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A B S T R A C T

We consider a general mathematical model for protein subunit vaccine with a focus on the MF59-adjuvanted
spike glycoprotein-clamp vaccine for SARS-CoV-2, and use the model to study immunological outcomes in the
humoral and cell-mediated arms of the immune response from vaccination. The mathematical model is fit to
vaccine clinical trial data. We elucidate the role of Interferon-𝛾 and Interleukin-4 in stimulating the immune
response of the host. Model results, and results from a sensitivity analysis, show that a balance between the
T𝐻1 and T𝐻2 arms of the immune response is struck, with the T𝐻1 response being dominant. The model
predicts that two-doses of the vaccine at 28 days apart will result in approximately 85% humoral immunity
loss relative to peak immunity approximately 6 months post dose 1.
1. Introduction

Several COVID-19 vaccines have been approved for use in the global
population, to mitigate the effect of the pandemic. The robustness of
current vaccines with respect to the generation of long term immunity
remains to be elucidated. In the current study, we continue previous
work on SARS-Cov-2 mRNA based [1,2] and Adenovirus [3] vaccines
to quantify the effects of a protein-based subunit vaccine in immunity
generation and longevity.

Our study is based upon data from the MF59-adjuvanted spike
glycoprotein-clamp vaccine [4]. In general, protein based subunit vac-
cines present an antigen to the immune system using a specific, isolated
protein of the pathogen. As the protein subunit vaccine does not
replicate in the host, there is no risk of pathogenicity (ability of an
organism to cause disease) [5]. Early studies of protein subunit vac-
cines demonstrated low immunogenicity (inability to activate 𝑇 helper
(𝑇𝐻 ) cells) [6]. Adjuvants are thus added to protein subunit vaccine
formulations to enhance the magnitude and durability of the immune
response [7–9]. Protein subunit vaccines generally include a coupling
of an antigen to a protein that transforms the antigen into a thymus
dependent antigen capable of eliciting immunoglobulin G (IgG) and
memory responses. Adjuvanted subunit vaccines have been licensed
for as a prophylactic measure against disease such as Pneumococcus,
Neisseria meningitidis and Haemophilus influenza type b (Hib) [10,11].

The MF59-adjuvanted spike glycoprotein-clamp vaccine [4] consists
of a recombinant SARS-CoV-2 spike glycoprotein and the adjuvant
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MF59. The MF59 is a squalene oil-in-water emulsion that it is an
FDA-approved adjuvant with a long track record of safety across all
age cohort [4]. A molecular sclamp is used to stabilize the spike
glycoprotein to allow for maximal immune system activation. Phase 1
clinical trials of this vaccine included different dose levels, at 5, 15,
and 45 μg, in a two-dose regimen, and a single dose of vaccine at 45
μg followed by placebo. The vaccine was administered intramuscularly
28 days apart. Clinical trial subjects had blood samples collected on day
15, 43, and 57. Details of the clinical trial are provided in [4].

To study the activation and durability of immunity after administra-
tion of MF59-adjuvanted spike glycoprotein-clamp vaccine, we develop
a system of ordinary differential equations (ODE) that describes the
humoral and cell-mediated immune response to protein subunit vac-
cines and adjuvants. We fit our model to cytokines and immune cell
data from the vaccine clinical trial using two doses of 45 μg MF59-
adjuvanted spike glycoprotein- clamp vaccine in humans [4]. The
model is used to project humoral immunity loss over three months from
dose one of the vaccine and consider a Th1:Th2 balance of the immune
response. Following the main analysis, we consider five plausible im-
mune adjuvant stimulation scenarios of the humoral immune response
that can inform future development of adjuvants. A sensitivity analysis
is performed to identify model parameters that have maximum effect on
the peak magnitude of the immune response and immunity loss. Results
point to increased sensitivity to parameters in the T𝐻1 component of
the immune response.
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2. Method

2.1. Clinical data acquisition

An MF59-adjuvanted subunit vaccine for COVID-19 based on re-
combinant SARS-CoV-2 spike glycoprotein was studied in [4]. The
spike glycoprotein was stabilized in a prefusion conformation by a
novel molecular clamp (Sclamp) [4]. The vaccine contained recom-
binant SARS-CoV-2 glycoprotein and squalene oil-in-water adjuvant
(MF59). The clinical trial was conducted in Australia. 120 healthy
adults (18–55 years) received two doses of placebo, 5-μg, 15-μg, or
5-μg SARS-CoV-2 Sclamp, or one 45-μg dose of SARS-CoV-2 Sclamp
ollowed by placebo (24 per group). The clinical trial doses were
dministered intramuscularly 28 days apart. Clinical trial subjects had
lood samples collected on day 15, 43, and 57. Measurements of
eutralizing antibodies (nAB), the Ig-multiplex (a detailed description
n the supplemental text.), T𝐻1 cytokines (IFN𝛾 , TNF𝛽 and IL-2) T𝐻2
ytokines (IL-4 and IL-13), cytotoxic T-lymphocytes CTL, Interferon-𝛾
IFN𝛾 ), and Interleukin-4 (IL4) were determined at each time point [4].

Pooled data of the 15-μg and 45-μg two-dose trial population were
obtained from publicly accessible sources [4]. The pooled 45-μg clinical
rial data is shown in Fig. 2 (red dots). This data is also shown along
ide pooled 15-μg two-dose clinical trial data and in the Supplementary
aterial.

.2. Model

A mathematical model consisting of a system of ordinary differential
quations (ODEs) is developed to describe the activation of the immune
ystem by the protein subunit vaccine. The model is fit to the pooled
ata from multiple patients for the MF59-adjuvanted vaccine based on
he recombinant spike protein [4]. Various effects of stimulating the
mmune system with vaccine adjuvant are analyzed in this work.

We developed a general adjuvanted protein subunit vaccine in-
uced immune response model. The mathematical model describes
he dynamics of the vaccine and the immune response. The model
onsiders vaccine particles [V], and different components of the innate,
umoral and cell-mediated arms of the immune system, including 𝑇𝐻1
ytokines [Th1], 𝑇𝐻2 Cytokines [Th2], Interferon-𝛾 [F], Interleukin-4
I4], Cytotoxic 𝑇 cells [CTL], Neutralizing Antibody [A] and an Ig-
ntibody multiplex [B] which denotes the combination of Early (IgM)

Late Antibodies (IgG). A flow diagram of the model is shown in
ig. 1. Table 1 lists the model parameters and definitions. The system
f ordinary differential equations is as follows:
𝑑[𝑉 ]
𝑑𝑡

= −(1 + 𝜓)𝜂𝑣[𝑉 ][𝐴] − 𝛾𝑣[𝑉 ] (1a)

𝑑[𝑇ℎ1]
𝑑𝑡

= (1 + 𝜓)𝜂𝑡ℎ1[𝑉 ] + 𝜂𝑡ℎ1𝑓 [𝐹 ] − 𝛽𝑡ℎ1𝑖4 [𝑇ℎ1]
[𝐼4]

𝑘𝑡ℎ1 + [𝐼4]
− 𝛾𝑡ℎ1[𝑇ℎ1]

(1b)
𝑑[𝑇ℎ2]
𝑑𝑡

= (1 + 𝜓)𝜂𝑡ℎ2[𝑉 ] + 𝜂𝑡ℎ2𝑓 [𝐹 ] − 𝛽𝑡ℎ2𝑓 [𝑇ℎ2][𝐹 ] − 𝛾𝑡ℎ2[𝑇ℎ2] (1c)
𝑑[𝐹 ]
𝑑𝑡

= 𝜂𝑓 [𝑇ℎ1] − 𝛾𝑓 [𝐹 ] (1d)

𝑑[𝐼4]
𝑑𝑡

= 𝜂𝑖4[𝑇ℎ2] − 𝛾𝑖4[𝐼4] (1e)
𝑑[𝐶𝑇𝐿]
𝑑𝑡

= (1 + 𝜓)𝜂𝑐𝑡𝑙[𝑉 ] + 𝜂𝑐𝑡𝑙𝑓 [𝐶𝑇𝐿]
[𝐹 ]

𝑘𝑐𝑡𝑙 + [𝐹 ]
− 𝛾𝑐𝑡𝑙[𝐶𝑇𝐿] (1f)

𝑑[𝐴]
𝑑𝑡

= 𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (1g)
𝑑[𝐵]
𝑑𝑡

= 𝜂𝑏𝑡ℎ1 [𝑇ℎ1] + 𝜂𝑏𝑡ℎ2 [𝑇ℎ2] − 𝛾𝑏[𝐵] (1h)

Briefly, the spike proteins on the vaccine [V] are recognized by the
nnate immune response and are presented to the adaptive immune
esponse using antigen presenting cells (APCs). It is assumed that the
PCs are proportional to the vaccine virus [V]. APCs stimulate CD4+,
helper cells and cytotoxic T-lymphocytes (CTL). We consider type 1
2

Fig. 1. Schematic model of intercellular interactions of adaptive immune system cells.
V: Spike proteins on the vaccine, Th1: T𝐻1 cytokines, Th2: T𝐻2 cytokines, F: Interferon-
𝛾, I4: Interleukin-4, CTL: Cytotoxic T-cell, A: Neutralizing antibodies, B: Ig-multiplex,
The arrows denote cells, cytokines or antibodies production; bar-headed dash lines
indicate suppressive intercellular interactions.

[Th1] and type 2 [Th2] T-helper cells cytokines which are responsible
for activating the humoral (T𝐻2) and cell-mediated (T𝐻2 and CTL)
arms of the immune response [13,14]. The 𝑇𝐻1, 𝑇𝐻2 and CTL activa-
tion rates are given by 𝜂𝑡ℎ1, 𝜂𝑡ℎ2, and 𝜂𝑐𝑡𝑙, respectively. The 𝑇𝐻1 and 𝑇𝐻2
immune responses are distinguished by different panels of cytokines.
Here, we give particular focus to IFN𝛾 [F], a pro-inflammatory T𝐻1
cytokine, and IL-4 [I4], a 𝑇𝐻2 cytokine that evokes a strong antibody
response, as both [F] and [I4] measured in the clinical trial. It is
assumed that [F] and [I4] production are linearly related to [Th1]
and [Th2] with rates 𝜂𝑓 and 𝜂𝑖4, respectively. IFN𝛾 plays an activation
role of 𝑇𝐻1, 𝑇𝐻2 and CTL [15–17]. This is represented in 𝜂𝑡ℎ1𝑓 [𝐹 ],
𝜂𝑡ℎ2𝑓 [𝐹 ], and 𝜂𝑐𝑡𝑙𝑓 [𝐹 ] terms in Eq.’s (1b), (1c) and (1f). As 𝑇𝐻1 and 𝑇𝐻2
cytokines also have inhibition roles on the other arm of the immune
response, we assume that 𝐼𝐹𝑁𝛾 and IL-4 inhibit 𝑇𝐻2-cell and 𝑇𝐻1-
ell differentiation, respectively [15,18–20]. The inhibition terms are
enoted by 𝛽𝑡ℎ1𝑖4 [𝑇ℎ1]

[𝐼4]
𝑘𝑡ℎ1+[𝐼4]

and 𝛽𝑡ℎ2𝑓 [𝑇ℎ2][𝐹 ] in Eq.’s (1b) and (1c),
where 𝑘𝑡ℎ1 is a threshold constant.

The form of the saturating term [I4] /kth1+[I4] was chosen based
on receptor/ligand binding kinetics of Th1 cells and IL-4, namely that
IL-4 attaches to its receptors on the surface of CD4+ 𝑇 cells to induce
its effect. This is based on the usual Hill function dynamics, with a Hill
coefficient set to 1 (also known as Michaelis–Menten kinetics) [21].
The mass-action term, 𝛽𝑡ℎ2𝑓 [𝑇ℎ2][𝐹 ], in Eq. (1c) reflects simple ho-
mogeneous mixing of the subpopulations. We found that mass action
describes the primary inhibition well and can capture the vaccine
dynamics. [Th1], [Th2], [F], [I4] and [CTL] have natural degradation
rates 𝛾𝑡ℎ1, 𝛾𝑡ℎ2, 𝛾𝑓 , 𝛾𝑖4 and 𝛾𝑐𝑡𝑙 respectively.

In our model we focus on two subclasses of antibodies, an Ig-
multiplex [B] (the combination of IgG and IgM antibodies), and neu-
tralizing antibodies [A]. IgM is the main antibody present during a
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Table 1
Population fitted values of the model parameters for the two-dose MF59-adjuvanted spike glycoprotein-clamp vaccine. The parameters have
units (𝑑𝑎𝑦)−1 except 𝜓, 𝑘𝑡ℎ1 , 𝑘𝑐𝑡𝑙 which are dimensionless.

Parameter Definition Value (𝑑𝑎𝑦)−1 Confidence interval Comment

𝜓 Adjuvant 0.0948 [0 , 0.388] Fitted
𝜂𝑣 Vaccine and antibody binding rate 1e−6 NA [12]
𝛾𝑣 Vaccine clearance rate 0.75 [0.603 , 1.463] Fitted
𝜂𝑡ℎ1 𝑇𝐻1 cytokines activation rate by vaccine 0.00678 [0.001 , 0.013] Fitted
𝜂𝑡ℎ1𝑓 𝑇𝐻1 cytokines activation rate by interferon-𝛾 0.044 [0.039, 0.066] Fitted
𝛽𝑡ℎ1𝑖4 𝑇𝐻1 cytokines inhibition rate by interleukin-4 0.85 [0.739 , 0.869] Fitted
𝑘𝑡ℎ1 𝑇𝐻1 duplication threshold due to Interleukin-4 0.426 NA Chosen
𝛾𝑡ℎ1 𝑇𝐻1 cytokines clearance rate 0.000956 [0, 0.001] Fitted
𝜂𝑡ℎ2 𝑇𝐻2 cytokines activation rate by vaccine 2.78e−5 [2.1e−05, 4.2e−05] Fitted
𝜂𝑡ℎ2𝑓 𝑇𝐻2 cytokines activation rate by interferon-𝛾 0.017 [0.013 , 0.017] Fitted
𝛽𝑡ℎ2𝑓 𝑇𝐻2 cytokines inhibition rate by interferon-𝛾 0.059 [0.002, 0.071] Fitted
𝛾𝑡ℎ2 𝑇𝐻2 cytokines clearance rate 0.07 [0, 0.152] Fitted
𝜂𝑓 Interferon-𝛾 activation rate by 𝑇𝐻1 0.0181 [0.016 , 0.022] Fitted
𝛾𝑓 Interferon-𝛾 clearance rate 0.0796 [0.066 , 0.083] Fitted
𝜂𝑖4 Interleukin-4 activation rate by 𝑇𝐻2 0.138 [0.122 , 0.16] Fitted
𝛾𝑖4 Interleukin-4 clearance rate 0.0913 [0.076 , 0.878] Fitted
𝜂𝑐𝑡𝑙 Cytotoxic T-cell activation rate by vaccine 800 [263.891 , 1503.92] Fitted
𝜂𝑐𝑡𝑙𝑓 Cytotoxic T-cell stimulation rate by Interferon-𝛾 110 [21.105 , 464.489] Fitted
𝑘𝑐𝑡𝑙 Cytotoxic T-cell duplication threshold rate due to interferon-𝛾 600 NA [3]
𝛾𝑐𝑡𝑙 Cytotoxic T-cell clearance rate 0.026 [0.011 , 0.027] Fitted
𝜂𝑎 neutralizing antibody activation rate by Ig-multiplex 2.5 [1.049 , 2.985] Fitted
𝛾𝑎 Neutralizing antibody clearance rate 0.90 [0.90 , 0.932] Fitted
𝜂𝑏𝑡ℎ1 Ig-multiplex activation rate by 𝑇𝐻1 cytokines 18 [16.118 , 21.935] Fitted
𝜂𝑏𝑡ℎ2 Ig-multiplex activation rate by 𝑇𝐻2 cytokines 6 [4.553 , 6.908] Fitted
𝛾𝑏 Ig-multiplex clearance rate 0.05 [0.013 , 0.06] Fitted
Fig. 2. Population fits (blue lines) to the neutralizing antibody and Ig-multiplex of the MF59-adjuvanted vaccine data (red dots) [4].
rimary immune response, and IgG dominates during secondary im-
une responses and is the most common circulating antibody in the

mmune system [22,23]. Both IgG and IgM are elicited by 𝑇𝐻1 and
𝐻2 responses [24]. This is represented by 𝜂𝑏𝑡ℎ1 [𝑇ℎ1] and 𝜂𝑏𝑡ℎ2 [𝑇ℎ2] in
q. (1h). It has been shown that SARS-CoV-2 IgG titres correlate with
iral neutralization in humans [25]. We therefore model the increase in
eutralization titres to be proportional to [B]. That is, we assume that
eutralizing antibodies [A] are linearly proportional to the Ig-multiplex
B]. [A] and [B] have natural degradation rates 𝛾𝑎 and 𝛾𝑏, respectively.

Adjuvants have been widely used in combination with many ex-
sting vaccines [26]. Model (1) was developed considering the doc-
mented effects of the M59-adjuvant on the T𝐻1 and T𝐻2 arms of
he immune response [4]. Three different enhancement mechanisms
re represented, namely, increases in the activation of the T𝐻1 (see
q. (1b)) and T 2 (see Eq. (1c)) immune responses related to cytokine
𝐻

3

activity, and increases in CTL activation (see Eq. (1f)). We also assume
an increase the antibody binding rate, which can increase vaccine
clearance in the system (see Eq. (1a)). We note that, for simplicity, we
have included the adjuvant effect using the same parameter 𝜓 in Eq.’s
(1a)–(1c) and (1f). While the effect of the adjuvant can vary between
the modeled mechanisms, this cannot be determined using the current
data set. A more fine-grained study of the adjuvant is planned for future
work.

2.3. Considering extensions of the adjuvant effect to [A] and [B] production

There are uncertainties around the effect of the adjuvant on an-
tibody production. This has not been rigorously analyzed in Model
(1). Models (2)–(6) (presented below) can replace Eq. (1g) and (1h)
in Model (1) to allow for the consideration of adjuvant effects on [A]
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and [B] production. Model (2) assumes that the adjuvant only affects
production of [A]. Models (3) and (4) consider increased production of
[B] by 𝑇𝐻1 and 𝑇𝐻2 activities, respectively. In Model (5), we consider
increases in [B] production by both 𝑇𝐻1 and 𝑇𝐻2. Finally, Model (6)
considers adjuvant augmentation in all [A] and [B] production terms.
The inclusion of Models (2)–(6) allows for the study of T𝐻1 and T𝐻2
activity needed to enhance antibody production related to the adjuvant.
Again, we note that, for simplicity we have included the adjuvant effect
using the same parameter 𝜓 in Eq.’s (1a)–(1c) and (1), and Models
(2)–(6). While the effect of the adjuvant can vary between the models,
the variability of the adjuvant mechanism for each model cannot be
determined using the current data set. A more fine-grained study of
the adjuvant is planned for future work.

Model 2:
𝑑[𝐴]
𝑑𝑡

= (1 + 𝜓)𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (2a)
𝑑[𝐵]
𝑑𝑡

= 𝜂𝑏𝑡ℎ1[𝑇ℎ1] + 𝜂𝑏𝑡ℎ2[𝑇ℎ2] − 𝛾𝑏[𝐵] (2b)

Model 3:
𝑑[𝐴]
𝑑𝑡

= 𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (3a)
𝑑[𝐵]
𝑑𝑡

= (1 + 𝜓)𝜂𝑏𝑡ℎ1[𝑇ℎ1] + 𝜂𝑏𝑡ℎ2[𝑇ℎ2] − 𝛾𝑏[𝐵] (3b)

Model 4:
𝑑[𝐴]
𝑑𝑡

= 𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (4a)
𝑑[𝐵]
𝑑𝑡

= 𝜂𝑏𝑡ℎ1[𝑇ℎ1] + (1 + 𝜓)𝜂𝑏𝑡ℎ2[𝑇ℎ2] − 𝛾𝑏[𝐵] (4b)

Model 5:
𝑑[𝐴]
𝑑𝑡

= 𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (5a)
𝑑[𝐵]
𝑑𝑡

= (1 + 𝜓)𝜂𝑏𝑡ℎ1[𝑇ℎ1] + (1 + 𝜓)𝜂𝑏𝑡ℎ2[𝑇ℎ2] − 𝛾𝑏[𝐵] (5b)

Model 6:
𝑑[𝐴]
𝑑𝑡

= (1 + 𝜓)𝜂𝑎[𝐵] − 𝛾𝑎[𝐴] (6a)
𝑑[𝐵]
𝑑𝑡

= (1 + 𝜓)𝜂𝑏𝑡ℎ1[𝑇ℎ1] + (1 + 𝜓)𝜂𝑏𝑡ℎ2[𝑇ℎ2] − 𝛾𝑏[𝐵] (6b)

2.4. Parameter values

We parameterize the model by setting some parameter values and
determining others through fitting of Model (1) to the vaccine clinical
trial data of two 45 μg-adjuvanted vaccine doses [4], including data
collected at three time points (day 15, 43 and 57) with > 22 samples
at each time-point. Model fitting to the clinical trial data of two 15
𝜇𝑔-adjuvanted vaccine doses is also conducted, and is presented in the
Supplementary Material.

To ensure parameter identifiability, we fixed a number of parame-
ters whose values are informed by the literature. These informed values
are listed in Table 1, including related references to the literature.

Parameter 𝑘𝑡ℎ1, representing the saturation of Interleukin-4 is cho-
sen based on the half-max of the data set [27–29]. Fitted parameter
values are determined through model fitting to clinical trial mea-
surements of neutralizing antibodies, the Ig-multiplex, T𝐻1 cytokines,
T𝐻2 cytokines, cytotoxic T-lymphocytes CTL, Interferon-𝛾 (IFN𝛾 ), and
Interleukin-4 (IL4) [4]. The clinical trial data is shown in Fig. 2 (red
dots) and in the Supplementary Material. Fitted parameters are es-
timated by computing the maximum likelihood estimator using the
stochastic approximation expectation–maximization (SAEM) algorithm
implemented in Monolix Software. This method has been proven to
efficiently converge to the maximum likelihood estimator for nonlin-
ear mixed effects models [30]. We assume that parameters follow a
log-normal distribution.
4

Fitting assessment
Data fitting was performed using Monolix, developed for the anal-

ysis of nonlinear mixed effects models (NLMEMs). Nonlinear mixed
effects models are widely used to analyze longitudinal data collected
in clinical studies and for their ability to quantify several levels of vari-
ability, to handle unbalanced data, and to identify individual specific
covariates. It is possible to define prior distribution models on the fixed
effects. The following nonlinear mixed effects model for continuous
outputs is considered:

𝑦𝑖𝑗 = 𝑓 (𝑡𝑖𝑗 , 𝜓𝑖) + 𝜖𝑖𝑗 1 ≤ 𝑖 ≤ 𝑁 , 1 ≤ 𝑗 ≤ 𝑛𝑖

where 𝑓 (𝑡𝑖𝑗 , 𝜓𝑖) is predicted by the model at time 𝑡𝑖𝑗 , 𝜓𝑖 is the vector
of parameters for subject 𝑖, and 𝑒𝑖𝑗 is a residual Gaussian error term
f constant SD. In Monolix, we assume that 𝜓𝑖 is a transformation of a

Gaussian random vector.
Through fitting Model (1) to the clinical trial data, confidence inter-

vals for each fitted parameter can be determined. Confidence intervals
are determined by the Monolix software based on the standard errors
derived from an estimation of the Fisher Information Matrix on the
profile likelihood [30].

3. Results

The resulting parameter fit of Model (1) to the 45-μg two-dose
linical trial data, and its corresponding simulations of are shown
n Fig. 2 (also see Supplementary Material, FigureS2). The fitted pa-
ameter values are listed in Table 1, including confidence intervals
etermined by the Monolix fitting routine. We note that over time, we
bserve an increase to a peak value in all population variables, followed
y a decay, but that the peak times can vary considerably between
opulations. Please see the Th1 and IL4 dynamics in Fig. 3, for example.
dditionally, under the fitted parameter values listed in Table 1, the
odel decays to a natural equilibrium of the Th1, Th2, F, I4, CTL, A

nd B populations in absence of vaccine. As the fitted model parameters
re associated with data between days 0 and 60 post dose one and there
re no measurements of the immune system prior to vaccination, it is
ot possible to interpret this equilibrium in terms of the underlying
iology both prior to vaccination and over a long timeframe post dose
wo. Basal levels of interferon, interleukin, and Th1 and Th2 cytokines
o exist in absence of immune system antigen stimulation [31–33]. An
n-depth analysis is left to future work when longer term measurements
f the immune system are available. Herewithin, we report results in
he short-term post vaccination up to day 120 post dose one (and only
wo months post final measurement in the clinical trial).

An antibody-mediated response is referred to as humoral immunity.
e find humoral immunity degradation rates, 𝛾𝑎 and 𝛾𝑏 to be 0.90 and

.05 d−1 respectively. We predict that the vaccine elicited antibody
evels will decay to 23% of the peak magnitude by day 120.

Fig. 3 shows that a balance between the 𝑇𝐻1 and 𝑇𝐻2 immune
esponses is achieved — Th1 cytokines peak early and this is followed
y a peak in Th2 cytokines sometime later, but with much lower
agnitude. This outcome is in agreement with [34] whereby a balance

s struck between IFN𝛾 and IL-4 such that the former dominates the
mmune response — we observe lesser enhancement of type 2 cytokines
i.e., IF-4) in comparison with type 1 cytokines (i.e., IFN𝛾 ), and a
alanced T𝐻1-T𝐻2 profile results. We note that this result reflects
he inhibitory activities of the T𝐻1 and T𝐻2 arms of the immune
esponse. Each of the two helper 𝑇 cell subsets inhibit the development
nd function of the other. IFN𝛾 , produced by T𝐻1 cells, inhibits the
evelopment and function of T𝐻2 cells, whereas IL-4, produced by T𝐻2
ells, inhibits the development and function of T𝐻1 cells. Presumably,
he reason T𝐻1 and T𝐻2 cells inhibit each other is that both subsets
lso induce inflammation, which must be regulated. The T𝐻1-T𝐻2

balance observed here indicates that a pro-inflammatory response is
elicited by the M59 subunit vaccine.
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Fig. 3. (a) Predicted IFN𝛾 and IL-4 based on fits to clinical data for two doses of
F59-adjuvanted subunit vaccine for COVID-19. (b) Predicted T𝐻1 and T𝐻2 cytokines

as a function of time.

We extend our study on the effects of vaccine adjuvants in Fig. 4,
which plots the predicted neutralizing and Ig-multiplex antibodies for
Models (1)–(6). Both subplots are normalized by the peak magnitude
resulting from Model (1) (blue lines). Adding an adjuvant to the an-
tibody response increases the neutralizing antibody and Ig-multiplex
responses in different manners, depending on the model structure being
considered (see Models (2)–(6)). The highest neutralizing antibody
ratio belongs to the Model (6) (yellow line) which adds adjuvanted en-
hancement in all antibody production terms. However, the Ig-multiplex
responses in Fig. 4 (bottom panel) shows that enhanced activity in the
production of [B] is only needed to achieve a maximal Ig-multiplex
response (Model (3), black line).

It is interesting to note that Model (4) does not achieve any augmen-
tation in neutralizing or Ig-multiplex antibodies compared to Model (1).
This result and that above show that augmentations in T𝐻1 activity
are needed to enhance antibody activity — enhancing T𝐻2 antibody
production alone, has no effect on these outcomes.

3.1. Sensitivity and uncertainty analysis

Sensitivity and uncertainty analysis is used to identify model pa-
rameters that most affect immunity outcomes within their defined
parameter ranges. Here, we utilize the robust Latin Hypercube Sam-
pling and Partial rank correlation coefficient method (LHS-PRCC) [35]
to identify model parameters that most affect antibody, T𝐻1, and T𝐻2
eak magnitudes and loss from the peak (we have chosen to look at
oss from 100 to 92% of peak value as this is what has been considered
 t

5

Fig. 4. (a) Ratio of predicted neutralizing antibody normalized by peak neutralizing
antibody (b) Ratio of predicted Ig-multiplex, normalized by peak Ig-multiplex.

in previous studies [36]). LHS-PRCC results are shown in Figs. 5 and
6. We used a sample size of 10000 parameter sets determined using
a latin hypercube within the defined ranges of the parameter values
shown in Table 1. Monotonic relationships between the outcomes of
interest (peak magnitude of antibodies, T𝐻1 and T𝐻2 populations) and
all model parameters were verified. LHS-PRCC results greater |0.5| are
onsidered significant. These are listed in Table 2.

Considering both the peak and loss of immunity sensitivity analysis
esults, we find that, common to both sensitivity analysis results, to
ncrease all peak values and decrease all immunity loss, decreases
n 𝛾𝑣 are needed, as well as increases in 𝜂𝑡ℎ1. In other words, based
n the sensitivity analysis results of the peak and loss of immunity,
oth sensitivity analyses are in direct correlation with each other. This
emonstrates that the T𝐻1 response has the strongest influence on
q. (1) outcomes.

.2. Vaccine dose size

In order to be an effective mitigation tool, all vaccines should
roduce a strong immune response. In the Supplementary Material, we
lot the outcomes of the model fitting to the clinical trial data related to
wo 15𝜇 doses. Corresponding parameter values are also listed in the
𝑔
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Fig. 5. Sensitivity analysis of T𝐻1-cytokine, T𝐻2-cytokine, Neutralizing antibody and Ig-multiplex population to changes in parameters of model (1).
6

Table 2
PRCC values for parameters of model (1) that significantly affect peak value or loss rate.

Peak value Immunity loss

Variable Parameter Magnitude Correlation Parameter Magnitude Correlation

𝛾𝑣 0.96 – 𝛾𝑣 0.74 +
T𝐻1 𝜂𝑡ℎ1 0.96 + 𝛽𝑡ℎ1𝑖4 0.66 –

𝜂𝑖4 0.65 –
𝜂𝑡ℎ1 0.64 –
𝑘𝑡ℎ1 0.62 +
𝜂𝑡ℎ2𝑓 0.61 –
𝜂𝑓 0.57 –

𝜂𝑏𝑡ℎ1 0.92 + 𝛽𝑡ℎ1𝑖4 0.64 –
IgGs + IgM (Ig-multiplex) 𝜂𝑡ℎ1 0.89 + 𝜂𝑖4 0.6 –

𝛾𝑣 0.88 – 𝜂𝑡ℎ1 0.59 –
𝛾𝑏 0.84 – 𝑘𝑡ℎ1 0.59 +

𝜂𝑡ℎ2𝑓 0.58 –
𝛾𝑣 0.55 +
𝛾𝑏 0.5 –
𝛾𝑖4 0.5 +

𝜂𝑓 0.88 + 𝛽𝑡ℎ1𝑖4 0.6 –
𝜂𝑡ℎ2𝑓 0.86 + 𝜂𝑡ℎ1 0.56 –

T𝐻2 𝜂𝑡ℎ1 0.85 + 𝑘𝑡ℎ1 0.56 +
𝛾𝑓 0.85 – 𝜂𝑡ℎ2𝑓 0.56 –
𝛾𝑣 0.83 – 𝜂𝑖4 0.56 –
𝛾𝑡ℎ2 0.81 – 𝛾𝑣 0.5 +

𝛾𝑖4 0.5 +

(continued on next page)
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Table 2 (continued).
Peak value Immunity loss

Variable Parameter Magnitude Correlation Parameter Magnitude Correlation

𝜂𝑎 0.87 + 𝑘𝑡ℎ1 0.6 +
𝛾𝑎 0.87 – 𝛽𝑡ℎ1𝑖4 0.6 –
𝜂𝑏𝑡ℎ1 0.87 + 𝜂𝑖4 0.59 –

Neutralizing Antibody 𝜂𝑡ℎ1 0.83 + 𝜂𝑡ℎ1 0.59 –
𝛾𝑣 0.81 – 𝜂𝑡ℎ2𝑓 0.58 –
𝛾𝑏 0.76 – 𝛾𝑣 0.55 +

𝛾𝑖4 0.5 +
𝛾𝑏 0.5 –
Fig. 6. LHS sensitivity of immunity loss of T𝐻1-cytokine, T𝐻2-cytokine, Neutralizing antibody and Ig-multiplex population to changes in parameters of model, 8% loss from the
peak.
supplementary. We note that many of the fitted parameter values are
similar in magnitude to the 55𝜇𝑔 two dose clinical trial fitted values.
However, while 𝛾𝑣 is reduced, 𝜂𝑡ℎ1 is also reduced. Additionally, there
are changes in many parameters that will decrease peak values and
increase immunity loss. We therefore find that the two 15𝜇𝑔 doses of
vaccine will be sub-optimal in eliciting an effective immune response,
especially compared to two 45𝜇𝑔 doses.

Fig. 7 plots the outcome of our model assuming different initial
doses of the vaccine, assuming the parameter values related to the
45𝜇𝑔 two dose clinical trial data (see Table 1). Specifically, we plot

the neutralizing and Ig-multiplex antibody populations. Intuitively, the

7

outcomes depend on the dose size. Overall, we find that two doses of 5
and 15 μg MF59-adjuvanted protein vaccine elicit lower peak immunity
responses against SARS-CoV-2. However, we observe that each vaccine
dosage example will move to similar measurements of the neutralizing
and Ig-multiplex antibody populations by day 120. We note that if the
goal of vaccination is longer term persistence of neutralizing and Ig-
multiplex antibodies, given the parameter value assumptions here, a
smaller dose size would allow for more individuals to be vaccinated.
However, this is not typically the case — high population levels of

antibodies are typically wanted in the short-term to provide optimal
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Fig. 7. Neutralizing and Ig-multiplex dynamics as a function of time for 5, 15 and 45 μg MF59-adjuvanted subunit vaccine dose sizes. Parameter values are from Table 1.
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protection. Studies on the protective capacity of the levels of antibody
predicted by our mathematical model need to be conducted.

4. Discussion

Subunit vaccines contain purified viral proteins (an antigen) that
are not infectious, and often also contain an adjuvant. Protein subunit
candidates usually exhibit an extremely favorable safety profile but
require an adjuvant which is used precisely to enhance cell mediated
immune responses. In this study, we developed a mathematical model
of immune system activation by a protein subunit adjuvanted vaccine.
The model was developed considering the documented effects of the
M59-adjuvant on the T𝐻1 and T𝐻2 arms of the immune response [4].

e fit the mathematical model to clinical trial data from [4] using
45 μg dose size. The model projects an increase in immune system

activity, followed by a decrease. We observe a balance between T𝐻1
nd T𝐻2 cytokines, and find a TH1 dominated response overall. Sen-
itivity analysis demonstrates that peak immune system outcomes are
ost affected by changes in T𝐻1 immune system activation parameters.

inally, we find that, if smaller dose sizes of the vaccine have the
ame capability in activating the immune response, peak responses can
e considerably lower, which is not generally a wanted outcome of
accination.

Inflammatory and anti-inflammatory signals can affect a host’s
everity of infection [37–39]. In the SARS-CoV-2 sclamp vaccine, M59
s used as an adjuvant. M59 is known to elicit higher T𝐻1 (humoral)
nd T𝐻2 (cellular) immune responses. The adjuvant MF59 is also
nown to primarily enhance T𝐻1 responses. Fig. 3 shows that T𝐻1
ytokine expression exceeds that of T𝐻2 cytokines. Our T𝐻1 and
𝐻2 predictions are in agreement with the AS03-adjuvanted subunit
accine [40]. The balanced production of cytokines associated with
𝐻1 and T𝐻2 responses may be advantageous in boosting T-cell pro-
ection. The balance may also reduce the severity of respiratory disease
utcome [41].

In the M59-adjuvanted protein subunit vaccine clinical trial, anti-
odies were induced against the S1, S2, and receptor binding domain
pike glycoprotein subdomains, as well as the clamp domain [4]. We
onsidered an analysis of neutralizing antibodies and the Ig-multiplex.
e find peak Ig-multiplex response at day 36. The neutralizing an-

ibody maximum is at day 37. Thus, maximum antibody value is
chieved approximately five weeks after the first vaccine dose. In this
8

work, we also study the half maximum of antibody titres to characterize
the percent loss. The Ig-multiplex half-maximum is reached at day 80
and that of the neutralizing antibody appears at day 82. The model
predicts that the protein subunit vaccine maintains approximately 23%
of the neutralizing antibody and Ig-multiplex by day 120. A recent
study proposed that relatively low antibody titres are sufficient for
protection against SARS-CoV-2 in rhesus macaques, with approximately
8% from peak needed to protect the host from infection [36]. However,
such clinical evidence for humans is still absent.

We have included the adjuvant effect using the same parameter 𝜓
in Models (1)–(6). This analysis was used to determine models where
added adjuvant effects (i.e., what model terms) would be needed to
increase peak outcomes of immunity. We find that Model (6) performs
best considering neutralizing antibodies, but that IgG and IgM are
maximized for Model (3),(5),(6), showing that enhancement of 𝜂𝑏𝑡ℎ1
is needed. We note that, for simplicity, the effect of the adjuvant was
considered the same in all model terms. The effect of the adjuvant, how-
ever, can vary between the modeled mechanisms. A more fine-grained
study of the adjuvant is planned for future work.

We can also compare our model-determined values with similar
values from the literature. For example, in this work we find an IL-
4 clearance rate of 0.09 d−1. A previous SARS-CoV-2 infection study
determined an IL-2 degradation of 0.096 d−1 [1], and further, an
average interleukin degradation rate of 0.027 d−1 was found in our
previous work on mRNA vaccines [1]. We also find a CD8+ clearance
rate of 0.026 d−1, leading to an equivalent half life of 26.7 days. This
alue is of similar magnitude to other previously reported values. For
xample, CD8+ decay rate of 0.01 with an equivalent half life of 69
ays was determined for severe H7N9 disease [42].

Recently, we studied antibody decay from peak level for other
OVID-19 vaccine platforms [1–3]. Table 3 summarizes results from
hese and the current study. Considering these results, it appears that
he adenovirus-based Oxford vaccine and the MF59-adjuvanted subunit
accine have more gradual declines in antibody. However, a more
etailed modeling study on a comprehensive dataset for all vaccines
ith similar measurement units is needed to make a full comparison.
his is considered for future work.

. Data sharing

In the supplementary material, all individual fitted plots to the two-
ose MF59-adjuvanted spike glycoprotein-clamp vaccine are available.
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Table 3
Comparison of antibody degradation for 3 vaccine types..

Vaccine type 25% loss (day) 50% loss (day) 75% loss (day)

Two-dose 45 μg MF59-adjuvanted
spike protein vaccine

60 80 116

Two standard dose
BNT162b2

72 88 110

Two-dose adenovirus-based
Oxford vaccine

115 138 178
The raw data used for fitting can be made available upon reasonable
request to the corresponding author.
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