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STUDIES ON THE INTERACTION
MECHANISM BETWEEN THE MRNA
VACCINE AGAINST SARS-COV-2 AND THE
IMMUNE SYSTEM

Yuhao Shou! and Jie Lou®f

Abstract Vaccines are an effective tool in the fight against infectious diseases.
However, mathematical models of SARS-CoV-2 focus on the macroscopic situation,
while articles on vaccines focus on effectiveness and safety. We develop four mathe-
matical models to investigate the immune system and the microdynamics of antigens
and viruses in individuals injected with mRNA vaccines. We first theoretically ana-
lyze the optimal model, calculate all equilibria, and prove that the disease-free equi-
librium is globally asymptotically stable while the others are unstable. This suggests
that after a certain period after vaccination, the infected cells and antigens will no
longer exist in vivo and will be eliminated by the immune system over time or will
die naturally. This theoretically proves the safety of the mRNA vaccines. Then, we
use the differential algebra to analyze the structural identifiability of the models. We
find that two of them are globally identifiable while the other two are unidentifiable,
but once a certain parameter is fixed, then they are identifiable as well. To select
the optimal model among four models, we use the Affine Invariant Ensemble Markov
Chain Monte Carlo algorithm for data fitting and parameter estimation. We find
that the roles of memory cells in killing infected cells and promoting immune cells
and neutralizing antibodies in the process of mRNA vaccination are not significant
and can be ignored in the modeling. On the other hand, the innate immunity of the
human body plays an important role in this process. In addition, we also analyze
the practical identifiability of the parameters of the optimal model. The results show
that even if the structure of the system is globally identifiable, it does not ensure that
all the parameters are practically identifiable. After random sampling and simulating
the four unidentifiable parameters, we find that only two variables, infected cells II
and antibodies, are sensitive to these unidentifiable parameters, but the results are
still within acceptable ranges. This suggests that our fitting results are generally reli-
able. Finally, we simulate multiple booster injections and find that booster injections
are indeed effective in maintaining antibody levels in vivo, which could otherwise
gradually die off over time. Therefore, booster injections are beneficial to help the
human body increase and maintain immunity.
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1. Introduction

The discovery of SARS-CoV-2 at the end of 2019 has already caused significant
health risks and economic burdens in human life over the past three years. Although
the virulence of the viruses is decreasing, we still need to emphasize protection
against the viruses. Since vaccination is an important way to prevent and control
the spread of epidemics as well as to reduce symptoms and mortality in patients, it
is medically important to investigate the effects of vaccines on the human immune
system.

Vaccines against polio, encephalitis B, influenza, rabies, and HFMD are usually
inactivated vaccines. The mechanism is to kill or inactivate the infectious viruses
by some physical or chemical treatment, but keep the viruses intact, and then inject
them in vivo. Although they are intact viruses, they do not infect healthy cells.
Once the body’s immune system recognizes these viruses, it responds and develops
a memory of them.

In the 1990s, scientists discovered that target proteins can be successfully de-
tected after injecting mRNAs into mice [24]. Subsequent experiments have shown
that it is possible to inject viral mRNAs in vivo, guiding the cells to synthesize
the corresponding antigens, thereby inducing a specific immune response. Specif-
ically, the mRNA vaccine injects the mRNAs of the desired antigens, rather than
the antigens themselves. Ribosomes in the cells will translate these mRNAs into
the corresponding proteins, which are the antigens. Once circulating in the blood-
stream, these antigens trigger a response from the immune system. In contrast
to traditional inactivated vaccines, these antigens are active, so that they can in-
fect target cells and thus induce both humoral immunity and cellular immunity
simultaneously.

The antigens of the mRNA vaccine against SARS-CoV-2 are the spike proteins
(also known as the S proteins) on the surface of the viruses. In an intact virus,
the S proteins bind with the ACE2 receptors on the surface of human cells to
allow the viral mRNAs to enter the cell [11], thus allowing the virus to proliferate.
Therefore, if the vaccines contain only the mRNAs of the S proteins but not the
viral mRNAs, they will infect the target cells but will not be able to proliferate the
viruses themselves, thus ensuring the safety of the vaccines. In addition, we can
flexibly change and optimize the mRNA sequence to produce vaccines to counteract
viral mutations.

In 2020, two mRNA vaccines against SARS-CoV-2 developed by Modena and
Pfizer/BioNTech were licensed and marketed for the first time for emergency use.
This is the first time that mRNA vaccines have been mass-vaccinated in the world.
Moderna announced Phase 1 clinical trial results of its mRNA vaccine mRNA-1273
against SARS-CoV-2 in July 2020 [18], and Pfizer/BioNTech announced Phase 1/2
clinical trial results of their vaccine BNT162b2 in August of the same year [29], and
preliminary results showed that the vaccines could produce more antibodies than
patients recovering from natural infection and that the vaccines were safe. The
efficacy and safety of mRNA-1273 was further studied by L. R. Baden et al. [4].
The efficacy and safety of BNT162b2 was further studied by F. P. Polack et al. [31].
The effectiveness of a lower dose of mRNA-1273 was studied by J. Mateus et al. [25].
The Sheba Medical Center in Israel evaluated the efficacy of a fourth booster dose
of both vaccines against the Omicron variant [32]. All these results illustrate the
effectiveness and importance of mRNA vaccines for the prevention of SARS-CoV-2
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from different perspectives.

The mRNA vaccine was urgently introduced as a result of the epidemic. Is it
really safe and effective in preventing SARS-CoV-27 And how necessary is a booster
shot? The public has been skeptical about this. Therefore, we develop a nonlinear
dynamics model and simulate virtual experiments to investigate this issue. Using
the nonlinear system theory to research the interaction of the immune system with
foreign matter, such as viruses or bacteria, has been shown to have great practical
significance [15,20,33,37]. However, not many studies have been conducted on the
dynamics of the mRNA vaccine against SARS-CoV-2 in vivo and the dynamics of
SARS-CoV-2 in vaccinated individuals. In general, due to the complexity of the
immune system, we usually simplify the process by dividing the research objects
into four groups. The first group consists of antigens, including invading viruses
and bacteria, as well as tumor antigens and viral vaccines, which are spontaneously
transformed into cancer cells from normal cells in vivo; the second group consists
of immune cells, such as T cells, B cells, and macrophages; the third group consists
of immune molecules, such as lymphokines, interleukins, interferons, and tumor
necrosis factors; and the last group consists of the major histocompatibility antigens
and autoantigens. We will try to use mathematical tools to describe the complex
non-linear interactions among them (or among some of them) to study the complex
behaviors in immune response and immunoregulation and the effects of various
factors on these behaviors.

The main structure of the rest is organized as follows. We establish the differen-
tial equations according to the characteristics of the immune system and the mRNA
vaccines and then theoretically analyze them in Section 2. The structural identifia-
bility of all the models is discussed in Section 3. The data fitting and model selection
are carried out for the clinical data in Section 4. The practical identifiability of the
optimal model is analyzed in Section 5. The sensitivity analysis of parameters is
analyzed and the virtual experiments of the optimal model are simulated in Section
6. Finally, we discuss the results of our model in Section 7.

2. Mathematical models

It is widely known that different assumptions about the interactions between the
viruses or vaccines and the components of the immune system in the host can lead to
different mathematical models. According to the mechanisms of the mRNA vaccine
and the human immune system, we first develop the following differential equation
model to characterize the interaction between them. Based on it, assuming that
some of the immune responses can be ignored, we can obtain the other three models
which are more concise.

The diagram of the basic dynamics model (we call it the full model) is shown
in Figure 1. The variables of the model include target cells that can be infected by
the mRNAs of the S proteins in vaccines (I7), target cells that can be infected by
the antigens (I2), antigens (S), CD8' T cells (T), CD4™ T cells (1},), B cells (B),
antibodies (A4), memory CD8" T cells (Tk,), memory CD4™ T cells (Thy,), and
memory B cells (B;;,). The system (2.1) and the system (2.2) show the dynamics
of the humoral immunity and the cellular immunity induced by vaccines of the full
model. The biological meanings of each term in the equations are shown in the
appendixes (see Appendix A).
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Figure 1. Dynamics of the mRNA Vaccination.

1. Humoral Immunity

ds

i pli — BSA — (01 + 62)5,
dT;

dith = thh(ﬂ'h - Th) + apS,
dB

a = wBB(T(B — B) + OZBS(Th + ,UhThm)v
(2.1)
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dB
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2. Cellular Immunity

dl .
E:*All(Tk+ﬂkam)7(SIIh t#Ti(’L:1727"')7
dls

o= 015 — Mo (Ty + pxThm) — 0112,
(2.2)

dT;
7: = wka(wk — Tk) =+ Oék(fl =+ [2),
dTim,

d,:t = %Ik + T (It + I2) — 63 Them.

Obviously, the system (2.1) and the system (2.2) respectively characterize the
two forms of immunity induced by the mRNA vaccine. One part is the humoral
immunity involving the CD4™ T cells, the B cells, the memory CD4% T cells, the
memory B cells, and the neutralizing antibodies (system (2.1)). Like traditional
inactivated vaccines, they are stimulated to proliferate by antigens free in the blood
and are eventually neutralized by the neutralizing antibodies. The other part is the
cellular immunity (system (2.2)) consisting of the CD8% T cells and the memory
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Table 1. Sub-models.

Model Assumption Biological Meaning
Model 1 Full model
Model 2 0y =0 Ignoring the killing of antigens by the innate immune system
Model 3 w; =0 (i==k,h,B) Ignoring the killing of infected cells and the promotion of

immune cells and neutralizing antibodies by memory cells

Model 4  65,u; =0 (i =k,h,B) Ignoring the killing of infected cells and antigens by the innate
immune system and memory cells

CD8* T cells. This is the advantage of mRNA vaccines over regular inactivated
vaccines.

Based on the mechanism of mRNA vaccines, the full model (system (2.1) &
(2.2)) contains three more concise sub-models under different biological assump-
tions. Table 1 lists four models based on different biological assumptions. For
example, Model 3 assumes that the parameters u; = 0 (i = k, h, B) in the full
model, i.e., it assumes that the roles of memory cells in killing infected cells and
promoting immune cells and neutralizing antibodies can be ignored. Of the four
models, Model 4 is the most concise, while ignoring the roles of both memory cells
and the innate immune system in killing infected cells and antigens.

It is easy to see that none of the four models in Table 1 based on different
biological assumptions has an infection equilibrium whose variables are all positive,
and all of them have 8 disease-free equilibria (see Appendix A). We have obtained
the following theorem about the stabilities of the 8 disease-free equilibria.

Theorem 2.1. In the case of a single vaccination, the disease-free equilibrium of
four systems of vaccination Model 1-Model 4

E1(117127 S7 TkaTha Ba AkaTYL;T}Lma BT?L)

T
= 0507077{-1@’77}1777-3707 7k7rk7 7hﬂ_h7 I5TB
0k~ On OB
is unconditionally globally asymptotically stable, while the other equilibria E;(i =

2,...,8) are unstable.

The details of the proof are shown in the last chapter of the paper (see Appendix
A). In fact, Model 2, Model3 and Model 4 are obtained from Model 1 with some
cuts. Take Model 3 as an example, since the memory immune cells Tx.,, Thin, Bm
are not involved in the immunization process, we can ignore them in the proof.
Therefore, the expressions of the equilibria F;,i = 1,2,...,8 and the proof are
more concise. Here, we only show the proof of the most complex sub-model Model
1. The proofs of the other three sub-models are the simplified versions of it, so we
do not repeat them. This theorem implies that the mRNA vaccines are safe to some
extent because there is no risk that a vaccinated individual will become infected
with the viruses as a result of vaccination. This result also suggests that the level
of antibodies will decrease with time until antibodies are completely eliminated.
Multiple vaccinations may be necessary to maintain a certain level of antibodies
in the absence of the viruses. We will prove this hypothesis through numerical
simulations later.
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3. Identifiability analysis of models

We collect the data of CD8' T cells T}, CD4™ T cells T}, neutralizing antibodies
A, memory CD8' T cells Ty, memory CD4™ T cells T}, and memory B cells B,,
in individuals injected with mRNA vaccines mRNA-1273 or BNT162b2 from the
literature [13,22,39]. Details about these data can be found in Appendix B. We
plan to use these clinical data to estimate the parameters of each of the four models
mentioned above (see Table 1) and do model selection. To ensure the reliabilities of
parameter estimation and model selection, first, we need to analyze the structural
identifiability of the models.

Structural identifiability analysis assumes that the measured data are ideally free
of interferences and errors. The structure of a model is said to be unidentifiable if
an infinite number of combinations of parameters can be fitted to the data. The
structure of a model is said to be locally identifiable if only a finite number of
parameter combinations can be fitted to the data. The structure of a model is said
to be globally identifiable if there is only one unique combination of parameters that
can fit the data. For the data observed, assuming that they are free of noise errors,
the predictions of the unidentifiable and locally identifiable cases can be greatly
different, even though models with different parameter combinations can fit the
observations well. Therefore, the fact that the structure of a model is identifiable
from the data is a prerequisite for the reliability of the parameter estimation. In
contrast, although the structure is found to be unidentifiable, even if the parameter
estimation fails, we can reveal useful information about the relationship between
the parameters. This makes the structural identifiability analysis of models an
important factor to consider in immunological modeling [9]. However, structural
identifiability analysis has been neglected in the majority of modeling studies in
systematic biology.

To determine whether the parameters of the four built models are identifiable
in the ideal case (noise-free data), we use differential algebra to test the structural
identifiability of the models, and the following are the strict definitions of structural
identifiability [27]:

Definition 3.1. Global identifiability: A system structure is said to be globally
identifiable if for any admissible input w(¢) and any two parameter vectors 87 and
02 in the parameter space O, the system outputs y(u,81) = y(u, 02) holds if and
Ol’lly if 01 = 02.

Definition 3.2. Local identifiability: A system structure is said to be locally iden-
tifiable if for any parameter vector € within an open neighborhood of some point
0.. in the parameter space O, the system outputs y(u,01) = y(u, 02) holds if and
only if 6, = 65.

The key to the differential algebra method is the computation of the character-
istic set. By deriving, substituting, and eliminating the unknown state variables,
the final equation containing only the output variables and unknown parameters
is called the input-output equation. Analyzing the coefficients of these equations
reveals the identifiability of the parameter structure of the model [5]. The state
variables we collecte from the literature are the concentrations of CD8% T cells T},
CD4™" T cells T}, neutralizing antibodies A, memory CD8" T cells T},,, memory
CD4* T cells Thy, and memory B cells B,,. Based on the clinical data, we analyze
the structural identifiability of each of the above four models (see Table 1) by differ-
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ential algebra. Here, we only show the analysis of Model 3. Since the three kinds
of memory immune cells do not appear in the equations of the other variables, we
can ignore them during our analysis, only using the data of Ty, T}, A.

Theorem 3.1. The structure of all parameters of Model 3 is globally identifiable
if the initial values of all variables and the clinical data Ty, Ty, A are known.

Proof. For simplicity, we merge the corresponding humoral immunity and cellular
immunity of Model 3 into one model and express them in a simpler derivative
notation, which yields the following system.

[i :7>\11ka51[17 t#TZ (7':132’)3
I = 018 — A\2Ty — 6112,

S’ p]l — ﬁSA — (91 + 02)57

T;; :wka(ﬂ'k—Tk)-i-Ozk(Il-f—Ig), (31)
T, = wpTh(mn — Th) + anS,

B’ = wpB(rg — B) + apSTh,

A = waASB — BSA — SAA.

First, we define the following partial ordering relation [5].
Ty <Th <A<T, <Tj<..<A<A <...<
L<Lh<S<B<Ili<L<..<I{<I<...

The largest one in an equation is the leader, and the equations are reordered

according to their leaders from smallest to largest and shifted to the same side of
the equations, resulting in

Ty — wipTy (e — T) — ax(l1 + I2) =0, (leader: I) (3.2a)
Ty — wp/Th(mn — Th) — oS =0, (leader: S) (3.2b)
A" —waSB+BSA+54A=0, (leader: B) (3.2¢)
I+ LTy + 61 =0, (leader: I7) (3.2d)
I — 618 + MoTy + 611 = 0, (leader: I3) (3.2e)
S —ply + BSA+ (61 +02)S = 0, (leader: S") (3.2f)
B' —wpB(rg — B) — agST, = 0. (leader: B') (3.2¢)

Then, we calculate the input-output equations.
1. Since (3.2g) contains the leader B of (3.2¢), from (3.2c) we get
A+ BSA+04A

wAS’ ’

A" BS'A+BSA 04 A B (A + BSA+04A)S8
B waS waS? '

B =

(3.3)

B/



2290

Y. Shou & J. Lou

By substituting (3.3) into (3.2g) and simplifying it, we get

WASA" + BwaS2A" + wp64SA —waS' A —wadaS'A — wawpmpSA

+wBA’2 + QﬁwBSAA/ + 2OJB(SAAA/ — ﬁ(JJAOJB’]TBSQA + 62(4)352142

+2BwpdaSA? —wawpTpdiaSA+ wpdi A2 — apwi S3T, = 0. (leader: S’)
(3.4)

Since (3.2c), (3.2f), and (3.4) contain the leader S of (3.2b), from (3.2b) we
get

1
S = ;(thg —wpmRTh + T}/L),
1h (3.5)
S = f(QWhThT}/L — wmrhT,’L + T;/l/)
Qp
By substituting (3.5) into (3.2c) and simplifying it, we get
O(hA/ — onJhT}%B + wawpmpIp B — wAT,’lB + ﬁthﬁA — ﬁwhﬂ'hThA
+08Ty A+ apdaA =0. (leader: B)
(3.6)
By substituting (3.5) into (3.2f) and simplifying it, we get
2thhT}IL — thrhT,/l + T}/L/ - pOéhfl + ﬂth,%A - ﬂwh’/ThThA + 5T;;A
"1‘(91 + 92)thi% — (91 + 92)wh7rhTh + (91 + 02)Tflz =0. (leader: Il)
(3.7)

By substituting (3.5) into (3.4) and simplifying it, we get
— apfwrwpwitpTiA — cdwawpwpmpdaTEA — 2ap B2wpw, T T) A
— 20 BwpwpmROATHA? — 203 BwpwpTh Th AA + aiwawpwpmpTyTh A’
—2ap Bwawnmn ThT A — atwawpmn Th A" + 200, fwawpwinpm T A
— o fwawpwinpmiT?A — 200, fwawpwp TP TEA — afwa Ty A/
+ 20 Bwawpwn TR TR TEA + afwaT) A" 4+ adwawpwpTpmdaTh A
— 20, BPwpwith TEA? + o fPwpwini TP A? — 2ap, Bwawin, TP A/
+ 20, BPwpwn TET, A% + 203 Bwpwnd ATP A? + o fwawimiTEA!
+ 2a%ﬂw3thﬁAA’ - a,zlwAwahﬂ'BT}fA' + QQthAth}?T,;A’
— 203 wawnOATHTEA — aFwawnmpoaTh A" — o fwawpnpTi2 A
— QB wAwpTROAT,A 4+ AdwawnmhdaT) A + oy fPwpwiTi A?
+ 6apwiwim TiT) — 3apwiwimiTET) + anfwawiTi A’
+ 3apwiwnmh TT? + adwawndaTP A" + 203 Bwpd AT}, A
— 203 wawn TR TE A" + 203 Bwp T AA" — aqwawpmpT) A + ajwawym, T A’

+ 3apwiwim TP — 3apwiwimi Ty 4+ apwiwiTi Ty — 3apwiwiTP Ty,
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—3apwiwnTPT? + anfPwpTi? A% + 203 wpda AA + BogwaTi? A’
+ 2wadaT) A + adwpA”? — apwiwi Ty + aywpdy A?
— apWi ThTP? + adwawnTEA” — afwadaT) A = 0. (leader: A”)

(3.8)

3. Since (3.2e) contains the leader I5 of (3.2a), from (3.2a) we get

1
I, = ?k(WkT: — wrTET, + T]é — akh),
(3.9)

1
= afk(2u}kaT;é — wkﬂ'kTé + T;él — akI{)

I
By substituting (3.9) into (3.2e) and simplifying it, we get

2wkaT,g — wkﬂ'kTé + Tlg/ — O&kfi + ()\Tk + (51)(&1ka2 — wrmE Ty + T]é — akll)

—ah1S =0. (leader: I7)
(3.10)
4. Since (3.2a), (3.2d), and (3.10) contain the leader I; of (3.7), from (3.7) we
get
1
I = }E[BWthA — ﬂthrhThA + (91 + eg)thi — (01 + Qg)whﬂ'hTh

+2wp Ty Ty + BT A — wpmp Ty, + (01 + 02)T7, + T}/,

1
I{ = 7[5&%1}%‘4/ + 2BthhT}/LA — 6wh7rhThA’ — Bwhﬂ'hT;lLA
yues

+2(91 + og)thhT}/L — (91 + eg)wh’ﬁhT}/L + 2th]§2 + 2thhT}IlI
+BT;LA’ + BT}IL/A - whﬂ'hT}/L/ + (01 + 92)T;Ll + T;LN].

(3.11)
By substituting (3.11) into (3.2a) and simplifying it, we get
pOéhT]g — papwrmi Ty + pahwkaQ — akﬂwhAT,f + apBwpmTh A
—(91 + eg)akth}% + (91 + Qg)akwhﬂ'hTh — ZOzkththé — OzkﬁT}/lA
+ogwpm Ty — (61 + 62) o T}, — o T} — pageag Io = 0. (leader: I)
(3.12)

By substituting (3.11) into (3.2d) and simplifying it, we get
MNBwn TR TR A — (01 + O2) op i, TiTh, — BwnmndrTh A — \Bwpmn T Th A
+ T} 4 20, TWT) + BT A — wpmin T + NI + 2w, T3 + BT} A’

+ (01 + 02)T} + 6,13 + (01 + 02)07 Ty, + 28w T TH A — BwpmpTh Al
— Bwpm Th A+ (61 4 02) AT Ty, + (61 + 02)wn 61Ty + 2wp 6T T),

+ B0;Th A — wpmndr Ty, + ABTRTh A — M mn T Th, 4 BuwndrTE A

— (01 + 02)wnmR6, Ty + (01 + 02) A T T, + 2 wn T TH T,
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+ ﬂth}%A/ + 2(91 + eg)thhT/l - (91 + Og)whth/L =0. (leader: A/)
(3.13)

By substituting (3.5) and (3.11) into (3.10) and simplifying it, we get

=20, Bwn T T} A + o Bwpmpn Th A’ + ag Bwpmn Ty A — (01 + 02) agwr T T7
22w Te Th T}, — e BT T} A + Aagwnmn Ty T — o fwndrT7 A

+(01 + O2)arwr 1Ty + poiogwnmp T — pbrog Ty, + Ao Bwrmp T Th A
=X Bwp TR A + (01 + O2) Aagwnmh T T + g BwpmrdrTh A
+papwidr T — ap BT A" — (01 + 02) b T}, + 2papwi T T}, — papwpmi T}

+p)\ahwkT,? + p)\athT,g — OékT,/l// — 204kWhThT;/L/ - OékBT}/L/A
+agwpm Ty — AT Ty — apdr Ty + pop T} — (61 + 02) T}

+pah51T,; — Qakthf — 2akwh6]ThT}/b — Olkﬁ(S]T/lA + OékOJh’iThfslT}/L
—pAapwp T TE — papwrmdr Ty — ag fwp TEA" — 2(601 + 02)apwin T T},
+(91 + 92)akwh7rhT,’l — (91 + QQ)AQkaT}/L — (91 + 02)akwh51T,f

—pbrawpT7 = 0. (leader: A”)
(3.14)

5. Since (3.14) contains the leader A’ of (3.13), by (3.13) we get A’, and substi-
tute it into (3.14) and simplify it, we get

)\ahwkTg’ — )\ahﬁkwkTE + Ozhwk(SITkQ — Oéhwkﬂ'k(SITk — 91akth,%
+01akwh7rhTh + )\OlthT]é + 2ahwkaT,é — ahwkwkTé + ah(sz,é

—0104T} + Ty = 0. (leader: T7)
(3.15)

6. Finally, the equations (3.15), (3.8), (3.13), (3.7), (3.12), (3.2b), (3.6) in order
can not be further simplified. They form the characteristic set of (3.2), where
the first three equations contain only the output variables Ty, T}, A and their
derivatives of each order, and thus form the input-output equations. Despite
their complicated form, we only need to extract some coefficients for testing.
Before that, to ensure good results, the three equations are normalized by
eliminating the coefficient afwawy, of TFA” in (3.8) and the coefficient ay, of
T}/ in (3.15). Since the coefficient of 77" in (3.13) is already 1, no further
processing is needed.

Let another set of parameters w = (uj,us,...,u;7) (corresponding to the pa-
rameters in Table 5 in order) satisfy the input-output equations. Extracting the co-
efficients of T}/ A, T), T3, Tt A, T}/* A% from (3.8), the coefficients of T, T}, T}/ A, Ty T}/,
TRA', T? A, T7 from (3.13), and the coefficients of T}, T2, Ty, T7 from (3.15), we get
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the following equations

_0a _ o
- T T
Wh u13
_GQpwa  ugUll
- )
ApWh U7ru13
BwpwrTE _ U3zUiqUizusy
an uz ’
and
2wy, = 2“137
ﬁ = us,
A= uz,
—Bwp Ty = —uzu13U1s,
By solving them, we get
da = uio,
apWwA = UgU11,
WBTRB = U14U17,
Wh = U3, and
B = usg,
A= uz,
Tp = U1e6,

Bwrdr = uzuizug,

(01 + 02)wndr = (ug + us)uizug,
Awy = ugu12,

Wi (0r — Amp) = w12 (ug — uguys),

ap (01 — weTg) = ur(ug — Ur2U15),

Hlak UgUp
an (T
2 2
B wp U3ui4
QpWAWL U7U11U13
6] = Uy,

01 + 02 = uyq + us,

W = U12,
K = U1s, (3.16)
ap = Uy,

0100, = ugus,
wB

WA

U4
Uil

In addition, we find that even if we use the coefficients of the other terms in
the equations, we cannot get a better result. Therefore, if only the clinical data
Ty, T, A are known, the parameters p, 01,02, ax, ap,wa,wp, T are unidentifiable,
while the structure of the rest parameters is globally identifiable.

Considering that the initial values of each variable in the model are known,
the remaining four equations of the characteristic set at t = ¢ty can be considered
input-output equations as well. Extracting the coefficient of T2B from (3.6), the
coefficient of I from (3.7), and the coefficient of 7}’ from (3.12), the following
equations are obtained:

—WAWp = —U11U13,

pap = uiury,

—Q = —Ug-
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Meanwhile, considering (3.16), we get

WA = U11, p=ui,
ap = ug, QR = Ug,
and
wp = U14, 01 = ug,
B = U7, 0y = us.

Thus the structure of the system (3.1) is globally identifiable, i.e., the changes
of the variables are completely known if the initial values are known.

In summary, in the case where the initial values of all variables are known and the
variables Ty, Ty, A are output variables, there is only one unique set of parameters
that can satisfy the output variables, hence, the structure of Model 3 is globally
identifiable. O

Similarly, we can obtain the structural identifiability of Model 1, Model 2 and
Model 4. Due to the complicated calculations, we only give the results of structural
identifiability for the other three models, and we will not repeat the details of the
proof.

Theorem 3.2. The structures of Model 1 and Model 2 are unidentifiable if
the initial values of all variables and the clinical data Ty, Ty, A, Tem, Thm, Bm are
known. But as long as any one of the parameters ap, g, wp,wa,VB, kB i known,
the structures of Model 1 and Model 2 are globally identifiable.

Meanwhile, from Theorem 3.1 we can directly obtain the corresponding conclu-
sion of Model 4.

Theorem 3.3. The structure of all parameters of Model 4 is globally identifiable
if the initial values of all variables and the clinical data Ty, Ty, A are known.

Whether the model is reasonable or not, and whether the prediction results are
robust or not, are closely related to the reliability of the parameter estimation. The
credibility of parameter estimation depends on whether the structure of the model
is identifiable or not. Therefore, we first analyze the structural identifiability of the
models before further research. In this section, we show that two of the four models
are globally identifiable under the available clinical data (Model 3 and Model 4)
while the other two are unidentifiable (Model 1 and Model 2). This provides
theoretical support for the following parameter estimation and model selection.

4. Data fitting and model selection

We often want to use a simple model to describe the viral infection process, but we
are concerned that simplicity may overlook some important factors, which requires
the modelers to select among the models with different complexities. It is worthwhile
to investigate how to select a model that best represents the dynamic responses of
the vaccines or the viruses in the hosts from a large number of models with limited
clinical data.

Japanese researcher Hirotugu Akaike proposed a model selection method in 1973:
Akaike’s Information Criterion (AIC). He pointed out that when trying to select
an optimal model from a set of candidate models, the one with the smallest AIC
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value [1-3] should be chosen. Common model selection criteria are AIC and BIC,
given the large numbers of parameters, we use the corrected AIC, i.e. AlICc, for
model selection, which is calculated by the following formula [35]

2K (K +1)

AICc=-2In(L(0mrE)) + 2K + N_K_-1’

(4.1)

where, K is the number of unknown parameters, N is the number of observations,
and L is the likelihood function. The smaller the value of AICc, the better the
model.

We are going to use the Affine Invariant Ensemble Markov Chain Monte Carlo
(GWMCMC) algorithm [14] for parameter estimation. The traditional Markov
Chain Monte Carlo algorithm approximates the posterior distribution of the param-
eters by randomly sampling the parameter space [12]. The GWMCMC algorithm
we use is superior to the Metropolis-Hastings (M-H) algorithm and the Random
Walk M-H algorithm [7], especially when the parameters are unidentifiable. The
advantage of this algorithm is that it does not take into account the normalization
of the parameters and is iterated by several walkers at the same time. The posi-
tions of the walkers are based on the current positions of all other walkers, which
makes the estimation more accurate. Details of the algorithm can be found in the
literature [14,34]. In this study, we assume that all known data have normally
distributed noise. The meanings, prior ranges, and sources of the parameters in the
paper are given in Table 5.

Also, the MCMC algorithm needs to be determined whether it has converged
or not. This crucial aspect is often avoided. If the Markov Chain has not yet
reached the convergence state, it means that the result has not yet reached the target
posterior distribution, and further iterations are needed to get a better result. The
existing convergence theorem can only theoretically guarantee that it will converge
to the target distribution [19] after a sufficiently long iteration, but it cannot tell
us quantitatively how long it will take. In general, we can judge whether it has
converged subjectively by drawing an iterative graph. In addition to this observation
method, we can also use the method proposed by Gelman et al. [6,10], which utilizes
the idea of analysis of variance (ANOVA) to construct an estimator V of the variance
o2 and compute the potential scale reduction factor (PSRF) to determine whether
it has converged.

It can be considered that the chain has converged when PSRF = 1, otherwise it
is necessary to continue iterating or to look for other ways to help it converge.

Based on the above GWMCMC algorithm and convergence criteria, we first
select the optimal one among four models (see Table 1) using the clinical data
of Moderna’s vaccine mRNA-1273 and find a set of optimal parameter posterior
distributions, optimal values, and their 95% confidence intervals for each model.

We performed about 100 million iterations on 34 chains, with 3 million steps
per chain. Since the iterations of each chain are performed simultaneously, the
iteration steps mentioned below are for a single chain. We save the results every 10
iterations and calculate the PSRF values of each parameter for 10x2"(n =1,...,17)
iterations. In addition, because the result at the beginning of iteration is unstable,
to eliminate its side effect, when the number of iteration steps is more than 400
thousand steps, only the result of the first 400 thousand steps of the current step
number is taken for calculation. Here we only show the result based on the mRNA-
1273 (Figure 2), and it is easy to see that PSRFs are approaching 1.
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Figure 2. Convergence of PSRF. Every line shows the PSRF of one specific parameter converging to 1
with transitions when we fit the data of mRNA-1273.

The parameter estimation results of the four models are shown in Table 2 with
respect to mRNA-1273. For model selection, we calculate the corresponding AICc
values by using the formula (4.1) and corroborate them with the BIC values, and
the results are shown in Table 3. Obviously, correlation values of Model 3 are the
smallest among the four models, whether the AICc value or the BIC value is used as
the criterion for model selection. This suggests that Model 3 is the most suitable of
the four models for describing the dynamics of mRNA vaccination and the clinical
data collected. In addition, this result also suggests that the killing of infected cells
by memory cells and the promotion of immune cells and neutralizing antibodies
by memory cells during mRNA vaccination are not significant and can be ignored.
On the other hand, the fact that Model 4 is not selected implies that the role of
the body’s inherent innate immunity in this process cannot be ignored. The blue
curves in Figure 3 are the fitting results of the selected model Model 3 under the
optimal parameters, and the upper arrows represent the time points of vaccination.
Finally, we perform the same process on the data of the mRNA vaccine BNT162b2
from Pfizer /BioNTech and obtain results consistent with the vaccine mRNA-1273.
The fitting results of the selected model Model 3 are shown by the brown curves
in Figure 3. The fitting results show that both vaccines can significantly increase
the numbers of immune cells and neutralizing antibodies, among which the increase
of CD8*' T cells, CD4™ T cells, and neutralizing antibodies are more obvious and
remain at high levels on day 181. This suggests that the vaccine can enhance the
immunity against SARS-CoV-2.

Also can be seen from Figure 3, different variables peak at different time points.
After the first vaccination of mRNA-1273, CD8* T cells, CD4*" T cells, and neu-
tralizing antibodies respectively peak on day 21, day 19, and day 26, which shows
that the components of the immunity system are decreasing on day 27, the day one
gets the second vaccination. So, this may mean one can be vaccinated a little ear-
lier. By contrast, the day one is vaccinated with the second BNT162b2 is generally
the day the effect of vaccination peaks. The time points of the two vaccinations are
better articulated than mRNA-1273.
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Figure 3. Fitting Results with GWMCMC of Model 3. The first vaccination is injected on day 0
and the second vaccination is injected on day 27. The blue lines and the brown dashed lines show the
fitting results of the data of mRNA-1273 and BNT162b2 respectively. Squares and diamonds represent
the processed data of two vaccines. The arrows mark the time points one is injected.

Table 3. List of AICc and BIC for Different Sub-models of mRNA-1273.

Model Number of Parameters  AICc BIC Maximum Likelihood

Model 1 26 376.73  418.04 2.86e-84
Model 2 25 377.82  417.88 1.63e-84
Model 3 14 263.73 277.74 6.27e-59
Model 4 13 318.00 331.35 1.01e-70

5. Practical identifiability analysis

The structural identifiability discussed above is based on the premise that the data
are free of noise. In reality, data are inevitably subject to measurement and pro-
cessing errors, which leads to the question of practical identifiability, i.e., the effect
of noise on fitting and estimation. A model whose structure is identifiable may not
be practically identifiable [36]. Therefore, we simulate by exerting different levels of
noise on the data to investigate the effect of noise on the system. We assume that
the data have two types of noise: Gaussian error with standard deviations of 10%
and 20%, respectively. We take the optimal parameters obtained by GWMCMC as
the real values, add 1000 sets of random errors to the dynamics curves of variables
Ty, Ty, A as the error dataset, and then fit them with GWMCMC again to obtain
the optimal parameters with the noisy data. By calculating the average relative
error (ARE) between these 1000 sets of optimal parameters and the true values, we
present the results in Table 4.

ARE values can be used to quantitatively determine whether each parameter is
practically identifiable or not. Obviously, for a practically identifiable parameter,
the ARE value should be close to 0, and as the error increases, the ARE value
increases. If the ARE of a parameter is large for a small error, it means that the error
in the data causes the parameter estimate to be unreliable, i.e., the parameter is
sensitive to changes in the data, and then the parameter is practically unidentifiable.
However, although the ARE value can be used to analyze the practical identifiability,
there is no universal standard, so different standards will lead to different results.
Here, we refer to the method in [36], considering a parameter to be practically
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Table 4. List of AREs of Parameters for Model 3 with Measurement Error Levels 10% and 20%. *ARE
> noise.

Parameter True Value N(0,10%) N(0,20%) Parameter True Value N(0,10%) N(0,20%)

D 0.02 0.07 0.16 ap 0.04 0.08 0.24%
A 0.03 0.08 0.17 or 0.03 0.07 0.14
B 0.04 0.15* 0.22* 04 0.04 0.05 0.05
01 0.02 0.14* 0.25* wa 0.04 0.18* 0.27*
(23 0.02 0.10 0.15 W 0.02 0.08 0.17
ag 0.01 0.07 0.16 W 0.03 0.09 0.17
ap 0.03 0.06 0.09 wp 0.01 0.10 0.15

identifiable when the ARE value is not larger than the noise error of our simulation,
and vice versa, it is considered practically unidentifiable.

In addition to the two errors we mentioned, we also simulated the noise-free case
(assuming the noise is 0 and repeating the previous fitting procedure). As can be
seen from Table 4, for the true values, the maximum ARE value for each param-
eter is 0.04. Considering the small number of iterations here (1 million steps), we
consider this to be low enough, which suggests that the parameters can be uniquely
determined for the noise-free data, which confirms that Model 3 is globally identi-
fiable. In addition, we find that the parameter apg is practically identifiable at 10%
noise, but becomes unidentifiable when the noise increases to 20%. Unfortunately,
the parameters (3, 61,w4 are practically unidentifiable at both noise levels. The re-
maining parameters are practically identifiable at both noise levels. To investigate
how much these practically unidentifiable parameters affect the fit, we perform the
following numerical simulation. The practically identifiable parameters are fixed to
the optimal values fitted by Model 3 (see Table 2), and the four unidentifiable
parameters ag, 3,61,wa are added with 10% and 20% standard deviations of nor-
mal distribution noise. We randomly sample parameters 10 thousand times each,
and then we obtain the dynamics curves and their 95% confidence intervals of each
variable in Model 3, which are shown in Figure 4. As can be seen from the figure,
most of the variables maintain a narrow range under these 10 thousand samples,
and only two variables, infected cells IT and antibodies, have a wider range of con-
fidence intervals, which are within acceptable limits. This indicates that our fitting
results are generally reliable.

6. Parameter sensitivity analysis and virtual exper-
iments

6.1. Parameter sensitivity analysis

In the previous section, we find that some of the parameters are practically uniden-
tifiable. This suggests that errors in observations can lead to increased errors in
parameter estimation, making the fit less robust. Conversely, the question of how
much a change in a parameter may affect the predicted outcome is the parameter
sensitivity analysis. This helps us to find the key parameters in the model that
have a greater impact on the results, and through this process we can see which
biological factors play a more important role in vaccination and the human immune
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Figure 4. Effects of Practically Unidentifiable Parameters on the System. The red lines show the fitting
results of the data of mRNA-1273. Squares represent the processed data. The shades are the 95% Cls
with some parameters exerted noise of 10% and 20%. The arrows mark the time points one is injected.

response. In general, we can fix other factors and change a single factor, which is
called local sensitivity analysis, but in biological processes, the factors are usually
very uncertain, and they may be related to each other. Therefore, we use global
sensitivity analysis [23] to study the sensitivity of models to the parameters more
comprehensively.

We use Latin Hypercube Sampling (LHS) [26] to sample the parameters, and
Partial Rank Correlation Coefficient (PRCC) values to perform the sensitivity anal-
ysis, to find out the parameters that most affect the model. The results of the
sensitivity analysis are shown in Figure 5. It can be seen that the three important
immune variables, CD8" T cells T}, CD4" T cells T, and antibodies A are insen-
sitive to the parameters p, ap,d4,wpn, whereas they are sensitive to the parameters
X, 01,05, oy, wi. These parameters are mostly related to CD8% T cells and antigens,
so we can start from these two aspects to resist the viral infection process. In addi-
tion, we find that the parameters ay,,w;, associated with CD4% T cells only have a
significant effect on neutralizing antibodies, suggesting that although the CD4™ T
cells may not change much after vaccination, it is enough to effectively impact on
the production of neutralizing antibodies.

6.2. Injection of the booster

One advantage of the mathematical model is that the experiments can be carried
on easily with little cost. The effects of different strategies for epidemics can be
compared directly [16,38]. For the real vaccinations with the mRNA vaccines against
SARS-CoV-2, the first vaccination is usually injected on day 0, followed by a second
vaccination on day 27. The body then produces a great quantity of antibodies that
last for a long period. Subsequent vaccinations are often called “boosters” and are
often given at intervals of no less than 6 months.

Next, we simulate the viral and immune dynamics in vivo after the initial two
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Figure 5. Sensitivity Analysis. PRCCs for Ty, Ty, A with all parameters. LHS is done 1 thousand
times. *p < 0.05,"" p < 0.01.

vaccinations followed by booster injections at 6-month and 12-month intervals. Fig-
ure 6 is a numerical simulation based on the fitting results of Table 2 and Model
3 (Results of BNT162b2 are shown in Appendix C). The arrows above the subfig-
ures mark the time points one is injected. We find that after a period after the
first two vaccinations, the immune cells CD8" T cells (Subfigure D) and CD4% T
cells (Subfigure E) reach certain stable states with time, whereas the neutralizing
antibodies (Subfigure F) show a continuous decline, and if the individual does not
receive new vaccinations, the level of antibodies eventually drops to 0 after about 1
thousand days. Obviously, this simulation result is consistent with the theoretical
result in Theorem 2.1. However, once the individual receives a booster injection 6
months later, all infected cells (Subfigure A, B), antigens (Subfigure C), immune
cells (Subfigure D, E), and neutralizing antibodies (Subfigure F) increase rapidly to
a peak a little lower than that of the second vaccination and then show a decreasing
trend. Infected cells and antigens decrease the fastest, immune cells the second
fastest, and neutralizing antibodies the slowest. The dynamics of the system are
similar when an individual is vaccinated again after 12 months. However, according
to Theorem 2.1, if an individual does not receive a new vaccination, the antibody
level will eventually drop to 0 after a certain period. Therefore, boosters do main-
tain high levels of neutralizing antibodies for some time. Compared to neutralizing
antibodies, boosters do not stimulate other immune cells as much. There are two
hypotheses: one is that the immune system has already memorized the S proteins
from the vaccine, so when the S proteins reappear in vivo, they will be bound by
the rapidly produced antibodies; the other is that the antibody level is already rela-
tively high, and the antibodies produced previously can bind to the S proteins. Both
suggest that the antibodies are effective in stopping the viruses from proliferating
and also further support the previous results of the parameter sensitivity analysis.
In conclusion, we believe that the boosters can effectively enhance the resistance of
the human body to viruses.
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Figure 6. Injection of the Booster. The red lines show the dynamics after the boosters of mRNA-1273.
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7. Discussion

Mathematical models are an effective means of analyzing biological processes. This
paper investigates the microdynamics of the mRNA vaccine in vivo. We first de-
velop a model describing the dynamics of infection in vivo after vaccination based
on the characteristics of mRNA vaccines. Unfortunately, models of vaccines are
rarely studied, and there is little literature to draw on. We propose four sub-models
based on biological meanings and use the GWMCMC for data fitting and parameter
estimation. Although the parameter space is very large, the parallel computation
of the GWMCMC can help the iterations converge quickly. We obtain the opti-
mal parameters and their 95% confidence intervals and calculate their AICc and
BIC, which show that Model 3 is the best under both criteria, i.e., the roles of
memory cells can be ignored temporarily in the immunization induced by the first
two vaccinations, and the innate immune mechanism cannot be ignored. We also
calculate the PSRF to determine the convergence, and the results show that the
Markov Chain can be considered to have reached convergence.

Assuming that the observed data are free of noise, the predictions of the struc-
turally unidentifiable and locally identifiable cases may differ significantly, even
though models with different parameter combinations can fit the observations well.
To make the results more robust, structural identifiability analysis of the proposed
system is critical, but it is neglected in many immunological modeling processes.
We analyze the identifiability of the system using differential algebra. Based on
immunological clinical data, we show that all four systems are either globally iden-
tifiable or if only one parameter needs to be known, the rest of the parameters
are globally identifiable. This theoretically supports the reliability of parameter
estimation by GWMCMC. The GWMCMC is a global optimization method that
searches through the parameter space to obtain the posterior distribution of the
parameters to maximize the fit to the data. Then we take these fitting results as
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the basis for model selection for the four systems and find that Model 3 is the best
model among them for the collected clinical data, i.e., this model is the most suit-
able for explaining the interaction process between mRNA vaccines and the immune
system. This suggests that the roles of memory cells in killing infected cells and
promoting immune cells and neutralizing antibodies during mRNA vaccination are
not significant and can be ignored in the modeling process. On the other hand, the
fact that Model 4 is not selected suggests that the innate immunity of the human
body plays a necessary role in this process. We first analyze the optimal model
theoretically, calculate the equilibria, and show that the disease-free equilibrium
E; is globally asymptotically stable, while the boundary equilibria are unstable.
This indicates that after vaccination, infected cells and antigens are no longer alive,
and they are all killed due to the immune system or apoptosis. This supports the
theoretical safety of mRNA vaccines.

Mathematical models play an important role in medical research. Of course,
any nonlinear dynamic model cannot take into account all factors and is only an
approximate representation of the actual situation. A good dynamic model can
better describe the basic laws of the research objects. In addition, due to the
complexity of the immune system, experimental immunologists often hold different
views and interpretations on some of the phenomena, in which case theoretical
analysis can help to determine which view or interpretation is more plausible and
to know which factors play a major role. Sometimes the analysis and computation
of theoretical models can lead to interesting results, which may predict a discovery.
It is of course the most desirable. Even if this is not the case, it can be used as
a reference for medical scientists to plan their experiments. Whether the result is
positive or negative, we consider it valuable.

Appendix A. Model of the mRNA vaccine

The biological meanings of the variables in the system (2.1) and the system (2.2)
are described as follows:

1. The equation for the variable S describes the dynamics of the antigens. When
a vaccine is injected, it can only be produced by I; (the first term on the
right side of the equation). Some of these antigens are neutralized by the
neutralizing antibodies A that substitute for ACE2 receptors on the surface
of the target cells (the second term), some are killed by the innate immune
system [8], such as phagocytosis by macrophages, etc. (625 in the third term),
the rest may infect healthy cells (61.5).

2. The equation for the variable I; describes the dynamics of the target cells
entered by the mRNAs of the S proteins in the vaccine. We characterize the
injection process of a multi-shot vaccine in the form of an impulsive differential
equation. This type of infected target cells produce the antigens S. The first
term on the right-hand side of the equation describes the killing of I; by
immune cells, the CD8' T cells T}, and the memory CD8' T cells T}, while
the second term describes the natural apoptosis of these target cells.

3. The equation for the variable Iy describes the dynamics of the target cells
infected by the antigens. We assume that healthy target cells are infected by
the antigens S produced by I;. The intact viruses utilize the S proteins on
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their surfaces to bind to the ACE2 receptors on the surfaces of the target cells,
thereby opening the target cells and injecting the mRNAs of the intact viruses
to replicate the viruses [11]. Therefore, as long as the immune system can deal
with the S proteins, for example, by producing neutralizing antibodies that
bind to these S proteins instead of ACE2 receptors, we can prevent the viruses
from reproducing in vivo. So in an mRNA vaccine, the S proteins are the
antigens. Since the mRNAs in an mRNA vaccine are only the mRNAs of the
S proteins and not the mRNAs of the complete viruses, target cells infected
with the S proteins will only stimulate the immune system but will not be able
to produce complete viral particles. The first term on the right side of the
equation describes the infection of healthy target cells by the antigens S, and
the second term characterizes the killing of infected target cells by the CD8™
T cells T, and the memory CD8' T cells T}, and the third term represents
the natural apoptosis of infected target cells.

4. The equations for the variables T}j,T;, and B describe the dynamics of the
CDS8' T cells, the CD4™ T cells and the B lymphocytes, respectively. The
first term of each equation describes the growth of the immune component,
while the second term characterizes the stimulation of the proliferation of each
component by the infected target cells (I3 and I»), the antigens S, and the
CD4* T cells, respectively.

5. The equation for the variable A describes the dynamics of neutralizing anti-
bodies. The first term describes the interaction of the lymphocytes B and the
memory lymphocytes B,, with the antigens S stimulating the production of
more neutralizing antibodies A. The second term describes the consumption
of neutralizing antibodies as a result of binding to the antigens S, and the
third term represents the natural apoptosis of neutralizing antibodies.

6. The equations for the variables Ty, Thy, and B,, represent the memory CD8T
T cells, the memory CD4™ T cells and the memory B cells respectively. The
first term of each equation describes the eventual transformation of a fraction
of lymphocytes into the corresponding memory lymphocytes, the second term
represents the rapid proliferation of the corresponding memory cells when
stimulated by infected target cells or antigens, and the third term represents
the natural apoptosis of the memory cells.

Here we have ignored other details and intermediate processes, such as the in-
volvement of plasma cells, antigen-presenting cells, etc. [17,30]. For the sake of
practicality, it is also assumed that the vaccine is injected in a pulsatile manner. To
do this, we need to add the following conditions:

Li(7") = Li(m) + L, t=7 (i=1,2,...).

This equation represents the increase of I; due to the injection of a new vaccine
at the moment of 7; (i =1,2,...), where I;(7;) denotes the number of target cells
infected in the original system at the moment of 7;, and Iy; denotes the number of
target cells newly infected by the mRNAs of the S proteins in the newly injected
vaccine. The meanings of the parameters in the system (2.1) & (2.2) are summarized
in Table 5.

Considering the equilibria of the dynamic model of the vaccine in vivo. Letting
both (2.1) and (2.2) be 0, it is easy to know that there are 8 equilibria as follows:

E\(11,15,5,T, Ty, B, A, T, Thim, Bm)
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Table 5. Parameters of the System (2.1) & (2.2).

Parameter Biological Meaning Prior Ranges/Values Source
» Proliferation rate of antigens [1.9¢2, 2.3e2] Estimated
A Killing rate of CD8% T cells against infected cells [Te — 2, 1.5e — 1] Estimated
B Binding rate of antibodies and antigens [Te — 14, 1.5e — 13]  Estimated
01 Infection rate of cells by antigens [2e — 2, 6e —1] Estimated
02 Killing rate of innate immunity against antigens [1.5e — 1, 6e — 1] Estimated
g Stimulation of CD8" T cells by infected cells [4e — 7, 1.2¢ — 6] Estimated
ap, Stimulation of CD4" T cells by antigens [2¢ — 6, 5e — 6] Estimated
ap Stimulation of B cells by antigens and CD4" T cells [8e — 8, 3.5e — 6] Estimated
or Apoptosis rate of infected cells [8e — 3, 1.de — 2] Estimated
oA Apoptosis rate of neutralizing antibodies Be—3, le—1] Estimated

wa Growth rate of neutralizing antibodies [2e2, 3e3] Estimated
W Growth rate of CD8" T cells [2e — 1, 5e — 1] Estimated
Wh Growth rate of CD4" T cells Be —3, 3e—2] Estimated
wp Growth rate of B cells [7.5e -2, 1.2e — 1]  Estimated
Tk Carrying capacity of CD8% T cells 0.3 [21,39]
Th Carrying capacity of CD41 T cells 9 (21,39
B Carrying capacity of B cells 211 [28]
Tk Differentiation rate of memory CD8" T cells / /
Th Differentiation rate of memory CD4" T cells / /
VB Differentiation rate of memory B cells / /
Mk Proliferation rate of memory CD8" T cells / /
N Proliferation rate of memory CD4™1 T cells / /
nB Proliferation rate of memory B cells / /
Ok Apoptosis rate of memory CD8' T cells / /
on Apoptosis rate of memory CD41 T cells / /
0B Apoptosis rate of memory B cells / /
I Ratio of effect of memory CD8* T cells / /
Ik Ratio of effect of memory CD4" T cells / /
I:} Ratio of effect of memory B cells / /
T s 7T T
:<0,0,0,7Tk,7('h,’ﬂ'3,0,’}/k kvfyh hvlyB B> )
ok~ O0n  Im

EZ(Ila 127 S7 TknTha Ba AkamaTthv Bm)

= <030307077Tha7rBaoaOa
E3(Ilal27S7 Tk‘7ThaBaA7TkmaThmvB’m) = <0a0707ﬂ-ka07ﬂ-3a0a
E4(I1, I3, S, Ty, Th, B, A, T, Thm, Bin)

ES(ILIQvSv Tvah7B7A7Tkm7ThmaBm) = <0,0,0,7Tk,0,0,07 e

T
YhTh 7YBTB
S, Op > ’

(07 0) O? Trk?’ Trh?O’ 0’

Ok

YTk
Ok

YTk
S

T
VeTk 0 ’YB7TB>

0B

ThTh g
0
y 5h ; ) ;

T
0,0) ,
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T
EG 113127S7Tk7ThaBaA7Tk'maThmvB’m = 0a0707077rh507070aﬂ70 )
On

T
E7(11;I27S7 Tk7ThaBaA7Tkm7Thm7Bm) = (0a0507070aﬂ-37070a07 ’ygﬂ-B) 5
B

E8(117[27S7 Tk7Th7B7A>TkmaThmaBm) = (0707070707070707070)T .

We obtain the following conclusion about these equilibria.
Theorem 2.1. In the case of a single vaccination, the disease-free equilibrium of
four systems of vaccination Model 1-Model 4

E1(117I2a Sa Tk}aTh) B; A7Tk)m7Th’ma Bm)

T
= (07 07 07 Tk, ThyTB, 07 JeTh JnTh JETH )

6. On ' OB
is unconditionally globally asymptotically stable, while the other equilibria E;(i =

2,...,8) are unstable.
Proof. First, we prove it is locally asymptotically stable. For simplicity, denote

Z = (11712757 TkaTh,BaAaTkm7ThmaBm)T7
Y = (I}, I3, 8%, T¢ T} B* A" Ty, Ty, Bi)T = Z + B,

and we get a transformed model

I A
L Ly — SERIRTE b S M DT, — AT,
dt ok
I3 A
2 = —dm; - %I; — 6115 + 018" — N L3 TY,, — AT,
k
s
=PI 018~ 6,57 — B,
T
dtk = Ozklf + Ozklg — wkﬂ'kT,: — wkT,:Q,
Ty
dth = OéhS* - whth,’: - OJhT};kQ,
dB*
= apmpSt + wS* —wpmpB* — (,L)BB*2 + aB,uhS*T,fm
dt On
+()¢BS*T;,
dA*
o = wampS + “A“f;ﬂs* 64 A"+ wapupS*BE, +waS*B* — BS*A”,
B
dT ATk T
b = TR P 4 T = 0T T I T I3,
dt Ok Ok
Ty
i PATLG T}, = T+ LS
dt on
dB*
m _ MBIBTB 6+ |y B — §pBy, +npBlLS”.
dt o5

(8.1)
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So the disease-free equilibrium E; of the system (2.1) & (2.2) is equivalent to
the equilibrium 0 of the system (8.1), and they have the same stability. It is easy
to write the coefficient matrix of the linearized system of the system (8.1) at 0 as
follows:

a1 0 0 0 0 O 0 0 0 0
0 —a 0, 0 0 O 0 0 0 0
p 0 —(Bi46) 0 0 0O 0 0 0 0
o8 o 0 — W T 0 0 0 0 O 0
0 0 an 0 —wpmn O 0 0 0 0
0 0 as 0 0 -—wpmg 0 0 0 0
0 0 as 0 0 0 -84 0 0 0

MEYETE TIEVET R 0 - 0 0 0 -6 0 0
5 5
0 0 "hgzw” 0w 0 0 0 —d 0
0 0 ”BZZ”B 0 0 s 0 0 0 —dg

where, a; = Ami + ‘)\Mkazwk* +01,a0 = apm, + SEEPIER a3 = wymp 4 SAEEEEE.
We can get its characteristic equation

(N + a1)2(\* + 01+ 02) (A" + wem ) (A + wimn) (A + wpmp) (A + 64)
5 (N + 65) (N + 0n)(A* +05) = 0.

Since the parameters are all positive real numbers, the eigenvalues are all nega-
tive real numbers, so it can be known that the zero solution of (8.1) is locally
asymptotically stable, i.e., the disease-free equilibrium E; of (2.1) & (2.2) is locally
asymptotically stable.

Then we prove that F; is globally attractive. Denote the space

U=R*XR*'XR*xR" xR"xR" x R* x R* x R* x R*,

where, R™ denotes all positive real numbers, and R* = R™ U {0}. The following
shows that the domain of attraction of F; is U by analyzing the equations one by
one of the original system (2.1) & (2.2).

First, we take arbitrary x(tg) € U, and denote x(t;) = (Il(i),léi), S(i),Téi),T,Ei),
B(i),A(i),Téz,T,&Qﬂ B%))T the point when ¢ = ¢; when the system started from
(B(t()).

I Considering
drl
7; = —(51[1 — AI]_(T]C + ,LL]ngym) S _5111'
Then,

I < IV 01l=t) £ 4 (p),
So, for a1, for Ve, € (0,1.],3t; = to— 7 In 5 > to, 5.6V > 1, |21 (1)]] < 1.
1

Also, because L[, _o = 0, we can know I; > 0, so, || (t)|| < € when ¢ > ;.
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I

11

v

When t > t1, considering
ds
E :pfl — (01 + 92)5 — ﬂSA S pPer — (01 + 92)5
Then,
bey 1) bey —(61+02)(t—t1)
S<—— + (S -
_91+92 ( 91+92)e

So, for xg, for Veg > 0, we define arbitrary small positive numbers €; <
mm{(eﬁ‘%)62 I } and we get o = t1 — 54 +9 In(g3 — 75(1)5;11%2)) >
t1, 8.5Vt > to, ||z2(t)|| < €2. Obviously, S > 0, so ||S(t)|| < e2 when t > ts.

When t > to, considering

dl,

yT 015 — 0rly — Mo (T + 11 Them) < O1€2 — 011>.
Then,

I < 0162 i (1(2) B 9162)6751@42) < 0162 —|—I(2) —Sut=ta) & 4o (p),
o1 o1 o

So, for z3, for Ves > 0, we define arbitrary small positive numbers e; <
%,61 < min{i(eﬁﬁz)m, 1Y, and we get 3ty = ty — L+ ln(1<2> - I?;f; ) >

to, s.t.Vt > t3, ||z3(t)|| < e5. Obviously, Iy > 0, so ||I2(t H < €3 When £ > ts.

When t > t3, considering
di 2 2
T ap(li + 1) + wemp Ty, — wiTj; < og(er + €3) + wimi T — wi T
Then,
(3)—7\',
tanh % + arctanh (W)} G1 + wimg
T < 2 2" (8),

2wy,

where, G1 = \/wk(wkﬂ,i + dag (€1 + €3)).
It is easy to know xiu) (t) —m < Gl;T“:” — Tk

On the other hand, considering

di;
d—tk > wpm Ty — wka

Then

T > Tég)wkewkﬂk(t—tz) a Ig)(t).
= Tlg?))ewkﬂ-k(t—t;s) o — T,f’)

Obviously, Vej > 0,37y > t3,s.t.Vt > Ty, |e*s™ ()| > L and
4

@ _
| tanh % + arctanh (W)} — 1| < €.



Studies on the interaction mechanism between... 2309

VI

So, for xi“) and xfll)7 for Veq4 > 0, we define arbitrary small positive numbers

€1 +e3 < LA (M +eq), €2 < 5;’)?,61 < min{%,[fo)}, and we get Ity >

l
Ty, st > ty, |5 (8) — mel| < ea, [|2(8) — mel| < ea. s0 ||Th(t) — m| < €4
when t > 4.

When t > t4, considering

dT;

dith = apS + wpmRTy — thi < apes + wpmp Ty — th}g.
Then,

(4 _
tanh % + arctanh <W)] Gy + wpm,
T < o £ a5 (1),

where, G2 = \/wp, (wp T2 + daéa).
It is easy to know xéu) (t) —mp < GQL% — 7.

On the other hand, considering

di;
dith Z whﬂ'hTh — th;?.

Then,

T;54) ﬂ_hewhﬂ'h (t—ta)

Th > 2 20).

T}(L4)ewhﬂ'h (t7t4) + T — T}E4)

Similar to IV, for xé") and J}él), for Ves > 0, we define arbitrary small positive

numbers €4 > 0,1 + €3 < ‘*’O’j—i“(wk +é€4),60 < min{“’g—?(ﬂh + ¢€5), 6(’9:3},61 <

min{%,[{o)}, and we get Jt5 > ty4,s.t.Vt > t5,||$éu)(t) — m|| < es,
129 () — 74| < €5. So ||Th(t) — mal| < €5 when ¢ > t.

When ¢ > t5, considering
dTm
a YTk — 6k T + Mk Therm (11 + I2) < Vi (Tr +€4) — (6 — i (€1 +€3)) Tiem-
Then,
T < Ve (Tk + €4) (T]£5) L (75 + €4) e~ Ok —nk(e1tes))(t—ts)

~ Op — k(€1 +€3) 0 — (€1 + €3)

= xéu) (t).
On the other hand, considering

dim
dt

> V(e — €4) = 6k Them.-
Then,

(T~ €a) T _ Vi (T — 64))6—6k(t—t5) 2 .0,

Tim >
km Z 5k km 5k
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So, for xé") and xél), for Yeg > 0, we define arbitrary small positive num-
bers €5 > 0, 2ecttmean(atoll o« ep e) < ks ¢ 4 ey < min{ 2k, 5% (my, 4
€4)}, €2 < min{—‘”;‘;5 (7 + €5), 5éf3}, 6 < min{i(eﬁzfzkz,[fo)}, and we get

u Tk l . T
s > ts, st > |26 () — BIE|| < eg, [z (1) — B < €. So
||Tkm(t> — ’yg:k H < €6 when t > 5.
VII When t > tg, considering
dThm
n Yo Th = 08 Thm + M ThmS < Yu(7h + €5) — (0 — Mne2) Thim-
Then,
V(7 + €5) ©) _ W(Th +€5)\ (5, —npea)(t—te) & (u)
Ty < 2TRED) 4 l6) IR 5) s —(5pmmen)1-ta) 2 40 (1),
On — Mn€2 T On — Mne2 ) b
On the other hand, considering
dThm
d}; > Yn(mh — €5) = OnThm.-
Then,
Ty > 22T =€) | (p6) _ w)eﬂshma) 2,00,
h h
So, for a:;u) and 3:(7l) , for Ye7 > 0, we define arbitrary small positive numbers
Y [One€s+Tnmn €o] Sner ye[Oreatmini(e1tes)] Spe
h5h}(5h*7726;)2 < e < %’ k5kk[5?r772(§1+63)]3 < €6 € < :k67€19+963 -
min{ 8, e (m + ea)}, ea < min{ 2, <25 (my +e5), %22} e < min{ @,
0 u T l L
I1( )}, and we get 3t7 > tg, s.t.Vt > tr, ||91:(7 )(t)—w:;—hh\| < €7, ||x$)(t)—vt§7hh|\ <
€7. So ||Thm(t) — ’Y}S:h H < €7 when t > t7.
VIII When t > t7, considering
dB
T = aBS(Th + ﬂ'hThm) +wpmpB — oJBB2
m
< CVBGQ(’]T}L + €5 + uh(% + 67)) +wpnmpB — OJBB2.
h
Then,
TR 1 (t —t7)Gs 5th(2B(7) —7B)
B<—= tanh tanh G
- 2 + 2wpdy o 26y, +arctan G3 3
£ (1),

where, G3 = \/wpdh(dapez(5n(ner + T + €5) + thThyn) + WBTHR).
On the other hand, considering

dB
E Z (UBT('BB — LUBBQ.
Then,
BN pgewsms(t—tr) N

B2 BMewnmp(t=t7) 4 rp — B()

= x5 (1).
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IX

(u)

So, for g’ and xél)7 for Veg > 0, we define arbitrary small positive numbers

Ones+
oL [0n(uner + m + €5) + mﬂrh’yh] < 68(7TB + es), W < er,65 <
Sner Yr[dkeatmruni(e1tes)] Wi €q
n 0 On[0k—mk(e1tes)] < €6, e o (Tr+ea)}, €2 <
mln{nh,wo’z:" (Th + €5), % Giha < mln{gﬁﬁ‘??)62 I£O)} and we get Jtg >

tr, 5.t > tg, |l (t) — 75|| < es, ||zl () — 75| < es. So ||B(t) — 75| < €s
when t > ts.

When t > tg, considering

dB,,
T v8B — 6B +1BnS < v5(7p + €8) — (0B — NB€2)Bm

Then,

B. < vB(TpB + €5) +(B® - 15(75 + €) e (n—npea)(t=ts) & () ()
™= 5 —npe 0B — nBe2 ’ .

On the other hand, considering

dB.,

7 > vp(mp —€g) — 6By,

Then,

vB(TB — €3)

5 + (Bﬁff) _ M)e*&e(t*ts) L xél)(t).

B, >
2 o5
So, for xéu) and xgl , for Yeg > 0, we define arbitrary small positive num-

vB[dpest+mpNBE] (5369 apez[dn (uner+mntes)+unmhyn]
0B (dB—nBE2) < €9,€8 < ’ wpon < GS(FB +

bers

Yh[dnes+mhnnez] 6h67 Ve [Or€a+mrnk (e1+€3)] Jr€e
68)’ On(6n—nne2) < €n 65 < Y 0 k[0 —mk(e1+e3)] < €664 < Ve 0 €1 +

€3 < min{‘S" , “’;:4 (e + €1)},e2 < mln{zﬁ z’h , 2B (rp, + 65) ’f3}, € <

min{M } and we get Jtg > tg,s.t.Vt > tg,ng (t) — B2 <
e9,||x<“<> 1L || < €9. S0 || By (t) — BEE|| < eg when t > to.

When t > tg, considering
dA YBTB
Fri —04A—BSA+waS(B+upBm) < waea(mpt+es+up( +eg))—0aA.
Then,
G G
A< 5—: + (A — T:)e—w—fe) 2 210(t).

where, G4 = waea(mp + €5 + up(B22 + ).
So, for 19, for Ve;g > 0, we define arbitrary small positive numbers
wA€2(7fB+68+MB(”§;'B +e€9)) < ¢ vBlpes+mBnBEs] < coc < Speo
: 5a 105 55 (6 —npe2) 9168 7B’
ape[dn(pner+mhtes)+Hunmhyn] Yh[Ones+mrnnez] Sper
T < es(mp + €3), S ey < €mes < AT,

i[Ok €a+Trmi (€1+€3)] dkres wreq
0k [0k =i (e1+€3)] < 66 < A T < mln{nk, Qg (T +ea)}re2 <

min{ 62 f]: $RES (7, + €s), % fite < mm{% I(O }, and we get Jt19 >

tg, s.t.Vt > t10, ||z10(t)|]] < €190. Obviously, A > 0, so ||A(t)|| < €10 when
t > t10.
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Finally, it can be shown that the domain of attraction of F; is U. So, Ej is
unconditionally globally asymptotically stable.

For equilibria E;(i = 2,...,8), we also perform the corresponding translational
transformations of the original system, making the equilibria be 0 after transforma-
tions. Now we can calculate the characteristics equations of the coefficient matrices
of the linearized systems of the transformed systems at 0, and they are displayed
sequentially as follows:

(N + 602N+ 01+ 02) (N — wremr) (N + wipn) (A + wpmp) (A +04)
X (A" +0) N+ on) (N + ) =0,
(N 4 a1)>(N* 4 01 + 02) (N + wpmr) (N — wpmn) (N +wpmr) (A +64)
X (N +0) N + ) (N +65) =0,
(N 4 a1)>(N* 401 + 02) (N + wpm) (N + wpmn) (N —wpmp) (A +64)
X (A" +0) (N + o) (N +65) =0,
(N 4 a1)>(N* 401 + 02) (N + wpmr) (A — wpmn) (N —wpmp) (A +64)
X (A" +0) N+ o) (N +65) =0,
(N 4072 (N + 01+ 02) (N — wpm) (N 4 wipmn) (A — wpmp) (A +34)
X (N +0) N + ) (N + ) =0,
(N 07)2(N + 01 + 02) (N — wem) (N — wpn) (N + wpmp)(A* +04)
X (A" +6p) (X" +0n)(\* +0B) =0,
(N 072N+ 01+ 02) (N — wpm) (N — wimn) (A — wpmp)(A* +04)
X (A" +6,) (A" +6p) (A" +6B) =0,

where, a1 = Am, + A’“}% + 07. Obviously, they all have at least one positive
characteristic root, so these equilibria are unstable. O

Appendix B. Data

Z. Zhang’s team from the La Jolla Institute for Immunology (USA) injected two
groups of 30 adults primarily composed of white individuals with mRNA-1273 at
a dose of 100pug and BNT162b2 at a dose of 30ug, with the subjects receiving
two doses of the vaccine at about 4 weeks intervals [39]. The immune cells were
measured before the first vaccination, 2 weeks, 1 month, 3.5 months, and 6 months
after the first vaccination. The geometric mean of the number of subsets of immune
cells of interest was obtained. These numbers of subsets of the CD8 T cells and
the CD4™T T cells are used in our fitting, and the results of the fitting are then used
to evaluate the different models to determine which one is more appropriate for this
clinical dataset.

R. R. Goel’s team from the University of Pennsylvania vaccinated 3 adult sub-
jects with mRNA-1273 and 42 adult subjects with BNT162b2. The interval between
the two vaccinations was 4 weeks. Clinical data were collected before the first dose,
2 weeks, 4 weeks, 5 weeks, 3 months, and 6 months after the first dose, and a time
series of the numbers of specific subsets of memory cells was given for each subject.
The team found that the mRNA vaccine induced durable immune memory. The
data of the memory CD8* T cells, the memory CD4" T cells, and the memory B
cells in our model were taken from the literature [13].
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Figure 7. Injection of BNT162b2 booster. The red lines show the dynamics after the boosters of
BNT162b2. The arrows mark the time points one is injected.

C. Lucas’s team from Yale University compared the impact of different variants
of the viruses on the immunity induced by the mRNA vaccine by vaccinating 18
test subjects between November 2020 and January 2021. 11 adult subjects were
vaccinated with mRNA-1273, and 7 adult subjects were vaccinated with BNT162b2.
Vaccination intervals were again 4 weeks. The team measured the IgG neutralizing
antibodies against S, S1, and RBD receptors before the first injection, and at 1,
4, 5, 8, and 70 days after the first injection. These antibodies are related to the
antigens in our model. Data on neutralizing antibodies involved in the four models
are taken from the literature [22].

Also, to make the results of the study more credible, we only chose the data
from subjects who had not been infected with SARS-CoV-2 in the literature, to
ensure that the data come from as similar a population as possible and that the
doses of the same vaccine are the same. Finally, we extracted the data and further
processes them so that they have the same units and scale.

Appendix C. Simulation of BNT162b2 booster

The simulation of BNT162b2 booster is shown in Figure 7.
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