (10x Genomics,
CellRanger version 6.1.1).

Single cell RNA-seq data analysed using the Seurat package (ver-
sion 4.3.0) in R (version 4.3.1). Quality control was performed; cells
with between 300 and 4000 detected genes (nFeature_RNA) and <5%
mitochondrial genes were concerved. Log normalisation was per-
formed on gene counts for each cell, divided by the total counts for
that cell and then multiplied by 10,000 (scaling factor). Features were
scaled and centerd using the ScaleData function. The function
ElbowPlot was used to visualise the dimensionality of the data and
select the number of PCs to use in subsequent unsupervised analyses.
Batch correction was performed using Harmony (version 0.11). As
previous reports have shown immunoglobulin genes interfere with
biologically meaningful unsupervised clustering’®, these genes were
removed for the purpose of cell cluster identification (using function!
grepl(“IG[HKL][VDJ1IIGHM|IGHD|IGHE|IGHA[1,2]IGHG[1-4]|IGKC]|
AC233755.1”). Cell clusters were defined using FindClusters function
using a shared nearest neighbour graph constructed on the harmony
batch corrected reduction generated using the FindNeighbors func-
tion. B cells were selected based on being MS4A1 positive as well as
being GNLY, CD3E, CD14, FCGR3A, LYZ, CD8A, and PPBP negative. As
plasma cells express a low level of MS4A1, a population of MS4A1 low/
negative but JCHAIN positive/high cells were also selected (i.e., nega-
tive for the aforementioned non-B cell markers). Batch correction and
cell clustering was repeated (as previously described) to identify B cell
subpopulations. The V(D)] information was incorporated from the B
cell receptor (BCR) sequencing libraries and all B cell populations were
checked to have >90% of cells with a successful BCR clonotype
identified.

B cell clustering. B cells were manually categorised into six sub-
populations: immature (/IGHD + CD27-PPP1R14A+), naive (IGHD +
CD27-PPPIRI14A-), unswitched memory (IGHD + IGHM + CD27+), swit-
ched memory (IGHD-CD27+), plasma cells (MS4AI" XBP1+) and
proliferating B cells (IGHD®*IGHM + CD27+ MYC"e"). Subpopulation
cluster markers were identified by comparing gene expression in each
cluster with all remaining cell using the FindAlIMarkers function. The
analysis script is deposited on GitHub (https:/github.com/dan-
scholar/Ebola_vaccine_B_cell.git).

Cell cycle stage. It is possible to infer the cell cycle from scRNAseq
data based on the expression of G2/M and S phase markers, with those
cells neither of these being designated as Gl1. Cell cycle scoring was
completed using Seurat::CellCycleScoring.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The gene expression data generated in this study have been deposited
in the Gene Expression Omnibus database under accession code
(GSE273114, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS
E273114). Source data are provided with this paper.

Code availability
The reproducible code for analysis is available on GitHub (https://
github.com/dan-scholar/Ebola_vaccine_B_cell.git).

References

1. Henao-Restrepo, A. M. et al. Efficacy and effectiveness of an rVSV-
vectored vaccine expressing Ebola surface glycoprotein: interim
results from the Guinea ring vaccination cluster-randomised trial.
Lancet 386, 857-866 (2015).

2. Afolabi, M. O. et al. Safety and immunogenicity of the two-dose
heterologous Ad26.ZEBOV and MVA-BN-Filo Ebola vaccine

Nature Communications | (2025)16:6331

12


https://github.com/dan-scholar/Ebola_vaccine_B_cell.git
https://github.com/dan-scholar/Ebola_vaccine_B_cell.git
https://github.com/dan-scholar/Ebola_vaccine_B_cell.git
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE273114
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE273114
https://github.com/dan-scholar/Ebola_vaccine_B_cell.git
https://github.com/dan-scholar/Ebola_vaccine_B_cell.git
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61571-x

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

regimen in children in Sierra Leone: a randomised, double-blind,
controlled trial. Lancet Infect. Dis. 22, 110-122 (2022).

Bockstal, V. et al. Non-human primate to human immunobridging
demonstrates a protective effect of Ad26.ZEBOV, MVA-BN-Filo
vaccine against Ebola. NPJ Vaccines 7, 156 (2022).

Anywaine, Z. et al. Safety and immunogenicity of 2-dose hetero-
logous Ad26.ZEBOV, MVA-BN-Filo Ebola vaccination in children
and adolescents in Africa: a randomised, placebo-controlled, mul-
ticentre Phase Il clinical trial. PLoS Med. 19, 1003865 (2022).
Shukarev, G., Callendret, B., Luhn, K., Douoguih, M. & EBOVAC1
Consortium. A two-dose heterologous prime-boost vaccine regi-
men eliciting sustained immune responses to Ebola Zaire could
support a preventive strategy for future outbreaks. Hum. Vaccin
Immunother. 13, 266-270 (2017).

Pollard, A. J. et al. Safety and immunogenicity of a two-dose het-
erologous Ad26.ZEBOV and MVA-BN-Filo Ebola vaccine regimen in
adults in Europe (EBOVAC?2): a randomised, observer-blind, parti-
cipant-blind, placebo-controlled, phase 2 trial. Lancet Infect. Dis.
https://doi.org/10.1016/S1473-3099(20)30476-X (2020).

Barry, H. 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 Il clinical
trial in Africa. PLoS Med. 18, 1003813 (2021).

Callendret, B. et al. Correction: a prophylactic multivalent vaccine
against different filovirus species is immunogenic and provides
protection from lethal infections with Ebolavirus and Marburgvirus
species in non-human primates. PLoS ONE 13, e0196546 (2018).
Grais, R. F. et al. Estimation of the correlates of protection of the
rVSVAG-ZEBOV-GP Zaire ebolavirus vaccine: a post-hoc analysis of
data from phase 2/3 clinical trials. Lancet Microbe 2, e70-e78
(2021).

Roozendaal, R. et al. Nonhuman primate to human immunobridging
to infer the protective effect of an Ebola virus vaccine candidate.
NPJ Vaccines 5, 112 (2020).

McLean, C. et al. Persistence of immunological memory as a
potential correlate of long-term, vaccine-induced protection
against Ebola virus disease in humans. Front. Inmunol. 14,
1215302 (2023).

Lariviere, Y. et al. Ad26.ZEBOV, MVA-BN-Filo Ebola virus disease
vaccine regimen plus Ad26.ZEBOV booster at 1 year versus 2 years
in health-care and front-line workers in the Democratic Republic
of the Congo: secondary and exploratory outcomes of an
open-label, randomised, phase 2 trial. Lancet Infect. Dis. 24,
746-759 (2024).

Bolotin, D. A. et al. Antigen receptor repertoire profiling from RNA-
seq data. Nat. Biotechnol. 35, 908-911 (2017).

Laidlaw, B. J. & Ellebedy, A. H. The germinal centre B cell response
to SARS-CoV-2. Nat. Rev. Immunol. 22, 7-18 (2022).

Crotty, S. T follicular helper cell differentiation, function, and roles
in disease. Immunity 41, 529-542 (2014).

Nutt, S. L. & Tarlinton, D. M. Germinal center B and follicular helper
T cells: siblings, cousins or just good friends?. Nat. Immunol. 12,
472-477 (201).

Foster, W. S. et al. Tfh cells and the germinal center are required for
memory B cell formation & humoral immunity after ChAdOx1 nCoV-
19 vaccination. Cell Rep. Med. 3, 100845 (2022).

Voysey, M. et al. Persistence of the immune response after two
doses of ChAdOx1 nCov-19 (AZD1222): 1 year of follow-up of two
randomized controlled trials. Clin. Exp. Immunol. 211,

280-287 (2023).

Fryer, H. A. et al. COVID-19 adenoviral vector vaccination elicits a
robust memory B cell response with the capacity to recognize
omicron BA.2 and BA.5 variants. J. Clin. Immunol. 43,

1506-1518 (2023).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Krause, R. G. E. et al. Infection pre-Ad26.COV2.S-vaccination
primes greater class switching and reduced CXCR5 expression by
SARS-CoV-2-specific memory B cells. NPJ Vaccines 8, 119 (2023).
Sadoff, J. et al. Interim results of a phase 1-2a trial of Ad26.COV2.S
Covid-19 vaccine. N. Engl. J. Med. 384, 1824-1835 (2021).

Sadoff, J. et al. Durable antibody responses elicited by 1 dose of
Ad26.COV2.S and substantial increase after boosting: 2 rando-
mized clinical trials. Vaccine 40, 4403-4411 (2022).

Tatsis, N. et al. Adenoviral vectors persist in vivo and maintain
activated CD8+ T cells: implications for their use as vaccines. Blood
110, 1916-1923 (2007).

Wang, C. et al. Germinal center B cell and T follicular helper cell
responses to viral vector and protein-in-adjuvant vaccines. J.
Immunol. 197, 1242-1251 (2016).

Cockburn, I. A., Chakravarty, S., Overstreet, M. G., Garcia-Sastre, A.
& Zavala, F. Memory CD8+ T cell responses expand when antigen
presentation overcomes T cell self-regulation. J. Immunol. 180,
64-71(2008).

Geisbert, T. W. et al. Recombinant adenovirus serotype 26 (Ad26)
and Ad35 vaccine vectors bypass immunity to Ad5 and protect
nonhuman primates against ebolavirus challenge. J. Virol. 85,
4222-4233 (2011).

Nielsen, C. M. et al. Protein ASO1B vaccination elicits stronger, more
Th2-skewed antigen-specific human T follicular helper cell
responses than heterologous viral vectors. Cell Rep. Med. 2,
100207 (2021).

Anderson, E. J. et al. Plasmablast, memory B cell, CD4+ T cell, and
circulating follicular helper T cell responses to a non-replicating
modified vaccinia ankara vaccine. Vaccines (Basel) 8, 69 (2020).
Akkaya, M., Kwak, K. & Pierce, S. K. B cell memory: building two
walls of protection against pathogens. Nat. Rev. Immunol. 20,
229-238 (2020).

Chen, H. et al. Adenovirus-based vaccines: comparison of vectors
from three species of adenoviridae. J. Virol. 84, 10522-10532
(2010).

Barouch, D. H. et al. International seroepidemiology of adenovirus
serotypes 5, 26, 35, and 48 in pediatric and adult populations.
Vaccine 29, 5203-5209 (2011).

Nufiez, N. G. et al. High-dimensional analysis of 16 SARS-CoV-2
vaccine combinations reveals lymphocyte signatures correlating
with immunogenicity. Nat. Immunol. 24, 941-954 (2023).
Rakhmanov, M. et al. High levels of SOX5 decrease proliferative
capacity of human B cells, but permit plasmablast differentiation.
PLoS ONE 9, 100328 (2014).

Khatri, I. et al. Longitudinal dynamics of human B-cell response at
the single-cell level in response to Tdap vaccination. Vaccines
(Basel) 9. https://doi.org/10.3390/vaccines9111352 (2021).

Zhu, H. et al. Molecular correlates of vaccine-induced protection
against typhoid fever. J. Clin. Invest. https://doi.org/10.1172/
JCI169676 (2023).

O’Connor, D. et al. Gene expression profiling reveals insights into
infant immunological and febrile responses to group B meningo-
coccal vaccine. Mol. Syst. Biol. 16, e9888 (2020).

Rijal, P. et al. Therapeutic monoclonal antibodies for Ebola virus
infection derived from vaccinated humans. Cell Rep. 27,
172-186.e177 (2019).

Galson, J. D. et al. BCR repertoire sequencing: different patterns of
B cell activation after two Meningococcal vaccines. Immunol. Cell
Biol. https://doi.org/10.1038/icb.2015.57 (2015).

Galson, J. D. et al. Analysis of B cell repertoire dynamics following
hepatitis B vaccination in humans, and enrichment of vaccine-
specific antibody sequences. EBioMedicine 2, 2070-2079 (2015).
Mejias-Gomez, O. et al. A window into the human immune system:
comprehensive characterization of the complexity of antibody

Nature Communications | (2025)16:6331

13


https://doi.org/10.1016/S1473-3099(20)30476-X
https://doi.org/10.3390/vaccines9111352
https://doi.org/10.1172/JCI169676
https://doi.org/10.1172/JCI169676
https://doi.org/10.1038/icb.2015.57
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61571-x

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

complementary-determining regions in functional antibodies.
MAbs 15, 2268255 (2023).

Davis, C. W. et al. Longitudinal analysis of the human B cell response
to Ebola virus Infection. Cell 177, 1566-1582.e1517 (2019).
Blanchard-Rohner, G., Pulickal, A. S., Jol-van der Zijde, C. M., Snape,
M. D. & Pollard, A. J. Appearance of peripheral blood plasma cells
and memory B cells in a primary and secondary immune response
in humans. Blood 114, 4998-5002 (2009).

Ellebedy, A. H. et al. Defining antigen-specific plasmablast and
memory B cell subsets in human blood after viral infection or vac-
cination. Nat. Immunol. https://doi.org/10.1038/ni.3533 (2016).
Sutton, H. J. et al. Atypical B cells are part of an alternative lineage of
B cells that participates in responses to vaccination and infection in
humans. Cell Rep. 34, 108684 (2021).

Fernandez, D. et al. The proto-oncogene c-myc regulates antibody
secretion and Ig class switch recombination. J. Immunol. 190,
6135-6144 (2013).

Lin, Y., Wong, K. & Calame, K. Repression of c-myc transcription by
Blimp-1, an inducer of terminal B cell differentiation. Science 276,
596-599 (1997).

Brewer, R. C. et al. BNT162b2 vaccine induces divergent B cell
responses to SARS-CoV-2 S1and S2. Nat. Immunol. 23, 33-39
(2022).

Diks, A. M. et al. Age and primary vaccination background influence
the plasma cell response to pertussis booster vaccination. Vaccines
(Basel) 10, 136 (2022).

Barnes, C. O. et al. Structures of human antibodies bound to SARS-
CoV-2 spike reveal common epitopes and recurrent features of
antibodies. Cell 182, 828-842.e816 (2020).

Oriol-Tordera, B. et al. Epigenetic landscape in the kick-and-kill
therapeutic vaccine BCNO2 clinical trial is associated with anti-
retroviral treatment interruption (ATI) outcome. EBioMedicine 78,
103956 (2022).

Bockstal, V. et al. First-in-human study to evaluate safety, toler-
ability, and immunogenicity of heterologous regimens using the
multivalent filovirus vaccines Ad26.Filo and MVA-BN-Filo adminis-
tered in different sequences and schedules: a randomized, con-
trolled study. PLoS ONE 17, e0274906 (2022).

Goldstein, N. et al. Safety and immunogenicity of heterologous
and homologous 2-dose regimens of adenovirus serotype 26-
and modified vaccinia ankara-vectored Ebola vaccines: a rando-
mized, controlled phase 1 study. J. Infect. Dis. 226, 595-607
(2022).

Olejnik, J., Hume, A. J. & Muhlberger, E. Toll-like receptor 4 in acute
viral infection: too much of a good thing. PLoS Pathog. 14,
1007390 (2018).

Lai, C. Y., Strange, D. P., Wong, T. A. S, Lehrer, A. T. & Verma, S.
Ebola virus glycoprotein induces an innate immune response.
Front. Microbiol. 8, 1571 (2017).

Zhang, E., Ma, Z. & Lu, M. Contribution of T- and B-cell intrinsic toll-
like receptors to the adaptive immune response in viral infectious
diseases. Cell Mol. Life Sci. 79, 547 (2022).

Perez-Valencia, L. J. et al. Ebola virus shed glycoprotein is toxic to
human T, B, and natural killer lymphocytes. iScience 26,

107323 (2023).

lampietro, M. et al. Ebola virus glycoprotein directly triggers T
lymphocyte death despite of the lack of infection. PLoS Pathog. 13,
1006397 (2017).

Ganley-Leal, L. M., Liang, Y., Jagannathan-Bogdan, M., Farraye, F.
A. & Nikolajczyk, B. S. Differential regulation of TLR4 expression
in human B cells and monocytes. Mol. Imnmunol. 48, 82-88
(2010).

Kasturi, S. P. et al. Programming the magnitude and persistence
of antibody responses with innate immunity. Nature 470,
543-547 (2011).

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Zhang, Y. et al. Recycling of memory B cells between germinal
center and lymph node subcapsular sinus supports affinity
maturation to antigenic drift. Nat. Commun. 13, 2460 (2022).

Rui, L., Healy, J. 1., Blasioli, J. & Goodnow, C. C. ERK signaling is a
molecular switch integrating opposing inputs from B cell receptor
and T cell cytokines to control TLR4-driven plasma cell differ-
entiation. J. Immunol. 177, 5337-5346 (2006).

Denton, A. E. et al. Targeting TLR4 during vaccination boosts
MAdCAM-1. Sci. Immunol. 7, eabk0018 (2022).

Mei, H. E. et al. Blood-borne human plasma cells in steady state are
derived from mucosal immune responses. Blood 113, 2461-2469
(2009).

Rudolf-Oliveira, R. C. M. et al. Determination of normal expression
patterns of CD86, CD210a, CD261, CD262, CD264, CD358, and
CD361 in peripheral blood and bone marrow cells by flow cyto-
metry. Immunol. Lett. 194, 44-55 (2018).

Khodadadi, L., Cheng, Q., Radbruch, A. & Hiepe, F. The main-
tenance of memory plasma cells. Front. Immunol. 10, 721 (2019).
Elsner, R. A. & Shlomchik, M. J. Germinal center and extrafollicular B
cell responses in vaccination, immunity, and autoimmunity.
Immunity 53, 1136-1150 (2020).

Rau, F. C., Dieter, J., Luo, Z., Priest, S. O. & Baumgarth, N. B7-1/2
(CD80/CD86) direct signaling to B cells enhances IgG secretion. J.
Immunol. 183, 7661-7671 (2009).

Axelsson, S. et al. A combination of the activation marker CD86 and
the immune checkpoint marker B and T lymphocyte attenuator
(BTLA) indicates a putative permissive activation state of B cell
subtypes in healthy blood donors independent of age and sex. BMC
Immunol. 21, 14 (2020).

Chelysheva, I., Pollard, A. J. & O’Connor, D. RNA2HLA: HLA-based
quality control of RNA-seq datasets. Brief Bioinform. https://doi.org/
10.10983/bib/bbab055 (2021).

Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bio-
conductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26, 139-140 (2010).

R core team. R Foundation for Statistical Computing (Vienna, 2013).
McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression
analysis of multifactor RNA-Seq experiments with respect to bio-
logical variation. Nucleic Acids Res. 40, 4288-4297 (2012).
Robinson, M. D. & Oshlack, A. A scaling normalization method for
differential expression analysis of RNA-seq data. Genome Biol. 11,
R25 (2010).

Ritchie, M. E. et al. limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic Acids Res. 43,
e47 (2015).

Weiner, J. tmod: Feature Set Enrichment Analysis for Metabolomics
and Transcriptomics (CRAN, 2016).

Newman, A. M. et al. Determining cell type abundance and
expression from bulk tissues with digital cytometry. Nat. Biotechnol.
37, 773-782 (2019).

Shugay, M. et al. VDJtools: unifying post-analysis of T cell receptor
repertoires. PLoS Comput. Biol. 11, 1004503 (2015).

Sundell, T. et al. Single-cell RNA sequencing analyses: interference
by the genes that encode the B-cell and T-cell receptors. Brief.
Funct. Genomics 22, 263-273 (2022).

Acknowledgements

The study was coordinated by the EBOVAC2 multi-partner research
consortium, which received funding from the Innovative Medicines
Initiative 2 Joint Undertaking (grant number, 115861) as part of the IMI
Ebola+ Programme. This Joint Undertaking receives support from the
EU’s Horizon 2020 Framework Programme for Research and Innovation
and the European Federation of Pharmaceutical Industries and Asso-
ciations. We are grateful to the volunteers who participated in this study.
We thank Theodosios Kyriakou and the Oxford Genomics Centre at the

Nature Communications | (2025)16:6331

14


https://doi.org/10.1038/ni.3533
https://doi.org/10.1093/bib/bbab055
https://doi.org/10.1093/bib/bbab055
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61571-x

Wellcome Centre for Human Genetics (funded by Wellcome Trust grant
reference 203141/Z/16/Z) for the generation and initial processing of the
sequencing data. This research was funded in part by the National
Institute for Health Research (NIHR) Oxford Biomedical Research Centre.
The views expressed are those of the author(s) and not necessarily those
of the NHS, the NIHR or the Department of Health.

Author contributions

D.O.C., E.A.C. and A.J.P. conceived and designed this work. E.A.C.,
S.B., K.A.S., and R.M. performed the laboratory experiments descri-
bed. D.O.C., E.A.C., D.F.K. and A.J.P. made substantial contributions
to interpretation of data. D.O.C. and E.A.C., wrote the initial draft of
the manuscript—M.M.G., S.B., K.A.S., R.M., D.F.K. and A.J.P. sub-
stantively revised it. All the authors reviewed and approved the
final version of the manuscript. All authors approved the submitted
version of this manuscript and have agreed both to be personally
accountable for the author’s own contributions and the integrity of
the work.

Competing interests

A.J.P. is chair of the UK Department of Health and Social Care’s Joint
Committee on Vaccination and Immunisation. A.J.P., S.B., E.A.C., K.A.S.,
R.M. and D.O.C. are contributors to intellectual property licensed by
Oxford University Innovation to AstraZeneca. The remaining authors
declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-61571-x.

Correspondence and requests for materials should be addressed to
Daniel O'Connor.

Peer review information Nature Communications thanks Sudeshna Das,
Kyle O’Donnell and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:6331

15


https://doi.org/10.1038/s41467-025-61571-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Prediction and characterisation of the human B cell response to a heterologous two-dose Ebola vaccine
	Results
	Ad26.ZEBOV followed by MVA-BN-Filo vaccination induces persistent EBOV-GP specific B cell memory responses
	Ad26.ZEBOV followed by MVA-BN-Filo induces a robust plasma cell response to the Zaire GP
	Activated and migratory plasma cells were seen following Ad26.ZEBOV and MVA-BN-Filo
	Ad26.ZEBOV prime induces robust activated cTfh response
	Extensive differential gene regulation coinciding with the peak of plasma cell responses following Ad26.ZEBOV and MVA-BN-Filo vaccines
	Detection of a complementarity-determining region 3 length (CDR3) exclusively seen post-vaccination with similar properties to GP-binders
	Machine learning model based on gene expression early post-vaccination able to predict subsequent antibody responses
	Single cell analysis reveals changes to plasma cell frequency, subclass usage and CDRH3 properties, following Ebola virus vaccines
	Pseudobulk analysis reveals B cell subset specific vaccine-induced changes in gene expression including changes in export of protein from endoplasmic reticulum in plasma cells
	General agreement in gene regulation across cell types after study vaccines but disparities in immunoglobulin variable gene usage and cell cycle regulation


	Discussion
	Methods
	Participants, vaccine schedule and blood Sampling
	Peripheral blood mononuclear cell (PBMC) isolation
	ELISpot Assay for detection of EBOV-GP specific IgG-ASC
	Whole blood bulk RNA-sequencing
	Statistics & reproducibility
	Gene expression analysis
	Blood transcriptional module analysis
	Machine learning derived predictors of immune responses
	Cell abundance deconvolution from whole blood transcriptomic data
	B cell receptor profiling from bulk RNA-sequencing data
	Single cell B cell RNA-sequencing
	Data preprocessing
	B cell clustering
	Cell cycle stage


	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




