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Abstract: During the SARS-CoV-2 global pandemic, several vaccines, including mRNA and ade-
novirus vector approaches, have received emergency or full approval. However, supply chain
logistics have hampered global vaccine delivery, which is impacting mass vaccination strategies.
Recent studies have identified different strategies for vaccine dose administration so that supply
constraints issues are diminished. These include increasing the time between consecutive doses in a
two-dose vaccine regimen and reducing the dosage of the second dose. We consider both of these
strategies in a mathematical modeling study of a non-replicating viral vector adenovirus vaccine in
this work. We investigate the impact of different prime-boost strategies by quantifying their effects
on immunological outcomes based on simple system of ordinary differential equations. The boost
dose is administered either at a standard dose (SD) of 1000 or at a low dose (LD) of 500 or 250 vaccine
particles. Results show dose-dependent immune response activity. Our model predictions show that
by stretching the prime-boost interval to 18 or 20, in an SD/SD or SD/LD regimen, the minimum
promoted antibody (Nab) response will be comparable with the neutralizing antibody level measured
in COVID-19 recovered patients. Results also show that the minimum stimulated antibody in SD/SD
regimen is identical with the high level observed in clinical trial data. We conclude that an SD/LD
regimen may provide protective capacity, which will allow for conservation of vaccine doses.

Keywords: adenovirus-based vaccine; SARS-CoV-2; COVID-19; adaptive immune response; neutral-
izing antibody (NAb); IgG antibody; mathematical modeling

1. Introduction

The spread of coronavirus disease 2019 (COVID-19), caused by severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2), can be mitigated through safe and effective
vaccines. Different vaccine types are currently being used to protect individuals from
SARS-CoV-2 infection and disease. The four main types of COVID-19 vaccine in clinical
trial includes whole virus, protein subunit, viral vector, and nucleic acid (RNA and DNA).

Limitations in vaccine supply, however, can affect the outcomes of the global vacci-
nation campaign. Reductions in dose size, and a second dose delay whereby the second
dose is delivered in a time frame beyond the manufacturer’s recommended schedule, can
thus be considered, so that vaccine supply issues are diminished. In this work, we mathe-
matically model adenovirus-based vaccines using a system of simple ordinary differential
equations. The goals of our mathematical modeling study are two-fold, to (1) identify
biological and vaccine characteristics that may allow for heightened and longer-lasting
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immune responses from vaccination, and (2) study the outcomes of a delayed second
dose with the same or smaller dose size. The goals of this study are directly related to
vaccine supply as we can determine if delaying and administering smaller second doses
can provide immunological protection of similar magnitude to the recommended vaccine
schedule (i.e., two similar-sized doses separated by 28 days).

The ODE-based model introduced in this work is based on the biological signaling
pathway of the immune response to vaccination. The model includes both cellular and
humoral immune system components, including vaccine particles, T helper cells, interferon-
gamma (IFNy), interleukin 6 (IL6), plasma B-cells, antibody, and cytotoxic T-cells. Model
parameters were fit to clinical trial data for the COVID-19 ChAdOx1-S (AZD1222) vaccine
developed by the University of Oxford and AstraZeneca [1].

Our results show evidence for a dose-dependent behavior of the immune system in
response to an adenovirus-based vaccine [2]. Our results suggest that limiting the booster
decreased antibody and cytotoxic T-cell levels as compared to regimens that follow the
manufacturer’s recommended dose size and dosing schedule. Model results also show
that, compared to clinical data [3], the model-predicted antibody level is comparable to
the level attained by a patient with mild symptoms who recovers from COVID-19. Model
predictions of attenuated IFN+ level by second shot delay and reduced dose size can
provide a measure of vaccine efficacy and safety of a vaccine program with a delayed
second dose.

This paper is organized as follows: In Section 2, we describe the mathematical model
of the adaptive immune response. We then fit the model to available clinical trial data for
the Oxford/AstraZenca vaccine [1]. A sensitivity analysis is then performed to determine
model parameters that most affect peak values of the immune system outcomes from
vaccination and, thus, the longevity of components of vaccine-induced immunity. Finally,
we study the effects of delays in the second dose of the vaccine and the use of smaller-sized
second doses. We conclude the paper in Section 4.

2. Model

The adaptive immune system is activated after exposure to an antigen either through
vaccination or infection by a pathogen if the innate immune response is insufficient to
stop the disease. Cell-mediated immunity, contributed by T-cells, and humoral immu-
nity, controlled by activated B-cells, are components of the adaptive immune response
that activate the immune system to protect the human body. These immune response
components also generate memory T- and B-cells to protect an individual from future
infection or disease. We have developed a mathematical model of an adenovirus vaccine
that considers humoral and cell-mediated immune response mechanisms. The mechanisms
of the cell-mediated immune response are illustrated in Figure 1, using bold and shaded
components. Upon vaccination, vaccine particles will be recognized by components of the
innate immune response, antigen-presenting cells (APCs, denoted here by APC1 and APC2,
which are related to major histocompatibility complex (MHC) class 1 and 2 molecules,
respectively). T helper type 0 cells (Thy) are activated through (APC2) and differentiate
into Th; and Th;y cells (central part). Cytotoxic T-cells (CTL, also called CD8 T-cells) can
then be stimulated through the cytokine production from Th; cells, including interleukins
(IL2, IL12), transforming growth factor-alpha TGFa and Interferon IFNvy. Activated CTL
differentiates into effector cells, which can then become memory CD8 T-cells. Th; cells
recognize the Th epitopes that are presented by B-cells through the MHC class II receptors.
After being activated, Thy cells secrete IL4, IL5, IL6, IL10, and TGFp to stimulate B-cell
activation and differentiation into plasma cells and memory B-cells (right part). The plasma
cell produces neutralizing (NAb) antibody responsible for clearing the infection [4—6].
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Figure 1. Vaccine-induced immune activation pathway for an adenovirus vaccine. Faint background:
The subsequent downstream of signaling pathways activated through adaptive immunity when
SARS-CoV-2 enters the human cell. Highlighted compartments describe vector-based vaccine-
induced immune system stimulation that is modeled explicitly in this study. The dashed arrows
show implicit communications between cells and cytokines, and the only solid arrow indicates the
production of antibodies by B-cells.

A simple network that reflects the entire diagram in Figure 1 is shown in bold. This
simple network provides the basis of the mathematical model used in this study and has
been chosen so to reduce the dimension of the system, given available parameters from
the literature and the availability of the vaccine data. We explicitly consider T helper type
0 cells, plasma B-cells, antibody, cytotoxic T-cells, and two central cytokines, including IFNy
and IL6. An external stimulus, the vaccine, activates the immune response. The model
consists of the following system of seven nonlinear ordinary differential equations.
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with variables summarized in Table 1, and 21 model parameters, listed in Table 2. Ac-
cordingly, parameters referring to variable production processes are denoted by ;;, where
iand j = {1,2,...,7}, corresponding to populations {V,T,F,I,B, A,C}, and denote the
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stimulated and stimulating populations, respectively. Parameters referring to the interac-
tion of entities i and j are denoted by a;;. We note that ; ; is not necessarily equal to aj;.
Finally, parameters referring to the natural death of the population under consideration
are defined by <y, where kin {v,t, f,i,b,a, c}, corresponding to the model variables.

Table 1. Model variables.

Variable Definition

Vaccine cell

T helper type 0 cell (Thy)
Interferon gamma (IFNvy)
Interleukin 6 (IL — 6)
Plasma B-cell

Antibody

Cytotoxic T-cell

O™t —me <

Table 2. Model Parameters.

Parameter Definition Value Unit Comment

X16 Vaccine neutralizing rate by antibody molecules 1x10°° day’l(a.u.)’1 Handle et al., 2018
Yo Vaccine clearance rate 0.2 day~! Cao etal., 2016
U1 Thy cells activation rate by vaccine particles 0.035 day ! Chosen

Yt Thy cells natural death rate 0.055 day’l Cao et al,, 2016
Uz IFN+ stimulation rate by Thg 2.55 day~! Fitted

04 IFN natural degradation rate 0.13 day ! Fitted

w37 IFN+y absorption rate by CTL for mitotic signals 0.006 day_l(a.u.)_1 Fitted

Uap IL6 release rate by Thg 1.3 day’1 Fitted

Vi IL6 natural degradation rate 0.0008 day~! Chosen

aq5 IL6 absorption rate by B-cells for mitotic signals 0.0001 day !(a.u.)7! Fitted

Us2 B-cell activation rate by Thg 0.02 day~! Fitted

X54 B-cell stimulation rate by IL 0.05 day’l(a.u.)’1 Fitted

S; B-cell duplication threshold due to IL 1000 a.u. Chosen

b B-cell natural death rate 0.06 day’l Fitted

eles Released Ab rate by B-cells 7 day ! Fitted

Ya Ab natural degradation rate 0.06 day’l Fitted

el Ab -V cells binding rate 1x 1077 day’l(.a\.u.)’1 Chosen

U7 CTL activation rate by vaccine 0.002 day~! Fitted

73 CTL stimulation rate by IFNvy 0.09 day’l(a.u.)’1 Fitted

Sf CTL duplication threshold due to IFN+y 600 a.u. Chosen

Ye CTL natural death rate 0.01 day~! Wang et al., 2016

In Equation (1a), vaccine particles are injected into the host with a predefined dosage.
Their inhibition is described by natural decay and neutralization by antibody [7,8].

T helper cells are essential cells in that they are involved in activating the humoral
and cell-mediated immune responses. T helper cells are activated by specialized antigen-
presenting cells (APCs) through the primary histocompatibility class II/peptide complexes.
Model (1) considers T helper type 0 cells only (we do not consider differentiated T-cell
dynamics). See Equation (1b). We also simplify the model by ignoring the explicit popula-
tion of APCs and instead assume that the Thy population activation is proportional to the
vaccine particles in the system (i.e., we assume that the APC population is proportional to
the vaccine particles count).
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IFNv is a type-1I IFN that plays a crucial role in regulating the adaptive immune
response. It is produced by a wide variety of lymphocytes, including CD4+, CD8+, and
regulatory T (Treg) cells, B-cells, and NK cells. Although numerous cells can express IFNv, it
is mainly secreted by T-cells, and it is the defining cytokine of Th; helper cells [9,10]. Accord-
ingly, and based on the signaling pathway introduced by Figure 1 here, in Equation (1c), we
define the source term of IFNy (132 T) to be the Thy cells in the system. We also assume that
IFN+y can be degraded or removed in the system by (1) Thy cell surface binding (for mitotic
and stimulation signals in cytotoxic T-cell, C, proliferation [11]), and (2) natural decay.

We also explicity model IL6, another cytokine in the system (Equation (1d)). IL6 is a
pleiotropic cytokine [12,13] produced by many different T-cell types, including T- and
B-cells [14], that has a pivotal role in the activation and stimulation of the immune
response [15]. IL6 also plays an important role in antibody production [16]. IL6 has a
wide range of functions and acts as a B-cell stimulatory factor to induce antibody pro-
duction [17]. Elevated IL6 levels are found in COVID-19 patients with mild and severe
symptoms [18-31] implying that IL6, alongside other cytokines, can be of prognostic value
in these patients [32]. In our mathematical model, IL6 is considered to be secreted indirectly
by Thy cells and is partially absorbed for stimulation signals in B-cell priming.

Plasma B-cells are long-lived, non-proliferating cells arising from B-cell differentiation,
stimulated by interaction with T helper cells. Activated plasma B-cells produce neutralizing
antibody, which are responsible for clearing the infection. In Equation (1e) we consider an
indirect activation of plasma B-cells by Thy cells at rate ys, T, and by IL6, which is assumed
to have an adjuvanted role in stimulation, as4( ﬁ)B, where a5, is a recruitment rate and
S; is a saturation constant. Plasma B-cells die naturally at rate ;.

Humoral immunity is an antibody-mediated response that occurs when plasma B-cells
are activated. In Equation (1f) we assume that antibody production is proportional to the
number of plasma B-cells, by rate ji¢5. We also assume that antibodies are degraded at a rate
Ya, or removed through vaccine binding at rate a4;. They can be lost to the system through
vaccine particle binding (x¢1 A V). Note that the simulated antibody, without specialization,
is entirely the neutralizing antibody (Nabs), which is responsible for defending cells from
pathogens or infectious particles by neutralizing its biological effects.

Finally, like the activation of Thy cells, in Equation (1g), we assume that cytotoxic
T-cells (also known as cytotoxic T-lymphocytes, CTL, and activated CD8 T-cells) priming
is proportional to the number of vaccine cell particles (y71 V). We also assume that IFN+y
can stimulate further cytotoxic effector T-cells (term az3( Sf%)C) [9,33]. Finally, cytotoxic

T-cells die at rate ..

The initial conditions for all activated cells and cytokines are zero T(0) = F(0) =
1(0) = B(0) = A(0) = C(0) = 0, assuming that we are starting in a system with no
activated immune response. The first and second doses are entered into the system using
an initial condition of V(0) = 1000, and an impulse of 1000, 500 or 250 vaccine particles is
provided to the system at the time of the second dose. The standard dose size used here is
chosen to be 1000 vaccine particles. This is an arbitrary value. When a smaller or larger
dose size is chosen, parameters 51, g1 and py; are simply rescaled.

2.1. Parameter Fitting

The vaccine on which we base our parameters is the one produced by AstraZeneca/
Oxford [1], an adenovirus-based SARS-CoV-2 vaccine that has been approved in many
countries, such as the United Kingdom, Bangladesh, Egypt, Australia, Canada, Thailand,
Malaysia, Philippines, South Korea and so on. We parameterize the model by fixing some
parameter values from the literature and others to the vaccine trial data using a grid search
method. Some parameters had limited data availability, and their values are chosen (see
Table 2). Sensitivity analyses are performed to assess variations in model outcomes due
to changes in the fixed and chosen parameters. The final fit of the model to the vaccine
trial data was defined by the minimum of the root-mean-squared error (RMSE), which
considers differences between the IFN< and antibody data for SARS-CoV-2 IgG response,



Vaccines 2021, 9, 861

6 of 13

and the model-predicted values for these values. Clinical trial data for one and two doses
of the vaccine are both considered.

We note that the parameters of the modeled neutralizing antibody response are fit
to IgG clinical data. Although IgG is the most common antibody (70-75% of all human
immunoglobulins found in the plasma [34,35]), we must consider a proportionality between
IgG and the antibody population. We thus assumed that IgG = ¢ NAbs, and the antibody
equation in Model (1) becomes

dl
8 _ Ues€B — v,1g —ag1Ig V.

dt
Consequently, we consider pgse as one parameter in the model fit to the vaccine
trial data.

2.2. Sensitivity Analysis

We employ sensitivity analysis methods that include Latin hypercube sampling
(LHS) [36,37] and partial rank correlation coefficients (PRCC) to study the effects of param-
eter variation on key model outcomes of interest. We use 10,000 samples from a uniform
distribution over parameter ranges within the interval with median = parameter value,
listed in Table 2, minimum = 0.5*parameter and maximum = 1.5*parameter. PRCC val-
ues are calculated on model outcomes associated with a strong vaccine-induced immune
response. We choose to study the peak magnitude of each model variable, as peak value
correlates with a longer-lasting immune response. We note that PRCC values with a mag-
nitude close to unity indicate that the parameter has the highest attainable significant
impact on the model output [38]. A value greater than 0.5 is assumed to be significant [38].
Additionally, PRCC values can be negatively (negative sign) or positively correlated with a
model outcome [39].

3. Results

The model fit to the IgG and IFN+y data [1] is shown in Figure 2. We observe that post
priming, the model predicted antibody level is comparable to the clinical trial data for the
56-69 (one dose) age group, and it lies in the upper range of the antibody levels reported
by [1]. After boosting (red line), the antibody level increases to about 10* titer, which lies
close to the lower end of the clinical trial measurements.

The model-predicted result of IFN+y after the prime is also consistent with clinical data
and boosted by the second dose injection. The resulting IFN+y level predicted by the model
lies close to the lower values measured in the clinical trial at days 28 and 42.

SARS- CoV- 2 1gG Response

IFNII ELISpot Response
1500 :

—@— 18-55(SD)
. : v 5669 (LD)
, 1250 R e
— O H <€ >=70(sD)
£ b T Mo precicton {one doen
B @ 1000
< c
5 = 750
k5 £
§ E‘ 500 [
5 3
© )
250
L L L L L L O Y L L L L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Days since vaccination Days since vaccination

Figure 2. Antibody and IFN1 fit to the clinical trial data [1]. Blue and red solid lines: predicted results
for participants who received one (blue) or two doses (red), with a boost dose at day 28 (shown by
black vertical dashed lines). Left: The purple horizontal dashed line shows the maximum stimulated
antibody level post-boost.
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3.1. Sensitivity Analysis

A sensitivity analysis is performed to assess changes in model outcomes as parameter
values are varied. We examine the sensitivity of the peak values of T helper cells, IFNvy,
interleukin, B-cells, antibody, and cytotoxic T-cells. We are interested in determining what
parameters maximize peak values so that longer-lasting immune outcomes can be realized
from vaccination (assuming that longer-lasting immunity correlates with increased peak
value). Results of the LHS/PRCC analysis are shown in Figure 3 for all model parameters.
Significant parameters affecting peak values, with an absolute value of PRCC > 0.5, are
listed in Table 3. A monotonic relationship between the outcomes and the parameter values
is confirmed in all cases.

Table 3. Parameter sensitivity with absolute value of PRCC > 0.5.

Variable Parameter Absolute PRCC Value
T 0.8 < PRCC < 0.9
“l/l21 %08
Yo ~0.8
A (Antibody) eUe5 ~0.7
w54 0.6 < PRCC < 0.7
Yt ~0.6
Us2 ~0.6
Ya 0.5 < PRCC < 0.6
a3 0.8 < PRCC < 0.9
Yo 0.8 < PRCC < 0.9
Yt ~0.7
C (CTL) 1ot 0.6 < PRCC < 0.7
H32 0.6 < PRCC < 0.7
]/171 %06
H21 ~0.9
U3z ~0.9
Yo 0.7 < PRCC < 0.8
F (IFNvy) " ~0.6
]471 ~0.5
w37 ~0.5
H21 ~1
T (Thy) Yo ~1
Yt ~0.7
H21 ~0.8
’Yb %08
Plasma B Yo 0.7 < PRCC < 0.8
]/152 %’07
54 0.6 < PRCC < 0.7
Tt ~0.6
Hao ~0.9
U2 ~0.9
1 (IL6) o 0.8 < PRCC < 0.9
vt 0.8 < PRCC < 0.9

Generally, we find that increases in peak value correlate with increases in stimulation
and secretion, and decrease with increases in death and decay rates. Peak antibody and
plasma B-cells both have a high sensitivity to <;, the B-cell natural death rate, as4, the
B-cell stimulation rate by IL — 6 and ps,, the B-cell activation rate by Thy. Peak CTL is
very sensitive to ay3, simulation rate by IFN+,u3,, IFN stimulation rate by Thy, S £, CTL
duplication threshold due to IFNy, which is a chosen parameter, and activation by virus
particles, py;. Variations in secretion rates i3 and pi4 significantly affect the peak values
of interferon and interleukin, respectively.
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We note that variation in y51, v and -y, significantly affects all populations. This is
an intuitive result as 51, ¢, and 7, all affect the peak Thy value, and the Thy population

stimulates the rest of the immune response.

Antibody Peak Value CTL Peak Value
§
~ PRCC ~ PRCC
T Cell Peak Value B Cell Peak Value

0z o0 oz
PRCC

08

06

04 0.4

vz o oz
PRCC

06

08

IF Peak Value

04 04 06 08 1

PRCC
IL-6 Peak Value

08

06

04 04 06 08 1

vz o oz
PRCC

Figure 3. Sensitivity analysis of Model (1) using 10,000 iterations of a Latin hypercube sampling (LHS) method with a
partial rank correlation coefficient (PRCC). PRCC values with magnitude close to unity indicate that the parameter has a

strong impact on the model output [38].

We note that y5; is is a chosen parameter. Although variation in its value significantly
affects all population peak values, since it is related to the activation rate of the Thy popula-
tion, which activates the rest of the immune response, it is always countered by sensitivity
to vy and 1;, which are parameters informed by the literature. Given a constant activation
and proliferation capacity of Thy cells, an increase in 51 would require an increase in 7y of
similar magnitude. Therefore, we conclude that sensitivity to this parameter is limited.

Lastly, we note that the only other chosen parameter value that significantly affects
any model outcome is S, the saturation constant of the CTL population. The parameter
ranks 6th in significance related to peak CTL value only, suggesting that sensitivity to this
parameter is not a concern.

3.2. Mechanism of Vaccine-Induced Immunity with Booster Delay and Sparing

We now apply Model (1) in a study of reduced second dose volume, and its delay.
We consider several different scenarios based on varying assumptions on boosting (second
dose). We first provide the system with a standard dose (SD) of 10% vaccine particles.
We then provide a SD second dose, a low dose (LD) of 500 vaccine particles, or a LD of
250 vaccine particles. The second dose is injected into the system 28, 42, 56, 70, 84, 98, 112,
126, or 140 days later (corresponding to 4, 6, 8, 10, 12, 14, 16, 18, and 20 weeks between
doses). Figure 4 shows the antibody and CTL populations generated from the model
considering all of these cases.

3.2.1. Antibody and Cytotoxic T-Cell Responses

Model predictions suggest quantitative differences in neutralizing antibody and cyto-
toxic T-cell responses stimulated by the vaccine administration by an SD or LD boost 4 to
20 weeks post priming, see Figure 4. By comparing the SD/SD and SD/LD regimens, we
find that higher peaks of antibodies and CTL are achieved for the second dose when the
SD dose is provided—viewing the second peak in each panel of Figure 4, the maximum
activated antibody level decreases from panel (a) to panels (b) and (c), the maximum
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stimulated CTL reduces from 80-100 in the SD/SD regimen (panel (a)) to 50-70 (panel (b))
and 30-60 (panel (c)) in SD/LD regimens. We, however, also observe that a higher antibody
or CTL peak after the second dose, compared to the first dose peak, may not be achievable
if the doses are too far apart (long delays in second dose), or the dose is too small. With
respect to antibodies, the peak after the second dose is always greater than the first dose
peak if an SD is used. When an LD is used, the time between doses must be shorter.
For the CTL, a higher second peak can be achieved under all scenarios using an SD and
an LD = SD/2, but the peak after the second dose may not surpass the first peak if an
LD =SD/4 is used (shorter times between doses are needed).

v SYI88S  (al) sd=Id
EEY ¥ VY YV (b1) sd=1d/2 (cl) sd=Id/4
104
’=~ 10% 10°
997
LY R G
Tainss /42«3.‘ =N
=] 5 NS 5 -
< 10 \\ < 10 <10 o~
10 S0 100 150 200 250 300 350 10 B 0 150 200 20 300 350 10 B 100 150 200 250 300 350
Time (Days) Time (Days) Time (Days)
(a2) sd=Id (b2) sd=Id/2

(c2) sd=Id/4

‘ 1R 4N
5 gik‘t\“ /ﬂ%\ AN

50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350

Time (Days) Time (Days) Time (Days)

Figure 4. Antibody (IgG) and CTL outcomes with standard (SD) and low dose (LD), with and
without delay. Model predictions of antibody, first row, and cytotoxic T-cells, second row, with
second dose vaccination on days: 28 (week:4), 42 (week:6), 56 (week:8), 70 (week:10), 84 (week:12),
98 (week:14), 112 (week:16), 126 (week:18), and 140 (week:20, shown by colored vertical dashed
lines.). The second dose value (sd) in panel (a) is the same as the initial dose (id) value: (sd =Id = 1000
vaccine particles), in panel (b) it is decreased by half (sd = Id/2 = 500 vaccine particles), and in panel
(c) is decreased by a quarter (sd = 1d/4 = 250 particles).

Considering the CTL population we can also observe that shorter times between doses
do not necessarily result in larger CTL peak values. Here, we observe that a time-frame of
4 weeks between doses is not optimal. Generally, we find that the second-dose induced
antibody enhancement is increased if the prime-boost time interval is short. The differing
outcomes between the antibody and CTL populations may be explained by the fact that CTL
activity might be required to account for lower levels of antibodies that cannot neutralize
the virus particle efficiently.

3.2.2. Cytokines, B and Thy Cell Responses

Here we investigate the model predictions of proinflammatory cytokines, including
IFN~ and IL6, alongside plasma B- and Thy-cells for four different prime-boost intervals
(containing 4, 6, 8, and 10 weeks) in SD/SD regimen. Results are shown in Figure 5. We find
that prolonging the time interval between doses reduces levels of IFN+ but increases IL6
levels. We also observe that the plasma B-cell count increases, but that a Thy enhancement
can only be achieved if the time between doses is less than 70 days.

3.2.3. Protective Capacity

An important question that we must consider is whether the model-predicted antibody
and CTL levels would protect against SARS-CoV-2 infection by existing or new emerging
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variants. Our models results cannot comment on direct protection, but we can compare
the model outcomes to antibody levels in recovered COVID-19 individuals. In [3], the
authors measured SARS-Cov-2-specific neutralizing antibody in plasma from 175 recovered
COVID-19 patients with mild symptoms. They reported that 39% of the patients have
medium-high antibody 1000-25000 titers (ID50), that 30% have less than 500 antibody titers,
and 14% have titers greater than 2500. Figure 4 shows that after the second dose injection
for the SD/SD regimen the maximum stimulated IgG antibody for short prime-boost
intervals, such as 4, 6, 8, 10 weeks, is much higher than a 2500 titer (~10%). The maximum
stimulated antibody, however, decreases as the time between doses increases. At 20 weeks
between doses, the antibody level reaches ~4000 upon boosting. Interestingly, for the
regimen SD /LD, with the second dose value at SD/2, the promoted antibody level up to
an 18-week delay is greater than 2500 and is about the same level at 20 weeks between
doses (=2500). For the last scenario where the second dose is a quarter of the prime dose,
the minimum activated antibody level is ~1000 for a long time-frame between doses (week
18, or 20).

a) IFy b) IL6

1200 6000 -

1000 5000 / /

800 4000 f
600 = 3000
<

400 2000

A.U.

200 1000

20 60 80 100 20 60 80 100

40 40
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¢) Plasma B Cell (d) T Helper Cell (Tho)
5 Z / 4 5"
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Figure 5. Model predictions of IFN~, IL-6, plasma B-cells and T helper type 0 cells Thg for the
received boost dose (1000 vaccine particles) on days 28 (blue curve), 42 (red curve), 56 (green curve)
and 70 (purple curve). The vertical dashed lines show the second dose injection days.

We must now consider neutralizing antibodies to through the parameter varepsilon.
From [35], if we assume ¢ = 0.7, we find that the minimum promoted neutralizing antibody
through different second-dose injection weeks (from week = 4, ..., 20) for (i) SD/SD
regimen is ~5714, (ii) SD/LD regimen with LD = SD/2 is approximated by 3571, and (iii)
SD/LD with LD = SD/4 is ~1429. Considering a worst-case scenario with ¢ = 0.3 for IgG
percentage, we have ~13,333, 8333 and 3333 minimum antibody titer levels of stimulated
neutralizing antibody. We thus predict that using even the pessimistic range of neutralizing
antibody achieves the same level of high and medium-to-high neutralizing antibodies as
observed in COVID-19 recovered individuals.

4. Discussion

In this work, we have employed a mathematical model to study the vaccine-induced
adaptive immune response through cell-mediated and humoral (antibody-mediated) im-
munity given an adenovirus vaccine [1]. Using a set of nonlinear ordinary differential
equations, we present a new model of vaccine-induced immunity that is parameterized
with the clinical trial data for the COVID-19 ChAdOx1-S (AZD1222) vaccine. The model
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parameters are determined by grid search over parameter ranges to minimize the RMSE
of IFN~ and antibody functions. In addition to the fitted parameters, the model includes
some chosen parameters. Our sensitivity analysis in Figure 3 shows that variations in these
parameters do not significantly affect model peak values of the model parameters, except
miupq, the activation rate of Thy by the vaccine particles.

Our model predictions for IFN< and antibody are consistent with the clinical trial
data of the adenovirus-based Oxford vaccine [1]. Recent studies have explored scenarios
for reduced vaccine dose size, to consider if vaccine supply is scarce. In [40] the authors
studied the effects of reducing the prime dose of a SARS-CoV-2 adenovirus-based vaccine
in a mouse model. Their in vivo experiments demonstrated that mice initially primed with
a low-dose (LD) vaccine significantly exhibited a higher level of the immune response.
In another study, Geoffroy et al. looked at the effects of increasing the time interval between
doses, using an SIR epidemiological model [41]. We have considered SD/LD cases with
varying time frames between doses. Our results demonstrate that an enhanced immune
response can be realized in some immune response populations, whereas the antibody
response is best if doses are given 28 days (4 weeks) apart.

Our mathematical model does not take into account memory B-cells and T-cells,
instead focusing on correlations between such memory cells and the model peak plasma B-
and Thy-cells. With more clinical data availability, future extension may include stimulation
of memory cells. The inclusion of memory cells is a course for future work.

We have analyzed different scenarios given a second dose of vaccine that is delayed
or reduced in size. Our model predictions show that either limiting the second dose or
increasing the prime-boost time interval leads to an attenuated adaptive immune response.
However, in agreement with previous clinical findings [3], the model-predicted antibody
achieves levels lie in the same range as the neutralizing antibody in 39% of COVID-19
recovered patients. Hence, a delayed second dose in combination with smaller doses sizes
may allow for sufficient dose allocation to meet specific population vaccination targets
while maintaining vaccine efficacy. We note that we do not consider specific vaccine
efficacy here, and simply compare neutralizing antibody levels, which are a measure of
protection. A study of vaccine efficacy against different strains of SARS-CoV-2 is a course
for future work.

It is important to note that [1] observed similar outcomes in LD/LD scenarios in
their clinical trial compared to SD/SD individuals, across different age groups, given a
28-day interval between doses. We have not considered this case here, but we plan to in
future work.
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The following abbreviations are used in this manuscript:

APC  Antigen-Presenting Cell
MHC  Major Histocompatibility Complex
Thy T Helper Cell Type 0

Thy T Helper Cell Type 1

Thy T Helper Cell Type 2

NK Natural Killer Cell

CTL  Cytotoxic T Lymphocyte

IL Interleukin

IFN  Interferon

TGF  Transforming Growth Factor
NAb  Neutralizing Antibody

I1gG Immunoglobulin G

References

1.

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

Ramasamy, M.N.; Minassian, A.M.; Ewer, K.J.; Flaxman, A.L.; Folegatti, PM.; Owens, D.R.; Voysey, M.; Aley, PK.; Angus, B.;
Babbage, G.; et al. Safety and immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-boost regimen in young
and old adults (COV002): A single-blind, randomised, controlled, phase 2/3 trial. Lancet 2020, 396, 1979-1993. [CrossRef]
Quinn, K.M.; Zak, D.E.; Costa, A.; Yamamoto, A.; Kastenmuller, K.; Hill, B.J.; Lynn, G.M.; Darrah, P.A,; Lindsay, R.W.; Wang, L.;
et al. Antigen expression determines adenoviral vaccine potency independent of IFN and STING signaling. J. Clin. Investig. 2015,
125, 1129-1146. [CrossRef]

Wu, E; Wang, A; Liu, M.; Wang, Q.; Chen, J; Xia, S.; Ling, Y.; Zhang, Y.; Xun, J.; Lu, L.; et al. Neutralizing antibody responses to
SARS-CoV-2 in a COVID-19 recovered patient cohort and their implications. medRxiv 2020. [CrossRef]

Zhang, L. Multi-epitope vaccines: A promising strategy against tumors and viral infections. Cell. Mol. Immunol. 2018, 15, 182-184.
[CrossRef]

Kar, T;; Narsaria, U.; Basak, S.; Deb, D.; Castiglione, F.; Mueller, D.M.; Srivastava, A.P. A candidate multi-epitope vaccine against
SARS-CoV-2. Sci. Rep. 2020, 10, 1-24. [CrossRef] [PubMed]

Estrada, E. COVID-19 and SARS-CoV-2. Modeling the present, looking at the future. Phys. Rep. 2020. [CrossRef] [PubMed]
Janeway, C.A,, Jr.,; Travers, P.; Walport, M.; Shlomchik, M.]. The complement system and innate immunity. In Immunobiology: The
Immune System in Health and Disease, 5th ed.; Garland Science: New York, NY, USA, 2001.

Clem, A.S. Fundamentals of vaccine immunology. J. Glob. Infect. Dis. 2011, 3, 73. [CrossRef] [PubMed]

Lees, ].R. Interferon gamma in autoimmunity: A complicated player on a complex stage. Cytokine 2015, 74, 18-26. [CrossRef]
[PubMed]

Costela-Ruiz, V.J.; Illescas-Montes, R.; Puerta-Puerta, ].M.; Ruiz, C.; Melguizo-Rodriguez, L. SARS-CoV-2 infection: The role of
cytokines in COVID-19 disease. Cytokine Growth Factor Rev. 2020. [CrossRef] [PubMed]

Morris, R.; Kershaw, N.J.; Babon, J.]. The molecular details of cytokine signaling via the JAK/STAT pathway. Protein Sci. 2018,
27,1984-2009. [CrossRef]

Kishimoto, T. Interleukin-6: Discovery of a pleiotropic cytokine. Arthritis Res. Ther. 2006, 8, 1-6. [CrossRef]

Velazquez-Salinas, L.; Verdugo-Rodriguez, A.; Rodriguez, L.L.; Borca, M.V. The role of interleukin 6 during viral infections. Front.
Microbiol. 2019, 10, 1057. [CrossRef]

Akira, S.; Kishimoto, T. IL-6 and NF-IL6 in acute-phase response and viral infection. Immunol. Rev. 1992, 127, 25-50. [CrossRef]
Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014,
6,a016295. [CrossRef]

Miller, ].P; Mitchell, G. Cell to cell interaction in the immune response: I. Hemolysin-forming cells in neonatally thymectomized
mice reconstituted with thymus or thoracic duct lymphocytes. J. Exp. Med. 1968, 128, 801-820. [CrossRef]

Kopf, M.; Baumann, H.; Freer, G.; Freudenberg, M.; Lamers, M.; Kishimoto, T.; Zinkernagel, R.; Bluethmann, H.; Kohler, G.
Impaired immune and acute-phase responses in interleukin-6-deficient mice. Nature 1994, 368, 339-342. [CrossRef] [PubMed]
Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F; Han, Y; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet 2020, 395, 507-513.
[CrossRef]

Wenjun, W.; Xiaoqing, L.; Sipei, W.; Puyi, L.; Liyan, H.; Yimin, L.; Linling, C.; Sibei, C.; Lingbo, N.; Yongping, L.; et al. The
definition and risks of Cytokine Release Syndrome-Like in 11 COVID-19-Infected Pneumonia critically ill patients: Disease
Characteristics and Retrospective Analysis. MedRxiv 2020. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)32466-1
http://dx.doi.org/10.1172/JCI78280
http://dx.doi.org/10.2139/ssrn.3566211
http://dx.doi.org/10.1038/cmi.2017.92
http://dx.doi.org/10.1038/s41598-020-67749-1
http://www.ncbi.nlm.nih.gov/pubmed/32616763
http://dx.doi.org/10.1016/j.physrep.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32834430
http://dx.doi.org/10.4103/0974-777X.77299
http://www.ncbi.nlm.nih.gov/pubmed/21572612
http://dx.doi.org/10.1016/j.cyto.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25464925
http://dx.doi.org/10.1016/j.cytogfr.2020.06.001
http://www.ncbi.nlm.nih.gov/pubmed/32513566
http://dx.doi.org/10.1002/pro.3519
http://dx.doi.org/10.1186/ar1916
http://dx.doi.org/10.3389/fmicb.2019.01057
http://dx.doi.org/10.1111/j.1600-065X.1992.tb01407.x
http://dx.doi.org/10.1101/cshperspect.a016295
http://dx.doi.org/10.1084/jem.128.4.801
http://dx.doi.org/10.1038/368339a0
http://www.ncbi.nlm.nih.gov/pubmed/8127368
http://dx.doi.org/10.1016/S0140-6736(20)30211-7
http://dx.doi.org/10.1101/2020.02.26.20026989

Vaccines 2021, 9, 861 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Mehta, P.; McAuley, D.F,; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine storm syndromes
and immunosuppression. Lancet 2020, 395, 1033-1034. [CrossRef]

Chen, L,; Liu, H.; Liu, W,; Liu, J.; Liu, K,; Shang, J.; Deng, Y.; Wei, S. Analysis of clinical features of 29 patients with 2019 novel
coronavirus pneumonia. Zhonghua Jie He He Hu Xi Za Zhi = Zhonghua Jiche He HUXI Zazhi= Chin. ]. Tuberc. Respir. Dis. 2020,
43, E005.

Chu, H.; Chan, ].EW.; Wang, Y.; Yuen, T.T.T.; Chai, Y.; Hou, Y.; Shuai, H.; Yang, D.; Hu, B.; Huang, X,; et al. Comparative
replication and immune activation profiles of SARS-CoV-2 and SARS-CoV in human lungs: An ex vivo study with implications
for the pathogenesis of COVID-19. Clin. Infect. Dis. 2020, 71, 1400-1409. [CrossRef]

Diao, B.; Wang, C.; Tan, Y,; Chen, X,; Liu, Y,; Ning, L.; Chen, L.; Li, M,; Liu, Y,; Wang, G.; et al. Reduction and functional
exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front. Immunol. 2020, 11, 827. [CrossRef]

Dong, L.; Tian, ].; He, S.; Zhu, C.; Wang, ].; Liu, C.; Yang, J. Possible vertical transmission of SARS-CoV-2 from an infected mother
to her newborn. Jama 2020, 323, 1846-1848. [CrossRef] [PubMed]

Luo, P; Liu, Y.; Qiu, L.; Liu, X;; Liu, D.; Li, J. Tocilizumab treatment in COVID-19: A single center experience. J. Med. Virol. 2020,
92, 814-818. [CrossRef] [PubMed]

Ma, J.; Xia, P; Zhou, Y,; Liu, Z.; Zhou, X.; Wang, J.; Li, T.; Yan, X.; Chen, L.; Zhang, S.; et al. Potential effect of blood purification
therapy in reducing cytokine storm as a late complication of critically ill COVID-19. Clin. Immunol. 2020, 214, 108408. [CrossRef]
[PubMed]

Pedersen, S.F; Ho, Y.C.; et al. SARS-CoV-2: A storm is raging. |. Clin. Investig. 2020, 130, 2202-2205. [CrossRef] [PubMed]
Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, ]. Clinical predictors of mortality due to COVID-19 based on an analysis of data of
150 patients from Wuhan, China. Intensive Care Med. 2020, 46, 846-848. [CrossRef]

Sun, D.; Li, H,; Lu, X.X,; Xiao, H.; Ren, J.; Zhang, FR; Liu, Z.S. Clinical features of severe pediatric patients with coronavirus
disease 2019 in Wuhan: A single center’s observational study. World ]. Pediatr. 2020, 1-9. doi:10.1007/512519-020-00354-4.
[CrossRef] [PubMed]

Wang, Z.; Yang, B.; Li, Q.; Wen, L.; Zhang, R. Clinical features of 69 cases with coronavirus disease 2019 in Wuhan, China. Clin.
Infect. Dis. 2020, 71, 769-777. [CrossRef]

Wu, C; Chen, X; Cai, Y.; Zhou, X; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; Zhang, Y.; et al. Risk factors associated with
acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA
Intern. Med. 2020, 180, 934-943. [CrossRef]

Yang, Y.; Shen, C.; Li, ].; Yuan, J.; Yang, M.; Wang, E; Li, G.; Li, Y; Xing, L.; Peng, L.; et al. Exuberant elevation of IP-10, MCP-3
and IL-1ra during SARS-CoV-2 infection is associated with disease severity and fatal outcome. MedRxiv 2020. [CrossRef]
Eagar, T.N.; Miller, S.D. 16 - Helper T-Cell Subsets and Control of the Inflammatory Response. In Clinical Immunology, 5th ed.; Rich,
R.R,, Fleisher, T.A., Shearer, W.T., Schroeder, HW., Frew, A.]., Weyand, C.M., Eds.; Elsevier: London, UK, 2019; pp. 235-245.e1.
Nezlin, R. The Immunoglobulins: Structure and Function; Academic Press: Cambridge, MA, USA, 1998.

Schroeder, HW., Jr.; Cavacini, L. Structure and function of immunoglobulins. J. Allergy Clin. Immunol. 2010, 125, S41-S52.
[CrossRef] [PubMed]

McKaya, M.; Beckmana, R.; Conoverb, W. Comparison of three methods for selecting values of input variables in the analysis of
output from a computer code. Technometrics 1979, 21, 239-245.

Blower, S.M.; Hartel, D.; Dowlatabadi, H.; Anderson, R.M.; May, R M. Drugs, sex and HIV: A mathematical model for New York
City. In Philosophical Transactions of the Royal Society of London; Series B: Biological Sciences; Royal Society: London, UK, 1991;
Volume 331, pp. 171-187.

Wu, J; Dhingra, R.; Gambhir, M.; Remais, ].V. Sensitivity analysis of infectious disease models: Methods, advances and their
application. |. R. Soc. Interface 2013, 10, 20121018. [CrossRef] [PubMed]

Gomero, B. Latin Hypercube Sampling and Partial Rank Correlation Coefficient Analysis Applied to an Optimal Control Problem.
Ph.D. Thesis, University of Tennessee, Knoxville, TN, USA, 2012.

Sanchez, S.; Palacio, N.; Dangi, T.; Ciucci, T.; Penaloza-MacMaster, P. Limiting the priming dose of a SARS CoV-2 vaccine
improves virus-specific immunity. bioRxiv 2021. [CrossRef]

Geoffroy, E; Traulsen, A.; Uecker, H. Vaccination strategies when vaccines are scarce: On conflicts between reducing the burden
and avoiding the evolution of escape mutants. medRxiv 2021. [CrossRef]


http://dx.doi.org/10.1016/S0140-6736(20)30628-0
http://dx.doi.org/10.1093/cid/ciaa410
http://dx.doi.org/10.3389/fimmu.2020.00827
http://dx.doi.org/10.1001/jama.2020.4621
http://www.ncbi.nlm.nih.gov/pubmed/32215581
http://dx.doi.org/10.1002/jmv.25801
http://www.ncbi.nlm.nih.gov/pubmed/32253759
http://dx.doi.org/10.1016/j.clim.2020.108408
http://www.ncbi.nlm.nih.gov/pubmed/32247038
http://dx.doi.org/10.1172/JCI137647
http://www.ncbi.nlm.nih.gov/pubmed/32217834
http://dx.doi.org/10.1007/s00134-020-05991-x
http://dx.doi.org/10.1007/s12519-020-00354-4
http://www.ncbi.nlm.nih.gov/pubmed/32193831
http://dx.doi.org/10.1093/cid/ciaa272
http://dx.doi.org/10.1001/jamainternmed.2020.0994
http://dx.doi.org/10.1101/2020.03.02.20029975
http://dx.doi.org/10.1016/j.jaci.2009.09.046
http://www.ncbi.nlm.nih.gov/pubmed/20176268
http://dx.doi.org/10.1098/rsif.2012.1018
http://www.ncbi.nlm.nih.gov/pubmed/23864497
http://dx.doi.org/10.1101/2021.03.31.437931
http://dx.doi.org/10.1101/2021.05.04.21256623

	Introduction
	Model
	Parameter Fitting
	Sensitivity Analysis

	Results
	Sensitivity Analysis
	Mechanism of Vaccine-Induced Immunity with Booster Delay and Sparing
	Antibody and Cytotoxic T-Cell Responses
	Cytokines, B and Th0 Cell Responses 
	Protective Capacity


	Discussion
	References

