Estimating serotype-specific dengue

virus force of infection and temporary
cross immunity using longitudinal
serological data

Bobby Reiner

Assistant Professor
Epidemiology & Biostatistics
Indiana University School of Public
Health

FOGARTY

DSABNS 2016 February 4th, 2016



Introduction

Dengue virus

Dengue virus (DENV) is a
mosquito-borne viral
infection caused by any of
four related, but
antigenically distinct virus
serotypes (DENV-1, -2, -3,
and -4)
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Introduction

Dengue virus

The primary vector of
DENV is Aedes aegypti (the
yellow-fever mosquito).
Aedes albopictus (the tiger
mosquito) is another, less
competent, vector.

Crucially, Ae. aegypti has a
limited dispersal distance
(<100m)
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s Dengue virus
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The global distribution of the arbovirus

vectors Aedes aegypti and Ae. albopictus Recent work has shown
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Introduction

Dengue virus

Recent work has shown
that the range of these
mosquitoes has grown in
the past 40 years.

These mosquitoes are also
vectors for chikungunya
virus and Zika virus

DSABNS 2016 February 4th, 2016



Introduction
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The global distribution and burden of dengue
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Dengue virus

Not surprisingly (based on
the increased range of the
vectors) the burden of
DENYV has also increased
to include half the world’s

. population with an
estimated 50-100 million
infections and 20,000
deaths yearly
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Efficacy and Long-Term Safety of a Dengue Over the past decades,
Vaccine in Regions of Endemic Disease there has been increased
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Introduction

Dengue virus

B Participants under 9 Yr of Age

EfﬁCaCy alld LOllg'Terln S Vaccine Control Vaccine Efficacy
V'lCCiHe in RGGiOHS Of‘ E Serotype in Trial CYD14  Group Group (95% Cl)
“ 5

no. of cases/total no.

All serotypes 196/3532 173/1768 446 (31.6 to 55.0)

Serotype 1 80/3532 74/1768

46.6 (25.7 to 61.5)

Serotype 2 64/3532 43/1768 33.6 (1.3 to 55.0)

Serotype 3 19/3532 25/1768

62.1 (28.4 to 80.3)

Serotype 4 30/3532 31/1768

51.7 (17.6 to 71.8)

Seropositive at baseline 11/414 17/193

70.1 (32.3 to 87.3)

Seronegative at baseline 13/295 10/157 = 14.4 (111 to 63.5)

T T T
-30 -20 -10 0

Vaccine Efficacy (%)
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ORIGINAL ARTICLE

B Participants under 9 Yr of Age

Efficacy and Long-Term S o i s
VaCCIIle in REUIOI]S Of‘E Serotype in Trial CYD14  Group Group (95% Cl)
O

no. of cases/total no.

All serotypes 196/3532 173/1768 446 (31.6 to 55.0)

Serotype 1 80/3532 74/1768 46.6 (25.7 to 61.5)

Serotype 2 64/3532 43/1768 33.6 (1.3 to 55.0)

Serotype 3 19/3532 25/1768 62.1 (28.4 to 80.3)

Serotype 4 30/3532 31/1768 51.7 (17.6 to 71.8)
Performance haS been Seropositive at baseline 11/414 17/193 70.1 (32.3 to 87.3)
Sub_optim al Seronegative at baseline 137295 10/157 < 14.4 (-111 to 63.5)
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Ecology of DENV

House-to-house human movement drives dengue
virus transmission
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e
Ecology of DENV

House-to-house human movery a
virus transmission
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Ecology of DENV

Contents lists available at ScienceDirect
Epidemics

journal homepage: www.elsevier.com/locate/epidemics

Socially structured human movement shapes dengue transmission
despite the diffusive effect of mosquito dispersal
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Ecology of DENV
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Ecological Complexity

Susceptible Exposed Infected Recovered
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Host Susceptible Exposed Infected Recovered

i A systematic review of mathematical
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Host Susceptible Exposed Infected Recovered
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-

Host Susceptible Exposed Infected Recovered

Vector Susceptible

lOl__JRNAL

Interface

rsif.royalsocietypublishing.org

Cite this article: Reiner Jr RC, Perkins TA,
Barker CM, Niu T, Fernando Chaves L, Ellis AM,
George DB, Le Menach A, Pulliam JRC, Bisanzio
D, Buckee C, Chiyaka C, Cummings DAT, Garda
AJ, Gatton ML, Gething PW, Hartley DM,

A systematic review of mathematical We found that the vast majority of models haven’t

models of mosquito-borne pathogen changed much from the frameworks of the 1950s
transmission: 1970—-2010

Robert C. Reiner J21, T, Alex Perkins2!, Crstopher M. Barer'*, Fewer than 10% incorporated any abiotic temporal
Tianchan Niu'?, Luis Fernando Chaves”®?, Alicia M. Ellis"'%, Dylan B. George'', o S

Amaud Le Menach', Juliet R. C. Pulliam™™3¥, Donal Bisanzio'®, Varlathn

Caroline Buckee", Christinah Chiyaka®, Derek A. T, Cummings"'®, Andres

). Garcia'™, Michelle L. Gatton™2, Peter W. Gething?', David M. Hartley'5,

Geoffrey Johnston'®%223 Eili Y. Klein'"#*5, Edwin Michael?5Z,

Steven W. Lindsay"282%, Alun L. Lloyd™3, David M. Pigott', William K. Reisen'?,

Nick Ruktanonchai®™*, Brajendra K. Singh?, Andrew J. Tatem'T, Uriel Kitron™6,

Simon |. Hay'2', Thomas W. Scott"? and David L. Smith'21819

DSABNS 2016

February 4th, 2016



Ecological Complexity
-

Host Susceptible Exposed Infected Recovered

b A systematic review of mathematical We found that the vast majority of models haven’t

O
THE ROYAL

SOCIETY models of mosquito-borne pathogen changed much from the frameworks of the 1950s
Interface transmission: 1970— 2010 °

bt e Robert C. Reiner 2, T. Alex Perins2/, Chrstopher M. Barker 3%, Fewer than 10% incorporated any abiotic temporal
P iS5 H wecl 89 Alici 1,10 mnm . .
Tianchan Niu">, Luis Fernando Chaves’-*°, Alicia M. Ellis""", Dylan B. George"'", variat on

Review

@ Amaud Le Menach', Juliet R. C. Pulliam™™3¥, Donal Bisanzio'®,
a ... Caroline Buckee", Christinah Chiyaka®, Derek A. T, Cummings"'®, Andres
). Garcia'™, Michelle L. Gatton™2, Peter W. Gething?', David M. Hartley'5,

Geoffrey Johnston'®%223 Eili Y. Klein'"#*5, Edwin Michael?5Z,

Gerge DB Le Mench A, Pulam R Bisndo Steven W, Lindsay 2, Alun L. Loyd", David M. Pigot?, Wiliam K. Reisen'”, single serotype in spite of crucial empirical evidence

Almost every DENV-specific models assumed a

Cite this article: Reiner Jr RC, Perkins TA,
Barker CM, Niu T, Fernando Chaves L, Ellis AM,

D, Buckee C, Chiyaka C, Cummings DAT, Garcia Nick Ruktanonchai®™*, Brajendra K. Singh?, Andrew J. Tatem'T, Uriel Kitron™6,
AL Gartom M :Sieisng PO Auriey Jot Simon |. Hay'2', Thomas W. Scott"? and David L. Smith'21819

I
DSABNS 2016 February 4th, 2016

of complex interactions between serotypes




Ecological Complexity
-

Host Susceptible Exposed Infected Recovered

Given these complexities (and the presence of four
distinct serotypes), the above model is inadequate
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Iquitos, Peru

Iquitos, Peru

 Iquitos has a population of 400,000. The
city, located at the beginning of the
Amazon river, is relatively isolated from
other large cities.

e DENV-1 was introduced in 1991,
DENV-2 in 1995, DENV-3 in 2001 and
DENV-4 in 2008-2009.

* The Scott lab at UC Davis began
extensive studies of dengue in Iquitos in
1999 and thus were able to collect data
during two 'virgin-soil” invasions
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Iquitos, Peru

NEGLECTED
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Iquitos, Peru

Iquitos, Peru

* Yearly outbreak size and timing of
DENYV cases vary year-to-year. But
again, “cases” represent a small
proportion of dynamics.

e Susceptible e nfected esmmme Mmune

 Since 1999, longitudinal cohorts of
~3,000-4,000 have been maintained. Each
individual’s serostatus to all four
! serotypes is evaluated every 6-9 months

é they are participants.
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Iquitos, Peru

Iquitos, Peru
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Yearly outbreak size and timing of
DENYV cases vary year-to-year. But
again, “cases” represent a small
proportion of dynamics.
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Force of Infection
T,

Force of infection

Time-varying, serotype-specific force of infection of
dengue virus

Robert C. Reiner, Jr.>?, Steven T. Stoddard®®, Brett M. Forshey®, Aaron A. King*9, Alicia M. Ellis>¢, Alun L. Lloyd*",

Kanya C. Long™9, Claudio Rochaf, Stalin Vilcarromero®, Helvio Astete€, Isabel Bazan®, A!.ldrey Lenhart™,
Gonzalo M. Vazquez-Prokopec®), Valerie A. Paz-Soldan¥, Philip J. McCall", Uriel Kitron®}, John P. Elder, Eric S. Halsey",
Amy C. Morrison®™<, Tadeusz J. Kochel, and Thomas W. Scott*®

®Fogarty International Center, National Institutes of Health, Bethesda, MD 20892; "Department of Entomology and Nematology, University of California,
Davis, CA 95616; “US Naval Medical Research Unit No. 6 Lima and Iquitos, Peru; “Department of Ecology and Evolutionary Bioflogy, University of Michigan, Ann
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Force of Infection
T,

‘Key transmission parameters’

e The force of infection (Fol, denoted A) is the rate at which susceptible individuals become infected. In the

simplest ‘catalytic’ model of transmission, if s(t) is the percent of individuals that are susceptible at time ¢,
then

ds(t) dF(t)

——=—ADs(t) o ——= =4O -F(1)

* We can use our censored data, methods derived from reliability and B-splines to estimate the pdf of infection
times

dF(t)
dt

f =

which we can then use to estimate the force of infection.

I
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Force of Infection
T,

‘Key transmission parameters’

e Left Censored (L)

ty
LIKELIHOOD = f(t)dt

where t; was the time of the first test (which in these cases was positive)

e |Interval Censored (C)

L2
LIKELIHOOD = f(t)dt

tq
where t; was the time of the last negative test and t, was the time of the first positive test

e Right Censored (R)
t2
LIKELIHOOD =1 — f(t)dt

where t, was the time of the last test (which in these cases was negative)

I
DSABNS 2016 February 4th, 2016



Force of Infection
T,

‘Key transmission parameters’

We cannot estimate f before 1999. However, since infections that occurred before 1999 will appear as left censored
infections, we can estimate the percent of the population that was exposed previous to 1999. With t, representing
the beginning of the study, we write:

K = tof(s)ds

Combining this with the equations above, the log-likelihood of the data for a given serotype is

tja k.2
I(f, k) = Z log (K + f(s)ds) + Z log( f(s)ds)
to

JEL kec tra

+Z log (1 — K — tj,zf(s)ds)

lER to

I
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Force of Infection

‘Key transmission parameters’

The basic reproductive number (denoted R;) is the number of secondary infections which one infection would
produce in a completely susceptible population. Once the pathogen has invaded and some individuals have

been infected and become immune, the expected number of secondary infections from a single infection is
called the effective reproductive rate (denoted R(t)) and

R
0= 3@

Using the mean time between successive DENV infections (i.e., serial interval) of 15-17 days, and letting sp(t)
be the fraction of the entire population susceptible at time t, we approximate the effective reproductive rate as:

ad+18
[0 sp AW du

R(d) = R(d) =
@ @ 3*f;+1sp(u)/1(u)du
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Force of Infection

c
9
—

(&
2
£
[ -

o

D

o

|-
2
=
©
o
=]

)
———

©
£
bt

w
Ll

T T T T T
2000 2001 2002 2006 2007 2009

DSABNS 2016 February 4t 2016



Force of Infection
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Force of Infection
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Force of Infection
T,

Force of infection

* Novel serotypes appear to disrupt previous Fol patterns.
e There appear to be some serotype-independent dynamics

* Synchronization appears to be able to occur between any subsets of
serotypes.

* R, vary through time and across serotypes from 1 up to 5

I
DSABNS 2016 February 4th, 2016



Temporary Cross Protection
m=—=——

Temporary Cross-Immunity/Cross-Protection
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Temporary Cross Protection
m=—=——

Temporary Cross-Immunity/Cross-Protection

In the 1950’s, Albert Sabin identified the existence of short term
heterologous protection for dengue virus.

When challenged with a different serotype 2-3 months after already
being infected by a first, individuals who were infected with one virus
did develop viremia. However they did not develop severe symptomes.

These results, cross-protection from severe illness, lasted at least 9
months in his samples.

I
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Temporary Cross Protection
===

Interactions between serotypes of dengue highlight
epidemiological impact of cross-immunity

Nicholas G. Reich, Sourya Shrestha, Aaron A. King, Pejman Rohani, Justin Lessler, Siripen
Kalayanarooj, In-Kyu Yoon, Robert V. Gibbons, Donald S. Burke and Derek A. T. Cummings

J. R. Soc. Interface 2013 10, 20130414, published 3 July 2013

Much more recently, Reich et al quantified temporary cross-

protection to disease using 38 years of case data from
Bangkok. They fit a TSIR model

Sti =Be—a+St—1i —1ti —6Q¢ L —i

where the form of the temporary cross-protection was
either:

1. Fixed duration for all individuals with an imperfect
protection

2. Exponential duration where protection was perfect

I
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Temporary Cross Protection

Interactions between serotypes of dengue highlight

100
epidemiological impact of cross-immunity < 100
Nicholas G. Reich, Sourya Shrestha, Aaron A. King, Pejman Rohani, Justin Lessler, Siripen ;
Kalayanarooj, In-Kyu Yoon, Robert V. Gibbons, Donald S. Burke and Derek A. T. Cummings o 100
J. R. Soc. Interface 2013 10, 20130414, published 3 July 2013 % 100
= 100 (30—100)
: " = 84 (39-100)
Much more recently, Reich et al quantified temporary cross- E
protection to disease using 38 years of case data from 3 80 (33-100)
Bangkok. They fit a TSIR model E 76 (32-100)
3 5 6 7
St}i — Bt_d + St_l,i = It,i = 6Qt,L,_i average duration (years) r,;=serotype-specific trar

where the form of the temporary cross-protection was
either:

1. Fixed duration for all individuals with an imperfect
protection

2. Exponential duration where protection was perfect
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Temporary Cross Protection

Interactions between serotypes of dengue highlight E 100
epidemiological impact of cross-immunity .

100
Nicholas G. Reich, Sourya Shrestha, Aaron A. King, Pejman Rohani, Justin Lessler, Siripen
Kalayanarooj, In-Kyu Yoon, Robert V. Gibbons, Donald S. Burke and Derek A. T. Cummings

J. R. Soc. Interface 2013 10, 20130414, published 3 July 2013

100

exponential (4)

100

100 (30-100)

3
: " = 84 (39-100)
Much more recently, Reich et al quantified temporary cross- E
protection to disease using 38 years of case data from g 80 (33-100)
Bangkok. They fit a TSIR model E 76 (32-100)
3 506 7

St,i = Bt—d + St—l,i — It,i — 6Qt,L,—i average duration (years) r,;=serotype-specific trar
where the form of the temporary cross-protection was Their model found that serotype-specific
either: dynamics were not significantly better than a

model that only adjusted for seasonality
1. Fixed duration for all individuals with an imperfect

protection The best fixed duration and exponential duration
models indicated heterologous disease protection
2. Exponential duration where protection was perfect lasted 2.00 and 1.88 years respectively
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Temporary Cross Protection
m=—=——

Model Assumptions

 Since there were only 3 serotypes
circulating in Iquitos before 2007
we can simplify the model.
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Temporary Cross Protection

5858

/&\

Model Assumptions

 Since there were only 3 serotypes

A1 A3 circulating in Iquitos before 2007
—— E19Ag — rRoc — €13, Ex Ay — crc | — €530 cpy cor— Egohg — we can simplify the model.
(P (P (O a3 (1251 (%

RSC—wls—P RSS 4—?7/]12—1205 SRC—'IJ)ZS—P SRS 4—1}021—0123 SCR—¢32—F SSHR 4—17b31—CSR
)\|2 L E13A3 =) )\lg /\ll L E23 A3 o )\|3 )\ll |_£32)\2 ™ )\lz

\_l 1212 l_‘ \_l 21/\1 l_‘ \_l 31771 l_‘

RRG-(—AQ— —AS—:—RGR RRC«—)\I— —A3—>GRR RCR*—AI— —AQ—»CRR
| — | | - |
a3 Y13 P2 Y2 V31 Yo
b | | b
Ao
£13A3 E31 A
€322 E12A2
A g RRR =
£2373 - : a1\
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Temporary Cross Protection

A1

RCC

¢13

4—’('/]12— RCS

\_l

(D)
RSC —¢13 —| RS S
)\|2 I—f13)\3

523 AS

RRC 4—A2—

512 )\2 | l_‘

—Ag—;— RCR

5858

|
V23 P13
vy 3

RRS

E32 2

Model Assumptions

 Since there were only 3 serotypes

E13A3

A3 circulating in Iquitos before 2007
cre —4 €933 — =0k corf— €359 — we can simplify the model.
Vo3 U1 U39 e The model allows for different
serotypes to impart more or less (or
5G|~ gz ~| 5rS |« 1y - ors soR|— gy~ ssR |« 13 — osr longer or shorter) protection to
subsequent infections
)\|3 )\ll L €322 )\lz 1
521 A1 l_‘ \_l 531 A1 l_‘
—A3—>GRR RCR*—AI— —AQ—»CRR
| |
I
V32 V12 W1 oy
P b
Ao
SIS
§12A2
" = 521 )\1
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Temporary Cross Protection

RRC *—AQ—

—Ag—" RCR

5858

|
V23 P13
vy 3

RRS

E13A3

¢32

4—17b31 —| CSRHR

RCR«-AI—

)\1 A3
§12A2 REC §133 — &1\ —{ orC 233 — &1\ —{ cor
(D) (P (% a3 (2%
RSC —’(1013—)v RSS 4—’([/)12 — RCS SRC —’4/)23—1* SRS 4—11021 — CRS SCR —’llb32—> SSHR
A|2 |_£13A3 5 )\ A|3 All |—£23A3 5 A A|3 All |_£32A2
\_l 1212 l_‘ \_l 21/\1 l_‘ \_l

531A1 | l_‘

—AQ—;- CRR

E32 2

Ea1 1

I
V31 P21
y i

SRR

E12A2

RRR

523 AS

521 )\1

Model Assumptions

Since there were only 3 serotypes
circulating in Iquitos before 2007
we can simplify the model.

The model allows for different
serotypes to impart more or less (or
longer or shorter) protection to
subsequent infections

It also allows serotypes to “break
through” protection at different
levels and rates
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Temporary Cross Protection

5858

/&\

Model Assumptions

Since there were only 3 serotypes

A A3 circulating in Iquitos before 2007
—— E19Ag — rRoc — €13, Ex Ay — crc | — €530 cpy cor— Egohg — we can simplify the model.
W19 W13 Vo o3 U1 U39 The model allows for different
serotypes to impart more or less (or
150 | thy3 | R3S [« b1y —| ros 51O |— g3 ~| 575 [« gy | o sor|—1ag~] ssr|<1hg - csn longer or shorter) protection to
subsequent infections
)\|2 I—f13)\3 )\lg /\ll l—fzs)\s )\|3 )\ll |_£32)\2 )\lz 1
122 Ea1 €311 .
Ll \—l l—‘ | l—‘ It also allows serotypes to “break
rRo e g — - Ny rro e\ — L X\s =] crr A = L\, ~err through” protection at different
| m | | = | levels and rates
I P U I
32 ¥12
q’bf?’ 1’%3 || wfl wfl An individual’s serostatus isn't
RRS RSR SRR necessarily the Only information
o required to evaluate future risk
1373 a1 A1
€32 A2 122
A3 "| RRR [ 1
523 AS 521 )\1
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Temporary Cross Protection

5858

/&\

)\1 A3
—512)\2 —| Bec —513)\3 521)\1 — 1 YRC— 523)\3 531 A1 cC kR 532)\2 —
(D) (P (% a3 (2% 39

RSG—¢13—F RSS 4—1’/)12— RCS SRC—'{J]ZB—P SRS 4—1}021—0123 SCR—’[]bBQ—F SSHR 4—’{7b31—CSR
)\|2 L SELE! )\lg /\ll L £23A3 )\|3 )\ll |_£32)\2 )\lz

\_l 512)\2 l_‘ \_l 521A1 l_‘ \_l 531A1 l_‘
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%
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)\3 | R [ 1
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Model Assumptions

Since there were only 3 serotypes
circulating in Iquitos before 2007
we can simplify the model.

The model allows for different
serotypes to impart more or less (or
longer or shorter) protection to
subsequent infections

It also allows serotypes to “break
through” protection at different
levels and rates

An individual’s serostatus isn't
necessarily the only information
required to evaluate future risk

Force of infections are functions of
time and are fit simultaneously to

¢ and Y
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Temporary Cross Protection
mm=E——

Model fitting

We essentially have two types of censored data: interval censored and right
censored

Interval Censored

One serotype

P(tt <X, <tf)=| fi(s)ds
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Temporary Cross Protection

.
Model fitting

We essentially have two types of censored data: interval censored and right
censored

Interval Censored

One serotype

P(tt <X, <tf)=| fi(s)ds
t1
Two serotypes
t{ ts
P(t <X; <tf,t; <X, <t}) = 6(51,52) f1(s1)f2(s2)ds,dsy
t1 7t

1 if |s; —s,| >y
where 6(sq,5,) =
§ if sy —s| =9
.
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Temporary Cross Protection
mm=E——

Model fitting

We essentially have two types of censored data: interval censored and right
censored

Interval Censored

Three serotypes

P(t} <Xy <tf,t; <X, <t3,t3 <X3<t})

ti rts (3
— J1 _[1 jl 0(51,52)6(51,53) 6(S2,53) f1(s1)f2(s2)f3(s3)ds3ds,ds,
t1 Jed Jil
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Temporary Cross Protection
mm=E——

Model fitting

Right Censored

One serotype
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Temporary Cross Protection
mm=E——

Model fitting

Right Censored
Two serotypes One interval censored, one right censored
t1 ti rt
P(tf <X, <t} X, >t5) = ) fi(s)ds — jl jo 6(s1,52)f1(s1) f2(s2)ds,dsy
t ty Yt
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Temporary Cross Protection
mm=E——

Model fitting

Right Censored
Two serotypes One interval censored, one right censored
t1 ti rt
P(tf <X, <t} X, >t5) = ) fi(s)ds — j1 jo 6(s1,52)f1(s1) f2(s2)ds,dsy
t ty Yt

Two right censored

t2 t2 t2
P(X; >t X, >t5) =1— . fi(s)ds — JO . 6(51,52)f1(s1) f2(s2)ds,dsy
ty ty i3
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Temporary Cross Protection
mm=E——

Model fitting

Right Censored

Three serotypes

Math omitted
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Temporary Cross Protection
mm=E——

Model fitting

Right Censored

Three serotypes

Math omitted

We use adaptive Gibbs-within-Metropolis MCMC to estimate the parameters governing
durations and strengths of temporary cross-protection for each serotype/serotype combination
as well as the temporally varying serotype-specific forces of infection
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Temporary Cross Protection

Force of Infection
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Temporary Cross Protection

Force of Infection

Force of Infection
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Temporary Cross Protection

Temporary Cross-Protection

DENV-1
to DENV-2

DENV-1
to DENV-3

DENV-2
to DENV-1
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to DENV-3
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to DENV-1
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Conclusions and Future Work
T,

Conclusions
» There is some evidence of differences in the duration of cross-protection by serotype combination.
Cross protection (to infection) appears to last between 3 and 15 months.

I
DSABNS 2016 February 4th, 2016



Conclusions and Future Work
T,

Conclusions
» There is some evidence of differences in the duration of cross-protection by serotype combination.
Cross protection (to infection) appears to last between 3 and 15 months.

» The level of cross-protection appears to be sensitive to serotype/serotype combination. For example, a
past DENV-2 infection provides almost no protection to DENV-1 while it conveys some protection to
a DENV-3 infection.
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Conclusions and Future Work
T,

Conclusions
» There is some evidence of differences in the duration of cross-protection by serotype combination.
Cross protection (to infection) appears to last between 3 and 15 months.

» The level of cross-protection appears to be sensitive to serotype/serotype combination. For example, a
past DENV-2 infection provides almost no protection to DENV-1 while it conveys some protection to
a DENV-3 infection.

Next Steps

* Use values to simulate populations
» Evaluate statistical significance versus practical importance
 Interpretation of results in context of vaccination protection
» Explore sub-models with greedy algorithms
 Add DENV-+4 (include data from 2008)
e Add Asian-American DENV-2 (include data from 2011)
* Antibody-dependent enhancement may increase infectability
 Evaluate functional form of TCI
 Incorporate finer scale of Fol
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Conclusions and Future Work

Obrigado!!!

Questions?
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