Appendix - Mathematical description

Here we concisely formulate the mathematical model for the occurrence of ADE during
vaccination campaigns. We generalize the SEIR model underlying the
pandemic-preparedness-tool CovidSim (cf. [1]). The presentation follows [2] and [3], two
very different generalizations of the CovidSim 1.1 model tailored to study the spread of
COVID-19 in closed facilities and multiple exposures to the virus, respectively. To
adequately model the occurrence of ADE during vaccination campaigns, the population
needs to be partitioned into several groups, and hence into a large number of
compartments in the SEIR model. We therefore, describe the model in a step-wise
procedure. Figures [1]-[3| are simplified illustrations intended to facilitate the
understanding of the model’s complex flow chart (S1 Fig). In the following, regarding
the model’s compartments, we use superscripts, to refer to sub-divided groups. If we are
not referring to a particular sub-group we use a (.) as a placeholder.

Model compartments

In a population of size IV, the model follows the numbers of individuals being
susceptible (S()), in the latent phase (Eégm) consisting of ng equivalent sub-states
(E,(C'), k=1,...,ng), in the prodromal phase (PS(;J)m

sub-states (P,S'), k=1,...,np), the fully infectious phase (I(')

Sum

) consisting of np equivalent
) consisting of ny
()

Som) consisting of

equivalent sub-states (I(')7 k=1,...,ny), the late infectious phase (L
ny, equivalent sub-states (L,(C')7 k=1,...,np), the final “removed” state (R), and dead
individuals (D). Therefore, the number of individuals in the latent, prodromal, fully

infectious and late infectious phases in the respective sub-groups are given by
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The sub-states are used to avoid naive exponentially-distributed times during disease
progression, which implicitly occur in SEIR models. By the equivalent sub-states the
waiting times become Erlang-distributed, i.e., the variance of the durations are not

determined by their mean [1}2].




Susceptible individuals

Susceptible individuals are sub-divided (see Fig|2)) into those that are: (i) not vaccinable
because they do not have access, refuse to be vaccinated, or cannot be vaccinated for
medical reasons (e.g., allergies, or the vaccine is not approved for them), denoted by
(SOVY; (ii) waiting to be vaccinated (S(V)); (iii) already vaccinated, but the outcome
of the vaccination is still pending (S™)); (iv) already vaccinated but only partially
immunized (S®D); (v) vaccinated, but the vaccination failed to immunize at all (SND);
(vi) vaccinated, but the vaccine caused ADE (SAPF)). The waiting time for
susceptibles (S(Y)) to get vaccinated is Dy . The effect of the vaccine is not immediate
(pending immunization). Thus, individuals from (S(Y)), if not infected, are moved into
compartment (S\V)) at rate v = 1/Dy . If not infected, after an average duration D 4,
the outcome of the vaccine manifests and these susceptibles either are (i) fully immune
(R) with probability féR); (ii) partially immune (SFD | i.e., they can still get infected)
with probability fépl); (iii) not immune (SN i.e., the vaccine had no effect) with
probability féNI); or (iv) develop ADE (SAPE) ‘je., the vaccine had a deleterious effect)
with probability féADE). Hence, individuals (if not infected) are moved from SV) to R,
SN G(ND “and SADPE) at rates aféR), ozfém), @ éNI), and aféADE), respectively,
where o = 1/D 4. (Clearly, éR) + féPI) + féNI) + féADE) =1.)

Susceptibles that are either unvaccinable (S™NV)), waiting to be vaccinated (S(V)),
vaccinated but have pending immunity (S™)), or failed to immunize (S™D) are equally
susceptible. Susceptibles that developed partial immunity (S®D) or ADE (S(APE)) are
less likely to become infected than the other susceptibles. Namely, only fractions ppp
and papg of contacts that would infect other susceptibles are infective. If infected,
partial immunity manifests in a higher likelihood of asymptomatic infections and lower
mortality of symptomatic infections, while ADE results in the opposite.

Course of the infection

Once infected the average duration of the latent, prodromal, fully infectious, and late
infectious periods are Dg, Dp, Dy, and Dy, respectively. In each of these phases
individuals transit through a number of equivalent sub-stages. The reason is to avoid
naive exponentially distributed durations (see above; cf. [1]). Individuals leave each

latent sub-state at rate
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Similarly, the prodromal, fully infectious, and late infectious sub-states are left,
respectively, at rates

np M and § = L (2b)
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During the latent phase, infected individuals are not yet infectious or show symptoms
(see Fig . In the prodromal phase individuals are already infectious, however not to
the full extent, and still do not show symptoms. At the beginning of the fully infectious

period it is determined, whether an infection remains asymptomatic or becomes




symptomatic. A fraction fs(l)ck of fully infectious individuals becomes symptomatic, i.e.,
they become sick. This fraction depends on the immune status of the infected
individuals, i.e., if they are partially immunized ( féi{()), not immunized ( fs(ﬂi)), or
developed ADE ( S(QE E)). In particular, partially immunized individuals are less likely
to develop symptoms, while individuals with ADE are more likely to develop symptoms,
. (PI) (NI) (ADE)

Les fgik = fsiok = fsiek -

Importantly, in the fully and late infectious phases, asymptomatic infections, can
turn into symptomatic infections, either when the effect of the vaccine (if still pending)
manifests, or when individuals become vaccinated, potentially resulting in additional
stress on the immune system. Conversely, symptomatic infections might become
asymptomatic when the effect of the vaccine manifests.

Notably, vaccinated individuals (S(V)) can become infected before the effect of the
immunization manifests. Then, the effect of the vaccine (complete immunity, partial
immunity, no effect, or ADE) is determined during the infection. The likelihood of the
three outcomes depends then on the phase of the infection. Furthermore, unvaccinated
individuals can get vaccinated during an infection. Importantly, only asymptomatic
individuals will be vaccinated. Particular regard is given to individuals that are

vaccinated in the fully infectious and late infectious phases (see below).

Infection in individuals that are unvaccinable or failed to immunize

Those individuals that are unvaccinable and those that failed to immunize after being
vaccinated are essentially identical. It is important to account for them separately as
long as they are susceptible (cf. [S1 Fig). Once they are infected, they can be modelled
by the same compartments. Hence, upon infection, unvaccinable susceptibles and those
that failed to immunize (S™V) S™ND) are moved in the compartment E§NI). From
there they progress through the sub-states E,(CNI), ,gNI), 1 IENI), L,(CNI) and finally to R or
D (see yellow compartments on the right). More precisely, a fraction fsick fDead
of individuals die, whereas the remaining fraction (1 — fgick fDead) recovers.

Individuals with partial immunity or ADE upon infection

Upon infection, susceptibles that developed partial immunity (S(*D) are moved into the

compartment E%PI). From there they pass through the sub-states E,E,PI), P,EPI), 1 ,iPI),

LY and finally a fraction 1 — ®D £ PD recovers (R), whereas the remaining fraction
k Sick J/ Dead

fs(ii) fg;?d dies (D) (see|S1 Fig| green compartments on the right). Likewise, susceptible

individuals with ADE (S(APE)) progress through E,gADE), PIEADE), IIEADE), L,(CADE) and

finally to R (a fraction 1 — fS(iACEE) f](fe‘de )) or D (a fraction fS(iACEE) f](fg:ilE )) — see [S1 Fig

(red compartments on the right).

Vaccinated individuals that get infected while the immune response is still
pending

Vaccinated susceptibles for whom the effect of the vaccine is still pending upon infection
(SM) are first moved in the compartment E§V). From there, they can recover or die
before or after the vaccine had an effect. In the first case (see[S1 Figl grey




. . V) p(vV) (V) 7(V)
compartments in the middle), they progress through the states E,"’, P,"/, I, "/, L, ",
and finally R or D. The manifestation of the infections in the compartments E,(cv),
P,EV), [](CV)7 Lfev), is identical to that in the compartments E,iNI)7 P,gNI), IIENI), L;CNI),

since the vaccine had no effect. In the second case, they progress at rate o from one
sub-state of E,(CV), P,gv), I ,gv), LECV) to the corresponding counterpart reflecting no

immunization, partial immunization, or ADE, or they recover (R). For example, from

,ENI), E,gpl), E,EADE), or R, at rates, afg\n), « ](EPI),
, respectively, where féNI), ](SPI), EADE), and fJ(ER) are the

state E,iv) individuals progress to £

and af]EJADE), and af;ER)

fractions of individuals for whom the vaccination outcome manifests during the latent

phase and leads to no immunity, partial immunity, ADE, or recovery

( gNI) + fépl) + féADE) + féR) = 1). The respective fractions in the other phases of the

infections are denoted by (f(ND f(PD " f(ADE) "and f()) where the subscript stands for
prodromal (P), fully infectious (I), and late infectious (L), respectively.

Susceptibles waiting for the vaccine upon infection

If susceptibles waiting to be vaccinated get infected, they might not be vaccinated

during their COVID-19 episode or they might be vaccinated as long as their infection
remains asymptomatic. In the first case, they are moved into compartment E§U) and
further progress through the compartments E,iU), P,gU) (see|S1 Fig), yellow

compartments in the middle). From compartment Pég) they progress to compartment
1 fU’Jr) if the infection will turn symptomatic or will be detected — this is the case for a

fraction fsiek + (1 — fSiCk)fI(U’ +) (see|S1 Figl blue compartments), where fI(U’ ) is the
fraction of asymptomatic individuals that will be tested positive before they would

7

receive a vaccine. The remaining fraction 1 — fsick — (1 — fsick) is moved into

IfU’_) IfU"H or IfU’_) individuals progress through compartments I,EU’JF) and

L,(CU’JF) or I,gU’_) and L,(CU’_)7 respectively, before they recover (R) or die (D).
Asymptomatic infections lead to recovery, whereas symptomatic infections can be lethal.

The fraction of individuals in Lg}i ) that dies is fs(;}ii:r) fDead, Where

. From

U4 fsick 3)
Sick = .
feiek + (1 — fSick)fI(Uy )

In the second case, individuals are vaccinated during the infection. They progress
initially through the same compartments as in the first case, but ultimately leave them.
Namely, individuals in each sub-state are removed at rate v into an equivalent sub-state
in which the effect of the vaccine is pending. The exception are the compartments
1 ,gU’H and L;U"H, which account only for individuals who will not be vaccinated
because their infection is detected or symptomatic. If vaccinated during the early
phases of the infection, we treat these individuals like those that were infected while
immunization was pending. More precisely, in the latent phase, individuals are moved

from E,(CU) to E,gv). Likewise, in the prodromal phase they are moved from PISU) to

P]EV). From there the infection progresses as described above (see |Vaccinated |

[individuals that get infected while the immune response is still pending]). If individuals

are vaccinated during the fully infective period it is assumed that the vaccine has no (or

a slightly beneficial) or a harmful effect. The effect of the vaccine manifests as before

VE



after an average duration of D4 days. If vaccinated during the fully infectious phase,
individuals are moved into the corresponding compartment [ ,gl’v) (see grey
compartments on the left). As long as the vaccine shows no effect they further progress
through the states I ,(CI’V) and Lgf’v) before recovery (R) — note these infections are
asymptomatic and will not result in death. If the vaccine does not alter the course of
the infection, which occurs with probability fI(I’N) and f g’w) if the outcome of the
vaccination manifests during the fully infectious or late infectious phase, respectively,
individuals are moved from one of the compartments I ]il’v) or L,(CI’V) to a matching

compartment I IEI’N)

or L,(CI’N), through which individuals progress similarly. However, if
the vaccine has a deleterious effect, individuals are analogously moved in the sub-states
1 I’*) or L,(CI’*). Progression through these states follows again the same pattern (see
Fig). However, at the end of the infection a fraction fS) f{0*) dies (D), and the rest

ead
recovers (R). Asymptomatic individuals vaccinated in the late infectious phase are

moved from a sub-state L,(CU’_) to sub-state L,gL’V). From there individuals progress to
the remaining states LECL’V) and ultimately R, if the effect of the vaccine is pending

before recovery. If the vaccine has no (or a slightly beneficial) effect, which happens
with probability féL’N), individuals are moved to states L,(CL’N) through which they

progress before reaching R. If the vaccine has a deleterious effect, individuals are moved

from L,(CL’V) to L,(CL’*) and progress through these states before recovery (R) or death

(D) — here a fraction fs(if) f]()Le’az) of infections is lethal.

Symptomatic infections

The absolute numbers of symptomatic infections in the fully infectious phase are
NI NI
Iéick) (t) = fSiCkIéun? (t)’ (43‘)
among individuals that failed to immunize or are unvaccinable,

PI PI PI
IS () = [ IS (@), (4b)

Sum
among individuals that partially immunized,

ADE ADE ADE
I (1) = faa Iel™ (1), (4c)

among individuals that developed ADE,
\% v
IS0 = fa i, (1), (4d)
among individuals with pending effect of the vaccination,

U,+ U,+ U,+
I ) = S il ), (de)

Sum

among individuals that waited to be vaccinated but became symptomatic or were
diagnosed with COVID-19, and

I, I,%) +(I,%
IS0 () = i 15 ), (4f)

Sum




among individuals vaccinated during the fully infectious period. Similarly, the numbers

of symptomatic infections in the late infectious phase are

LY (1) = faia LD (1), (5a)

Sum

among individuals that failed to immunize or are unvaccinable,
PI PI) ; (P1
Léiclz (t) = S(ick)L(Surr)l(t)’ (Sb)
among individuals that partially immunized,

ADE ADE) ; (ADE
L(Sick )(t) = S(ick 'L )(t)7 (5¢)

Sum

among individuals that developed ADE,
LS (1) = faiac LS (t 5d
Sick( ) .fSle Sum( )7 ( )
among individuals with pending effect of the vaccination,

LD ) = D Ls (o), (5e)

Sum

among individuals that waited to be vaccinated but became symptomatic or were
diagnosed with COVID-19,

I,x I,x I,x
L(Sick)(t): S(ick)L( )(t)» (5f)

Sum

among individuals vaccinated during the fully infectious period, and

L, L, L,
Léiék)(t): S(ick)L( )(t)’ (5g)

Sum

among individuals vaccinated during the late infectious period.

Contact rate

The basic reproduction number, Ry is defined as the average number of secondary
infections per primary infection in a virgin population in the absence of any
interventions. This number fluctuates seasonally around its annual average Rg. It is
modelled as
_ t—1tR
Ry(t) := Ro( 1+ acos (27770““"‘) , 6
o(t) = o o ©

where, a (0 < a < 1) is the amplitude mediating the seasonal effect on disease
transmission, and tg, _ represents the time of the year when Ry reaches its maximum.

Susceptible individuals get infected by random contacts with infected individuals

that can transmit the disease and are not isolated. the relative contagiousness during




the prodromal, fully infectious, and late infectious periods are respectively cp, ¢y, and

cr,. Therefore, the effective contact rates in the three respective phases are

. cpRo(t)
ﬂP(t) o Cp.Dp-|—C[.D]-|-CL.DL7 (7&)
o crRo(t)
Ault):= cpDp +c¢;Dy + ¢ Dy’ (7b)
and
R p—L L (7)

cpDp+ciDy+c Dy’

The effective number of individuals that can infect susceptibles is determined by
case isolation (i.e., quarantine or home isolation). The contact rates are mediated
additionally by general contact reduction.

Case isolation

During the time interval [tiso,, t1s0,), @ fraction fiso of individuals with symptomatic
infections that seek medical help will be isolated in quarantine wards until the wards are
full. Then they are sent into home isolation. Quarantine wards guarantee perfect
isolation, whereas home isolation reduces only a fraction pgome of contacts. Those
individuals that are waiting to be vaccinated but diagnosed with COVID-19, i.e., the
asymptomatic infections in the compartments ,EU’H and L,(€U’+), are also isolated.
Therefore, the total number of individuals that is isolated in quarantine wards or at
home at time ¢ is

\ \ NI NI PI PI
QUt) = o (I50.(8) + LEX® + 150 (8) + LED®) + I3 (1) + LEL ()

ADE ADE I.x I,x L,*
+ Iéick )(t) + L(Sick )(t) + Iéiék)(t) + L(Sick) (t) + Léick)(t)) (8)

+ (1= G (ISP o + LD ).

The total numbers of fully infectious individuals, whose immunization is pending
(V), that are unvaccinable or failed to immunized (NI), were partially immunized (PI),
developed ADE, or were vaccinated while being fully infectious (I, *), in quarantine are

FsoI S if trsoy <t < treo, and Q(£) < Quaxs
I, = § fiso TS %“g;;‘ if theo, < ¢ < tso, and Q(t) > Quma, (92)
0 otherwise,

where “.” is a placeholder for “V”, “NI”, “PI”, “ADE”, and “I,*”. Furthermore, the

number of fully infectious individuals that waited to be vaccinated but became




symptomatic or were diagnosed with COVID-19 in isolation is

(féiiiﬁflso +(1- fé?iiﬁ))fé‘i,;i ()
if tiso, ST < tIsoz and Q(t) < Qmaxa
) , , , Qmax
100 = 8 (P o+ (1= S550) ) (1) e (9b)
Q(t)
lf tIsol S t S tIsoz and Q(t) > Qmaxa

0 otherwise.

The numbers of fully infectious individuals in home isolation in the different groups are

b1~ o

0 otherwise,

70 ) if trso; <t < trso, and Q(t) > Qmax,

Home

(10a)

where “.” is a placeholder for “V”, “NI”, “PI”, “ADE”, and “I,«”. Furthermore, the
number of fully infectious individuals that waited to be vaccinated but became
symptomatic or were diagnosed with COVID-19 in home isolation is

<fS(i[<J:i<+)fIso+ (1 — s(}iif))) 19 (¢ (1 %)

IV Dy = if treo, <t < tiso, and Q(£)> Qmax,  (10b)

Home

0 otherwise.

Therefore, the effective numbers of fully infectious individuals in those groups subject to
isolation that can infect susceptibles becomes

I]EZf)f = Ié.lzm - II(b()) - (1 - pHOTﬂe)II&?)nw’ (11)

where 7 is a placeholder for “V”, “NT?, “PT”, “ADE”, “I, %", “U,4”.

The total numbers of late infectious individuals, whose immunization is pending (V),
that are unvaccinable or failed to immunized (NI), were partially immunized (PI),
developed ADE, or were vaccinated while being fully or late infectious (I, *, or L, *), in

quarantine are

fIsoL(S.i)Ck if tIsol S t S tISOQ and Q(t) S Qmaxa
L () = 3 fisoL %“(1;‘)" if treo, <t < trgo, and Q(1) > Quax, (12a)
0 otherwise,

where “.” is a placeholder for “V”, “NI”, “PI”, “ADE”, “I,%” and “L,*”. Furthermore,

the number of late infectious individuals that waited to be vaccinated but became




symptomatic or were diagnosed with COVID-19 in isolation is

(fs(}ii(”fxso + (1 - fé}giﬁ)) LU )

if tiso, <t < tISOQ and Q(t) < Qmax;

U, U, U, U, Qmax
L§S0+)(t) = <fS(ick+)fISO + (1 o S(1Ck+))>L(SunT)(t)62(t) (12b)

if tIsol S t S tIsoz and Q(t) > Qmaxa

0 otherwise.

The numbers of late infectious individuals in home isolation in different groups are

Lé.i)ckflso (1 - %T:;) if tISOl <t< t1502 and Q(t) > Qmaxa

0 otherwise,

L%—i)ome(t) = (13&)

where “.” is a placeholder for “V”, “NI”, “PI”, “ADE”, “I,*”, and “L, «”. Furthermore,
the number of late infectious individuals that waited to be vaccinated but became
symptomatic or were diagnosed with COVID-19 in home isolation is

(03 (1~ 2850 2500 (1~ L)
Litome (t) = e =t and Q)= O
0 otherwise.
(13b)

The effective numbers of late infectious individuals in those groups subject to isolation
that can infect susceptibles becomes

Lgk(t) = L&), — L () = (1= Prome) Lihme (1), (14)

where “.” is a placeholder for “V”, “NI”, “PI”, “ADE”, “I, %", “U,4".

General contact reduction

During designated time intervals general contact reduction (curfews, social distancing,
cancellation of mass events, etc.) is sustained. Hence the number of contacts at time ¢ is
reduced by a fraction ppist. Here, we assume an initial phase without general contact
reduction until time ¢pigt,, a “hard lockdown” between tpist, and tpist,, followed by a
phase of “relief” between tpist, and tpist,, @ “soft lockdown” between tpist, and tpist,, &

second “hard lockdown” between tp;s, and tpist,, and finally a second phase of “relief”




until ¢pigt,, after which general contact reduction is lifted, resulting in

PCont;  fOT tpist; <t < tDists,

PConts for tDiStQ <t< tDiStg?

DConts 10T tDist, < T < tpist

DDist = ° ° v (15)
PConty for tpist, <t < tDiSts?

DConts 10T tpisty; <t < tDistgs

0 otherwise.

Note, that the function pp;ist can be adjusted as necessary.

Force of infection

Taking the contact rates , general contact reduction , and the numbers of
infectious individuals that effectively participate in infection , into account, the
force of infection becomes

A©) = (L=eans () (370) (P 00+ P, 0+ PR+ PR 0+ PR 0)

U,- U, v NI PI
+0B1(t) (Iéum )(t) + IéffH(t) + Ié]ff) (t) + Iéff)(t) + Iléff)(t)

ADE I,V I,~ 1%

U, - U, % NI PI
+B1(t) (L(Sum )(t) +L‘(Eff+)(t) JrL](Eff)(t) +L](E)ff)(t) +L5Eff)(t)

ADE v I~ 1%
J'_L;jff )(t)‘f'L( )(t)+L( )(t)+LJ(?]ff)(t)

Sum Sum

(L,V)
Sum

(L,~)

+LS () + LS (t)+Lg§;*>(t))) + Amxts

where Agy; is the external force of infection, i.e., caused by infections from outside the
population. Individuals that developed partial immunity or ADE are protected from
infection by some amount. Namely, the infectiousness at a given contact is reduced by a
fractions pp; and papg, respectively. Thus, the forces of infection experience by
susceptible individuals with partial immunity and ADE are, respectively, ppiA(t) and
PADEA(L).

Model dynamics
The model is formulated as a system of differential equations following the flow chart in
Dynamics of susceptibles

The change in the number of unvaccinable susceptibles is determined only by the force
of infection and given by

dSNVI(t) SOV (¢)

= M) (17a)
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The number of susceptibles in line for the vaccine are reduced by those that get infected

or vaccinated (at rate v). Hence, their dynamics change according to

s _ —A(t)w —vSW (). (17b)

dt

Once susceptibles are vaccinated, their vaccination outcome is pending for an average
duration of D4 = 1/a. During this time they can be infected. Hence, their number

changes according to

dsSM(t)

SV (t)
dt N

= SO (1) — A(t) —asSM). (17¢)

f(NI), éPI), and féADE) of susceptibles fail to

After the average duration D 4, fractions
immunize, develop partial immunity or ADE, respectively. Those individuals that failed
to immunize are equally susceptible as unvaccinable individuals, whereas the
susceptibility of those with partial immunity or ADE reduce by the fractions pprA(t)
and papeA(t). The numbers in these three categories of susceptibles hence changes

according to

ds™) o SO (t)
-\ V)
= = af§sV(t) - a0 T, (17d)
ds™h (1) PI ST (1)
=SSV - ped )T (17¢)
and
dS(ADE) t S(ADE) t
B = P s ) — papea S, (i)

Dynamics of latent-infected individuals

Upon infection susceptibles become latently infected. Latent-infected individuals
progress through sub-states at rate €. As described above, infections of unvaccinable
individuals and those that failed to immunize are indistinguishable and are modelled
with the same compartments. The dynamics of latent-infected unvaccinable individuals
and those that failed to immunize are

(NT) (NV) (NT) (4

B SO0 g 1) - B o), (184)
dt N

dEMNY (¢t

kdit() = eEM @)+ afMVENM (1) — e EMV (1) for 2< k <ng. (18b)

Those latent-infected individuals in line for the vaccine, still get vaccinated at rate v,

hence their dynamics change according to

dE(U)(t) SW) (¢ U U

O 3O B eV ), (18¢)
" (1) U U U

kdit = &‘E](c_)l(t) - EE](c )(t) - I/E]({ )(t) for 2<k <ng, (18d)
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The number of latent-infected individuals with pending vaccination outcome increase by
those that get vaccinated during the latent phase and decrease by those for whom the

outcome manifests. Hence their dynamics change according to

dE(t) SVt

S = A +vED () —eEM (1) — aEMV (1), (18e)
(V)

dE; " (t

Zit() =BV () +vED (1) — BNV (t) —aEM (1) for2 <k <np.  (18f)

The vaccination outcome can be a failure to immunize (cf. Eq. (18a]), (18b))), a partial
immunity, or ADE. The number of latent-infected individuals with respectively partial

immunity, or ADE changes according to

dBES (8 S (4
161715() = pPI/\(t))\(t)T() + « fE (V)( ) €E§PI) (t), (18g)
(PT)
dE, (¢
kdit() = EE!S?( £+ af! PI)E(V (t) — EEéPI)(t) for 2 <k <ng, (18h)
(ADE) (ADE)
dE t S t .
17() — pADE)\(t)i() f(ADE)E(V)( 1) — eEiADE) (), (181)
dt N
and
(ADE)
E
B g0 ) 4 af PO EN () BP0 for2<k<np. (1)

Dynamics of prodromal infections

The dynamics of the prodromal-infected individuals are analogous to those of the
latent-infected individuals, but they progress through sub-states at rate ¢. The

dynamics of prodromal individuals in the various groups hence become

dpl(;t)(w =B (1) — oP{"(t) ~vP" (1), (192)
dai;)(t) :QDP/SI_j)l(t) - @PIEU)(t) - VP,EU)(t) for 2<k<np, (19b)
dﬂ(c;/t)(ﬂ =B (1) +vP7(1) = oPV (1) - aPL (1), (19
Mgt)(t) =P +vP () PV () —aPMV (1) for 2<k<np, (19d)
dPl(:tI) (t) — BN (1) + af™ND P (1) — o PN (g, (19¢)
C“D’SZ:G) =P () + af SV PV (1) — PN (1) for 2<k<np, (19f)
dPl(;U (t) —eEFD (1) + afI(JPI)Pl(V) (t) - SDPfPI) ), (19)
dP;{z) (t) P/gill) (t) + afI(JPI)PIEV) (t) — (pP]EPI) ) for 2<k<np, (19h)
dPl(A(ZE) (t) —cEAPE) (1) 4 f(ADE )(t) _ @Pl(ADE) o), (199)
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() +afSPP P (1) —oPAPE IV (#) for 2<k<np.  (19))

Dynamics of fully infectious individuals

The dynamics of fully infectious individuals that failed to immunize or are unvaccinable,
developed partial immunity, or ADE are analogous to their respective dynamics in the
prodromal phase, only that they progress through sub-states at a rate . The same is
true for vaccinated fully infectious individuals, whose vaccination outcome is pending,
however, fully infectious individuals that are being vaccinated are not moved to their
compartments, but to separate ones. Hence, the dynamics of the mentioned groups of
fully infectious individuals become

U0 b)) -0 - a0, (20
dI,i;’Z( ) ) (1) = 418 — 0l ) for 2 <k <ny, (20b)
U _p0 0+ a1 0 -1 ), (200
CHS::(t) =N @)+ af NIV (8) — A1 () for2<k <nr, (20d)
“iff(“ =P (1) + af POIY (0) 1PV 1), (20e)
“i?(” TPV () 1 af POIV (1) — 1P (1) for 2 <k <ny, (200)

dr*"™ (1) (ADE) (ADE) (V) (ADE)
—a :‘PPnP (t) + afr LYV(t) =~ (1), (20g)

and

dIAPE) (4
kT() = IAPE) (1) 4 a f PRI TV (1) — 4 1APP) () for 2 < k <mnj. (20h)

For the unvaccinated individuals in the fully infectious phase, it is distinguished
between those that still can get vaccinated ([, ISU’f) — those that remain asymptomatic

and undiagnosed), and those that are not vaccinated because they are symptomatic or

(U,+))

diagnosed (I, . Their dynamics become

‘“fi’;)(” o (fsi+ (1= fsa) £ 7 ) D (1) =1 D), (20)

CW =y L0 () — 417 (8) for2<k<nr, (20§

W =1~ foia) (1= £ D) PO @) = 1177 (1) - w107 (0), (20K)
and

dj’ii}:(t) el SR OELTAMURS2 AN for 2< k <nr. (20)
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The dynamics of fully infectious individuals that got vaccinated during this phase, for

whom the vaccination outcome is still pending, are

art"V(t _

Ay 109 ) — 1M 1) — ar{(), (20m)
and

ar"V (¢ _

T ®) =1V )+ v @) A1V () — alPYV (1) for 2 <k <ny, (20n)

The numbers of asymptomatic fully infectious individuals that got vaccinated during

this phase, but the immunization had neutral effect, changes according to

I ()

=i Y @) =1 @), (200)
and
A" e (1~) (1Y) (1.~)
T:fﬂk_’l ) +af, L) — Iy () for 2 <k <njy. (20p)

The numbers of asymptomatic fully infectious individuals, vaccinated during this phase
with a deleterious outcome, change according to

a1’ ) 1)\ 1LV I«

71dt =a(1— i ))ff V() — 1" (), (20q)
and

Iy (t) (I%) (1~ 7(1,V) (1,%)

k= =yl (t)+a(1—f,’ )Ik’ () =4I 9)  for 2 <k <ny. (20r)

Dynamics of late infectious individuals

The dynamics of late infectious individuals are analogous to those of the fully infectious.
However, there are additional compartments modelling asymptomatic late infectious

individuals that get vaccinated during this phase (L,(CU’_)). First, the outcome of the

vaccine is pending (Lff’v)). The vaccine might ultimately have neutral effect (LECL’N))

or a deleterious effect (L,(f’*)). Therefore, the numbers of late infectious individual for

which the outcome of the vaccine is pending change according to

ar™M

T 1) - 5180 — a0, (210)
and

arM ¢

Zit() =6 (1) — 6L (1) — LV (1) for 2 <k <my. (21b)
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Analogously to (20c)—(20h)), the numbers of late infectious individuals that are
unvaccinable or failed to immunize, developed partial resistance, or ADE change

according to

Cmg;:(ﬂ:”g”( B +aff LY () - oL ), (21¢)
cﬂ/g;;)a):(SLl(cNIf( t)+afy NI)L(V (t) — 5L(NI (t), for 2 <k <ngp, (21d)
dLgZ;)(t) =vIFV @) + af VLY () — 51D (1), (21e)
dLg;:(t) =0L 4 () + af L (1) - 6L (1) for2 <k<mng, (21f)
‘H’gil:a)() ,YI(ADE)( )+af(ADE (V)(t) _ 5L§ADE) (), (21g)
and
‘W:&L&?E)(t) +afAPE) (V) () _ §(ADE) () for2 <k <ny. (21h)

The late infectious individuals that are in line for vaccination but did not get vaccinated

change according to

CZL%Z)(” =~ IV ) (1) — 6L 8), (21i)

dLS;:)(t) =5\ P @) — 6" (1) for2 <k <mnp, (21j)

dLgt;’t_)(t) =10 () — 6L () — LU (1), (21k)
and

dL’(“Ucét)(t) =OL () = LT () —vL T () for2<k<ni. (21

Those late infectious individuals that got vaccinated during the fully infectious phase

change according to

dLglc’l:)(t) =y IV (1) — 6LV (8) — oLV (1), (21m)
dL(d:)(t) =,V (1) = or Y () — oLy (1) for 2 <k <nz, (2ln)
dL(dt)() =T () + af LY (1) — sL (1), (210)
dLEfC’lZ)(t) =L (1) + af LV (1) - SL ) (8) for 2 <k <ng, (21p)
dL(dt)() =100 + (1= £ LY (0) - oL ), (21q)
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and

ar! § N .

#U =L@ + a1 - ) LIV @) 6L (@) for2 <k <na (200)
Additionally, the dynamics of late infectious individuals that got vaccinated during this
phase are

ar{“V _

— O LT (1) - s1EV) (1) — aLEV(0), (21s)

drLtV) (¢ _

kT() =5LEV O +vL VT ) =LV () —aLEV () for2 <k <np, (21t)

dL{=™) ¢ N .

I 2 L ) - a1 ), (21u)

AL (¢ - N

- O _52ED @) 4 afEILEN G L) for2 <k <ng, (21v)

dL{ (¢t N .

O (1 )LV ) - a0 ), (21w)
and

AL () (L) 7 (LV) (L,%)

=2 =arh P ) + a(l e )Lk V() = 6L (1) for 2 <k <ny. (21x)

Dynamics for the number of dead individuals

After the late infectious phase individuals recover or die. Only symptomatic infections
can be lethal. A proportion fpeaq of symptomatic infections is lethal for individuals
that were not vaccinated, are unvaccinable or failed to immunize and for which the
outcome of the vaccine is still pending. The proportion of lethal individuals is higher

among individuals that developed ADE ( fl()/:a%E) > fDead), and lower for individuals

with partial immunity ( ](DIZ?d < fDead)- Individuals that were vaccinated during the
fully or late infectious phase with a deleterious outcome also have different proportions
of lethal infections, fDead and fDe,Ld, respectively. Hence, the number of dead

individuals changes according to

dD
E = 5(fDead( S(}ik+)L(U +)( ) + fSlckL(NI)( )+ fSlckL(v)< ))

A
+ fEAPT) FADE) LADE) () 4 p D £ D LD () (22)

I.,% I,% * L.x *
+ fs(lck I()cac)ileILz )(t) + fS(ic ]gcad L(L ))

Dynamics of recovered individuals

Individuals become permanently immune either by the outcome of the vaccination or by
recovering from an infection. All individuals that do not die, recover at the end of the

late infectious period and become immune. The number of recovered individuals hence
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changes according to

dR

S =a(fE SV O+ ESL O+ £5O PO 0+ £ I 0+ £V LED, ()

<( fSICk fDead) Ls}i” ) <t)+L$l[i7 _)( ) (1 - fSlckaead)L(NI)( )
+ (L= fsickfpead) LOD (£) + ( fSICDE)f](D/inE))L(ADE) )

(1= FE ) EED (0 + LV (@) + LU (1)

Dead
(I,* I,% %
+ (1= 285 1S LD @)+ LV (1) + LE (1)

+ (1 018 1 )

Onset of vaccination campaigns

Vaccination campaigns will be implemented about a year after the outbreak of the
pandemic. This requires adaptations in the model. Namely, the vaccination rate must

be modelled time dependently. In particular, v needs to be replaced by v(t) given by

0 for ¢t < tsiar
V(t) = = htant (24)
v for t > tsiart-

Furthermore the fraction of asymptomatic individuals that get tested positive prior to

S0

vaccination, f IU’ *) needs to be replaced by f; given by

0 for t < tgpart

1O = (25)

U,
fI( +) for ¢ > tStart-

Incidence

The incidence d-day incidence at time ¢ is defined as the number of new cases that
occurred between time t — d and ¢. It is derived as

t
S(t
i) = / A2 g (26)
t—d N
In the results section of the main manuscript 7-day incidence will be reported, which is
obtained by numerical integration.
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