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Adjuvanted influenza vaccine 
dynamics
César Parra-Rojas   1, Veronika von Messling   2 & Esteban A. Hernandez-Vargas   1

Adjuvanted influenza vaccines constitute a key element towards inducing neutralizing antibody 
responses in populations with reduced responsiveness, such as infants and elderly subjects, as well as in 
devising antigen-sparing strategies. In particular, squalene-containing adjuvants have been observed 
to induce enhanced antibody responses, as well as having an influence on cross-reactive immunity. 
To explore the effects of adjuvanted vaccine formulations on antibody response and their relation to 
protein-specific immunity, we propose different mathematical models of antibody production dynamics 
in response to influenza vaccination. Data from ferrets immunized with commercial H1N1pdm09 
vaccine antigen alone or formulated with different adjuvants was instrumental to adjust model 
parameters. While the affinity maturation process complexity is abridged, the proposed model is able 
to recapitulate the essential features of the observed dynamics. Our numerical results suggest that 
there exists a qualitative shift in protein-specific antibody response, with enhanced production of 
antibodies targeting the NA protein in adjuvanted versus non-adjuvanted formulations, in conjunction 
with a protein-independent boost that is over one order of magnitude larger for squalene-containing 
adjuvants. Furthermore, simulations predict that vaccines formulated with squalene-containing 
adjuvants are able to induce sustained antibody titers in a robust way, with little impact of the time 
interval between immunizations.

Seasonal and pandemic influenza A virus (IAV) infections pose a serious threat to public health. Influenza readily 
spreads across borders, and can affect several countries simultaneously, resulting in considerable economic and 
social impact. Seasonal outbreaks cause millions of infected cases and about half a million deaths worldwide 
every year1,2. Furthermore, the consequences of epidemics can be economically devastating, since they can also 
affect susceptible poultry and swine populations.

Vaccines represent a cornerstone of measures against influenza outbreaks; however, a variety of important 
limitations exist in terms of the availability, cost and effectiveness of currently licensed influenza vaccines. A com-
prehensive quantitative evaluation of the within-host effects of vaccination is still lacking, and the elaboration of 
vaccination strategies that overcome these difficulties remains a fundamental challenge3.

Influenza A viruses are classified into subtypes according to the antigenicity of their two main surface glyco-
proteins: hemagglutinin (HA) and neuraminidase (NA). The former is responsible for virus entry by binding to 
sialic acids on the surface of hosts cells and subsequent pH-dependent fusion of the viral and endosomal mem-
branes, while the latter mediates the release of newly produced virions from infected cells by removing sialic acid 
from their surfaces4–6. Due to these different functions, neutralizing antibodies are primarily directed against the 
HA protein7. The antibody response directed against NA, in turn, plays a role in decreasing viral spread by pro-
voking the accumulation of virus on the cell surface, which reduces morbidity and mortality in mice8,9.

Antibody responses against the virus drive antigenic drift, which consists in gradual changes to the surface 
proteins HA and NA. Occasionally, reassortment may lead to the introduction of a new HA or NA segment—also 
referred to as antigenic shift—resulting in the apparition of entirely novel strains, for which the population is 
immunologically naive, with potentially severe global consequences6,10. To date, 18 HA and 11 NA subtypes have 
been identified, with only a few of them—H1, H2, and H3 and N1 and N2, respectively—found in human sea-
sonal viruses11. Within a given subtype, the mutation rate in NA is lower than that in HA12—that is, NA is more 
antigenetically conserved—possibly owing to the fact that the antibody response is skewed towards HA, resulting 
in a greater selection pressure6,13.

As a consequence of antigenic drift, the strain composition in seasonal vaccines has to be updated regu-
larly14. This is a costly endeavor that, at the same time, does not address the latent threat of further antigenic 
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drift or a pandemic caused by a newly reassorted strain, since the vaccines are highly strain-specific. There is 
thus a need for immunization strategies that can elicit a broad immune response; specifically, the production of 
broadly cross-reactive antibodies that confer protection from strains of the virus different from those present in 
the vaccine.

In pandemic situations, when a large number of doses is needed in a very short time15, limited antigen avail-
ability is an additional major challenge. This may be addressed by antigen-sparing strategies in combination 
with adjuvants, which trigger a strong immune response at lower antigen doses than otherwise necessary16. 
Interestingly, the addition of squalene-containing adjuvants has also been observed positively influence the 
breadth of the antibody response by enhancing not only the overall titers but also the production of antibodies 
that target the NA protein17. Since NA is more conserved, antibodies directed towards this protein may confer 
partial immunity against other influenza strains carrying the same NA subtype18.

Mathematical models of biological processes can yield insight on their most essential features, as well as con-
tribute in delineating experimental studies. While a variety of models exists that explore the within-host dynam-
ics of influenza infection, most mathematical descriptions of influenza are constructed at the population level19. 
In particular, those incorporating vaccination are mainly concerned with the epidemiological consequences of 
different vaccination strategies in a given population—see, e.g., Weycker et al.20, and van den Dool et al.21.

Inside the host itself, antibody production is driven by a process referred to as affinity maturation (AM), 
whereby B cells undergo several rounds of proliferation, mutation and selection within specialized domains 
called germinal centers (GCs) towards increasing binding affinities to the antigen, ultimately differentiating into 
high-affinity antibody-secreting plasma cells and memory B cells22. The dynamics inside the GCs are essential to 
the strength and cross-reactivity of antibody responses to infection or vaccination, and have received considerable 
attention, both conceptually22–24 and from a modeling perspective to various degrees of detail25,26. These models 
have also incorporated the effects of different vaccination strategies on the AM process, notably for the cases of 
malaria27 and HIV28,29.

In this work, we construct a mathematical model to capture the within-host effects of immunization with 
adjuvanted and non-adjuvanted influenza vaccine formulations. By means of a parsimonious description of 
the AM process, we predict the magnitude and protein-specificity of the antibody response elicited by the dif-
ferent vaccine formulations at a coarse level. Using the data from Schmidt et al.17, we fit our model parame-
ters to virus-neutralizing antibody titers, and qualitatively compare our results to the experimentally observed 
protein-specific titers. Our simulation results show that this simple model is able to recapitulate the essential 
features of antibody production elicited by adjuvanted vaccine formulations, and may serve as a stepping stone 
for more complex analyses.

Methods
Experimental data.  For the proposed mathematical modeling analysis, the experimental data previously 
published by Schmidt et al.17 is employed. Briefly, adult male and female ferrets, immunologically naive to circu-
lating influenza strains, were immunized intramuscularly with adjuvanted and non-adjuvanted formulations of 
the inactivated pandemic H1N1pdm09 vaccine, followed by a boost 3 weeks later. The adjuvants tested were the 
squalene-containing MF59 and AS03, as well as Diluvac Forte, which contains only vitamin E.

Post vaccination, antibody titers against total influenza virus, as well as specific to HA or NA, were determined 
for a series of different HA and NA proteins. Thus, both the magnitude and specificity of the immune response 
for the different vaccine formulations were measured. In our specific case, the output of the model outlined in the 
following section was fitted to the data for functional virus-neutralizing antibodies.

Mathematical model of antibody production.  We propose a two-epitope model in a Euclidean, 
one-dimensional shape space, with the genotype of a given cell represented by its position ∈x [0, 1]. The two 
epitopes correspond to the NA and HA proteins of the vaccine strain, and will be located at different, 
non-overlapping positions—i.e., their antigenic distance is larger than some specified cutoff—in shape space. 
Without loss of generality, we take NA to be located at position x = 0, while HA sits at x = 1—see Fig. 1A.

The mathematical model draws mainly from the detailed AM simulations of Chaudhury et al.27. Our interest, 
however, lies in the broader effects of the inclusion of adjuvants in the influenza vaccine, and not in the fine details 
of the AM process. For this reason, the variables we consider explicitly are only two, and correspond to the dis-
tributions of B cells and antibodies in the shape space, which we represent by B(x, t) and Ab(x, t), respectively. In 
other words, we do not distinguish between stimulated B cells, non-stimulated B cells, plasma and memory cells, 
but rather consider an effective behavior inside a GC, represented by the variable B(x, t). The choice of a simplified 
shape space, in turn, is inspired by the notion of ‘antibody landscape’ introduced by Fonville et al.30. In this case, in 
contrast to the original formulation, it is considered that the points along the axis do not correspond to different 
virus strains, but rather to the individual virus glycoproteins, as described above.

AM is an inherently stochastic process, and it has been shown that stochasticity plays a decisive role in the 
selection of clonal lineages in the GC26. However, we stress that our interest is not in tracking individual B cells 
nor in the actual number of B cell genotypes in the system, but rather the broad shape—with respect to protein 
specificity—and size of the resulting antibody distribution in shape space, and its comparison to the experimental 
data for Ab titers. Therefore, we consider the case in which there exists a one-to-one correspondence between cell 
genotype and affinity, as shown below. Due to this, random drift does not play a role in our system—cells with the 
same affinity as treated as belonging to the same lineage—and the stochastic effects in our model arise predom-
inantly from B cell mutations, which are small in magnitude. We thus turn to a deterministic description of the 
process, in which the positions of cells in shape space, and their corresponding affinities, are continuous variables, 
and we choose to represent mutations by an effective diffusion along the x-axis.
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We examine two different forms for the time evolution of the distribution of B cells in shape space which we 
denote, respectively, by model A and model B. The former is given by
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while the explicit form of model B is shown in Eqs (S5) and (S6) of the Supplementary Material. The dynamics 
above are illustrated in Fig. 2.

Let us start by addressing the growth terms in Eq. (1), and leaving the function G(t) aside for the time being. 
The ‘birth’ of B cells comprises three different types of events. First, a constant influx, at a rate σN, from a pool of 
low-affinity naive cells, which we represent by a function H(x) that is only non-zero in low- and zero- affinity 
regions of the interval [0, 1], as shown in Fig. 1B. Binding affinity between a B cell and a protein at antigenic dis-
tance x is represented by a function Q0(x) that takes values between 0 and 1. Following the model proposed by 
Chaudhury et al.27, we take:
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where dmin and dmax represent cutoffs for maximum and zero affinity, respectively. This means that dmax will deter-
mine the range of influence of H(x).

Apart from the influx of naive B cells, we represent the recruitment of ‘memory’ cells—unaccounted for in the 
model—as well as selection by allowing high-affinity B cells to further proliferate at a rate σM over the base rate; in 
the equation, Q(x) represents the total binding affinity of cells at position x, weighted by antigen immunogenicity. 
In other words,

γ γ= +Q x Q x Q x( ) ( ) ( ), (4)NA 0 NA HA 0 HA

where γNA and γHA are the immunogenicities of NA and HA, respectively, while xNA and xHA correspond to the 
antigenic distances to NA, ≡ | − | =x x x0NA , and to HA, ≡ | − | = −x x x1 1HA , respectively. Finally, 
affinity-independent B cell proliferation happens at a rate r , and the position of the daughter cell in shape space 

Figure 1.  Schematic illustration of the one-dimensional system. B cells and Abs are positioned on the x-axis, 
with NA and HA situated at the extremes of the shape-space. Mutations occur as a diffusion along x and are 
symmetric, there being no selective pressure towards either of the two proteins. (A) NA and HA with their 
affinity curves, respectively given by the functions Q0(|x − 0|) = Q0(x) (blue line) and Q0(|x − 1|) = Q0(1 − x) 
(green line), determining how affine a cell is to a given protein based on its proximity to either extreme of the 
interval. The sum of these two quantities wields the total unweighted affinity Q x( ) for a given position in shape-
space. (B) The ‘pool’ of naive B cells, H(x), extending over all the zero-affinity region and the entrance of the 
low-affinity region, delimited by the cutoff dmax.
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will be given by that of the parent cell plus a normally-distributed random number with variance ν. In the 
mean-field limit, this translates into an overall diffusion coefficient ν= D r /231.

The decay of B cells occurs at a rate gB(x); the specific form of this function is chosen so that high-affinity B 
cells possess a longer lifespan, in order to account for memory cells. We formulate this term as follows:
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where Q x( ) is the unweighted total binding affinity of cells at position x, i.e., ≡ + −Q x Q x Q x( ) ( ) (1 )0 0 . The 
lifespan of memory B cells is a subject of debate, and there exists evidence for it ranging from months to years32,33. 
Here, we set gB

(1) so that B cells have a maximum possible mean life of 2 years. We note that what we have taken to 
represent the presence of memory B cells in the system in the equation above may be also regarded as a form of 
death-limited selection; conversely, the selection term in Eq. (1) corresponds to birth-limited selection. These con-
cepts have been recently introduced by Chakraborty et al.26, who explored the influence of both types of selection 
in the loss of clonal diversity in the GC during the AM process.

Finally, the GC has a finite carrying capacity K, and B cells with similar genotypes will compete for space in the 
system23. The competition will be in general non-local and can be written in the form
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The exact form of the competition kernel,  x( ), will determine the strength and range of this competition. For 
the sake of simplicity, we consider a Dirac-δ kernel; that is, the competition is made completely local and assumed 
to have unit strength. This yields the last term in Eq. (1).

The difference between models A and B is given by the modulation function G(t). This corresponds to a gen-
eral measure of activity of the immune response, which we assume to vary between 0 and 1 for inactive and fully 
active, respectively; that is, G can be regarded as a function that determines whether affinity maturation is taking 
place. We explicitly choose not to identify this function with the concentration of free antigen in the system, 
due to the fact that the formation of the GC is dependent on antigen presence, but not on antigen quantity; once 
active, its subsequent dynamics and decay are essentially antigen-independent24.

In the case of model A, the activity level governs all processes resulting in the growth of the B cell population, 
whereas model B assumes that only recruiting events—of naive and of ‘memory’ B cells—are affected by it, permitting  
the free proliferation of B cells as long as a non-zero quantity remains in the system. In other words, in Eq. (1)  
G encompasses the activity of the response as a whole, from antigen uptake and B cell migration into the GC to 
proliferation inside the GC itself. In Eq. (S5), in contrast, only antigen uptake and cell recruitment are affected by 
G. The activity level is assumed to decay exponentially with a rate μ, so that G takes the form
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Figure 2.  Diagram illustrating the dynamics of Eqs (1) and (2). Here, the symbol for the empty set, ∅, 
represents everything that is outside of the system we are considering. There exists a constant influx of B cells at 
position x from a pool of naive cells given by H(x)—see Eq. (8)—occurring at rate σN. Base proliferation occurs 
at a rate r , while an additional term representing birth-limited selection is given by a proliferation weighted by 
the affinity Q(x) at rate σM. Cells at position x can further produce offspring at a different position x′ due to 
mutations represented by a diffusion coefficient D. Natural death of B cells occurs at a rate gB, and a further 
decay is the result competition for limited resources in the GC, whose carrying capacity is given by K. 
Proliferation and diffusion terms are further modulated by the function G(t), representing GC activity and 
given by Eq. (7). A fraction δ of B cells at position x produce antibodies at position x at rate k, weighted by their 
affinity Q(x), which subsequently decay at a rate gAb.
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where t0 = 0 corresponds to moment of initial immunization and the tk, k = 1, 2, …, to the subsequent boosts. In 
this case, the animal experiments were performed with a single immunization boost at t1 = tboost = 21 days. Again, 
since G(t) does not represent the antigen concentration, its value is not affected by the presence of antibodies in 
the system.

The equation describing antibody dynamics, Eq. (2), is simpler, consists of an antibody production term, 
mediated by weighted B cell affinity to the antigen, and a constant exponential decay rate. Since not all B cells 
end up producing antibodies, but only the ones among them that differentiate into plasma cells, we multiply the 
production term by an attenuating factor δ. We choose to take this factor as the differentiation probability from 
Chaudhury et al.27.

Given a non-negative initial condition, B(x, 0) ≥ 0 and Ab(x, 0) ≥ 0, the solutions to Eqs (1) and (2) will remain 
non-negative for all t > 0. This can be seen from the fact that both G(t) and H(x) are non-negative for all t and all 
x, respectively, so that ∂tB ≥ 0 for B → 0; as a consequence of this, we obtain ∂tAb ≥ 0 for Ab → 0, since Q is also 
non-negative for all x. Furthermore, the non-linear term in Eq. (1), stemming from the finite carrying capacity 
K, ensures that the solution for B remains bounded for all x, t, which, in turn, yields ∂tAb < 0 for large values of 
Ab. A more formal mathematical analysis of the character of the solutions to Eqs (1) and (2) is beyond the scope 
of this paper.

We note that, in absence of the decay in GC activity signified by G(t), these equations admit non-zero 
steady-state solutions. The solution for B is characterized by a constant non-zero value in the zero-affinity region, 
with peaks corresponding to B cells that have some degree of specificity towards either of the glycoproteins. Since 
only non-zero affinity B cells end up producing antibodies, the solution for Ab will be non-zero only towards the 
edges of the interval, vanishing everywhere else. In both cases, the profiles of the left- and right-most portions 
of the distribution will be modulated by the affinity Q(x), with higher-affinity cells being more abundant in the 
steady state. In our particular case, however, the modulation introduced by G(t) has the effect of ultimately yield-
ing solutions for both B and Ab that vanish in the entire interval as t → ∞.

Parameters.  Despite the fact that we have attempted to keep the model simple, it still contains a large number of 
parameters. Due to this, we have decided to fix most of them and focus on those that govern the differences 
between vaccine formulations. The fixed parameters values in the model are primarily taken from Chaudhury et al.27,  
and we have kept their labels whenever appropriate. In the cases when a single event in our model encompasses 
multiple events in the original one, we have assumed that the time it takes for this event to happen is an exponen-
tially distributed variable with a mean equal to the sum of the mean waiting times of the original events; that is, 
the mean time for a B cell to proliferate is given by the mean stimulation time 1/σB plus the mean proliferation 
time of stimulated B cells 1/r, thus the resulting proliferation rate σ σ= +r r r/( )B B . In the same manner, the effec-
tive antibody production rate k is obtained from the B cell stimulation rate σB and the antibody production rate of 
plasma cells kAb as σ σ= +k k k/( )B Ab B Ab —recall that the probability of differentiation into plasma cells is explicitly 
included in Eq. (2).

Furthermore, we choose to fix dmin = 0 for simplicity, which amounts to neglecting degeneracy in the num-
ber of B cell genotypes presenting full binding affinity to the glycoproteins27—we expect that a dmin > 0 would 
have a negligible effect in the model output—while we set ε = 1010. This latter choice is based on the fact that 
for a Euclidean shape space to match immunological data, the normalized stimulation radius can be chosen to 
lie somewhere between 0.15 and 0.2234, and we adjust the value of ε in order to allow a 10–103-fold increase in 
binding affinities from naive to fully mature B cells27, with the exact number determined by the value of dmax. We 
also fix a small value for the mutational variance—in this case, ν = 10−4, so that a mutation of the order of one 
standard deviation translates into a shift of the order of one percent in genotype space—and the width of H(x) so 
that the pool of naive B cells occupies one percent of the non-zero affinity zone on each side of the shape space. 
More explicitly, we have
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where ∼H  is the height of the pool, which we have set to =
∼H 100 cells. These choices are further commented on in 

the Discussion section.
All fixed parameters in the model are listed in Table 1. The protein immunogenicities, the affinity cutoff and 

the GC activity decay rate are free parameters.

Effects of adjuvants.  The main features of the experimental data correspond to enhanced antibody response 
and enhanced response towards the NA protein for the adjuvanted vaccine formulations, as opposed to the 
non-adjuvanted case. We introduce these effects in the form of factors βi—which are free parameters in the 
model—modifying the immunogenicities and antibody production parameters as follows:

γ β γ→ , (9)NA NA NA

γ β γ→ , (10)HA HA HA

β→ . k k (11)Ab
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Here, all βi ≥ 1, with the equality holding in the non-adjuvanted case. The different values βi regulate the 
strength of the effects and are adjuvant-dependent. We expect that βNA > βHA, reflecting a selection pressure 
towards the production of NA-specific antibodies.

Parameter estimation.  The free parameters in the model, as described above, correspond to the affinity 
cutoff dmax, the base immunogenicities γNA and γHA, the decay rate in GC activity μ, and the adjuvanticity factors 
βNA, βHA and βAb. The first four parameters in this list can be estimated from the data for the non-adjuvanted for-
mulation of the vaccine, while the other three can be obtained for each adjuvant in the data set after fixing these.

Specifically, we fit the output of the model defined by Eqs (1) and (2), y(model), to the data from Schmidt et al.17 
corresponding to the virus-neutralizing antibody titers as a function of time following vaccination and immuni-
zation boost. This is compared to the total area under the curve of the distribution given by Ab(x, t); that is, 

∫=y t x Ab x t( ) d ( , )(model) . We use the Differential Evolution (DE) algorithm35 to estimate the best parameter 
values by minimizing the root mean squared error (RMSE). The cost function takes the form
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where i runs over all the N individual points in the data set, and Θ corresponds to a particular set of parameters. 
In other words, we aim to find the optimal set Θ* that minimizes RMSEΘ. As mentioned above, this process is 
carried out in two steps, with

γ γ μΘ = d{ , , , }, (13)base
max NA HA

β β βΘ = .{ , , } (14)Ab
adjuvants

NA HA

We note that we could have, alternatively, minimized the mean squared error (MSE) or residual sum of squares 
(RSS) yielding equivalent results, the advantage of the RMSE being that it has interpretable units: in this case, the 
error is given in units of Ab titer.

The equations themselves are solved using no-flux boundary conditions, and with initial condition B(x, 0) = 0 
and Ab(x, 0) = 1; the latter due to the fact that the first data point for all vaccine formulations satisfies =y 10

(data) . 
We use a grid of Nx = 1500 points, with locations given by … −x x xd /2, 3d /2, , 1 d /2, where ≡x Nd 1/ x.

The best fit parameters, along with the bounds used for them in the estimation procedure, are shown in Table 2 
for model A, and Table S2 for the case of model B. We have given γHA more freedom of movement than γNA, due 
to the fact that HA is more immunogenic than NA13; however, we have not made γHA > γNA a hard constraint. 
Instead, in order to reflect the imbalance between immunogenicities we have made the upper bound for γHA in 
the estimation three times larger than that of γNA—see Table 2.

Parameter Value Notes

σN 1.0 [days−1] from ref.27

σM 1.0 [days−1] from ref.27

r̃ 1.5 [days−1] derived from σB and r in ref.27

K 5000 [cells] from ref.27

gB
(0) 0.22 [days−1] from ref.27

k 0.75 [days−1] derived from σB and ub in ref.27

gAb 0.1 [days−1] from ref.27

δ 0.1 from ref.27

tboost 21 [days] interval between immunizations in 
the experiments

gB
(1) 161.22 based on refs32,33

ε 1010 based on refs27,34

dmin 0.0 fixed for simplicity

ν 10−4 rescales with ∼H , fixed for simplicity
∼H 100 [cells] rescales with ν, fixed for simplicity

Table 1.  Fixed parameters appearing in the model defined by Eqs (1) and (2). Derived values correspond to 
considering a series of events as a single joint event—B cell stimulation and proliferation taken together as 
proliferation, for r , and B cell stimulation and Ab production taken together as Ab production, for k. We fix gB

(1) 
to allow for a maximum mean life of 2 years for long-lived B cells32,33, while the value of ε stems from shape-
space considerations27,34. Other parameters are fixed to simplify the model; however, we do not expect them to 
have a large impact on the conclusions drawn from it, since all of the parameters listed here remain constant 
across vaccine formulations, and our focus are the differences between them and the mechanisms driving 
them—see the Parameters section and the Discussion. In this case, dmax, γNA, γHA, μ, βNA, βHA and βAb are free 
parameters to be determined.
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Additionally, Table 2 also shows the results of carrying out the parameter estimation on 2500 bootstrapping 
samples from the data, constructed by selecting, at random, one datapoint per timepoint in the original dataset. 
As for the case discussed above, the parameters for the adjuvanted vaccine formulations are estimated after fixing 
the values of parameters from the non-adjuvanted case to those providing the best fit when considering all data-
points, i.e., the values from Table 2. There exists large variability on the estimates and, in particular, we see that the 
immunogenicities tend to explore their full range of values, which we understand as a consequence of the fact that 
these two parameters are generally expected to rescale one another—see the Discussion for more details on this.

Finally, in order to evaluate the models, we employ a baseline consisting in a non-spatial version of model 
A, i.e., without taking protein-specificity into account, which we denote by model 0. In this case, we replace all 
x-dependent terms by scalar ones, so that H(x) becomes H and represents a naive influx rate, while Q(x) becomes 
an effective measure of affinity Q—see Eqs (S1) and (S2) for details. Table 3 compares the models to this baseline 
in terms of their goodness of fit and complexity, showing both the RMSE and Akaike Information Criterion 
(AIC)36. In general, while qualitative differences between the models are easily observable, as discussed below, 
a quantitative evaluation based on AIC clearly favors model A only for the first part of the sequential parameter 
estimation, corresponding to the non-adjuvanted vaccine formulation, for which its performance is equivalent to 
the baseline. For the adjuvanted cases, models A and B—as well as C, introduced below—behave similarly.

All code is implemented in Python and is freely available at: https://github.com/systemsmedicine/adjuvanted- 
vaccine.

Results
Kinetics of antibody response.  Figure 3 shows the output from model A as given by the best fit param-
eters for the non-adjuvanted and all three adjuvanted formulations of the vaccine. The antibody titers obtained 
from the model defined by Eqs (1) and (2) as the area under the curve of Ab(x, t) are compared to the raw data17. 
We found that this variant of the model is able to account for the patterns appearing in the data—as can be seen 
from Fig. S1, this is also true for model 0, which does not treat NA- and HA-specific antibodies separately. The 
vaccine formulations with squalene-containing adjuvants result in antibody responses surpassing the detection 
limit within the first week post immunization, and that remain well above this level for an extended period of 
time. This is not true for the vaccine containing Diluvac and the non-adjuvanted vaccine, which require the 
immunization boost to achieve sustained responses above detection level. We also see that the response decays 
and approaches the detection limit towards 130 days post immunization, which does not happen in the cases of 
MF59- and AS03-adjuvanted formulations.

Model B, on the other hand, fails to properly capture the decay in functional antibody titers, as can be seen 
from Fig. S2. At the same time, this has the effect of pulling the immunogenicities towards lower values, in order 
to compensate for the fast proliferation of B cells at longer times; the resulting dynamics for antibody titers fails 
to account for the rapid mounting of the response after the first dose, due to the effective decrease in antibody 
production rates driven by γNA and γHA—see Table S2. This suggests that our modulating function needs to play 
a role on all of the processes involved in the proliferation of the B cell population, rather than only have an effect 
over those representing recruitment of naive or memory cells.

An additional variant of the model was considered, corresponding to model A for the non-adjuvanted for-
mulation of the vaccine, but letting the adjuvants affect the antigen immunogenicities only; that is, we chose 

Parameter bounds best overall fit mean median std min max

Non-adjuvanted

 dmax (0.1, 0.3) 0.1058 0.1839 0.1610 0.0716 0.1 0.2784

 μ (0.2, 1.0) 0.4602 0.2970 0.2285 0.1312 0.2 0.7155

 γNA (0.1, 2.5) 2.4345 1.8367 2.3615 0.8673 0.1 2.5

 γHA (0.1, 7.5) 7.0999 6.7012 7.4251 1.5994 0.1509 7.5

MF59

 βNA (1.0, 5.0) 1.7124 1.6327 1.6016 0.3376 1.0042 4.9972

 βHA (1.0, 5.0) 1.0039 1.0217 1.0015 0.1391 1.0 3.5700

 βAb (1.0, 60.0) 17.6365 17.2731 13.2060 10.3760 1.0008 44.6023

AS03

 βNA (1.0, 5.0) 1.7716 2.1502 1.6285 1.1580 1.0 5.0

 βHA (1.0, 5.0) 1.0239 1.2691 1.0060 0.5701 1.0 4.0200

 βAb (1.0, 60.0) 52.2757 23.8041 18.0365 17.2371 1.0 60.0

Diluvac

 βNA (1.0, 5.0) 1.5998 1.2906 1.0720 0.4464 1.0 4.4580

 βHA (1.0, 5.0) 1.0031 1.1070 1.0002 0.2659 1.0 1.7942

 βAb (1.0, 60.0) 1.3936 1.2612 1.0021 0.6167 1.0 3.4398

Table 2.  Best fit parameters for model A. The best overall fit corresponds to estimating the parameters using the 
full dataset, while the statistical properties are the result of performing the estimation on 2500 bootstrapping 
samples of the data. The samples are constructed by selecting, at random, one datapoint per timepoint in the 
original dataset.

https://github.com/systemsmedicine/adjuvanted-vaccine
https://github.com/systemsmedicine/adjuvanted-vaccine
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βAb = 1, effectively removing a free parameter from the model. This simpler version of adjuvant influence, 
which we denote by model C, did not reproduce the behavior observed in the data—see Table S3 and Fig. S3. 
In order to compensate for the absence of boost in the protein-independent rate of antibody production, larger 
immunogenicity boosts are required. The subsequent shift in weighted affinity results in a much larger selection 

Model RMSE AIC

Model 0

 non-adjuvanted 47.2175 223.8668

 MF59 1870.1953 425.8927

 AS03 5038.3010 481.3902

 Diluvac 92.8236 257.7192

Model A

 non-adjuvanted 47.0733 223.6956

 MF59 2146.2261 435.6021

 AS03 5333.6525 486.5803

 Diluvac 97.3368 262.3779

Model B

 non-adjuvanted 58.0708 235.4531

 MF59 1956.1513 430.4091

 AS03 5354.4737 486.7985

 Diluvac 102.3938 265.2143

Model C

 MF59 2227.4190 435.6815

 AS03 5672.4353 488.0289

 Diluvac 97.8185 260.6544

Table 3.  RMSE and AIC for all models considered. Details of models 0, B and C can be found in the 
Supplementary Material.

Figure 3.  The raw data for virus-neutralizing antibody titers, compared to the area under the curve of Ab(x, t) 
resulting from model A for the best parameter values, Θ*. (A) Non-adjuvanted case; (B) MF59; (C) AS03; (D) 
Diluvac. In all cases, the gray, dashed line shows the detection limit for neutralizing antibodies.
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effect in B cell proliferation, ultimately yielding an excessive rate of Ab production immediately after each of the 
immunizations.

B cell and antibody distributions in shape space.  Focusing on model A, we next looked directly at the 
profiles of B(x) and Ab(x) at specific times for the four different vaccine formulations. This is shown in Figs 4 and 5  
for B cells and antibodies, respectively. We show snapshots of the B cell and Ab distributions at the end of the first 
week, the end of the third week before boost, the beginning of the fourth week, and the end of the fifteenth week.

As expected from the model construction, the profile of B cells is initially characterized by the influx of naive 
cells represented by H(x). As time progresses, mutations widen the profile, and high-affinity cells proliferate faster 
and decay more slowly than low-affinity ones, resulting in the distribution caving towards the center of the inter-
val. When the GC is no longer active and the naive cell influx has stopped, we are left solely with high-affinity, 
slowly-decaying B cells.

Since the dynamics of B cells depends, for the most part, on their unweighted binding affinity—with weighted 
affinity having an evident influence only towards the edges of the interval, due to the recruiting of ‘memory’ 
cells—we do not clearly observe the effects of adjuvants on their overall distribution. This can, however, be seen 
from the antibody profiles in Fig. 5, where we find that the relative heights of the left- and right-hand side peaks 
of the distribution on the one-dimensional shape space for the adjuvanted vaccine formulations tend to be more 
even that for the non-adjuvanted vaccine throughout the whole process. This is a direct consequence of the 
adjuvant-driven boost in glycoprotein immunogenicities, which is primarily directed towards γNA, while γHA 
remains essentially unchanged, as can be seen from Table 2—see also Fig. 6, showing the resulting weighted bind-
ing affinity Q(x) for all vaccine formulations.

The most striking difference between base and adjuvant-boosted parameters corresponds to the rate of anti-
body production k—represented by βAb—with values tens of times larger for the squalene-containing formula-
tions—over 50 in the case of AS03—as shown in Table 2. This is also the parameter that clearly discriminates 
between squalene-containing adjuvants and Diluvac, with the latter only resulting in a lower than two-fold 
increase in antibody production rate.

Finally, from Fig. 5 we note that the effect of the boost immunization on antibody titers is strongest towards 
the very high-affinity edges of the interval, x = 0 and x = 1, and not so easily observable towards the peaks of the 
distribution. This is consistent with the higher rate of proliferation of fully mature ‘memory’ B cells, which also 
benefit more from the boost that their low-affinity counterparts, as seen in Fig. 4.

Figure 4.  B cell profiles at different times for model A. (A) Non-adjuvanted case; (B) MF59; (C) AS03; (D) 
Diluvac. Each column represents a snapshot of the B cell distribution in shape space at the time stated above the 
top panel. By construction, differences between the adjuvanted and non-adjuvanted formulations are not clearly 
discernible here, due to the fact that the immunogenicity-weighted affinity has little effect on B cell dynamics, 
and the unweighted affinity takes a more important role.
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Protein-specific antibodies.  Furthermore, we can calculate the total titer of antibodies with non-zero 
binding affinity towards NA (resp. HA), but zero binding affinity towards HA (resp. NA) at a given moment in 
time as

∫=Ab t x Ab x t( ) d ( , ), (15)
d

NA
0

max

∫= .
−

Ab t x Ab x t( ) d ( , )
(16)d

HA
1

1

max

This allows us to clearly visualize the kinetics of the NA- or HA-specific antibodies in the system, as illustrated 
in Fig. 7.

Figure 5.  Antibody profiles at different times for model A. (A) Non-adjuvanted case; (B) MF59; (C) AS03; (D) 
Diluvac. Each column represents a snapshot of the Ab distribution in shape space at the time stated above the 
top panel. In contrast to Fig. 4, here the effects of the adjuvants are clearly visible: we observe the shifts in the 
scale of the Ab response, much larger in the case of squalene-containing adjuvants, as well as a leveling of the 
relative heights of the left- and right-most portions of Ab distribution with respect to the non-adjuvanted case, 
corresponding to the NA- and HA-specific responses, respectively.

Figure 6.  The weighted binding affinity, Q(x), as a function of vaccine formulation for model A.
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These dynamics may be compared, albeit only qualitatively, to the data for total antibody titers against differ-
ent HA and NA proteins obtained from samples collected at day 76 post immunization17. The proteins correspond 
to H1 (H1N1), H3 (H3N2), H5 (H5N1), H7 (H7N9), H9 (H9N2), N1 (H1N1), N1 (H5N1), and N2 (H3N2); 
in this case, we consider explicitly only the H1 and both N1 proteins, since these are the ones contained in the 
vaccine, and assume all other antibody titers to be below the detection level. The results for AbNA(t = 76) and 
AbHA(t = 76) are compared to the data in Fig. 8, and we see that in very broad terms the trends in the data are 
somewhat reproduced. However, as one may expect, the model in its current version requires a means to deter-
mine the proportion of functional antibodies in total antibody titers from the original output, in order to permit 
a quantitative comparison.

Discussion
We have presented a model of antibody production dynamics in response to vaccination with adjuvanted and 
non-adjuvanted influenza vaccines. Our focus was to construct a parsimonious description of antibody dynamics 
that is capable of reproducing experimentally observed behavior. With this in mind, we derived a deterministic 
one-dimensional representation of the distribution of B cell and antibody lineages in shape space. Two different 
variants of the base, non-adjuvanted model were explored: model A, considering a modulation in B cell growth 
as a whole; and model B, consisting in a modulation of cell recruitment into the GC only. The results obtained 
favor a picture consistent with a broader regulation inside the GC itself, as the decay in B cell numbers is not 
fast enough to compensate for their proliferation and cannot, by itself, account for the decay in antibody titers 
observed at later time points17.

For the adjuvanted formulations of the vaccine, the specific adjuvants studied were MF59, AS03 and Diluvac 
Forte. The latter is a veterinary approved adjuvant containing vitamin E in watery suspension37. MF59 and AS03, 
on the other hand, are oil-in-water emulsions based on squalene oil, which are approved for use in humans 
and count with extensive evidence for their properties as adjuvants. Squalene emulsions stimulate immune cell 
migration to the injection site and antigen uptake, resulting in adjuvanted vaccines that yield increased antibody 
titers with respect to their non-adjuvanted counterparts—see, e.g., refs38–40. At the same time, they have shown 
effects on cross-reactivity41,42 and reduction of virus replication and transmission43, and are well tolerated, with a 

Figure 7.  Protein-specific antibody titers for the different vaccine formulations for model A. (A) Non-
adjuvanted case; (B) MF59; (C) AS03; (D) Diluvac.
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strong safety record38,44. These features make squalene-based adjuvants excellent candidates for antigen-sparing 
vaccination strategies.

We have introduced the influence of adjuvants in the model as a boost in glycoprotein immunogenicities, 
and found that all adjuvanted formulations of the vaccine result in enhanced antibody response against NA. We 
also found that the boost in immunogenicities alone—illustrated by model C, shown in Table S3 and Fig. S3—is 
not sufficient to account for the observed titers, and an additional parameter representing an adjuvant-driven 
boost in the overall rate of antibody production in the GC is required to yield quantitative agreement with the 
data. The latter influences both the NA- and HA-specific responses in the same way and is, in fact, the strongest 
effect of the adjuvants on the resulting antibody titers. In other words, there exist a qualitative change in the 
adjuvant-driven antibody response, brought about by the skewed boost in the reaction towards the NA protein. 
However, the most important effect induced by the adjuvants, and the key feature that separates Diluvac from 
squalene-containing adjuvants, is the sheer scale of the resulting overall antibody response, irrespective of protein 
specificity. It is important to note that model A, with βAb being a free parameter, is the minimal model that repro-
duces the observed experimental behavior for the adjuvanted vaccine formulations in relation to model C given 
the assumptions and fixed parameters governing the non-adjuvanted case. In other words, we do not rule out 
the possibility that a different formulation for the base, non-adjuvanted model might work in conjunction with 
the assumptions underpinning model C, i.e., that the adjuvants have an effect on protein immunogenicities only.

The resulting dynamics from the model can be explored under different conditions from those in Schmidt et al.17.  
It has been observed in ferrets that, while a second dose of the vaccine is required in order to obtain high and 
sustained immune responses, its timing does not have a significant impact on their overall behavior for the case 
of AS0345. Similar results have been observed in clinical trials of MF59-adjuvanted influenza vaccines, with 
between-dose intervals of up to six weeks for adults46, and high antibody titers up to one year following vacci-
nation with four weeks between doses in young children47. Using the best fit parameters from Table 2, we can 
simulate Eqs (1) and (2) with different values of tboost and assess the model output for all vaccine formulations, as 
shown in Fig. 9.

We observe that, in the context of model A, the long-term behavior of functional antibody titers is largely 
unaffected by the timing of the immunization boost for all four vaccine formulations; only the maximum titer 
achieved shows a small variation, being larger when the initial vaccination and the boost are more closely 
spaced. Furthermore, a strong response is not maintained for the Diluvac- and non-adjuvanted vaccines. In con-
trast, the squalene-based adjuvants result in antibody titers well above the detection limit for extended peri-
ods after the boost. This is consistent with previous findings45–47, and suggests that vaccines formulated with 
squalene-containing adjuvants are generally robust to changes in the interval between the first and second doses. 

Figure 8.  Qualitative comparison between total protein-specific antibody titers from the data and the results 
for the functional antibody titers from model A. Broadly speaking, the patterns in the data are reproduced, 
albeit with consistent biases in the predictions due to the fact that we are looking at total Ab titers, and we lack 
a means to determine a functional Ab fraction from this total. In addition, the model as it stands does not take 
into account within-subtype variation, and hence predictions for both N1 are the same in all four cases. (A) 
Non-adjuvanted case; (B) MF59; (C) AS03; (D) Diluvac.
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Further experiments involving AS03 and MF59 in different prime-boost schedules would help elucidate this 
claim.

An interesting outcome resulting from the fact that model A is based on distributions in shape space—in 
contrast to model 0, which treats B cells and Abs as scalar variables—corresponds to the option of tracking the 
dynamics of the NA- and HA-specific immune responses independently of one another, as we have shown in 
Fig. 7. This opens up the possibility of exploring the introduction of additional virus strains, and determining the 
antibody response against different glycoprotein variants. In particular, one may assess the effects of the qualita-
tive shift on protein-specific responses induced by the adjuvanted formulations on the antibody response towards 
strains carrying the same NA subtype, and their implications for cross-reactive immunity. However, within the 
one-dimensional representation we have adopted for shape space, it is not immediately clear how to include 
different variants of NA and HA. This is most evident from Fig. 8, where we have not made distinctions between 
different NA proteins belonging to the same subtype.

A possible way of extending the model to accommodate different HA and NA proteins may be to adopt a 
picture of an antibody landscape such as that from Fonville et al.30, in which different virus strains are mapped 
to a one-dimensional space, but doing so protein-wise. In other words, employing a two-dimensional space and 
mapping HA and NA independently to positions along either dimension, such that HA- and NA-specific immune 
responses give rise to separate landscapes. The model may be further extended by coupling it to additional equa-
tions describing the time evolution of within-host influenza dynamics, such as the target-cell limited model 
described in Baccam et al.48. This would allow us to assess the effects of the different vaccine formulations on 
post-challenge viral load dynamics; additional experiments could then be conducted in order to test these results.

As a final note, we must remark on an important limitation of our work. While we have attempted to derive a 
model which is as minimal as possible, we are nevertheless interested in being able to account for Ab distribution 
along the shape-space. As a consequence, we are left with a large number of parameters given the size of the data-
set and, in order to focus on the relative Ab responses between adjuvanted and non-adjuvanted vaccine formula-
tions, we have chosen to rely on assumptions and fix parameter values whenever possible. In particular, we have 
fixed most of the parameters that are part of the base, non-adjuvanted model, and that we do not expect to change 
for the adjuvanted formulations. We have taken these from previous estimations and assumptions27,32–34, while 

Figure 9.  Antibody titer from model A for different timings of the second dose. (A) Non-adjuvanted case; 
(B) MF59; (C) AS03; (D) Diluvac. In all cases, the gray, dashed line shows the detection limit for neutralizing 
antibodies.
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others have been fixed either because we expect them to have a negligible effect—such as setting dmin = 0—or 
rescale one another in the non-adjuvanted case; the latter is the case of the height of the naive pool, ∼H , and the 
variance ν, which determines how fast the low-affinity B cells diffuse into the regions of higher affinity. 
Nevertheless, we expect that choosing a working combination of values for ∼H  and ν does not represent a problem 
for the purpose of comparing different vaccine formulations, since these are kept constant throughout the com-
parison. Another obvious rescaling pair corresponds to the protein immunogenicities, which compete directly 
against one another in antibody production in order to match the model output to the experimental data. Here we 
have not fixed either of them, but have rather used the fact that HA is known to be more immunogenic than NA13 
and that the neutralizing response is skewed towards HA7 in order to constrain the possible values of γNA while 
giving more freedom of movement to γHA. This biologically inspired choice constitutes an assumption of the 
model, and it is not a direct result of the parameter estimation.

A sensitivity analysis reveals that, for the base model, changes to the rate of decay in GC activity, μ, and to the 
size of the affinity region, dmax, have the largest quantitative effect on the outcome of the model—see Fig. S4(C,D). 
At the same time, the immunogenicity of NA is the parameter with the least impact—Fig. S4(E). Changes to the 
parameters controlling the effects of the adjuvants—βNA, βHA, and βAb—result in similar outcomes, with the Ab 
titer being to some extent more robust to changes in βNA, as shown in Fig. S5. Additionally, we see that, as antici-
pated, the fixed parameters ∼H  and ν have a similar qualitative effect on the outcome of the model, so that larger 
values of one of them will very require smaller values of the other; this is illustrated in Fig. S6, showing the sensi-
tivity function—as defined in Soetaert & Petzoldt49—of the two parameters for the log2 of the Ab titer in the 
non-adjuvanted case. We note, however, that ν has a larger impact on the resulting titers after the boosting time. 
This can be explained by the fact that ∼H  is only relevant in the low-affinity region of the shape space, while ν con-
trols the rate of diffusion towards higher affinities in the entire interval, and the boost has a stronger effect on 
high-affinity B cells.

References
	 1.	 Influenza (seasonal). fact sheet no. 211. World Health Organization, Geneva, Switzerland. Available online at, http://www.who.int/

mediacentre/factsheets/fs211/en/index.html (2009).
	 2.	 Molinari, N.-A. M. et al. The annual impact of seasonal influenza in the US: measuring disease burden and costs. Vaccine 25, 

5086–5096 (2007).
	 3.	 Boianelli, A. et al. Modeling influenza virus infection: a roadmap for influenza research. Viruses 7, 5274–5304 (2015).
	 4.	 Gamblin, S. J. & Skehel, J. J. Influenza hemagglutinin and neuraminidase membrane glycoproteins. J. Biol. Chem. 285, 28403–28409 

(2010).
	 5.	 Sylte, M. J. & Suarez, D. L. Influenza neuraminidase as a vaccine antigen. In Vaccines for Pandemic Influenza, 227–241 (Springer, 

2009).
	 6.	 Wright, P. F., Neumann, G. & Kawaoka, Y. Orthomyxoviruses. In Knipe, D. M. & Howley, P. M. (eds) Fields Virology, vol. II, 

1691–1740, 5th edn. (Lippincott, Williams & Wilkins, Philadelphia, 2007).
	 7.	 Krause, J. C. & Crowe, J. E. Committing the oldest sins in the newest kind of ways—antibodies targeting the influenza virus type A 

hemagglutinin globular head. In Antibodies for Infectious Diseases, 209–219 (American Society of Microbiology, 2015).
	 8.	 Schulman, J. L., Khakpour, M. & Kilbourne, E. D. Protective effects of specific immunity to viral neuraminidase on influenza virus 

infection of mice. J. Virol. 2, 778–786 (1968).
	 9.	 Marcelin, G., Sandbulte, M. R. & Webby, R. J. Contribution of antibody production against neuraminidase to the protection afforded 

by influenza vaccines. Rev. Med. Virol. 22, 267–279 (2012).
	10.	 Yewdell, J. & García-Sastre, A. Influenza virus still surprises. Curr. Opin. Microbiol. 5, 414–418 (2002).
	11.	 Shao, W., Li, X., Goraya, M. U., Wang, S. & Chen, J.-L. Evolution of influenza a virus by mutation and re-assortment. Int. J. Mol. Sci. 

18, 1650 (2017).
	12.	 Abed, Y., Hardy, I., Li, Y. & Boivin, G. Divergent evolution of hemagglutinin and neuraminidase genes in recent influenza A: H3N2 

viruses isolated in canada. J. Med. Virol. 67, 589–595 (2002).
	13.	 Johansson, B. E., Moran, T. M. & Kilbourne, E. D. Antigen-presenting B cells and helper T cells cooperatively mediate intravirionic 

antigenic competition between influenza A virus surface glycoproteins. Proceedings of the National Academy of Sciences 84, 
6869–6873 (1987).

	14.	 Zarnitsyna, V. I., Lavine, J., Ellebedy, A., Ahmed, R. & Antia, R. Multi-epitope models explain how pre-existing antibodies affect the 
generation of broadly protective responses to influenza. PLoS Pathog. 12, e1005692 (2016).

	15.	 Hessel, L. Pandemic influenza vaccines: meeting the supply, distribution and deployment challenges. Influenza Other Resp. 3, 
165–170 (2009).

	16.	 Tetsutani, K. & Ishii, K. J. Adjuvants in influenza vaccines. Vaccine 30, 7658–7661 (2012).
	17.	 Schmidt, R. et al. Squalene-containing licensed adjuvants enhance strain-specific antibody responses against the influenza 

hemagglutinin and induce subtype-specific antibodies against the neuraminidase. Vaccine 34, 5329–5335 (2016).
	18.	 Sandbulte, M. R. et al. Cross-reactive neuraminidase antibodies afford partial protection against H5N1 in mice and are present in 

unexposed humans. PLoS Med. 4, e59 (2007).
	19.	 Beauchemin, C. A. & Handel, A. A review of mathematical models of influenza a infections within a host or cell culture: lessons 

learned and challenges ahead. BMC. Public. Health 11, S7 (2011).
	20.	 Weycker, D. et al. Population-wide benefits of routine vaccination of children against influenza. Vaccine 23, 1284–1293 (2005).
	21.	 van den Dool, C., Bonten, M. J., Hak, E., Heijne, J. C. & Wallinga, J. The effects of influenza vaccination of health care workers in 

nursing homes: insights from a mathematical model. PLoS Med. 5, e200 (2008).
	22.	 De Silva, N. S. & Klein, U. Dynamics of b cells in germinal centres. Nat. Rev. Immunol. 15, 137–148 (2015).
	23.	 Allen, C. D., Okada, T. & Cyster, J. G. Germinal-center organization and cellular dynamics. Immun. 27, 190–202 (2007).
	24.	 Vinuesa, C. G., Linterman, M. A., Goodnow, C. C. & Randall, K. L. T cells and follicular dendritic cells in germinal center B-cell 

formation and selection. Immunol. Rev. 237, 72–89 (2010).
	25.	 Meyer-Hermann, M. et al. A theory of germinal center B cell selection, division, and exit. Cell Reports 2, 162–174 (2012).
	26.	 Amitai, A., Mesin, L., Victora, G. D., Kardar, M. & Chakraborty, A. K. A population dynamics model for clonal diversity in a 

germinal center. Front. Microbiol. 8, 1693 (2017).
	27.	 Chaudhury, S., Reifman, J. & Wallqvist, A. Simulation of B cell affinity maturation explains enhanced antibody cross-reactivity 

induced by the polyvalent malaria vaccine AMA1. J. Immunol. 193, 2073–2086 (2014).
	28.	 Wang, S. et al. Manipulating the selection forces during affinity maturation to generate cross-reactive HIV antibodies. Cell 160, 

785–797 (2015).

http://www.who.int/mediacentre/factsheets/fs211/en/index.html
http://www.who.int/mediacentre/factsheets/fs211/en/index.html


www.nature.com/scientificreports/

1 5Scientific Reports |            (2019) 9:73  | DOI:10.1038/s41598-018-36426-9

	29.	 Shaffer, J. S., Moore, P. L., Kardar, M. & Chakraborty, A. K. Optimal immunization cocktails can promote induction of broadly 
neutralizing abs against highly mutable pathogens. Proc. Natl. Acad. Sci. 201614940 (2016).

	30.	 Fonville, J. et al. Antibody landscapes after influenza virus infection or vaccination. Science 346, 996–1000 (2014).
	31.	 Rogers, T., McKane, A. J. & Rossberg, A. G. Demographic noise can lead to the spontaneous formation of species. Europhys. Lett. 97, 

40008 (2012).
	32.	 Dogan, I. et al. Multiple layers of B cell memory with different effector functions. Nat. Immunol. 10, 1292–1299 (2009).
	33.	 Jones, D. D., Wilmore, J. R. & Allman, D. Cellular dynamics of memory B cell populations: IgM+ and IgG+ memory B cells persist 

indefinitely as quiescent cells. The J. Immunol. 195, 4753–4759 (2015).
	34.	 Smith, D. J., Forrest, S., Hightower, R. R. & Perelson, A. S. Deriving shape space parameters from immunological data. J. Theor. Biol. 

189, 141–150 (1997).
	35.	 Storn, R. & Price, K. Differential evolution–a simple and efficient adaptive scheme for global optimization over continuous spaces. 

ICSI, Bloomington. Tech. Rep., MN, Tech. Rep. TR-95-012. Available online at, http://http.icsi.berkeley.edu/storn/litera.html (1995).
	36.	 Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference. (Springer, New York, 2002).
	37.	 Beck, I., Gerlach, H., Burkhardt, E. & Kaleta, E. Investigation of several selected adjuvants regarding their efficacy and side effects 

for the production of a vaccine for parakeets to prevent a disease caused by a paramyxovirus type 3. Vaccine 21, 1006–1022 (2003).
	38.	 Fox, C. B. Squalene emulsions for parenteral vaccine and drug delivery. Molecules 14, 3286–3312 (2009).
	39.	 Garçon, N., Vaughn, D. W. & Didierlaurent, A. M. Development and evaluation of AS03, an adjuvant system containing α-

tocopherol and squalene in an oil-in-water emulsion. Expert. Rev. Vaccines. 11, 349–366 (2012).
	40.	 O’Hagan, D. T., Ott, G. S., Nest, G. V., Rappuoli, R. & Giudice, G. D. The history of MF59 adjuvant: a phoenix that arose from the 

ashes. Expert. Rev. Vaccines. 12, 13–30 (2013).
	41.	 Khurana, S. et al. Vaccines with MF59 adjuvant expand the antibody repertoire to target protective sites of pandemic avian h5n1 

influenza virus. Science Translational Medicine 2, 15ra5–15ra5 (2010).
	42.	 Langley, J. M. et al. Safety and cross-reactive immunogenicity of candidate AS03-adjuvanted prepandemic H5N1 influenza vaccines: 

a randomized controlled phase 1/2 trial in adults. J. Infect. Dis. 201, 1644–1653 (2010).
	43.	 Baras, B. et al. Cross-protection against lethal H5N1 challenge in ferrets with an adjuvanted pandemic influenza vaccine. PLoS One 

3, e1401 (2008).
	44.	 Schultze, V. et al. Safety of MF59 adjuvant. Vaccine 26, 3209–3222 (2008).
	45.	 Baras, B. et al. Longevity of the protective immune response induced after vaccination with one or two doses of AS03A-adjuvanted 

split H5N1 vaccine in ferrets. Vaccine 29, 2092–2099 (2011).
	46.	 Beran, J., Abdel-Messih, I. A., Raupachova, J., Hobzova, L. & Fragapane, E. A phase III, randomized, open-label study to assess the 

tolerability and immunogenicity of an h5n1 influenza vaccine administered to healthy adults with a 1-, 2-, 3-, or 6-week interval 
between first and second doses. Clin. Ther. 32, 2186–2197 (2010).

	47.	 Vesikari, T. et al. Enhanced immunogenicity of seasonal influenza vaccines in young children using MF59 adjuvant. Pediatr. Infect. 
Dis. J. 28, 563–571 (2009).

	48.	 Baccam, P., Beauchemin, C., Macken, C. A., Hayden, F. G. & Perelson, A. S. Kinetics of influenza A virus infection in humans. J. 
Virol. 80, 7590–7599 (2006).

	49.	 Soetaert, K. & Petzoldt, T. Inverse modelling, sensitivity and monte carlo analysis in r using package FME. J. Stat. Softw. 33, 1–28 
(2010).

Acknowledgements
This work was supported by the Alfons und Gertrud Kassel-Stiftung.

Author Contributions
C.P.-R. constructed the model and performed the simulations. V. von M. provided the data. E.H.-V. envisaged and 
supervised the project. All authors discussed and wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36426-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-36426-9
http://creativecommons.org/licenses/by/4.0/

	Adjuvanted influenza vaccine dynamics

	Methods

	Experimental data. 
	Mathematical model of antibody production. 
	Parameters. 
	Effects of adjuvants. 

	Parameter estimation. 

	Results

	Kinetics of antibody response. 
	B cell and antibody distributions in shape space. 
	Protein-specific antibodies. 

	Discussion

	Acknowledgements

	Figure 1 Schematic illustration of the one-dimensional system.
	Figure 2 Diagram illustrating the dynamics of Eqs (1) and (2).
	Figure 3 The raw data for virus-neutralizing antibody titers, compared to the area under the curve of Ab(x, t) resulting from model A for the best parameter values, Θ*.
	Figure 4 B cell profiles at different times for model A.
	Figure 5 Antibody profiles at different times for model A.
	Figure 6 The weighted binding affinity, Q(x), as a function of vaccine formulation for model A.
	Figure 7 Protein-specific antibody titers for the different vaccine formulations for model A.
	Figure 8 Qualitative comparison between total protein-specific antibody titers from the data and the results for the functional antibody titers from model A.
	Figure 9 Antibody titer from model A for different timings of the second dose.
	Table 1 Fixed parameters appearing in the model defined by Eqs (1) and (2).
	Table 2 Best fit parameters for model A.
	Table 3 RMSE and AIC for all models considered.




