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The 2014-2016 Ebola outbreak in West Africa has triggered accelerated development of several preventive
vaccines against Ebola virus. Under the EBOVAC1 consortium, three phase I studies were carried out to
assess safety and immunogenicity of a two-dose heterologous vaccination regimen developed by Janssen
Vaccines and Prevention in collaboration with Bavarian Nordic. To describe the immune response induced
by the two-dose heterologous vaccine regimen, we propose a mechanistic ODE based model, which takes
into account the role of immunological memory. We perform identifiability and sensitivity analysis of
the proposed model to establish which kind of biological data are ideally needed in order to accurately
estimate parameters, and additionally, which of those are non-identifiable based on the available data.
Antibody concentrations data from phase I studies have been used to calibrate the model and show its
ability in reproducing the observed antibody dynamics. Together with other factors, the establishment of
an effective and reactive immunological memory is of pivotal importance for several prophylactic vac-
cines. We show that introducing a memory compartment in our calibrated model allows to evaluate the
magnitude of the immune response induced by a booster dose and its long-term persistence afterwards.

Heterologous vaccination

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Since the discovery of Ebola virus in 1976, recurring Ebola out-
breaks have been recorded in equatorial Africa (Team, 2016; World
Health Organisation, 2018). The largest outbreak ever recorded
has affected West Africa between March 2014 and June 2016
(Organization et al., 2016), during which a Public Health Emer-
gency of International Concern was declared, and resulted in more
than 28,000 cases and 11,000 deaths, since no licensed vaccines
nor cure were available. On August 1%t 2018 a new Ebola outbreak
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was declared in the Democratic Republic of Congo (DRC) in North
Kivu and Ituri provinces (Organization et al., 2018). At present, it
has been confined to a relatively small area but has already caused
more than 3400 confirmed cases and 2250 confirmed deaths up-
dated to March 15t 2020 (World Health Organisation, 2019a): the
World Health Organization (WHO) declared a Public Health Emer-
gency of International Concern on July 17th 2019 (World Health Or-
ganisation, 2019b).

Ebola virus (EBOV) belongs to the Filoviridae family, which in-
cludes five well-known species (Zaire (ZEBOV), Bundibugyo, Su-
dan, Reston and Tai Forest), and the recently discovered Bombali
species (Goldstein et al., 2018). Ebola virus causes Ebola Viral Dis-
ease (EVD), a severe and acute illness, with a mortality rate rang-
ing from 25% to 90% according to the WHO (World Health Organi-
sation, 2018). Therefore, there is an urgent need for licensed Ebola
vaccines.

0022-5193/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.
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In response to the 2014-2016 Ebola outbreak, the development
of several vaccine candidates against Ebola virus has been accel-
erated, with various vaccine platforms and antigen inserts (Gross
et al, 2018; Venkatraman et al., 2018). In this context, in De-
cember 2014 the EBOVAC1 consortium was built under the In-
novative Medicines Initiative Ebola+ Program. Its purpose was to
support the development by Janssen Vaccines & Prevention B.V.
of a new two-dose heterologous vaccine regimen against Ebola
based on Adenovirus serotype 26 (Ad26.ZEBOV) and Modified
Vaccinia Ankara (MVA-BN-Filo) vectors (Eurosurveillance editorial
team, 2015). Ad26.ZEBOV vector encodes the glycoprotein (GP) of
the Ebola Zaire virus, while MVA-BN-Filo encodes GPs from Ebola
Zaire virus, Ebola Sudan virus, Marburg virus, and Tai Forest virus
nucleoprotein.

The proposed two-dose regimens utilize both vaccines, admin-
istered at 28 or 56 days intervals. Three phase I studies have been
carried out in four countries under EBOVAC1: United Kingdom
(Milligan et al., 2016; Winslow et al., 2017), Kenya (Mutua et al.,
2019), Uganda and Tanzania (Anywaine et al., 2019). The immune
response following vaccination has been evaluated up to one year
after the first dose through GP-specific binding antibody concen-
trations. Neutralizing antibody and T cell responses have also been
evaluated up to one year of follow-up. Although human efficacy
data are not available, results on non-human primate models have
shown that the antibody concentration after the challenge corre-
lates best with survival upon intramuscular challenge with Ebola
virus (Sullivan et al., 2009; Wong et al., 2012; Dye et al., 2012; Cal-
lendret et al., 2018).

Therefore, it becomes relevant to estimate the persistence of
the antibody response induced by the two-dose heterologous vac-
cine. The in silico approach we propose here will provide a good
starting point to predict the humoral immune response elicited by
the proposed vaccination regimen beyond the available persistence
immunogenicity data.

The goal of prophylactic vaccination is to induce immunity
against an infectious disease. Henceforth, it aims at stimulating
the immune system and its ability to store and recall information
about a specific pathogen, leading to a long-term protective im-
munity. This is possible by means of immunological memory, one
of the core features of adaptive immune response (Pulendran and
Ahmed, 2006; Hviid et al., 2015; Farber et al., 2016).

By generating specific antibodies, B cells play a key role in the
mammalian adaptive immune system, and help protecting the or-
ganism against antigenic challenges. Several populations of specific
B cells are generated upon antigen stimulation, with distinct func-
tional roles. Naive B cells become activated through the encounter
with the antigen in secondary lymphoid organs. Upon activation,
they can either become short-lived Antibody Secreting Cells (ASCs),
or seed highly dynamic environnements called Germinal Centers
(GCs). In the second circumstance, B cells undergo B cell recep-
tor (BCR) affinity maturation to improve their affinity against the
presented antigen. The interaction of B cells with follicular den-
dritic cells and follicular helper T cells within GCs allows selec-
tion of B cells with improved antigen-binding ability (Inoue et al.,
2018). During the course of a GC reaction, B cells can become ei-
ther memory B cells or long-lived ASCs depending on the strength
of their affinity. In particular, long-lived ASCs are generated after
extensive B cells affinity maturation and produce high affinity an-
tibodies. In contrast, memory B cells undergo less extensive affin-
ity maturation, making them promptly available. Ultimately, ASCs
are differentiated B cells able to produce high-affinity antibodies
(Inoue et al., 2018; Victora and Nussenzweig, 2012; De Silva and
Klein, 2015).

The primary infection induces a transient antibody response,
because it is mostly characterized by short-lived ASCs. Indeed,
findings on the kinetics of circulating ASCs following vaccination

show an early peak located around 7 days after vaccination, fol-
lowed by a rapid relaxation phase: their level becomes unde-
tectable after 10 to 14 days (Carter et al., 2017; Halliley et al., 2010;
Leach et al., 2013). Nevertheless, the primary infection is able to
elicit memory B cells, which play a key role in protection against
subsequent infections with the same pathogen. Indeed, secondary
exposure to a priming antigen is characterized by a more rapid and
intense humoral response, which is of better quality as well (i.e.
higher affinity antibodies) (Ademokun and Dunn-Walters, 2010;
Tangye et al., 2003): this is the so called anamnestic response.
Memory B cells can directly differentiate into short-lived ASCs, as
well as seed new GCs for further affinity maturation (Inoue et al.,
2018; Shlomchik, 2018). This is done in a more effective way than
naive B cells: it has been experimentally observed that memory B
cells possess an intrinsic advantage over naive B cells in both the
time to initiate a response and in the division-based rate of effec-
tor cell development (Tangye et al., 2003). Once the infection has
been controlled, the generated population of specific B cells con-
tracts, leaving memory B cells and long-lived ASCs. The latter pop-
ulation partially migrates to the bone-marrow and assures long-
term production of high-affinity antibodies (Halliley et al., 2015;
Hammarlund et al., 2017).

Mathematical models of the immune response are increasingly
recognized as powerful tools to gain understanding of complex
systems. Several mathematical models have already been devel-
oped to describe antibody decay dynamics following vaccination
or natural infection aiming at predicting long-term immunity. The
more popular models are simple exponential decay models (e.g.
Nommensen et al., 1989; Van Herck and Van Damme, 2001), bi-
exponential decay models (e.g. Van Twillert et al., 2017; van Raven-
horst et al.,, 2016) or power-law decay models (e.g. Teunis et al.,
2002). They are based on the assumption that antibody concentra-
tions will decay over time. Changing slopes can be introduced to
better fit immunological data, which typically show a higher anti-
body decay during the first period after immunization followed by
a slower antibody decay.

ODE-systems are an extremely useful tool to model complex
systems, because they are relatively easy to communicate, new bi-
ological assumptions can be included and several softwares exist
to compute numerical solutions. To gain better insights on the dy-
namics of the humoral response, Le et al. (2015) proposed a model
taking into account a population of specific ASCs and applied it to
fit data from both ASCs and antibodies upon vaccinia virus immu-
nization of human volunteers. This is the extension of a model de-
veloped by De Boer et al. (2001) and Antia et al. (2003) for model-
ing the CD8 T cell response. As stressed by the authors, this model
may underestimate long-term immunity since it does not take into
consideration antibody contribution supplied by long-lived ASCs
(Halliley et al., 2015; Hammarlund et al., 2017).

The assumption of having several ASCs populations has been
considered in several models thereafter. Fraser et al. (2007) con-
sidered an extension of the conventional power-law decay model
to include two distinct populations of ASCs, differing in they
respective decay rate, showing an improvement of data fitting.
Andraud et al. (2012); White et al. (2014) developed models based
on ordinary differential equations (ODEs) describing the contribu-
tion of short and long-lived ASCs in antibody production.

All previously cited models focus on the humoral response fol-
lowing immunization, without questioning the ability of the im-
mune system to mount anamnestic responses. To the best of our
knowledge, very few models have been proposed to address this
question. An example is given by Wilson and Nokes (Wilson and
Nokes, 1999; Wilson et al., 2007). The authors explored differ-
ent mechanisms for the generation of immune memory and its
role in enhancing a secondary response upon further immuniza-
tion against hepatitis B virus. The memory compartment included
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memory B and T cells and followed a logistic behavior. In this
work, antibody and memory cell generation depended on the cir-
culating antigen. The authors did not consider the contribution of
any population of ASCs in generating and sustaining the antibody
response. A memory B cell compartment, where memory B cells
are supposed to follow a logistic behavior and could differentiate
into ASCs, has been considered by Davis et al. (2018). The authors
parametrized a model based on 12 ODEs of the humoral immune
response against Shigella, a diarrheal bacteria, to describe the com-
plex interactions of the bacteria with the host immune system.
Nevertheless, the complexity of the proposed model entails several
identifiability issues, making it difficult to be used in practice.

Pasin et al. (2019) have already analyzed the antibody re-
sponse elicited by the two-dose heterologous vaccine regimens
against Ebola virus based on Ad26.ZEBOV and MVA-BN-Filo,
and evaluated during three phase I studies under the EBOVACI
project. To this extent, they have used the model developed by
Andraud et al. (2012). Model parameters have been estimated us-
ing a population approach and some key factors inducing variabil-
ity in the humoral response have been identified and quantified.
The model used by Pasin et al. focuses on the antibody response
observed after the second dose, and can help predicting the dura-
bility of the antibody response following the two-dose heterolo-
gous regimens. However, the anamnestic response of any new ex-
posure could not be studied, because no plasma cells nor memory
B cells generation mechanism has been considered.

Here we want to extend the model developed by
Andraud et al. (2012) to characterize the establishment of the
humoral response after the first vaccine dose and its reactivation
following the second dose. The generation of different subgroups
of B cells -memory, short- and long-lived ASCs- is taken into
account and a vaccine antigen compartment is considered as
responsible for inducing the immune response. We aim at under-
standing the ability of vaccinated people to react to a potential
future encounter with Ebola virus antigens. To this extent, we
develop a model able to describe the generation of an anamnestic
response by means of the establishment of the immunological
memory.

Description of studies performed under the EBOVAC1 project
and a descriptive analysis of antibody concentrations are given in
Section 2. In Section 3 we formulate our mathematical model de-
scribing the humoral response to a single immunization and ex-
plain how it can be used to simulate further immunizations. In
Section 4 we perform structural identifiability analysis to deter-
mine which data should be generated or alternatively which pa-
rameters should be fixed to allow proper parameter estimation.
In Section 5 we perform a model calibration against available
antibody concentration measurements. In Section 6, local sensi-
tivity analysis completes previous results on parameter identifi-
ability. With the parameter set obtained through calibration, in
Section 7 we simulate a booster immunization which shows an
improved immune response, due to the establishment of immuno-
logical memory elicited by the two-dose vaccination regimens. Fi-
nally in Section 8 we discuss the significance of obtained results
and limitations of the model.

2. Study design and serological analyses

We consider data collected during three randomized, blinded,
placebo-controlled phase I studies on healthy adult volunteers
aged 18 to 50 years. Studies were performed in four different
countries: UK, Kenya, Uganda and Tanzania. We present briefly
these data here, because we will use them in next sections (e.g.
Section 5). We refer to Milligan et al. (2016), Winslow et al. (2017),
Mutua et al. (2019), and Anywaine et al. (2019) for a detailed pre-

Table 1
Summary of data analyzed per vaccination group.

Group No. Measurements

MVA/Ad26 D29 44

D1, D8, D29, D36, D50, D180, D240, D360
MVA/Ad26 D57 44 D1, D8, D29, D57, D64, D78, D180, D240, D360
Ad26/MVA D29 45 D1, D8, D29, D36, D50, D180, D240, D360
Ad26/MVA D57 44 D1, D8, D29, D57, D64, D78, D180, D240, D360
Total 177

0000

Ad26/MVA D29
-+ Ad26/MVA D57

MVA/Ad26 D29
= MVA/Ad26 D57

Antibody concentration (ELISA Units/mL)
=
S

0 50 100 15 200 250 300 350

(]
Time (days)

Fig. 1. Antibody concentrations dynamics per vaccination group in logqo scale. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

sentation of safety and immunogenicity results, for studies in UK,
Kenya and Uganda/Tanzania respectively.

In each country, participants were randomized into four vac-
cination groups differing by the order of vaccine immunizations
(Ad26.ZEBOV as first dose and MVA-BN-Filo as second dose or con-
versely) and by the interval of time between immunizations (either
28 or 56 days). Throughout the paper we will label vaccination
groups specifying the order of vaccine immunizations and delay
between the first and second doses, e.g. participants within group
Ad26/MVA D57 have received the first Ad26.ZEBOV dose at day 1
and the second MVA-BN-Filo dose 56 days later. Vaccination group
Ad26/MVA D57 will be considered as the reference group. In each
study 18 volunteers were enrolled per vaccination group, 3 receiv-
ing placebo and 15 receiving active vaccine.

We have analyzed data from a total of 177 participants subdi-
vided as described in Table 1. For all groups immunogenicity mea-
surements have been recorded at the first immunization day (day
1), 7 days later (day 8), at the second immunization day (day 29 or
57), at both 7 days (day 36 or 64) and 21 days (day 50 or 78) after
the second immunization, and at days 180, 240 and 360 after the
first immunization for the follow-up. Groups receiving the second
dose at day 57 have an extra immunogenicity measurement at day
29.

The humoral immune response to the vaccine has been as-
sessed through analysis of IgG binding antibody concentrations
against the Ebola virus Kikwit variant glycoprotein (EBOV GP). This
was determined by enzyme-linked immunosorbent assay (ELISA)
performed by Battelle Biomedical Research Center (BBRC, US) for
the UK and Uganda/Tanzania studies and by Q2 Solutions (US) for
the Kenya study with assay-specific limit of detection (LOD) vary-
ing among analyzing laboratory (36.6 ELISA units/mL for (BBRC),
26.22 ELISA units/mL for Q2 Solutions). Both laboratories used the
same protocol and material for the assay.

In Fig. 1 the dynamics of antibody concentrations (median and
interquartile ranges) per vaccination group is given, considering
data from the three studies pooled together (for further details, see
supplementary Figure S1 and supplementary Table S1).
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Fig. 2. Schematic representation of (MSL) model. A stands for vaccine antigen, M
for memory B cells, S for short-lived ASCs, L for long-lived ASCs, and Ab for specific
soluble antibodies. See text and Egs. (1)-(5) for details.

3. Mathematical model for primary and anamnestic response
3.1. Model formulation

To capture the establishment of the humoral immune response
to a two-dose vaccination regimen and predict the reaction to a
booster immunization, we propose a mathematical model based on
a system of five ODEs (Egs. (1)-(5)). We consider three B cell popu-
lations: memory B cells (M), short-lived antibody secreting cells (S)
and long-lived antibody secreting cells (L). In addition, we consider
the concentration of antigen (A), which is introduced through im-
munizations, and causes primary as well as secondary responses.
Finally, antibody concentration (Ab) is also described. For the sake
of simplicity, we will denote this model as (MSL): a schematic rep-
resentation is given in Fig. 2. Equations of our model are:

A=—8A (1)
M = pA — (fis + [iL)AM — 8M )
(MSL) = { S = [isAM — 8sS 3)
L= AM = §,L 4)
Ab = 65S + 6,L — 5,,Ab (5)

The reaction is initiated when a certain amount of antigen A
is detected by the host immune defenses at time t =0 (corre-
sponding to the time of an immunization). The free antigen is pro-
gressively processed and eliminated from the system with the per
capita rate 64 (Eq. (1)). The antigen dynamic is described by a sim-
ple exponential decay, because in this particular context neither of
the two vaccine vectors are replicating (Milligan et al., 2016). The
presence of antigen causes the instantaneous generation of M cells
at rate pA, condensing the complex biological process of activation
of specific naive B cells, and their subsequent massive prolifera-
tion and maturation within GCs. The M compartment is then an
“hybrid” one. While the reaction is ongoing, M cells differentiate
into both short- and long-lived ASCs, at rates [is and [i; respec-
tively. After total antigen consumption, M denotes memory B cells
(BMEMs), ready to differentiate into ASCs upon subsequent antigen
stimulation. ASCs are ultimately differentiated cells which do not
proliferate. They die with rate 85 and §;, respectively. Antibodies
are produced by both populations of ASCs in different proportions
(6sS + 6,L). Their half-life is described by parameter 84;. Descrip-
tion of all parameters can be found in Table 2.

After some time, the reaction reaches a peak, then the pro-
duction of new ASCs and BMEMSs decreases and finally ends.
Long-lived ASCs continue to produce antibodies assuring long-
term immunity, while BMEMs persist in the organism to promote
anamnestic responses in case of subsequent encounters with the
same antigen. Indeed, in this case, BMEMSs can differentiate into
antigen-specific ASCs and produce high-affinity antibodies.

3.2. Rescaled system

Compartment A is not observed in practice. In order to cir-
cumvent this difficulty, and to avoid identifiability issues (see
Section 4), we can use the analytical solution of Eq. (1) in Egs. (2)
to (5). We get:

M = pe=dt — (s + pup)e M — 5yM
S = //Lse_sAtM — 855 6
L: ,U,Lefaf‘tM — (SLL ( )
Ab = 05§ + 0,1 — 8,,Ab

Note that through this transformation the unknown parameters
are p = pAg, Ms := ilsAg, ML := iAo instead of p, fis and [if,
where Ag ;= A(t = 0).

3.3. Special case: No memory cells death

It has been reported in the literature that BMEMSs are an excep-
tionally stable population (Jones et al., 2015; Crotty et al., 2003).
It is hence reasonable to assume that 8y, « 1. Let us consider the
rescaled system (6). Under the assumption §y; = 0, there exists a
stationary state reached by BMEMs, given by:

M zSMZ:O _p 7)
Hs + Hy

The state (7) is globally asymptotically stable (Hartman and
Olech, 1962). The assumption §,; <« 1 will be useful to interpret re-
sults in Sections 5 and 7. However, there is no constraint on this
parameter in the sequel.

It is worth noting that in the case §,;>0, the M population
will converge exponentially towards 0. Nevertheless, provided that
Sy« 1 and in particular &y « 845, the decreasing slope of M will
be very small, hence the effect of 8); will barely affect the Ab dy-
namics during the observation period.

3.4. Special case: Absence of antigen stimulation

The model developed here extends a model proposed in
Andraud et al. (2012) and applied in Pasin et al. (2019) in the con-
text of the EBOVAC1 project to analyze the antibody response af-
ter the second dose. In these works the authors hypothesized that
their observations began when the B cell response was already in
the declining phase, ie. there was no further generation of ASCs.
In the absence of antigenic stimulus (e.g. Ag = 0), (6) reduces to:

M= —8yM ®)
§=—8sS 9)
L= —&;L (10)
Ab = 955+9LL—5AbAb (11)
This corresponds to the model used in

Andraud et al. (2012) and Pasin et al. (2019), with the addi-
tion of Eq. (8) which does not affect Equations (9)-(11).

3.5. Simulating the response to subsequent stimulations

The (MSL) model allows to describe the establishment of the
humoral response by the first dose of antigen. To simulate the re-
sponse to the second dose and subsequent stimulations, vaccine
antigen is added to compartment A according to the vaccination
schedule. Hence, the (MSL) model is applied again with predicted
values of M, S, L and Ab the day of the planned second dose as
new initial conditions. This can be mathematically formalized as
follows.

Let n be the number of vaccine doses; t;, i=1,...,n the time
of administration of the it"-dose and t,, the last observation time.
Let ¥;:=(8ai Pir Smis Msiv Li» Os,iv S Ui OLis Sap,i) be the vector
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Table 2

Description of model parameters with units. We represent by [A] the unit of antigen concentration: this quantity has not been measured in any

study considered here.

Parameter  Description Unit

da Antigen declining rate days~!

3 Rate at which M cells are generated over time per antigen concentration  IgG-ASC.(106PBMC)~".days~'.[A]"!

ILs Differentiation rate of M cells into S cells per antigen concentration days~1.[A]"!

iy Differentiation rate of M cells into L cells per antigen concentration days—1.[A]"!

Sm Declining rate of M cells days~!

8s Death rate of S cells days~!

oL Death rate of L cells days~!

O Antibody production rate per S cells ELISA Units.mL~1.(IgG-ASC)~! 105PBMC.days !
() Antibody production rate per L cells ELISA Units.mL~!.(IgG-ASC)~' 105PBMC.days "
Sap Antibody death rate days~!

of unknown parameters associated with the immune response to
the ith-dose. We denote the initial conditions by My, So, Lo, Abg.

Fort; <t <tj,q, i=1,...,n, the dynamics of M, S, L, Ab follow-
ing the i-immunization is obtained as the solution to the follow-
ing ODE system:

M = piei ) — (g + puy )e i COM — §y;M

S = psje DM — 55,8

[ = MLvie*(SA.i(f*ti)M _ SLJ'L ’
Ab = 95',‘5 + HL,iL - 8Ab,iAb

with initial conditions: Mg = M(t =t;),...,Abg = Ab(t = t;).

(12)

4. Identifiability analysis

We have performed a theoretical study of the rescaled model
described by (6) to determine which biological data are needed
to accurately estimate parameters and infer predictions about two-
dose vaccination regimens.

A priori structural identifiability is a structural property of a
model. It ensures a sufficient condition for recovering uniquely
unknown model parameters from knowledge of the input-
output behavior of the system under ideal conditions (i.e. noise-
free observations and error-free model structure). We refer to
Miao et al. (2011) for a formal definition of a priori structural iden-
tifiability.

Ideally one would assess global structural identifiability, but
sometimes local identifiability can be sufficient if a priori knowl-
edge on the unknown parameters allows to reject alternative pa-
rameter sets. For instance, global identifiability for (6) would not
be reached without imposing any condition on the half-life of com-
partment S compared to L. Indeed, from a structural point of view,
the roles of S and L are perfectly symmetric.

We assess local structural identifiability of (6) using the
IdentifiabilityAnalysis package implemented in Mathe-
matica (Appendix A). We suppose that Aby = Ab(t = 0) is known
and Ab(t) is observed during follow-up, which is consistent with
available data (Section 2). If all other initial conditions are un-
known, (6) results in being non-identifiable (Supplementary Table
S2). The non-identifiable parameters are Ly, My, Sg, 11, Us, P, 01,
6, with degree of freedom 2. This means that, in order to solve
the non-identifiability issue, one should fix at least two parameters
within the set of non-identifiable parameters, {u;, wus, p, 61, Os}.
However, there is no available information on the values of these
parameters, hence they cannot be fixed a priori. Therefore, addi-
tional biological data corresponding to other compartments need
to be integrated to ensure structural identifiability.

Analyses of specific B cell responses induced by vaccination
could be performed through the Enzyme-Linked Immunosorbent
Spot Assay (ELISpot). This is a sensitive method to identify the
concentration of antigen-specific ASCs (Shah and Koelsch, 2015).
Antigen-specific BMEMs can also be analyzed through the ELISpot

techniques, but this requires ex vivo polyclonal activation over 3 to
8 days before detectable amounts of antibodies can be found.

Specific ASCs correspond in (6) to (S+ L)(t). Let us assume they
are measured during follow-up; baseline values of both S and L are
still supposed unknown. We obtain that Model (6) with unknown
parameter vector ¥ :=(8a, o, Us, UL, Sm» Ss, 81, Os, O1, Sap), and
outputs vector y(t) = (Abg, Ab(t), (S+L)(t)) is a priori structurally
identifiable (Supplementary Table S2).

Let us assume that the M compartment is observed dur-
ing follow-up instead of S+ L. In this case, the structural
identifiability of Model (6) is not ensured, according to the
IdentifiabilityAnalysis algorithm (Supplementary Table
S2). Other parameters should be fixed or information about ASCs
should be integrated.

We can conclude that {Abg, Ab(t), (S+L)(t)} is a suitable mini-
mal output set to be considered to ensure model identifiability. Of
course any other additional information about parameters and/or
model compartments will increase the identifiability of (6) and the
reliability of parameter estimation.

Of note, this analysis of theoretical identifiability still does not
guarantee practical identifiability, which depends on availability
and quality of data (Miao et al., 2011), such as time point distri-
bution of measurements and measurements errors. However, prac-
tical identifiability could be improved by using a population ap-
proach for parameter estimation based on mixed-effects models
(Lavielle and Aarons, 2016; Guedj et al., 2007; Prague et al., 2013).
This approach allows to perform parameter estimation across a
whole population of individuals simultaneously, and quantify the
variations that some covariates (either categorical and continuous)
of interest produce over the dynamics of specific subgroups (e.g.
heterogeneous vaccination schedules). This is done by assuming
some underlying structure to the distribution of individual-level
parameters across a population. Firstly, each individual parame-
ter is described by an intercept representing the mean parame-
ter value across the whole population. Then, part of variability
can be described by way of covariates allowing the distinction be-
tween different sub-populations, and finally a normally distributed
random effect characterizes the remaining between-subjects unex-
plained variability. Within this framework, either maximum likeli-
hood and Bayesian approaches has been proposed to perform pa-
rameter estimation.

5. Model calibration

Model (6) is not structurally identifiable with the observation of
compartment Ab only: a reliable parameter estimation cannot be
performed. Therefore, we propose a model calibration against an-
tibody concentration data to assess the ability of (6) to reproduce
antibody kinetics consistent with available experimental data.
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Table 3

Let ¥ be a generic (unknown) parameter in {84, o, is, i1, Sm, Os, 1,
Os, 01, S4p). If it is dependent on the interval between immunizations
or vaccine vector we write r(cat), “cat” being a possible category of
each variability factor.

Y (cat)

Factor Category ~ Meaning

Timing PVD1 Post vaccination at day 1
PVD29 Post second vaccination at day 29
PVD57 Post second vaccination at day 57

Vaccine vector MVA The vaccine vector is MVA-BN-Filo
Ad26 The vaccine vector is Ad26.ZEBOV

5.1. Methods

To perform the calibration, we considered the antibody concen-
tration data as described in Section 2.

We calibrated (6) considering the median and interquartile
ranges among all studies pooled together stratified by vaccination
group, considering vaccination group Ad26/MVA D57 as the refer-
ence group.

M(0), S(0), L(0) and Ab(0) were set equal to O before the first
dose, i.e. we supposed there were no previously existing specific
antibodies nor B cells. Initial conditions of the reaction to the sec-
ond dose are set as the predicted values of each compartment at
the second dose immunization day, as described in Section 3.5.
Simulations of (6) have been performed using Matlab, ode45 func-
tion. According to biological assumptions or previous modeling re-
sults, we suppose that the following parameters could be modified
depending on the vaccine vector and/or the timing of dose admin-
istration (see Table 3 for notation details):

e p, Ws, np are vector dependent (Ad26.ZEBOV or MVA-BN-
Filo). These parameters determine the strength of the hu-
moral response and the amount of ASCs and BMEMs generated
(Section 3). Biological evidences suggest that the strength and
quality of the immune response is dependent on the type of
antigen inducing the reaction and the way it is presented (e.g.
Sallusto et al., 2010).

85(PVD1) >48g(PVD29) >485(PVD57): Pasin et al. (2019) have
identified a significant effect of the delay between immuniza-
tions on §5 by analyzing the same phase [ data we are consid-
ering here, with a simplified mechanistic model.
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e 35(Ad26) #85(MVA): the effect of the order of administration
of vaccine vector over the decay rate of short-lived ASCs has
been evidenced in a previous analysis by Pasin et al. (2019). The
higher complexity of the model described here allows to define
a direct dependence between parameters and vaccine vectors:
we allow parameter §s to change according to the vaccine vec-
tor used.

p(PVD1) < p(PVD29) < p(PVD57): the secondary response is im-
proved in magnitude with respect to the primary one, due to
the presence of specific BMEMs contributing to the initiation of
GCs reaction in a more effective way (Tangye et al.,, 2003). Pa-
rameter o determines the strength of the humoral response be-
cause it defines the generation of M cells upon antigen stimula-
tion, i.e. the GC reaction breadth. Therefore M cells do not play
exactly the same role when a primary (GCs generated from ac-
tivated naive B cells) or a secondary (GCs seeded by BMEMs or
newly activated naive B cells; BMEMs differentiating into ASCs)
response is simulated (Inoue et al., 2018; Ademokun and Dunn-
Walters, 2010), hence it is reasonable to allow parameter p to
increase from the first immunization (o(PVD1)) to the follow-
ing one (p(PVD29) or p(PVD57)). In addition, previous studies
on different viruses and vaccines have shown that an increased
interval between immunizations is associated with an improved
magnitude of the response (e.g. (Jilg et al., 1989; Belshe et al.,
2011)). Consequently, an additional variation of parameter o de-
pending on the interval between the two doses is permitted.
§4(Ad26) <84(MVA): according to biodistribution and persis-
tence results, Ad26 is cleared in approximatively 3 months
(Sheets et al., 2008), while MVA is cleared in approximately
1 month (Hanke et al.,, 2005). Note that here antigen concen-
tration defines the duration of the GC response, so it does not
exactly reflect biodistribution.

Model calibration has been achieved by repeated simulations of
(6) and parameter tuning, until we obtained a consistent parame-
ter set able to reproduce reasonable antibody dynamics in accor-
dance with interquartile ranges of experimental data for all vacci-
nation groups.

5.2. Results

Table 4 shows parameter values obtained at the end of the cal-
ibration process described in Section 5.1.

In Fig. 3, antibodies (Fig. 3 (a)) and ASCs and BMEMs (Fig. 3
(b)) dynamics are plotted for the reference vaccination group,
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Fig. 3. Predictions from the calibrated (MSL) model for the reference group, Ad26/MVA D57. (a) Antibody concentrations (logo-transformed). Green horizontal lines denote
detection levels used by the BBRC laboratory (solid line) and by the Q2 Solutions laboratory (dashed line) respectively. (b) B cells. S and L stand for short-lived and long-lived

ASCs respectively; M represents BMEMs.
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Table 4

Parameters set obtained through (MSL) model calibration and used for simulations plotted in Fig. 3 and supplementary Figures S2-S3. The half-life corresponding to
rate loss parameters is given by: t;(8;) :=In(2)/8;. Structurally identifiability of parameters with antibody concentrations observations is recalled, according to results of

Section 4 (Y=structurally identifiable; N=structurally non-identifiable).

Parameter Prior Ref. Value Unit Structurally identifiable
with measured Ab only?
Ad26
t12(84) - - 10.7 days (half-life is derived from the Y
approximate time to clear Ad26.ZEBOV
and MVA-BN-Filo respectively :
112(84)(Ad26) > £;/(84)(MVA)
Sheets et al. (2008);
Hanke et al. (2005))
o - PVD1 3.5 0.7 IgG-ASC/10°PBMC.days ! N
PVD29 15 17
PVD57 15 20
s - 2.5 0.4 days™! N
m - 0.011 0.0035 days-! N
t1/2(3m) >50 Crotty et al. (2003) 63.3 years Y
t12(8s) - PVD1 0.7 0.7 days Y
Pasin et al. (2019) PVD29 2.8 4.6
[0.8;7.7]
PVD57 4.6
t12(8L) [2.7;13]  Pasin et al. (2019) 9.5 years Y
O - 20 ELISA N
Units/mL.(IgG-ASC/10PBMC)~!.days !
0, - 30 ELISA N
Units/mL.(IgG-ASC/10°PBMC)~'.days !
t1/2(84p) [22;26] Pasin et al. (2019) 239 days Y

Ad26/MVA D57, as an example. Results for all other vaccination
groups are given in supplementary Figures S2-S3. The time axis is
rescaled at the day of the primary injection (i.e. study day 1) and
simulations performed up to 1 year after the first dose.

In Fig. 3 (a), orange dots correspond to median values of an-
tibody concentrations data from the corresponding vaccination
group. We were able to satisfactorily reproduce antibody concen-
trations dynamics in accordance with experimental observations
for all vaccination groups. In supplementary Table S3 further de-
tails are given, with comparison of simulations to real data at some
point of interest, e.g. at the time of the observed antibody peak and
one year after the first dose.

The model predicts that antibody levels at one year after the
first dose are comparable among all vaccine regimens, in accor-
dance with data. The antibody response peak has been measured
21 days after the second dose. Antibody dynamics obtained with
our calibration show a slightly delayed peak between 3 and 4
weeks after the second dose. Of note, no immunogenicity measure-
ments have been performed e.g. at 2 weeks nor at 4 weeks.

In Fig. 3 (b) the dynamics of B cells are plotted: for ASCs, we
consider the sum of short- and long-lived ASCs. Note that, because
the half-life of short-lived B cells is supposed to be significantly
shorter than long-lived B cells one, at 1 year of follow-up we do
not have any contribution from the S compartment.

Results about B cell subsets dynamics correspond only to model
predictions since they were not calibrated on real data, therefore
model parameters could not be accurately determined. However,
with the data available so far from phase I studies, this model
provides a good starting point and it will be further implemented
and validated when additional biological data on B-cells popula-
tions from ongoing phase Il and phase III clinical studies will be
available. ASCs dynamic shows an early peak located a few days
(between 7 to 10) after the second dose. This is in accordance
with other studies assessing B cell kinetics upon vaccination (e.g.
Halliley et al., 2010; Leach et al., 2013). It is followed by a rapid
relaxation phase, then stabilization.

The rapid decreasing slope after the peak of the ASCs response
(i.e. from approximatively 1 to 10 weeks after the second dose) de-

pends on the value of parameter §g, which corresponds to a very
small half-life of short-lived ASCs (varying from almost 3 to 12
days, depending on the regimen). The concentration of long-lived
ASCs is low for the obtained parameter set, but able to sustain
the antibody response due to the long half-life of this population.
BMEM level depends on parameters p, us and p, as stressed in
Section 3.3 (note that according to Table 4 the half-life of M cells
is set here at about 63 years, which implies a really weak value for
parameter 8y, of the order of 10-3).

6. Sensitivity analysis of the antibody compartment

We have obtained a parameter set able to reproduce antibody
responses dynamics to two-dose vaccine regimens against Ebola
virus that closely resemble experimental observations. We perform
a local sensitivity analysis of the antibody compartment to clarify
the effect of each parameter on it over time. This can help detect-
ing two different sources of practical non-identifiability of param-
eters:

1. a very weak effect of a given parameter on the observed com-
partment or an effect which is concentrated in a specific time
window where observations are very scarce;

2. the interplay among parameters: the effect of the variation of
one parameter on the observed compartment can be compen-
sated by a suitable variation of another parameter.

An intuitive representation of local sensitivity of the Ab com-
partment with respect to each parameter is given by the evalu-

ation of curves ¢wl_ (t) := Abz’iw aAg(ng

Vi in ¥ = {54, 0, Sm, Us, U1, Ss. 81, 05, 01, 8ap} (Zi, 2011). The quo-
tient ;/Ab is introduced to normalize the coefficient and avoid
influence of units.

, for each parameter
v

6.1. Results

Partial derivatives of (6) Ab output with respect to each param-
eter are numerically evaluated (Appendix B). ¥* is set at parame-
ter values corresponding to the reference regimen, Ad26/MVA D57
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sake of clarity we shade differently time windows corresponding to distinct phases
of the antibody kinetics: in green the first exponential phase, in yellow the antibody
peak, in pink the declining phase, in blue the stabilization phase. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

normalized sensitivity coefficients are plotted: ¢y, (t) : . For the
¥=y’

(Table 4). In Fig. 4, ¢y, (t) for all ¥; in ¥ are plotted. The time axis
is rescaled at the day of the second dose administration.

The influence of almost all parameters over Ab dynamics sig-
nificantly changes over time. In particular, in the very early expo-
nential phase after vaccine immunization, parameters that mostly
influence the antibody response in (6) are p, which determines the
intensity of the immune response upon antigen stimulation, and 65
and §g, characterizing the antibody production rate of short-lived
ASCs and their half-life respectively. Right after the antibody peak,
the most relevant parameters are the decay rate of antigen &, and
the half-life of antibodies §4,. Asymptotically, we will mostly retain
the influence of 84, and the antibody production rate of long-lived
ASCs 6, (even if §4, p, and the differentiation rates of M cells into
both compartments of ASCs, s and u;, also have a great influ-
ence).

From curves plotted in Fig. 4 it is also possible to deduce in
which direction each parameter affects the Ab dynamics: increas-
ing the values of p, u, 65 and 6; implies an increase in Ab con-
centration. The loss rates 84, 8s, 845, 6, and parameter pus (start-
ing from a few weeks post vaccination) acts in the opposite way:
an increase of their values is associated to a decrease of the Ab
concentration. Note that the sensitivity of Ab with respect to us is
positive during the first weeks after vaccination, because this pa-
rameter determines the generation of short-lived ASCs, which gov-
ern the early antibody response.

The half-lives of both M and L populations are supposed to be
significantly greater than antibody half-life. This explains why pa-
rameters &y and &; have an extremely low influence over Ab dy-
namics on the one-year period considered and locally around pa-
rameter set given in Table 4. The reliability of their estimations
could be refined either by considering longer follow-up or by in-
tegrating data related to these compartments (cf. specific BMEMs
and ASCs through the ELISpot technique).

Finally, Fig. 4 shows that in absolute value, the sensitivity of Ab
with respect to some parameters seems to asymptotically stabilize
at the same value (starting from approximately 250 days after the
second dose). We are referring to e.g. (o, 1) in the same way, and

(845, 01) in opposite ways. This has consequences on the identifia-
bility of these parameters: the effect of the variation of one among
them can be compensated by a suitable variation of its pair, at
least over some specific time windows. This implies that if anti-
body observations are collected exclusively within these time win-
dows, it would not be possible to accurately estimate these param-
eters individually, due to their interplay.

A particular focus should be made on parameters ug and p;:
the sensitivity of Ab with respect to these parameters is symmetric
(in opposite way) over time starting early (few weeks) after immu-
nization. Henceforth the Ab dynamics will be unchanged by pre-
serving the quotient between us and u; (note that (6) is not iden-
tifiable if the only observed compartment is Ab). In Fig. 5 (a) we
plot the Ab dynamics obtained when both g and w; are increased
by 50% simultaneously: we can see that the obtained curves are
superposed. Nevertheless, the corresponding M dynamics is signif-
icantly affected by changes in the individual values of ug and p,
as shown in Fig. 5 (b). This further stress the importance of inte-
grating further biological data to proceed to parameter estimation
in a reliable manner.

6.2. Conclusions

Sensitivity analysis is used to gain a better understanding of the
practical identifiability of model parameters from antibody concen-
trations data.

The sensitivity of antibody dynamics with respect to parameters
8y and §; is extremely weak: changing their values does not affect
significantly the Ab output, at least in the considered time window.
We conclude that these parameters are practically non-identifiable
considering only antibody data and one year of follow-up.

Parameters /s and w; are closely related, affecting antibody dy-
namics in a symmetric way. Antibody concentration data would
not allow their estimation individually, due to their collinearity.

Other parameters will be practically non-identifiable due to
data quality (e.g. time point distribution and/or measurements er-
rors and limitations). In particular, one should pay particular at-
tention to parameters which exclusively describe the reaction to
the first vaccine dose. Indeed, very few antibody measurements are
above the detection level before the second dose, in particular for
patients primed with MVA-BN-Filo (Section 2).

7. Simulations of a booster dose

One of the main interests in modeling the establishment and
reactivation of the immune response after multiple antigen expo-
sures is the prediction of the effects of a booster dose. With (6) we
can expect to be able to predict the strength of an anamnestic re-
sponse by the mean of the establishment of an effective immuno-
logical memory.

We use the calibrated model (6) to simulate the response to an
Ad26.ZEBOV booster dose, realized at day 360 after the first dose
for vaccination group Ad26/MVA D57.

In order to simulate the first two immunizations (i.e. the reg-
ular two-dose schedule), we use the parameter set obtained in
Section 5 (Table 4). The Ad26.ZEBOV booster dose is simulated us-
ing the parameter set corresponding to an Ad26.ZEBOV immuniza-
tion 56 days after the first dose.

In Fig. 6 we plot the dynamics of both antibodies (logg-
transformed) and B cells (ASCs and BMEMs) as predicted by (6) for
the second dose and booster immunizations. The time axis is
rescaled to have time 0 corresponding to the second immunization
day (i.e. day 57). Further information is given in supplementary Ta-
ble S4.

Simulations show a strong humoral anamnestic response to the
booster immunization, with approximately a 11-fold increase of
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antibody concentration within 7 days post booster dose, and a 25-
fold increase within 21 days (in linear scale). This is due to the
presence of a high affinity pool of BMEMs which differentiate into
ASCs directly upon antigen stimulation. In addition, the model pre-
dicts a 2.5-fold increase in antibody concentration 360 days after
the booster dose (i.e. day 720) compared to day 360.

In Fig. 6 (b) we have plotted the corresponding B cell dy-
namics. Again, we observe that ASCs increase drastically after the
booster immunization, hence stabilizes at a higher level than be-
fore, correlating with antibody concentrations. After the booster
dose, BMEMs stabilize at a lower level: this depends on the cali-
brated values for parameters p, (s and w; under the assumption
that the effect of Ad26.ZEBOV as booster dose would be similar to
Ad26.ZEBOV at Day 57 as second dose. We anticipate that, from an
immunological perspective, depletion of BMEM (Fig. 6 (b)) is not
reflecting the immunological situation post booster dose, because
replenishment of the BMEM compartment is to be expected after
booster vaccination. Otherwise, this would mean that after a few
encounters with the same antigen, instead of building up stronger
immunity and memory like what is observed in real life for many
pathogens (Li et al., 2012; Lessler et al., 2012; Green et al., 2018),
the memory would have a lower level. With these regards, we ran
additional sensitivity analyses in which we decreased the values

of the parameters s and u; for the booster dose of Ad26.ZEBOV
down to 10-fold lower values (Fig. 7). We show that, by modify-
ing these values the BMEMs (Fig. 7 (a)) reach higher levels, while
both the antibody levels (Fig. 7 (b)) and the plasma cells levels
(Fig. 7 (c)) are similar for the different sets of parameters (us, ir)-
Immunologically, the variation of parameters ug and w; for the
booster dose can be justified by assuming a complete maturation
(hence effectiveness upon antigen stimulation) of the BMEMs only
at the time of the booster (and not at dose 1/dose 2) (Jilg et al.,
1989; Belshe et al., 2011).

If experimentally confirmed, these results would suggest the es-
tablishment of an effective immunological memory against Ebola
virus, as a response to the two-dose vaccine regimen. Model pre-
dictions about the effects of a booster dose could be further eval-
uated when supplementary immunological data from a subgroup
of ongoing phase II clinical studies which received booster dose of
Ad26.ZEBOV will be available (Ebovac2, 2018).

8. Discussion

Recurring Ebola outbreaks have been recorded in equatorial
Africa since the discovery of Ebola virus in 1976, with the largest
and more complex one occurred in West Africa between March
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2014 and June 2016. We are now currently experiencing, in the
DRC, the second largest outbreak ever recorded. A prophylactic
vaccine against Ebola virus is urgently needed.

A new two-dose heterologous vaccine regimen against Ebola
Virus based on Ad26.ZEBOV and MVA-BN-Filo developed by
Janssen Vaccines & Prevention B.V. in collaboration with Bavarian
Nordic is being evaluated in multiple clinical studies. The immune
response following vaccination has been mainly assessed through
specific binding antibody concentrations (Section 2). The level of
circulating antibodies needed to ensure protection is currently un-
clear: persistence of antibody responses after the two-dose vacci-
nation has been clinically observed up to one year after the first
dose, yet at a lower level than shortly after vaccination. Since we
don’t currently know for how long the two-dose vaccine can con-
vey protection, a booster vaccination can be considered in case of
imminent risk of exposure to Ebola virus (pre-exposure booster
vaccination).

We proposed an original mechanistic ODE-based model -
(MSL) - which takes into account the immunological memory
(BMEMs) and short- and long-lived ASCs dynamics (Section 3).
This model, which is an extension of the model developed by
Andraud et al. (2012), aimed at explaining the primary response
after receiving a first vaccine dose against Ebola virus, and the sec-
ondary response following a second heterologous vaccine dose. The
final goal of our model is to predict the speed and magnitude of

the anamnestic response triggered by a booster vaccination among
individuals who have been vaccinated with the two-dose regimen,
and the long-term antibody persistence afterward. Succeeding in
this task will be extremely helpful to better understand the im-
mune response to a vaccine regimen.

We have performed structural identifiability analysis of (MSL)
model (Section 4), which pointed out that antibody concentrations
data are not sufficient to ensure (MSL) structural identifiability. In-
deed, different parameter sets can reproduce the same antibody
dynamic. In order to proceed with proper parameter estimation, at
least ASCs data should be integrated. Alternatively, some parame-
ters should be fixed to allow estimation of the remaining ones.

In the absence of priors on structural non-identifiable param-
eters and of additional biological data, we decided to proceed to
model calibration (Section 5). To perform (MSL) model calibra-
tion, we have repeatedly simulated (MSL) using Matlab and com-
pared the Ab output to median and interquartile ranges of avail-
able ELISA data from all studies pooled together, stratified by vac-
cination group. We have shown that (MSL) model is able to repro-
duce qualitatively the observed antibody kinetics for a well-chosen
set of parameters. This provides the rationale to test the ability of
(MSL) in predicting the speed and magnitude of the immune re-
sponse to a booster vaccine dose.

Based on parameter values obtained through (MSL) model
calibration, we have performed local sensitivity analysis to assess
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to which extent each parameter affects antibody dynamics over
time (Section 6). Hence, a better insight on practical identifiability
of model parameters has been achieved in a sensitivity-based
manner.

Finally, the calibrated model has been used to evaluate in sil-
ico a booster dose of Ad26.ZEBOV one year after the first dose
(Section 7), showing a strong humoral anamnestic response. If ex-
perimentally confirmed, this would increase confidence on the ca-
pacity of the proposed prophylactic regimen to induce a robust and
durable immune response against Ebola virus.

In order to simplify the model structure, in (MSL) the M com-
partment describes the GC reaction and the contribution of the
BMEM population to the immune response. Therefore, due to the
intrinsic difference between the primary and the secondary re-
sponses, M cells do not play exactly the same role when a pri-
mary (GCs generated from activated naive B cells) or a secondary
(GCs seeded by BMEMs or newly activated naive B cells; BMEMs
differentiating into ASCs) response is simulated (Inoue et al., 2018;
Ademokun and Dunn-Walters, 2010). For this reason, it is reason-
able to adjust some parameters (e.g. p, ds, s, 1) from one immu-
nization to the following one, eventually also based on the time
between the two doses. In particular, an improved antibody re-
sponse has been experimentally observed when the delay between
the first and second doses is higher (e.g. 56 days schedule com-
pared to 28 days). Therefore, according to sensitivity analysis per-
formed in Section 6, we suggest to investigate through modeling
the possibility of an increase of parameters p and w; when in-
creasing the time lapse between the two doses, the opposite for
parameters s and &s. Note that the effect of timing of the second
dose on the half-life of short-lived ASCs has been already observed
by Pasin and coauthors (Pasin et al., 2019).

Moreover, due to (MSL) definition, if we do not change any
parameter among {p, 1, Us} from the first to following doses,
BMEMs level remains almost unchanged (Section 3.3), while we
expect an increase in the concentration of BMEMs after the booster
dose.

After vaccination, the existence of a plateau reached by func-
tional persisting BMEMs has been reported in the literature
(Crotty et al., 2003). In (MSL) this plateau is quickly reached, due to
the fact that we do not consider here any intermediate maturation
step from naive to activated to functional differentiated cells: when
the antigen is introduced in the system, the M compartment is al-
most instantaneously filled. The main consequence is that the con-
tribution of this compartment to enhance the secondary response
will be substantially unchanged regardless the time delay between
two subsequent vaccine immunizations, in the situation in which
no parameter modification is permitted.

Despite the simplifications in model structure, several identifi-
ability issues have been raised in Sections 4 and 6. Consequently,
another limitation of this study is that model parameters could not
be accurately and univocally determined.

The (MSL) model provides a good starting point to evaluate the
humoral immune response elicited by the proposed vaccination
regimens. Several future research directions can be suggested by
this work. For instance, (MSL) model can be further refined using
future data that will be available from ongoing phase II and III clin-
ical studies, in particular regarding B cell populations and immune
response after a booster vaccination. Other questions should be ad-
dressed in silico. In particular, (MSL) model could be generalized
by relaxing the assumption of replication deficient vaccine vectors
to allow the study of the immune response elicited by live atten-
uated vaccine virus. Indeed, it would be interesting to test (MSL)
with other vaccination studies, to determine wether some param-
eters are independent from the type of vaccine vector used.

9. Conclusion

In this work we set a mechanistic model - (MSL)- of the hu-
moral immune response to one or more vaccine immunizations,
based on an ODE system of 5 equations. It describes the interac-
tion between the antigen delivered by replication deficient vaccine
vectors, BMEMs, ASCs (distinguishing two populations differing by
their respective half-lives) and produced antigen-specific antibod-
ies. We have analyzed model structure identifying which kind of
biological data should be collected or alternatively which param-
eters should be fixed to perform proper parameter estimations.
By confronting (MSL) with ELISA data from two-dose heterologous
vaccination regimens against Ebola virus, we show that the model
is able to reproduce realistic antibody concentration dynamics af-
ter the two-dose heterologous vaccination. This provides the ratio-
nale to test the ability of (MSL) in predicting the speed and mag-
nitude of the immune response to a booster vaccine dose, as we
show in this paper, and investigate long-term antibody persistence.
Our findings raise interesting further questions. Some of them re-
quire further biological data, in particular regarding B cell popu-
lations assessment. Also, one could be interested in understanding
if some model parameters are intrinsic properties of the immune
response, hence could help describing the response to natural in-
fection. Other questions should be addressed in silico to explore
the interaction of additional immune components and their con-
tribution to the establishment, maintenance and reactivation of the
immune response to a repeatedly presented antigen.
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Appendix A. The IdentifiabilityAnalysis package

In order to assess the a priori local structural iden-
tifiability of (MSL) we wuse the Exact Arithmetic Rank
(EAR) approach implemented in Mathematica through the

IdentifiabilityAnalysis package (Karlsson et al, 2012).
It is the Mathematica implementation of a probabilistic semi-
numerical algorithm described in Sedoglavic (2001) based on rank
computation of a numerically instantiated Jacobian matrix. This is
called the rank test for structural identifiability (Pohjanpalo, 1978).

Appendix B. Matlab function sens_ind for numerical
evaluation of partial derivatives

To evaluate the first-order partial derivatives of model outputs
with respect to its parameters around a local point in the param-
eter space, we use Matlab function sens_ind (Victor M. Garcia-
Molla, 2017). It is based on Matlab function odel5 and is able to
compute the derivatives of an ODE system with respect to its pa-
rameters, by using the Internal Numerical Differentiation approach
(Bock, 1981).

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jtbi.2020.110254.
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