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Caused by four serotypes, dengue fever is a major public health concern worldwide.
Current modeling efforts have mostly focused on primary and heterologous secondary
infections, assuming that lifelong immunity prevents reinfections by the same serotype.
However, recent findings challenge this assumption, prompting a reevaluation of dengue
immunity dynamics.
In this study, we develop a within-host modeling framework to explore different scenarios
of dengue infections. Unlike previous studies, we go beyond a deterministic framework,
considering individual immunological variability. Both deterministic and stochastic models
are calibrated using empirical data on viral load and antibody (IgM and IgG) concentrations
for all dengue serotypes, incorporating confidence intervals derived from stochastic
realizations.
With good agreement between the mean of the stochastic realizations and the mean field
solution for each model, our approach not only successfully captures primary and heter-
ologous secondary infection dynamics facilitated by antibody-dependent enhancement
(ADE) but also provides, for the first time, insights into homotypic reinfection dynamics.
Our study discusses the relevance of homotypic reinfections in dengue transmission at the
population level, highlighting potential implications for disease prevention and control
strategies.

© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With more than one-third of the world's population at risk of infection, dengue fever is a major public health problem in
the tropics and subtropics (Messina et al., 2019). Caused by four antigenically related but distinct serotypes, DENV1, DENV2,
DENV3 and DENV4, it was believed that an infection with one serotype would grant lifelong immunity to that specific
serotype, effectively preventing any subsequent infections by the same serotype (homologous infection). However, recent
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large cohort studies have shown that homologous secondary infections may not always result in complete protection against
re-infection (Forshey, Stoddard, & Morrison, 2016; Waggoner et al., 2016). In the study by Waggoner et al. four patients
experiencing homotypic dengue reinfections have been identified, challenging the current understanding of dengue
immunity.

Nonetheless, temporary cross-immunity (TCI) to other serotypes exist. In combinationwith the seasonal patterns common
to vector-borne diseases, TCI leads to a temporal gap between primary and secondary infections, shaping dengue trans-
mission dynamics at population level.

Most of the primary infection cases recover with non-severe clinical symptoms, and treatment for uncomplicated cases is
primarily supportive. There is, however, good evidence that sequential infection with a different serotype (heterologous
infection) increases the risk of developing severe disease due to a process described as antibody-dependent enhancement
(ADE) (Guzman et al., 2010; Halstead, 2003; Renner et al., 2018; St John & Rathore, 2019). ADE occurs when pre-existing
antibodies from a previous dengue infection do not neutralize but rather enhance the new infection.

A safe, effective and affordable dengue vaccine against the four serotypes would represent a significant advance for
reducing disease transmission. As of now, two tetravalent dengue vaccines have completed the phase 3 clinical trial.
Dengvaxia, developed by Sanofi Pasteur, now licensed in several countries (Hadinegoro et al., 2015), and the Qdenga (TAK-
003) vaccine, developed by Takeda Pharmaceutical Company (Rivera et al., 2022), recently received approval in Indonesia,
Brazil, and the European Union.

It is noteworthy to mention that Dengvaxia has resulted in serious adverse events in vaccinated individuals without
previous exposure to any of the dengue serotypes (seronegative) compared with age-matched seronegative controls (Aguiar
et al., 2016a, 2016b; Aguiar & Stollenwerk, 2018). Because of that, its use is now restricted to individuals with confirmed
previous dengue infection (seropositive). On the other hand, Qdenga vaccine has shown higher and more balanced vaccine
efficacy against virologically confirmed dengue disease and hospitalization than efficacies reported for Dengvaxia (Aguiar &
Stollenwerk, 2020). Nevertheless, long-term surveillance consisting of cautious observation of Qdenga vaccine recipients is
required (Aguiar & Stollenwerk, 2020), since serotype-specific negative vaccine efficacy was also observed for vaccinated
seronegative individuals (Rivera et al., 2022).

Mathematical modeling offers a powerful tool for studying disease dynamics at different scales. At the individual level
(within-host), models can help understanding the immune response dynamics, the impact of previous infections on disease
severity, and the effectiveness of interventions such as vaccines or antiviral treatments. At the community level, mathematical
models can predict disease transmission based on the serological population profile considering biological parameter values
estimated from incidence data. A valid framework will be used to evaluate the effectiveness of vector control strategies, such
as insecticide spraying or eliminatingmosquito breeding sites, and vaccination in reducing disease transmission, for example.

Huge modeling efforts focusing on various aspects of dengue dynamics, including immunological and epidemiological
factors, been performed in the past 10 years (Aguiar et al., 2022).

Within-host modeling approach is built to describe viral replication and immunological responses during dengue
infection processes Frameworks such as those discussed in (Ben-Shachar and Koelle, 2015, 2018; Clapham et al., 2016;
Gulbudak & Browne, 2020; Nikin-Beers & Ciupe, 2015; Sebayang et al., 2021). They have considered the dynamic interaction
between free virus and susceptible target cells, differing in the functional form to model viral infectivity, immune response
mediated by antibodies, and/or viral clearance dynamics.

In most cases, model parameters are estimated from statistical data analysis derived from cohorts evaluating data on
human viremia and infectedmosquitoes, providing insights on transmission parameters such as the rate of transmission from
infected humans to mosquitoes (Nguyen, Thi Hue Kien, et al., 2013). Up to date, only few modeling studies have used
empirical immunological data for direct model parametrization and validation. To cite some of them, the models proposed by
Clapham et al. in (Clapham et al., 2014, 2016) and by Ben-Shachar et al. in (Ben-Shachar & Koelle, 2015) which were
parameterized by fitting patient data on antibody titers and/or viral load measurements recorded sequentially during
infection. These data were obtained from a clinical trial conducted by Nguyen et al. (Nguyen, Tran, et al., 2013).

Based on immunological indicators such as the magnitude and time of peak viremia, these models have focused on un-
derstanding the antibody-specific dynamics during the infection clearance process of primary infection and/or the increased
risk of severe disease associated with secondary heterologous infections. However, the immunological dynamics of homol-
ogous secondary infections have been consistently overlooked. This neglect was based on the belief that an initial infection
with one serotype would confer lifelong immunity to that serotype, effectively preventing any subsequent infections by the
same serotype. As a result, dengue transmission models have never taken into consideration the potential impact of ho-
mologous infections in a population.

With advances on laboratory tests, a recent large cohort study conducted by Waggoner et al. (Waggoner et al., 2016) has
found that immunity to homologous serotypes may not always be fully sterilizing, with patients experiencing homologous
reinfections being identified. The extent of dengue transmission caused by homologous infection remains largely unexplored,
highlighting the need for further research to understand the impact and implications of these reinfections on the overall
dengue dynamics.
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In this paper, we introduce a novel modeling framework that considers individual immunological variations, able to
describewell the dynamics of primary and secondary dengue infections. Themodels are parametrized using data on viral load
and antibody concentrations on patients experiencing dengue infections with all four serotypes, as reported from the clinical
trial of the drug balapiravir to treat dengue infection (Nguyen, Tran, et al., 2013). Building upon previous studies (Ben-Shachar
& Koelle, 2015; Clapham et al., 2016), which use immunological data on patients experiencing dengue infections with
serotype 1 (DENV1) and serotype 2 (DENV2), our analysis extends to include, for the first time, data on DENV3 and DENV4
infections.

Using a within-host modeling framework accounting for the inherent individual immunological variability during the
infection process, we aim at understanding the characteristics of immunological responses during primary and secondary
infections. Special attention is given to the dynamics of homotypic secondary infection, an aspect that has not been explored
in research modeling.

2. Methods

In this study, two distinct mathematical modeling approaches are used to investigate the immunological dynamics of
dengue infection process. The first approach involved solving deterministic models, which provide the qualitative behavior of
viral load and antibody dynamics during primary and secondary dengue infections. Based on defined parameters and initial
conditions, this approach allowed us to analyze the average behavior of the system.

The deterministic framework is extended to its stochastic counterpart. The stochastic differential equation system
introduce random fluctuations or variability, capturing the inherent individual immunological variances and the probabilistic
nature of the system. By considering stochasticity, we can explore how variability influences the dynamics of viremia and
antibodies, offering a better understanding of the system's behavior.

2.1. The deterministic framework

The deterministic framework used in our study is based on the model proposed by Sebayang, A.A et al. in (Sebayang et al.,
2021), further analyzed by Anam, V. et al. in (Anam et al., 2022). Our study builds upon the baselinemodel to describe primary
infections (referred to as Model A) and expands it to investigate secondary dengue infections caused by homologous (Model
B) and heterologous (Model C) serotypes, considering the dynamics of viral load and antibodies, as well as the crucial role of
antibody-virus complexes in infection clearance and disease enhancement. The complete modeling framework in shown in
equation system (1).

dS
dt

¼ pS � mSS� aSV � aADESCG

dI
dt

¼ aSV � ðmi þ mSÞI þ aADESCG

dV
dt

¼ kmiI � bSV � bmSmV � dMMV � dGGV

dSm
dt

¼ pm � mSSm � amSmV

dP
dt

¼ amSmV � ðmS þ mPÞP

dM
dt

¼ aMP � mMM � gMMV

dG
dt

¼ aGP � gGGV � mGGþ aGsec
V

dCM
dt

¼ gMMV � mCM
CM

dCG
dt

¼ gGGV � mCG
CG � bADESCG

(1)
The primary infection scenario involves the following components and interactions:

1. Susceptible target cells: uninfected monocytes/dendritic cells are susceptible (S) to infection by encountering free virus
(V).
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2. Infected cells: When susceptible cells come into contact with the virus, they become infected cells (I).
3. Macrophages: uninfected macrophages become infected macrophages (Sm) by encountering free virus. Upon infection,

these cells act as “presenting cells” (P), responsible for the viral antigen presentation, triggering the production of
antibodies.

4. Antibodies: Immunoglobulin M (IgM, denoted as M) and immunoglobulin G (IgG, denoted as G) are produced by the
immune system upon viral antigen presentation.

5. Antibody-virus complexes: Antibodies IgM and IgG bind to the free virus, forming antibody-virus complexes. The com-
plexes IgM-V and IgG-V are denoted as CM and CG, respectively. These complexes are responsible for clearing the infection.

The interactions and dynamics of these components are described using a set of ordinary differential equations, which
form amathematical model to simulate the dynamics of a primary infection described by the black equations in system (1). In
the case of primary infection, the complex CM is observed to lead the infection clearance, while the CG is only residual.

The secondary infection scenarios are described by the same set of equation system, which is extended to include a term
for the pre-existing IgG antibody type (Gsec) produced during a primary infection. The pre-existing IgG antibodies are known
to be specific to a serotype, cross-reacting to the other related dengue serotypes. Dynamically, the immunological response
mediated by antibodies of a secondary infection starts with the activation of these pre-existing antibodies which bind into the
free virus forming the complex IgG-V (CG) in a much faster scale than the production of the IgM.

The model describing a homologous secondary infection includes the equations in black and the extra term in blue,

aGsec
V

referring to the interaction of the IgG antibody and the free virus causing the new infection. In this case, the pre-existing IgG is
able to neutralize the homotypic virus and clear the infection. Therefore the overall production of IgM antibodies is much
lower than it is observed during a primary infection.

On the other hand, the model describing a heterologous secondary infection includes, besides the pre-existing IgG an-
tibodies term (in blue), two extra terms shown in purple. These additional terms account for viral replication enhancement
reported to occur during a secondary infection with a heterologous serotype. The term

aADESCG

refers to the entry of CG complexes into susceptible cells, generating new infected cells at rate aADE. This effect is analogous to
the Antibody-Dependent Enhancement ADE effect, where the pre-existing IgG antibodies are able to bind into the heterotypic
virus but not to neutralize it, leading to a rapid increase of viral load in the host. The reduction of the CG complexes (while
generating new infected cells) during the ADE process occurs with rate bADE.
2.2. The stochastic framework

In order to accommodate the inherent individual variability during the immunological responses to a dengue infection, we
have expanded the deterministic model to its stochastic counterpart. The stochastic differential equation serves as a diffusion
approximation derived from the discrete Markov process underlying the system.

As an illustrative example, we present the initial transition where susceptible target cells become infected upon
encountering a free virus equation (2). In this case, the state change DX is represented as DX ¼ (�1, 1, 0, 0, 0, 0, 0, 0, 0), and its
probability is given by:

prob ðDX1;DX2;DX3;DX4;DX5;DX6;DX7;DX8;DX9Þ
¼ probðð�1;1;0;0;0;0;0;0;0;0ÞjðX1;X2;X3;X4;X5;X6;X7;X8;X9ÞÞ
¼ aX1X3Dt þ OðtÞ:

(2)

The possible state changes of the system is presented in Table S2 available in the Supplementary Material.
The construction of the Stochastic Differential Equation (SDE) model incorporates the following elements, where dWi

represents the weights for i2Z. The SDE systems for models A and B are provided in the Supplementary Material. Addi-
tionally, the comprehensive SDE system for model C can be expressed as follows:
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dS ¼ ðpS � mSS� aSV � aADESCGÞdt
þ ffiffiffiffiffi

pS
p

dW1 �
ffiffiffiffiffiffiffiffi
mSS

p
dW2 �

ffiffiffiffiffiffiffiffiffi
aSV

p
dW3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aADESCG

p
dW4;

dI ¼ ðaSV � ðmi þ mSÞI þ aADESCGÞdt
þ

ffiffiffiffiffiffiffiffiffi
aSV

p
dW3 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aADESCG

p
dW4 �

ffiffiffiffiffiffi
miI

p
dW5 �

ffiffiffiffiffiffiffi
mSI

p
dW6;

dV ¼ ðkmiI � bSV � bmSmV � dMMV � dGGVÞdt
þ

ffiffiffiffiffiffiffiffi
kmiI

p
dW7 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VðbSþ bmSm þ dMM þ dGGÞ

q
dW8;

dSm¼ ðpm � mSSm � amSmVÞdt
þ ffiffiffiffiffiffiffi

pm
p

dW9 �
ffiffiffiffiffiffiffiffiffiffiffi
mSSm

p
dW10 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amSmV

p
dW11;

dP ¼ ðamSmV � msP � mpPÞdt
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
amSmV

p
dW11 �

ffiffiffiffiffiffiffiffi
mSP

p
dW12 �

ffiffiffiffiffiffiffiffi
mpP

q
dW13;

dM¼ ðaMP � mMM � gMMVÞdt
þ

ffiffiffiffiffiffiffiffiffiffi
aMP

p
dW14 �

ffiffiffiffiffiffiffiffiffiffiffi
mMM

p
dW15 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gMMV

p
dW16;

dG ¼ ðaGP � mGG� gGGV þ aGsecVÞdt
þ

ffiffiffiffiffiffiffiffiffi
aGP

p
dW17 �

ffiffiffiffiffiffiffiffiffi
mGG

p
dW18 �

ffiffiffiffiffiffiffiffiffiffiffiffi
gGGV

p
dW19 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aGsecV

p
dW20;

dCM ¼ ðgMMV � mCM
CMÞdt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gMMV

p
dW16 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mCM

CM
q

dW21;

dCG ¼ ðgGGV � mCG
CG � bADESCGÞdt

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
gGGV

p
dW19 �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mCG

CG
q

dW22 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bADESCG

p
dW23:

(3)
The process involved in obtaining a SDE model from a deterministic one is explained in-detail in the Supplementary
Material accompanying this paper. The baseline parameters used for modeling simulations are listed in Table 1.

2.3. Model calibration method

Using MATLAB software, parameter estimation was performed using nonlinear least square method (Li & Li, 2018). In
detail, we search for the set of parameters Q̂ ¼ ðq̂1; q̂2; q̂3…q̂nÞ that minimizes the sum of squared differences between the
observed data yti ¼ ðyt1 ; yt2…ytn Þ and the corresponding model solution denoted by ðf ðti;QÞ
Table 1
Baseline parameter values used for the modeling simulations. Note that the estimated baseline parameters are well within the ranges obtained from the
immunological literature.

Parameter Value (units) Description Reference

pS 600 (ml day)�1 production rate of susceptible target cells (monocytes/dendritic cells) (Aguiar et al., 2022; Clapham et al.,
2014)

pM 300 (ml day)�1 production rate of susceptible macrophages per day (Aguiar et al., 2022; Clapham et al.,
2014)

mS 1/30 (day�1) natural mortality of susceptible target cells (monocytes/dendritic cells) per
day

Ben-Shachar and Koelle (2015)

mi 2 (day�1) decay rate of infected cells (monocytes/dendritic cells) per day Aguiar et al. (2022)
mP mi/10 (day�1) decay rate of presenting cells (infected macrophages) per day Aguiar et al. (2022)
a 0.2 (day�1) infection rate of susceptible target cells per day Aguiar et al. (2022)
am 0.2 (day�1) infection rate of susceptible macrophages per day Aguiar et al. (2022)
b [12 � 15]a (day�1) removal rate of viral particles infecting susceptible target cells per day Estimated
bm [12 � 15]a (day�1) removal rate of viral particles infecting susceptible macrophages per day Estimated
k [48 � 58] viral replication factor Estimated
aM 10 (ml day)�1 production rate of IgM antibody per day Aguiar et al. (2022)
aG [0.5 � 1.5] (ml day)�1 production rate of IgG antibody per day Estimated
aGsec

2000 aG (ml day)�1 production rate of pre-existing IgG antibody per day Estimated
gM ¼ gG [0.02 � 0.06](ml

day)�1
binding rate of antibodies (IgM and IgG) per day Estimated

dM [3 � 5] gM (ml day)�1 average number of free virus particle forming the virus-IgM complex Estimated
dG gG average number of free virus particle forming the virus-IgG complex Estimated
mM 0.03 (day�1) decay rate of antibody IgM per day Wahala and De Silva (2011)
mG 1/365 (day�1) decay rate of antibody IgG per day Wahala and De Silva (2011)
mCM ¼ mCG 1 (day�1) decay rate of virus-antibody complexes CM and CG per day Aguiar et al. (2022)
S(t0) pS/mS initial value for susceptible target cells (monocytes and dendritic) Ben-Shachar and Koelle (2015)
Sm(t0) pM/mS initial value for susceptible macrophages Ben-Shachar and Koelle (2015)
V(t0) ½3 � 7�

�
RNA copies

ml

�
initial value of free viral particles upon infection Estimated
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Q̂ ¼ arg min
Xn
i¼1

ðf ðti;QÞ � yti Þ2:

where ti are the time points at which the time series data are observed, and n is the number of data points available for
parameter inference. Hence, the model solution f (ti, Q) yields the best-fit to the time series data yti .
2.4. Modeling simulations and robustness analysis

Model simulations were conducted using MATLAB software. For the deterministic system, the simulations were obtained
using the ode45 and ode15s methods, and for the stochastic simulations, the Euler-Maruyama method (Kloeden & Platen,
1992) was used. To assess the robustness of our findings, we have compared the mean of 100 stochastic realizations with
the mean field solution (deterministic system) for each one of the model variables. The results for Model C are presented in
Fig. 1, demonstrating a strong agreement between the mean of the stochastic realizations and the mean field solutions for
each model variable. Additional results for Model A, Model B, and Model C can be found in Figs. S10eS12, available in the
Supplementary Material.
3. Results

3.1. The available immunological data

For the modeling framework parametrization we use the immunological data consisting of viral load measurements as
well as IgM and IgG antibody titters. The datawere obtained from a clinical trial evaluating the efficacy of the drug balapiravir
Fig. 1. Model C. The mean (black lines) of 100 stochastic realizations (grey lines) and the deterministic (mean field) solution (orange lines). The baseline
parameter values used for modeling simulations are obtained from the literature and listed in Table 1.
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in treating dengue infection, as published in Nguyen et al. (Nguyen, Tran, et al., 2013), publicly available from the study by
Clapham et al. (Clapham et al., 2016).

The trial included a cohort of sixty four (64) patients infected with dengue, with thirty two (32) individuals identified with
DENV1 infection, twenty one (21) with DENV2, five (5) with DENV3, and six (6) with DENV4. While data on DENV1 and
DENV2 infections were used in previous studies (Ben-Shachar & Koelle, 2015; Clapham et al., 2016), here we present the first
analysis of the data on DENV3 and DENV4 infections.

According to the study by Nguyen et al. (Nguyen, Tran, et al., 2013), viral load measurements were taken twice a day for all
patients. IgM and IgG antibody titers were measured throughout the infection period using an ELISA assay, with quantifi-
cation based on optical density. Among the sixty four (64) patients with confirmed dengue infection, being five (5) cases
where primary infections were reported, while the rest of the cases were classified as secondary infections. However, in their
study they did not provide any additional information regarding the serotype responsible for these primary and secondary
infections.

It is worth mentioning that the administration of balapiravir treatment did not result in measurable changes in various
virological, clinical, or immunological endpoints of the trial study. Therefore, in this study, all the available data, including
samples from placebo treatment and no treatment groups, were used for parameterizing the models.
3.2. Data preparation process for model calibration

As the modeling framework does not incorporate serotype structure, the serotype-specific data is treated as individual
data sets. In other words, we consider four separate data sets, each corresponding to the infections caused by one of the four
dengue serotypes.

The data preparation process for modeling parametrization consisted of two steps:

1. We have performed a thorough data inspection, plotting the serotype dengue specific viral (measured RNA copies/ml) and
antibody (quantified via measurement of optical density) titters over time for each patient. The limit of virus detectionwas
chosen based on the findings reported by Nguyen et al. (Nguyen, Tran, et al., 2013), with 357 copies/mL for DENV1 and
DENV3, and 72 copies/mL for DENV2 and DENV4, while the limit of antibodies detection was established according to
Clapham et al. (Clapham et al., 2016), with 25 optical density units as maximum level for both anybody types.

2. For each serotype-specific data set, individuals exhibiting similar immunological features in terms of viral and antibody
concentration levels were categorized according to their type of infection: primary infection, homologous secondary
infection, and heterologous secondary infection.

The classification of subjects was performed based on the immunological features described in the literature, as follows:

A. Primary infection (Group 1): subjects with viral titers and IgM antibody concentration levels above the detection
threshold, and with IgG concentration below the detection threshold.

B. Secondary homologous infection (Group 2): subjects with viral titers below the detection threshold, and both IgG and
IgM antibody levels above the detection threshold.

C. Secondary heterologous infection (Group 3): subjects with viral titers and both IgG and IgM antibody levels above the
detection threshold.

This classification is shown in Fig. 2 for DENV1 subjects and in Fig. 3 for DENV2, DENV3, and DENV4 subjects. It is worth
noting that the classification of secondary homologous infection based on immunological features (highlighted in dark blue)
is presented here for the first time.

For the DENV1 data set, Fig. 2, we have identified six patients experiencing a primary dengue infection, and twenty-five
patients experiencing secondary dengue infection. In contrast to the classification given in (Clapham et al., 2016), three
patients have been reclassified upon a careful data inspection.

Patient ID: 225 (highlighted in red), previously treated as secondary heterologous infection, is now reclassified as a pri-
mary infection, as the sample presents high viral titters, high IgM antibody concentrations, and low IgG antibody concen-
trations.We note, however, that in this case, the IgG concentration is just at the threshold of detection. Given that the trial was
conducted back in 2013, this IgG level could have made accurate classification challenging and possibly resulted in unspecific
serological outcome.

Patient ID: 208 (highlighted in blue), previously excluded from the analysis conducted in (Clapham et al., 2016), has been
classified here as a secondary homologous infection, as this sample presents relatively low viral titter (as compared to the
other samples in the same data set), along with high IgG antibody concentrations, and lower IgM antibody concentration
levels.

For the DENV2 data set, Fig. 3, only secondary infections were identified. However, Patient ID: 106 (highlighted in blue),
initially treated as secondary heterologous infection in (Clapham et al., 2016), has been reclassified as secondary homologous
infection, supported by the patient's low viremia levels and high levels of IgG and IgM antibodies.
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Fig. 2. The DENV1 data set. For subjects infected with DENV-1, each box in the figures represents an individual's sample. The viremia levels, measured in log10
RNA copies/mL of plasma, are represented by orange dots. The IgM and IgG antibody titters, measured using optical density and plotted on a linear scale, are
depicted by green squares and magenta triangles, respectively. For accurate detection of antibodies, a maximum level of 25 optical density units was set, as shown
by the dashed cyan lines. The limit of virus detection falls between 1500 copies/mL and 15,000 copies/mL, as indicated by the dashed black lines. Unfilled marker
symbols show measurements below the assay limit of detection for virus and above the upper limit of reliable (linear) quantification for IgG and IgM. Highlighted
samples represent cases where the classification diverges from previous studies and will be subjected to separate analysis using our modeling framework.
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Furthermore, in this study we show the first-time analysis of data for patients with DENV3 and DENV4 infections. In the
DENV3 data set, only secondary heterologous infections were identified. As for the DENV4 data set, subjects were classified as
follows:

Patient ID: 108 (highlighted in red) was classified as primary infection. This sample presents moderate viral load and high
IgM levels, while the concentration of IgG antibodies is observed to be near the threshold of detection, with possible un-
specific serological result.

Patient ID: 110 (highlighted in blue) was classified as secondary homologous infection. The basis for this classification is
the observation of low viremia and high IgG and IgM concentration levels in the patient's sample.

The remaining four subjects in this data set were classified as secondary heterologous infections. These patients exhibit
high viremia and high IgG concentration levels, along with lower IgM concentration levels.
3.3. Data classification deviating from prior studies

Our analysis of the data from the study conducted by Nguyen et al. (Nguyen, Tran, et al., 2013) has shown discrepancies in
the classifications used in previous modeling studies. These inconsistencies introduce uncertainties and emphasize the need
for special attention during the data interpretation process.

In contrast to the data categorization used in the modeling studies by Clapham et al. (Clapham et al., 2016) and by Ben-
Shachar et al. (Ben-Shachar & Koelle, 2015), which agrees with the reported number primary and secondary infections in
Nguyen et al. (Nguyen, Tran, et al., 2013), our analysis has identifies a total of 7 (instead of 5) subjects experiencing a primary
dengue infection. These additional two primary infections, namely patient ID DENV1-225 and patient ID DENV4-108, have
showed IgG concentration levels near the threshold point, which may have resulted in unspecific serological results. These
samples exhibited significantly higher concentrations of IgM, which align closely with patterns typically observed in primary
infection cases.
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Fig. 3. The DENV2, DENV3 and DENV4 data sets. For subjects infected with DENV2, DENV3, and DENV4, each box in the figure represents one infected individual
with a specific serotype. The viremia levels, measured in log10 RNA copies/mL of plasma, are represented by orange dots. The IgM and IgG antibody titters,
measured using optical density and plotted on a linear scale, are depicted by green squares and magenta triangles, respectively. For accurate detection of an-
tibodies, a maximum level of 25 optical density units was set, as shown by the dashed cyan lines. The limit of virus detection falls between 1500 copies/mL and
15,000 copies/mL, as indicated by the dashed black lines. Unfilled marker symbols show measurements below the assay limit of detection for virus and above the
upper limit of reliable (linear) quantification for IgG and IgM. Highlighted samples represent cases where the classification diverges from previous studies and
will be subjected to separate analysis using our modeling framework.
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Additionally, from our analysis of the secondary infection cases, patients ID DENV1-208, ID DENV2-106, and ID DENV4-110
were classified as homologous secondary infection. This novel classification, discussed here for the first time, has not been
previously considered in modeling studies.

Considering the uncertainties in the data classification process, we further investigated these samples using our models.
The results of this analysis are presented in the Supplementary Material, shown in Figs. S2eS6, supporting the current
classification of these cases.
3.4. Modeling dengue infection process: simplified description of complicated dynamics

During a dengue infection, the presence of RNA copies of the virus in a blood sample allow to identify the specific serotype
causing the infection. However, to distinguish between primary and secondary infections, it is essential to consider both
viremia levels and antibody dynamics together.

While the available immunological data is obtained from the onset of symptoms, typically when the viral load peaks and
starts to decline, models provide a more comprehensive view of the entire infection process. This includes tracking the
dynamics from the initiation of viral replication through to antibody production and finally the infection clearance.

To accurately describe the viral load peak over time and the dynamics of antibody production for each specific infection
scenario, a time shift was introduced. The estimated shifts for viral replication and antibody production in days for Models A,
B, and C are presented in Table S1 in the Supplementary Material. This table likely provides details on the temporal rela-
tionship between the observed symptoms and the modeled dynamics of viral replication and antibody production.

In the Methods section, we introduce the baseline modeling framework, Model A, which describes the dynamics of a
primary dengue infection. Model A is extended to describe the dynamics of secondary dengue infections, considering the pre-
existing serotype-specific antibodies generated during a primary infection. Homologous reinfection is modeled with Model B
while heretologous reinfection is modeled with Model C respectively.
466



V. Anam, B.V. Guerrero, A.K. Srivastav et al. Infectious Disease Modelling 9 (2024) 458e473
By examining these dynamics separately, we gain a better understanding of the patterns of viral replicationwithin the host
during the different stages of the disease progression and how the immune system responds to the presence of the virus
through the production of antibodies. The latter is essential for comprehending the development of immune memory
providing protection against subsequent infections.
3.5. Modeling primary dengue infections

Primary dengue infection occurs when an individual is exposed to one of the four dengue virus for the first time. The viral
replication process leads to an increase in viremia level, and as the infection progresses, the immune system begins producing
antibodies. These antibody levels gradually rise and play a crucial role in clearing the infection, conferring a certain degree of
immunity to subsequent infections.

This process can be explained in detail with the help of the upper left side of Fig. S1 available in the Supplementary
Material.

In its simplicity, free viral particles infecting target cells leads to viral replication. As the infection progresses, the immune
system begins producing antibodies, first the IgM (then the IgG in a much lower concentration), as a response to the virus
replication. The antibodies bind to the free virus, creating virus-antibody complexes, clearing the infection.

In this study, we use both the deterministic and the stochastic approaches to describe the dynamics of the infection
process. As shown in Fig. 4, numerical simulations of Model A are compared to the immunological data obtained from in-
dividuals who have experienced primary infectionwith DENV1 and DENV4. The deterministic solutions (navy lines) describes
the patterns observed in the immunological data, whereas the 500 stochastic realizations (grey lines) show the extent to
which the outcomes of random individual realizations are anticipated to deviate from the expected average solution (e.g.
mean field solution). For both data sets, the confidence band given by the stochastic simulations contain all the real patients’
immunological data, describing well the immunological dynamics of primary infections.
Fig. 4. Stochastic realizations (grey line) and the deterministic (navy solid line) solution of the Model A are compared to the immunological data obtained from
individuals experiencing primary infection with DENV1 and DENV4 serotypes. Viral load is shown in orange, whereas antibody concentrations are shown in green
(IgM) and in magenta (IgG). The parameter values used for modeling simulations are shown in Table 1.
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3.6. Modeling secondary dengue infections

After a primary dengue infection, the initial high levels of cross-reactive antibodies offer some protection against rein-
fection by any dengue serotypes. Over time, these antibody levels gradually decline. The IgM antibody level can remain
detectable in the organism for a short period (around 12 weeks post symptom onset), while the serotype-specific IgG
antibody persists for a longer duration (many months and even years after a dengue infection). As immunity wanes, in-
dividuals become susceptible to acquiring a secondary infection.

Initial studies have suggested that a dengue infection could provide lifelong sterilizing immunity against a specific
serotype (Forshey et al., 2016; St John & Rathore, 2019), effectively protecting individuals from future reinfections with that
same serotype. As a result, mathematical dengue models have predominantly centered on understanding and describing the
dynamics of primary and secondary heterologous infections, often overlooking the dynamics of homologous secondary in-
fections. Nonetheless, the occurrence of homologous secondary infections reported in a recent trial by Waggoner et al.
(Waggoner et al., 2016), has challenged the current understanding of dengue immunity. These findings have important
implications for modeling dengue transmission.

In this study, we introduce a novel model that, for the first time, presents the dynamics of homotypic reinfection. Ac-
counting for an extra term to represent the pre-existing serotype-specific antibodies, the dynamics of secondary homologous
infections are modeled using Model B. The heterologous infection dynamics account for extra terms to describe the antibody-
dependent enhancement process and is modeled with Model C. The differences in the modeling outputs between the models
A, B and C can be visualized with the help of the right panel of Fig. S1 available in the Supplementary Material.

As with Model A, we use both deterministic and stochastic approaches, with the deterministic solutions represented by
navy lines, and 500 stochastic realizations displayed as grey lines. The model simulations are compared to the immunological
data obtained from individuals who have experienced secondary infections with all dengue serotypes, as shown in Fig. 5, for
those experiencing homologous reinfection (Group 2), and in Fig. 6, for those experiencing heterologous reinfection (Group
3).

3.7. Unravelling the immunological dynamics of homologous secondary dengue infections

The recent large cohort study carried out byWaggoner et al. (Waggoner et al., 2016) has provided valuable insights into the
duration and efficacy of immunity against homologous dengue reinfections. The authors have reported four patients with
homotypic DENV reinfections. These patients developed viremia, with or without clinical symptoms, 1e2 years after a
previous dengue infection caused by the same serotype. Their findings indicate that immunity to homologous serotypes may
not always be fully sterilizing, suggesting that serotype-specific immunity to denguemay be short-lived. Considering this, it is
crucial to carefully investigate the implications of such short-term immunity on disease transmission dynamics.

In its simplicity, the immunological dynamics of a secondary homologous infection can be described as follows.
Once the infection process is established, with free virus infecting target cells, presentation of viral antigens triggers the

production of pre-existing serotype-specific IgG antibodies. These antibodies rapidly increase in concentrationwithin a short
period. These serotype-specific antibodies bind and effectively neutralize the homotypic virus, clearing the infection much
faster than in a primary infection.

This rapid and effective response leads to a low viremia, with individuals mostly developing asymptomatic/mild clinical
manifestation of the disease. The high levels of IgG are observed to play a major role during the clearance of the homologous
secondary infection, as opposed to the process observed for a primary infection, in which the IgM antibody type is crucial for
the infection clearance.

In Fig. 5, we present a comparison between the numerical simulations of Model B and the immunological data fromGroup
2, classified based on the patients’ low viremia levels and high levels of IgG and IgM antibodies.

The numerical simulations of Model B describe well the immunological data for DENV1, DENV2 and DENV4, reinforcing
the validity of the model's representation of secondary homologous infections.

3.8. The dynamics of heterologous secondary dengue infections via the ADE process

In simple terms, the immunological dynamics of a secondary heterologous infection can be described as follows. Free virus
particles invade target cells, initiating the infection process. During this stage, the presentation of viral antigens triggers the
production of pre-existing serotype-specific IgG antibodies. These antibodies rapidly increase in concentration, however, in
the case of a heterotypic virus (a different serotype), these pre-existing antibodies do not neutralize but rather enhance the
new infection. As the viral replication continues, viremia levels can reach higher peaks, which has been shown to be
correlated with disease severity (Guilarde et al., 2008; Martial et al., 2008; Vaughn et al., 2000).

This phenomenon is known as antibody-dependent enhancement (ADE) (Guzman et al., 2010; Halstead, 2003; Renner
et al., 2018; St John & Rathore, 2019). There is good evidence that sequential infection with a heterologous serotype in-
creases the risk of developing severe disease due to ADE process. In this context, high viremia leads to an intensified
immunological response mediated by IgM antibodies, contributing to the development of hemorrhagic manifestations that
can progress to shock and ultimately, death (Bournazos, Gupta, & Ravetch, 2020; Changal et al., 2016; St John & Rathore,
2019).
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Fig. 5. Stochastic realizations (grey line) and the deterministic (navy solid line) solution of the system are compared to the immunological data obtained from
individuals who have experienced primary infection with DENV1, DENV2 and DENV4 serotypes. Viral load is shown in orange, whereas antibody concentrations
are shown in green (IgM) and in magenta (IgG). The parameter values used for modeling simulations are shown in Table 1.
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Similarly to the process observed for a primary infection, the high levels of IgM are observed to play amajor role during the
clearance of the heterologous secondary infection, however, in this case, both antibodies reach much higher levels compared
to primary and secondary homologous infections.

In Fig. 6, we present the comparison between themodel simulations and the immunological data for all serotypes. Model C
can describe well the data from Group 3, classified based on the patients’ high viremia levels and high levels of IgG and IgM
antibodies.
4. Discussion

Aiming at understanding the immunological responses during dengue infections, in this work we analyze and expand a
within-hostmodeling framework. Deterministic models that describe the immunological dynamics of primary and secondary
infections are extended to their stochastic counterparts, accounting for the inherent individual immunological variability
during the infection process.
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Fig. 6. Stochastic realizations (grey line) and the deterministic (navy solid line) solution of the system are compared to the immunological data obtained from
individuals who have experienced primary infection with DENV1, DENV2, DENV3 and DENV4 serotypes. Viral load is shown in orange, whereas antibody
concentrations are shown in green (IgM) and in magenta (IgG). The parameter values used for modeling simulations are shown in Table 1.
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In the context of dengue immunity, individual variations in immune responses and infection outcomes are crucial aspects
that stochastic models consider. Unlike previous studies, here we go beyond a deterministic framework, introducing vari-
ability and randomness through the stochastic models. This approach allows us to explore a broader range of potential
scenarios, capturing the inherent uncertainties and complexities associated with the individual immune response to dengue
viruses.

Themodels were validated with empirical immunological data on viral load and IgM and IgG antibody titers. Besides using
data on DENV1 and DENV2, which were previously used to validate simple models, this study also includes, for the first time,
data on DENV3 and DENV4 infections.

Our modeling framework has shown to be effective in capturing and describing the immunological data for each dengue
infection scenario, with distinct patterns of immune response clearly observed. In the case of primary infection (Model A), we
have demonstrated that the high levels of the IgM antibodies play a crucial role in clearing the infection. On the other hand,
for the dynamics of homologous reinfection (Model B) we have demonstrated that the high levels of the pre-existing IgG
antibodies are responsible for clearing the infection, which occurs in amuch faster scale than in a primary infection. However,
it is important to note that despite faster clearance, viremia is observed, indicating the potential for disease transmission at
the population level. This scenario has not been previously explored through mathematical modeling, and the results fill a
knowledge gap in the understanding of the complex immune dynamics in different dengue infection scenarios.

In contrast, in the case of secondary heterologous infection (Model C), we have shown that the pre-existing (serotype
specific) IgG antibodies contribute to viremia augmentation, analogous to the ADE process. Moreover, the excessive levels of
IgM antibodies produced in a later stage of this infection process may contribute to the development of more severe
symptoms and complications during the course of the infection, as reported in previous studies (Teo, Chua, Chia,& Yeo, 2021).

The findings from this study significantly contribute to our understanding of the immune responses occurring during both
primary and secondary infections. Adding valuable insights to the existing mathematical modeling research on dengue
transmission, our results support the occurrence of reinfection by the same serotype and its role on dengue transmission at
the population level must be further investigated.
5. Conclusion

The modeling framework analyzed in this study effectively describes the immunological data for primary and secondary
dengue infections. Both the deterministic and the stochastic systems are able to describe qualitatively well the immunological
dynamics mediated by antibodies of primary and secondary infections.

The heterologous dengue infection dynamics account for the antibody dependent enhancement effect, while the dy-
namics of homologous reinfection, which was previously thought to confer sterilizing immunity, is modeled for the first time.
These homologous infections generate viremia and their potential impact in dengue transmission at the population level
remains largely unexplored until now. These novel findings should be taken into consideration in futuremodeling research on
dengue transmission and control (Asish, Dasgupta, Rachel, Bagepally, & Kumar, 2023).

Beyond its application to dengue dynamics, this modeling framework can be generalized to other infectious diseases.
While adjusted to specific biological features, these models can provide accurate information of viral replication, antibody
production, and infection clearance, with potential applications in decision-making, healthcare services, and industry.
Code availability

To replicate the simulations conducted in this study, please refer to the paper for the specific modeling equations and
transitions, and adapt the code accordingly using the appropriate numerical solvers and methods mentioned above. The
modeling equations and transitions used in this study are available in the referenced paper. The simulations were performed
using MATLAB software. For the deterministic system, the simulations were obtained using the ode45 and ode15s methods,
which are standard numerical solvers for ordinary differential equations. For the stochastic simulations, the Euler-Maruyama
methodwas employed. This method is commonly used to approximate solutions of stochastic differential equations. The code
implementation for the Euler-Maruyama method can be obtained from various sources, including textbooks on numerical
methods for stochastic differential equations or online repositories for MATLAB codes related to stochastic simulations.
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