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S1. Full structure model

The full modelling framework includes the infection and transmission dynamic of COVID-
19 and the two-doses vaccination program and immunity waning dynamic.

Transmission progression: We used an SEIAHR model structure to describe the trans-
mission dynamics of COVID-19. That is, according to the epidemic status of COVID-19 in-
fections, the total population is divided into susceptible (), exposed (E), symptomatic infected
(1), asymptomatic infected (A), hospitalized (H), recovered (R) classes [1-4]]. The suscepti-
ble population will enter into the exposed class (E) once they are infected by symptomatic or
asymptomatic infected population. The exposed individuals move to / or A at a rate of 6. And
we assume that the probability of showing symptoms is p. The recovery rates of I and A are set
to be ¥ and 7y, respectively. Given the immunity waning, the recovered population can become
susceptible again. The transmission diagram with the mass vaccination program is shown in
Fig. 1 in the main text.

Vaccination program for susceptible population: Susceptible population (S), will be first-
ly vaccinated by one-dose at a rate v{. The effective protection rate by one-dose is p;, hence,
the part p;v; can be effectively protected and temporarily immune to COVID-19, and the class
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is denoted by Vj. The rest part ((1 — p;)v;) remains in the susceptible class, which is denoted
by Sy,. The population vaccinated by one-dose will be further vaccinated by a second dose after
a pre-set period since the first dose. Similarly, we set a protection rate of the second dose as p;.
Once vaccinated by the second dose, individuals will either move to the class effectively pro-
tected (denoted by V»), or to the class susceptible to COVID-19 (denoted by Sy,). We assume
that the population effectively protected by one-dose (the persons in Vi), will all move to V;
when they receive the second dose. It should be mentioned that the population vaccinated but
not immune to COVID-19 (Sy,,Sy,) can be infected. Then according to the epidemic status, we
further have the classes of E;,1;,A;,R;,j € {V1,V2}.

Immunity waning and ADE effects: As we mentioned in the introduction, lots of evi-
dence suggest that the neutralizing antibodies decay significantly since the onset of symptoms
of COVID-19 patients, indicating the existence of immunity waning. Given the immunity wan-
ing, we assume that both the recovered and effectively vaccinated population can temporarily
immune to COVID-19, and will return back to susceptible classes. In particularly, we assume
that the individuals in V; will move to Sy, due to the waning of immunity, and the population
in R, Ry, ,Ry,, V> will move to Sy,,. Correspondingly, the rate of immunity waning are denoted
by w;,i € {R,Ry,,Ry,,V1,V2}. On the other hand, as the decay of the neutralizing antibodies,
the binding antibodies can dominant the immune response, which will enhance the infectivity
of the virus (i.e. ADE effects). That is, compared with other susceptible population, the sus-
ceptibility of Sy, and Sy, is much higher as the pre-existing of immunity. Here, we denote k
as the modification factor of the susceptibility of the individuals who have lost their immunity.

Based on the above assumptions, the model equations can be written as:
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Here, N is the whole population in the considered region. The equations for S, E,I,A,H,R rep-
resent the infection and transmission dynamic in the non-vaccinated population, the equations
for Sy,,Ev,,1y,,Ay,,Hy, , Ry, represent the infection and transmission dynamic in the population
vaccinated with the first dose vaccine, the equations for Sy, , Ey,, Iy,,Ay,, Hy,, Ry, represent the
infection and transmission dynamic in the population vaccinated with two doses vaccine. V; and
V, are the population effectively protected by the first dose and two doses vaccine, respectively,
who would not evolve in the transmission dynamic but will lose the immunity with rate @y, and

wy,, respectively. Sy, ,Sy,, are the population lost the immunity and are more susceptible to
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the infection due to ADE effect. The detailed definitions of all the parameters are listed in Table
1.

Using the next generation matrix method, we can firstly calculate the basic reproduction
number [S)]. Then subsisting the time-varying parameters and variables into the basic reproduc-
tion number, we can obtain the effective reproduction number of model (ST), which is given
by

R = R(f) = ( p +9(1—p))S(t)+SV1(t)+SV2(t)+KSvlw(t)%—KSVzw(t)' )

8+ YA N(t)
S2. Data

We obtained the data of the COVID-19 epidemic, and the data of the mass vaccination
program in mainland China from the National Health Commission of the People’s Republic
of China [6]] and Our World in Data [7], which include the number of daily confirmed cases
and deaths from January 23, 2020 to April 8, 2020 (Fig. (a) and (b)), the cumulative
vaccine doses administered and the daily vaccine doses administered from December 15, 2020
to June 29, 2021 (Fig. [ST](c) and [ST]| (d)). It should be mentioned that the vaccination data is
available from December 15, 2020 with a report of accumulative 1,500,000 doses used in the
population. However, during the period from December 15, 2020 to March 23, 2021, the data
was not released daily, hence is intermittent. Since March 23, 2021, the vaccination data was
reported per day.

S3. Model calibaration

To calibrate the model, we firstly use the data of the COVID-19 epidemic from January
23, 2020 to April 8, 2020 in mainland China to estimate the parameters related to transmission
dynamics. As there is no vaccination during this period, the full model can be reduced to a
model without vaccination.

= —p(r)seA,

% = ﬁ(I)SH%—GE,

' = poE— (1) —l,

A (83)
o = (1=p)oE—nA,

4 = §(t)l - yH —aH,

R = yl+pA+yH.
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Figure S1: The epidemic data of COVID-19 in mainland China from January 23, 2020 to April 8, 2020 ((a)-(b)),
and the vaccine doses administered in mainland China from December 15, 2020 to June 29, 2021 ((c)-(d)). (a)
Daily reported confirmed cases; (b) Daily reported dead cases; (¢c) Cumulative vaccine doses administered; (d)
Daily vaccine doses administered.

Note that, because the epidemic lasted less than four months and only a very small proportion
of the whole population was infected, we didn’t consider the immunity waning in the reduced
model. Considering the continuously enhanced control interventions implemented by the gov-
ernment, we introduced a time-dependent transmission rate and diagnose rate. In detail, the

transmission rate f3 is set to be a decreasing function of time ¢ with the following form

B(t) = (Bo—Br)e """ + B, (S4)

where Py is the initial transmission rate, 8 is the minimum transmission rate, and r, is the
exponential decreasing rate of the transmission rate. Similarly, we set the diagnose rate is a
increasing function of time ¢ with the following form

51(l‘) = (510 — 5]1 )efrdt + 3[1 . (S5)

where 6, is the initial diagnose rate, &;, is the maximum diagnose rate, and r, is the exponential
increasing rate of the diagnose rate. o corresponds to January 23, 2020.
Model (S3) with (S4) and (S5) can be used to describe the transmission dynamic of the
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COVID-19 epidemics in mainland China in 2020, with the gradually improved and enhanced
non-pharmaceutic interventions (NPIs), and without vaccination. Therefore, model (S3) can
be used to fit the epidemic data of COVID-19 epidemic in mainland China in 2020, to obtain
the values of parameters related to the disease transmission. To this end, we first fixed several
parameters from the literature and initial values from the database, as listed in Table 1. Given
the randomness of reported cases, we used a bootstrap method to generate 1000 time series of
daily confirmed cases and deaths from a Poisson distribution with mean given by the reported
data, hence we obtained 1000 data set. We then use the least square method to fit the model to
each data set.

The fitting results of the transmission dynamic model to the epidemic data of mainland
China in 2020 are shown in Fig. [S2] with the best fitting curves marked as black. Based on the
fitting results, we obtained the estimation of the unknown parameters (listed in Table 1), and
also the estimated effective reproduction number (Fig. [S2(c)).
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Figure S2: Model fitting results for the transmission dynamic model in mainland China in 2020. (a) The daily
reported confirmed cases. (b) The daily reported dead cases. (c) The estimated effective reproduction number. The
black curves are the estimated curves with the shadow areas as the corresponding 95% confidence intervals. The
red circles in (a) and (b) are the observed data of the daily reported confirmed cases and the daily reported dead
case from January 23, 2020 to April 8, 2020 in mainland China.

We further used the vaccination data in mainland China from December 15, 2020 to June
29, 2021 to estimate the parameters related to the mass vaccination program in China. Since
the initiation of the vaccination program, it has already taken more than 9 months to vacci-
nate against COVID-19 in mainland China. Therefore, the vaccination program is also a dy-
namic process. To model the vaccination dynamic without the transmission dynamic, a three-
compartment model reduced from the full modelling framework was derived. The three
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compartments are the population without vaccination (S), the population got the first vaccine
dose (S1) and the population who have received the second vaccine dose (S;), respectively. Then
the model is given by:

Z_f = Vi (t)Sa
B = v (1)S -8, (S6)
% = V2S1-

where v;(¢) is the time-dependent vaccination rate, as it should be small initially since the
availability of the number of vaccine doses was limited at the beginning, and then exponentially
increased as the production of COVID-19 vaccines was accelerated, and finally it could plateau
to a constant level depending on the daily vaccination capacity. Thus, we assume v;(z) as a

logistic increasing function of time ¢ with the following form:

B VoV,
= Vot (Vb — VO)e—rvt .

Vl(t)

with ¢ corresponds to the time when the initial time is assumed to be December 15, 2020.

(87

Considering the initial accessability of vaccines and the capacity of daily vaccination pop-
ulation, we set the rate, at which the population receive the first dose, as a logistic function of
time. In contrast, the rate at which the individuals get the second dose is fixed as a constant.
Note that the second doses is requested to be vaccinated in 3-8 weeks in China [8], hence we
set v = 31—5 Based on the vaccination data, the initial time is set as December 15, 2020, and
the initial conditions are S(0) = 1,400,000,000,S;(0) = 1,500,000, S,(0) = 0. Then, by using
the similar methods as in fitting the epidemic data, we fitted the vaccination dynamic model to
1000 vaccination data set.

S4. Immunity waning dynamic model without transmission dynamic

Note that immunity waning makes the people who have gained the immunity after vaccina-
tion become susceptible again, thus based on model (ST)) and incorporating the natural immunity

waning into model (S6)), we can obtain the following system:
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Figure S3: Model fitting results for the vaccination dynamic model. (a) The accumulative number of vaccine doses
administered. (2) The daily number of vaccine doses administered. (c) Proportion of population vaccinated with
at least one dose. (d) Proportion of population vaccinated with both two doses. The black curves are the estimated
curves with the shadow areas as the corresponding 95% confidence intervals. The red circles in (a) and (b) are the
reported data of the accumulative vaccine doses and daily vaccine doses administered from December 15, 2020 to

June 29, 2021 in mainland China.

—v1S,

p1viS —wVi — oy, Vi,

v2Vi + pavaSy, + p3vaSy,, — oy, Vo,
oy, Vi —vaSv,,»

Wy, V2,

(1 —pl)vlS— V2SV1 y

(1= p2)vaSy, + (1 — p3)v2Sy,,-

(S8)

Then, model (S8) combined the vaccination dynamic and the nature immunity wanning
dynamic, but without the transmission dynamic of COVID-19. That is, model (S8) can be

used to simulate the vaccination dynamics and the immunity waning dynamic during the pre-

epidemic period.
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SS. PRCC:s of R,

By plotting the partial rank correlation coefficients (PRCCs) [21], we conducted a sensi-
tivity analysis of Ry with resect to the transmission related parameters (8,p,9;,0,%r,7s) and
vaccination related parameters (p1, p2, p3, @y, , ®y,) and the ADE factor k over time, as shown
in Fig. [S3|(a). As aresults, we found that the transmission rate always have the most significant
effect and is positive related to R;. k does not dominant before June 13, 2021, which means
that ADE almost has no effect in the early stage of the vaccination program, mainly due to the
high effectiveness of the vaccine and majority of the population had not been vaccinated. How-
ever, K positively affects the reproduction number significantly after June 13, 2021, attributing
to the fact that people vaccinated may lose the immunity and has the ADE after a period of
time. In particular, the PRCCs with respect to the vaccination parameters and the ADE factor
(Fig. [S5))(b) showed that the immunity waning rate @y, of those received the first dose is also
positive related to Ry, which is high in the initial stage of the vaccination program. The PRCC
of the immunity waning rate @y, is high in the middle stage of the vaccination program, and the
PRCC of the efficacy of two-doses p, becomes high in the late stage, illustrating the evolution
of the vaccination and immunity waning dynamics.
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Figure S4: PRCCs of R, at different introducing time s with respect to: (a) 8,0, 07,0, %, Y4, K, P1, P2, P3, @y, , Oy, ;
(b) x,p1,p2, p3, Wy, Wy,. Other parameters are fixed as in Table 1.

S6. Theoretical illustration

We will briefly illustrate that the time length it takes for the number of newly confirmed
cases reaching kly (k > 1) is independent of the number of infected cases introduced, by using
a simple SETAHR model in the following. The total population N is divided into 6 classes

9
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S,E,I,A,H,R, namely, N =S+ E+1+A+ H+ R. Assume that several infected cases () are
introduced at time s in a fully susceptible population, then the system

ds _ _ BS(I+64)

& _ BSuion)

@ = —w~ 9L

= poE—§I—l, (S9)
4 = (1-p)oE—nA,

i = §I—yyH—oH,

% = Yl+ YA+ vHH.

has the initial condition (S(s),E(s),I(s),A(s),H(s),R(s)) = (So,0,1y,0,0,0) at the initial time
s, and Iy < Ny = 8o+ 1. Thus it is reasonable to assume 1% ~ 1 in the initial stage of the disease
transmission. Then by omitting the equation of S and R, the model can be reduced to

dE — B(I+60A)—OE,

@ = (S10)
‘Z_I;I — 6]I—YHH_aH7

e .. _ _E ._ I _A ,_H
with initial condition (E(s),/(s),A(s),H(s)) = (0,19,0,0). Denote e= ¢, i=17, a=1, h=7
system (S10) is equivalent to the following system

‘é—f = B(i+6a)—oe,

a4 = poe—oi— i,

a (S11)
% = (1—p)oe—naa,

dh

a = 51i— }/H/’l — OCh,
with initial value (0,1,0,0). Thus the solution of system (S11) is independent of Iy and is

unique. Assume that 71 is the time when the number of newly confirmed cases increases to ki
for the first time, namely, &;1(¢;) = kly, then we have i(t;) = 551, which is a constant. Thus #; as
well as t; — s is independent of the value of Ij.
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Table S1: Definitions and values of variables and parameters

Variables  Description Initial value Resource
S Susceptible population 1.4 % 10° [9]
E Exposed population 5926 Estimated
1 Symptomatic infected population 3591 Estimated
A Asymptomatic infected population 3459 Estimated
H Hospitalized population 771 data
R Recovered population 34 data
Parameters Description Value Resource
Parameters related to the disease transmission
Po  Transmission rate in the pre-pandemic era 2.8749 Estimated
B(t) Bi  Minimum transmission rate with control s- 0.0521 Estimated
trategies
rp  Exponential decreasing rate of the transmis- 0.1232 Estimated
sion rate
0 Relative transmissibility of A to / 0.55 [10]
c Progression rate of exposed individuals to in- 1/5.2 (L1 2]
fectives
p Probability of symptomatic 0.4972 Estimated
0, Initial diagnosis rate of infected individuals 0.1 [10]
Or(t)| 6, Maximum diagnosis rate of infected individu- 0.5848 Estimated
als
rq  Exponential decreasing rate of diagnosis rate 0.1247 Estimated
from symptom onset to detection
Y Recovery rate of symptomatic infectives 1/2.9 [1O]
Ya Recovery rate of asymptomatic infectives 1/2.9 [1O]

Yu Recovery rate of hospitalized infectives 0.2149 Estimated
o Disease induced death rate 0.0087 Estimated
Parameters related to the vaccination program and immunity waning

vo Initial vaccination rate of the first dose 5.0437 x 10> Estimated
v(t)| vi  Minimum vaccination rate of the first dose 0.0585 Estimated
r,  Net increasing rate of the vaccination rate of 0.0338 Estimated
the first dose
1% Vaccination rate of the second dose 1/35 [&]]
P1 Effective protection rate to S by one-dose vac- 0.3 [13H15]]
cine
P2 Effective protection rate to Sy, by two-doses 0.9 [13-15]
vaccine
p3 Effective protection rate to Sy,, by two-doses 0.9 Assumed
vaccine
w; Immunity waning rate (i = R,Ry,,Ry,,V|,V2)  1/365 Assumed
K Modification factor of susceptibility [1,3] [16-20]

14



	Full structure model
	Data
	Model calibaration
	Immunity waning dynamic model without transmission dynamic
	PRCCs of Rs
	Theoretical illustration

