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Study seasonality of annual epidemics: Compare two
types of vaccines

Set up an age-structure epidemic model of
fotavirus epidemic

merical implementation of an age-structure

inological issues: Passive immunity and vaccine
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‘Morphology of
- rotavirus

* Family Reoviridae

Wheel-like distinct
ppearance under EM




Epidemiology (1)

'.95% of children worldwide are infected by 3-5 years of age.

’ 807 of population have antibody against rotavirus by age 3.
e frequent in Winter.

erns : annual epidemics occurring from November to April.
(starting from South western area in November to
‘North east)

peaks among children ages 4 to 36 months.

r iting, diarrhea, dehydration.
peat infection may occur with milder symptoms)



Latent perios: 24-48 hr.
nfectious period: 3-7 days.

nptomatic infections are common
ilts and older children.

fransmission mode is
ontaminated food

contact with
irfaces
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: plication

A’r’rached to cell receptors contained sialic acid

_o Internalized and uncoated via endolysosomes

® Early transcription by viral RNA polymerase occurs inside sub-viral
particle

Resulted in synthesis of (+) mRNAs and are translated in the
oplasm.

assortment occurs during Early transcription.

ondary transcription occurs in cytoplasm in later infection in a
vative fashion.

ped non-polyadenylated transcripts

assemble in the cytoplasm 6-7 h after infection

om the E.R. into internal spaces & are

y released when the cell lyses.



_ hogenesis

¢ infect upper two-third of duodenal epithelial cell

‘o infectious particles are released to intestinal lumen
~ and undergo further replication in distal areas
death of over 600,000 children annually worldwide

Mouse model of rotavirus infection (PAS/Alcian Blue staining)

Control small intestine Rotavirus infected small intestine

'gurce:www.eur.nl/ fgg/kgk/gastro/ rotavirus.gif)



Aisfory of Rotavirus vaccine

_'h Aug 1998: FDA approved Rotashield™, the 1st rotavirus vaccine

= Sep 1998 - July 1998: 15 cases of intussusception cases in were
reported to VAERS.

Sep 1998 - July 1999: CDC reports preliminary data associating
Rotashield'™ with intussusception and recommends postponing
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Seasonal pattern

guN | (L= gluN EpMT

fisT
M } M .‘ S w .‘ L “ .‘ I ‘ M: maternal antibodies class
I I - T S: Susceptibles
uM us h S pL ul L: Latent

RN vl I: Infectious

R: Recovered
! Important parameters

q : breast feeding rate
1-& : protection role of breast milk

0 :average breast feeding period

Ref: [2] (By E.Shim, H. T.Banks and C. Castillo-Chavez)



Model with seasonal pattern of infection

M'=quN -EBMI/N - (p+ WM,
S'=u[(1-g)N - ST+ pM - 3SI/N + OR,
L'=E5BMI/N + BSI/N - (a + wl,
I'=al —(u+y)I
R'=yl-(u+0)R

where

s p(2) = By (1+ p,cos2m(t - T/365))

" 'lpula’rion, N(t) = M+S+L+I+R

Ref: [2] (By E.Shim, H. T.Banks and C. Castillo-Chavez)



ea‘sl pattern of rotavirus infection
In Victoria, Australia (1993-1996)
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Data fitting

Ficvre 2 Number of infective people of rotaviens in Vietoria,
Australia, 1993-19056 I:|3] and the fitted graph vsing seasonality
frade] wing varions fxed reduction o infection rate due to mater-
pal anbibodies. £ values wsed: 002, 005, 004 anad 005,

Ref: [2] (By E.Shim, H. T.Banks and C. Castillo-Chavez)




Tapre 1. Confulence iutervals of estimated paraneters when £
(203 004 and L5 vespectively
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e Ref: [2] (By E.Shim, H. T.Banks and C. Castillo-Chavez)
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Ref: [2] (By E.Shim, H. T.Banks and C. Castillo-Chavez)



mulated results: comparing effects of two vaccines.

na’ral vaccine VS  Post-birth vaccine
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Reproductive ratios VS neonatal vaccine
" rates using various breast feeding
duration (2,3,4 and 5 months)

. ,‘ : ) X-axis: neonatal vaccine rate

(lambda)
Y-axis: breast-feeding rate (q)

S [ Z-axis: reproductive ratio

Frouvire 5. Repaoductive ratio using meonatal vaccinatbon rate [A)
and breast-feesling vate () using varions breast-fesding durations
{twnr, tiees, four aml Gve montlis)




'.':eproduc’rive ratios VS post-birth
. vaccine rates using various breast
- feeding duration (2,3,4 and 5 months)

X-axis: post-birth vaccine rate
(phi)

Y-axis: breast-feeding rate (q)
Z-axis: reproductive ratio



qj{rrn #2: Age distribution of rotavirus cases
Age distribution versus
infecting serotype

WS35 strains
B non—G3 strains

2413 625 4837 S-450 gl=
Age in months

a of the Australian Rotavirus Surveillance Program
iS. Int. Vol 28 No4.



~ Assumptions

Population is divided into six groups: breast-fed, susceptible, latent,
infective, recovered, and vaccinated.

All newborns enter either breast-fed or susceptible class and we
assume maternal antibody protection against infection.

Portion of suscep’rible,¢(a), is vaccinated but vaccine is incomplete
and non-permanent.

Natural immunity (incomplete and non-permanent) gained from
evious infection is assumed.



(Parameters

A: recruitment/birth rate.

B(a): age-specific probability of becoming infected.

_c(a): age-specific per-capita contact rate.

a): age-specific per-capita mortality rate.

_age-specific per-capita recovery rate.

t,a,a’) is probability that an individual of age a has

1 an individual of age a” given that it has
h a member of the population



Mixing Rules

p(t,a,a’) >0

fc(u)n(t u)du



X(a,t)
Breast—feeding
infants

d(a)

S(a,t)

l u(a)

V(a,t)
Vaccinated

Susceptibles

'.Diagram of mathematical model

B@e@BO | La

ua),

opcd)c(a)B(1)

J(a,t)
Recovered

l

1)

Latent
| u(a)
op(a)c(a)B(1) K
r I(a,1)
Infectious
wa)



Age-structured model of rotavirus infection

(% + 5 ) X(t.a) = ~d@)X(6,) - (@) X(t.0)

(% + :_a L(t,a) = B(a)c(a)B(t)[S(t,a) + oI (t,a) + 6V (t,a)] — [k + p(a)|L(t, a)
(g " j_a) I(t,a) = kL(t.a) — [r + u(a)l(¢.a)
(g + %) J(t,a) = ri(t,a) — oB(a)e(a) B(t)J(t,a) — p(a)J(t,a)

B(t) = /,, 169 pit,0,a')da’

n(t.a')

where

o0
p(t,a.a’) = 0, / p(t.a,d) =1,
0

e(a)n(a,t)pla,d,t) = c(a"n(a’ t)p(a’,a,t)

' "':‘5{_ By E.Shim, Z. Feng, Z. Martcheva and C. Castillo-Chavez)



Reproductive Ratio (1)

. hat is basic reproductive number, R, ?

the expected number of newly infected that one infectious
individual will produce during his (or her) period of infectiousness in
a large, 100% susceptible population

0o poo L
R(d) = /0 /0 ——poc(7 + R)e™ — e7|B(R)e(h)[s" (h) + Sv* (h)|dhdr

s*(a) = ge- fooﬁr)drf d(R)elo %)~ gp | (1 _ gro—Ja #lrXE
0

v*(a) = / " b(h)s* (R)dh,
0

’3 3'e_F: [1] (By E.Shim, Z. Feng, Z. Martcheva and C. Castillo-Chavez)



asic Reproductive Ratio (2)

Now let’s consider without vaccination!

} j . P p.(T+ e -e"1Bh)c(h)[1-q " \dhdr
A o '

IR,
a(1/d,)

<0

ery new born is breast-fed (g=1) or when the length of
body protection period increase we see reduction in
luctive ratio.

: - Ref: [1] (By E.Shim, Z. Feng, Z. Martcheva and C. Castillo-Chavez)



Local stability analysis of infection-free
non- uniform steady state distributions

g= Theorem 1. The infection-free steady state distribution is l.a.s.

iF-< 1.

Proof. We introduce the characteristic equation:

Ria) = / / — Pl 4+ R)[e™ — e B(h)c(h)[s*(R) + Sv*(h)]|dhdr
0 JO -

Note that it has negative real solution of A if and only if
G(0)<1 ( that is, R(¢)< 1) since

 G(M)<0, IimG(A)=0, limG(A)=c».
milarly it has a positive real solution A if and only if

>1 'is, R(®) > 1). Thus the infection free steady
fribution is l.a.s. if R(¢)<l and unstable otherwise.

éf"i’f':. ef: [1] (By E.Shim, Z. Feng, Z. Martcheva and C. Castillo-Chavez)



Global stability analysis of infection-free
non- uniform steady state distributions

== Theorem 2. The infection-free steady state distribution is
g.a.s. if ] <1 where

e o p o e e IBCN1 - dhdr

QfB0rem 3. There exists endemic non-uniform steady state

Ref: [1] (By E.Shim, Z. Feng, Z. Martcheva and C. Castillo-Chavez)



;Three doses and waning immunity?

- Keep breast-fed class: [1-D(a)]X(a,t)

Susceptible class: D(a)X(a,t) =

Primary infection: I(a,t)

ROTAVIRUS
VACCINE

Subsequent infection: I_(a,t)

2eCo érgd class with waning immunity:
< A@H»l Rz(a,'l') b Rl(alf)
__ ----------- >(weak)

Dle :1(0,1') VZ(G,T) V3(Cl,'|')



:Model involving subsequent infection
- and multiple doses of vaccine.

| X Cla)2la,t)X(a,1) I ylla,r) R
> - Z)
I 3
vl (at)
Im
r
Ma, )R (a,t)
eR (a.1) ¢ (a)R (a,1) B P, (a)R,(a.t)
R] * aR,(a,t) R2 ) aRy(a.1)
Ma, )V, (a,r)
eViiat) .
Aa, )V (a,r)
d.(a)V (a,t) B s (@)Vi(at)
> VI < 7 V2 < 7 v3
Clayp(a)X(a,f) TV, (a.1) tV.(a.r)

nmunization + natural immunity
1fants: protected & non-vaccinated



@ iscre’riza’rion on each age group

X, = /a a_ X(a'.t)dd, I, = /a a- I(a',t)dd', I, = /a _ I.(a",t)dd,
Ry = L a- Ri(d.t)da', Ry = l _ Ry(a',t)dd’.  Ra = A _ Ra(a’,t)dd,
Vi = / a- Vi(d'.t)da!, Vi = / a_ Vo(a'.t)dd!, Vi = fa a_ Va(a',t)da'.

) normalization! i.e. divide them by the total number
ials of age between a_(i-1) and a_{i)

N;(t) = / u(a,t)da = eq‘/ A(a)da := e P,



ima’rion of force of infection (1)

:

s 8 8 8 ¢

Number of reported rotavirus cases

(=]

1 2 3 4 5 6 7 8 9 10 1

Age groups

1; pm] S p_(i?j proportion of individuals of
1 —p;

age “1” who have experienced
infection

A,;:—hl[




E:'imafion of force of infection (2)
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ce of infection among younger ages are higher,
ecially under three years old...



';"J‘Some simulated work (1)

Incidence obtained by simulation using base line parameters
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Some simulated work (2)

Secondary incidence obtained by simulation using baseline parameters
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bsequent infection incidence using base line
meters for each age group (among infants)



Stem cell

-
e 13
iy

%, <Antigen— i

B lymphocyte T lymphocyte
D Helper
cells
—Suppressor-«
Clone cells
P & 1) Cytotoxic killer
e *ff".ﬂ}f'j"’ T lymphocyte

Memory Plasma .
cell cell < yAntibodies
»y

Immunological issues (1)

= Upon activation of B
cells by antigens, B
cells go through
proliferating phase to
make its own clones

* Finally humoral
Immunity results in
producing short lived
plasma cells (making
Ab) and some B cells
become memory B
cells



Immunological issues (2)

1. Neutralisation of live vaccines, depending on MatAb / Ag load ratio

MatAb Effective Aq dose

7 mmuncencity
{} threshold

f -
Induction of Ab /|
T cell responses

; No induction olrﬂ.brl V

T cell responses

2. Epitope-specific B cell masking, preventing binding by epitope specific infamt B cells

Ag
Ab response Lo nOnN IMMUNo-
dominant maternal epitopes
// ‘ No Ab response to immuno-
Q g dominant maternal epitopes

cssive effect: But higher pre-vaccine Ab fiters result in
rates of sero-conversion rates after vaccination



=
Ao

Conclusion

= Seasonal pattern of epidemic curve

- = Vaccine issues : post-birth vaccine is more efficient than neonatal
vaccine.

= Local/ Global result using basic reproductive ratio
Age-structure model: find “optimal” age window for vaccination

Breast-feeding: longer /more breast feeding help to eradicate
rotavirus infection

Maternal antibody : its protection role and relation to immunization
chedule is important.

“eng, M. Martcheva and C. Castillo-Chavez. An age-
'a rotavirus with vaccination. (submitted to JMB)

ks and C. Castillo-Chavez. Seasonality of rotavirus
accination. AMS contemporary book series. (to appear)



fure Directions

PDE-> ODE for simulated works of three doses model.
(explore the impact of 2,4 and 6 months old schedule of
Rotateq / Rotarix)

Study Geographic pattern and find driving forces (weather,
aumidity, travel? )

npact of maternal antibodies is always important
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