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Background

Infants born to dengue-immune mothers acquire maternal antibodies to dengue. Maternal antibodies decline over time, making infants susceptible to primary dengue infections. Another important concern is the role of maternal antibodies in causing antibody-dependent enhancement (ADE) during primary infections. In this study, we aimed to investigate the kinetics of dengue virus (DENV)-neutralizing antibodies and infection-enhancing activity in Indian infants.





Methods

Healthy infants at birth (cord blood), and at 3, 6, 9, and 12 months of age (n=32/group) were included in this cross-sectional study. Serum samples were tested for neutralizing antibodies using the foci-reduction neutralization test and enhancing antibodies using the ADE assay against DENV1-4 serotypes.





Results

Neutralizing antibody positivity declined with the increasing age of the infants. Undetectable levels of neutralizing antibodies to DENV1-4 serotypes were reported in 84% of infants by 9 months. Significantly lower neutralizing antibody titers were also reported in 9-month-old infants compared to that in 6-month-old infants and infants at birth. Comparable levels of enhancement of DENV1-4 infection at a particular dilution to at least one serotype were noted in infants at 3 and 6 months of age. Fold enhancement of DENV1-4 infection was found to be highest in 6-month-old infants at a dilution of 1:20. In summary, our data suggests that DENV infection–enhancing activity aligns with the decline of neutralizing antibodies.





Conclusion

Our study indicates that maternally acquired neutralizing antibodies could be protective until 6 months of age and capable of facilitating ADE on exposure to dengue infections in later months of life.
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1 Introduction

The incidence of dengue has grown drastically around the world with over 6.5 million cases and more than 7,500 deaths in 2023. The disease is endemic in more than 100 countries and is rapidly spreading to new areas in Europe, Eastern Mediterranean, and South America [Dengue - Global situation (World Health Organization, 2024) https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON498]. India is a dengue-endemic country and as per the National Center for Vector-borne Diseases Control program, India reported 289,235 laboratory-confirmed dengue cases in 2023 [Dengue situation in India (National Center for Vector Borne Diseases Control, 2024) https://ncvbdc.mohfw.gov.in/index4.php?lang=1&level=0&linkid=431&lid=3715]. Dengue infection is caused by any one of the four serotypes of dengue virus (DENV). As the four serotypes are co-circulating, multiple exposures to different serotypes of DENV lead to heterologous dengue infection (Guzman et al., 2016).

Dengue is known to infect individuals of all age groups, but the highest incidences were commonly reported among young children, particularly infants (Kabra et al., 1999; Jain and Chaturvedi, 2010). Infants were at high risk of developing severe dengue illnesses. In Thailand, Vietnam, Myanmar, and Indonesia, approximately 5% of infants developed Dengue Hemorrhagic Fever (DHF)/Dengue Shock Syndrome (DSS) during 1996-1998 (Halstead et al., 2002). In India, infants comprised 20% of total DENV infections in an outbreak in Chennai (Kabilan et al., 2003). Maternal antibodies are usually known to protect infants from diseases. However, with the time-dependent decline in these antibodies, such protection is lost, making the infants susceptible to infections. As maternal antibodies are also known to interfere with vaccination in young infants, a careful balance between protection and interference is estimated to protect infants globally from childhood infections. In dengue, maternally acquired antibodies predispose infants to antibody-dependent enhancement (ADE) and severe clinical outcomes (Kliks et al., 1988; Halstead et al., 2002; Simmons et al., 2007). Infants under 1 year of age have experienced severe primary dengue infections in dengue-endemic regions such as Thailand and Vietnam (Watanaveeradej et al., 2003; Chau et al., 2009; Pengsaa et al., 2011; Guignard et al., 2019). Although initially protective, maternally acquired dengue antibodies decline to sub-neutralizing levels, potentially leading to antibody-associated infection enhancement with fatal outcomes in infants (Chau et al., 2008; Libraty et al., 2009; Castanha et al., 2016). A recent vaccine efficacy study observed the waning of antibodies among children, indicating a potential need to revise vaccination recommendations for this age group (Borja-Tabora et al., 2024). Given the increased risk of severe infection among infants, it becomes crucial to characterize the maternal and infant DENV immune profiles over time.

In our study, we sought to illustrate the enhancement of dengue infection among Indian infants. We examined different age groups in an infant cohort for the presence of acquired dengue antibodies by measuring indirect IgG levels. We also determined the kinetics of DENV-specific neutralizing antibodies and enhancement of dengue virus infection among all four dengue serotypes.




2 Methods



2.1 Cells and viruses

Vero (CCL-81, African green monkey kidney epithelial cells, ATCC, USA) were grown in minimal essential media (MEM) (Invitrogen, Carlsbad, CA, USA), supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS, Life Technologies, CA, USA) and 1% penicillin-streptomycin (P/S) (Invitrogen, Carlsbad, CA, USA). K562 (human erythroleukemic cell line, NCCS, Pune) were cultured in 10% FBS containing RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA). Dengue virus strains used in this study include DENV-1 (S19, accession number MW191722), DENV-2 (S15, accession number MW191699), DENV-3 (S111, accession number MW192820) and DENV-4 (1024, accession number MG272272). The viruses were isolated in Pune, India from patients’ serum samples during the dengue season in 2016 (Mishra et al., 2018).




2.2 Samples

A cross-sectional set of 160 serum samples from healthy infants with no evidence of DENV infection was selected for this study. Samples collected from infants at birth (cord blood), and at 3, 6, 9, and 12 months of age were examined for neutralizing antibodies and ADE response. The cord blood and blood samples from infants were collected previously for different studies between 2016 to 2018 at Bharati Vidyapeeth Medical College & Hospital, Katraj, Pune (Malshe et al., 2019; Arankalle et al., 2019). An equal number of samples (n=32) were used for all the age groups.




2.3 Foci reduction microneutralization test

Conventional Vero-cell-based foci reduction microneutralization tests were performed. Foci reduction microneutralization test (FRNT) methodology as described by Mishra et al. (2018) was adapted to a 96-well plate format. Thus, 1 day before infection, Vero cells were seeded in a 96-well flat bottom plate at a density of 10,000 cells/well/100µl and incubated at 37°C and 5% CO2. In a 96-well plate, 60µl of serial 2-fold dilutions of serum samples (1:10 to 1:5120) were prepared in 2% MEM media and mixed with 60µl dengue viruses, yielding 25-60 foci per well and incubated for 1 hour at 37°C and 5% CO2. Furthermore, 50μl of the resultant serum-virus mixtures was added in duplicate wells onto pre-seeded plates and further incubated for 1.5 hours for DENV-2/4 and 2 hours for DENV-1/3. A semi-solid 1% overlay media prepared using carboxymethyl cellulose and 2% MEM was then added to the cells and further incubated for 2 days.



2.3.1 Immunostaining

After 2 days post-infection, the overlay media was removed from the plates and the cell monolayer was fixed with 3.7% formaldehyde solution for 30 min. Cells were washed three times with PBS followed by permeabilization with 0.2% Triton X-100 in PBS for 10 min. Cells were washed thrice with PBST (0.02% Tween-20 in PBS) and incubated with 2.5% skim milk powder (MP Biomedicals, USA) for 1 hr. After washing with PBST, the cells were further incubated with 1:500 diluted HB112 primary antibody for 2 hours. Post-washing, the cells were then incubated with 1:1500 diluted secondary goat anti-mouse IgG HRP antibodies for 1 hour. After washing twice with PBST and three times with PBS, cells were stained with True Blue Peroxidase substrate (KPL, Sera Care, MA, USA) and incubated in the dark for 30 min. Virus-infected cells that appeared as blue foci were counted using the CTL Immunospot analyzer (Cellular Technology Ltd., USA).




2.3.2 Neutralization titer calculation

The neutralization titer (FRNT50) of the test serum sample was defined as the reciprocal of the highest serum dilution at which the number of foci was reduced by 50% when compared with the average foci count of input virus control. The lower limit of quantitation (LLOQ) was 16, 13, 11, and 11 for DENV-1, DENV-2, DENV-3, and DENV-4 respectively. FRNT50 titer ≥ LLOQ to at least one dengue serotype was considered seropositive.





2.4 Antibody-dependent enhancement assay

For the ADE assay, 60µl of serial 10-fold dilutions of serum samples (1:10 to 1:100000) were prepared in 2% RPMI media and mixed with 60µl of DENV1-4 at the multiplicity of infection (MOI) 0.2 and incubated at 37°C and 5% CO2 for 1 hour. Furthermore, 50µl of the resultant mixture was added in duplicate wells onto seeded 96-well U bottom plates containing 20,000 K562 cells per well and further incubated for 2 hours. Cells were then washed twice with serum-free media and resuspended in 100µl of 2% RPMI and further incubated at 37°C and 5% CO2 for 24 hours. After 24 hours, the infected 96-well U bottom plates were centrifuged at 2,000 rpm for 5 mins and the supernatants were harvested and transferred to 96-well flat bottom plates. These supernatants were subjected to plaque assay on Vero cells to measure enhanced infection by counting infectious particles.



2.4.1 Plaque assay

After being diluted in 2% MEM media, 50µl of neat supernatant and serially diluted supernatants were added onto pre-seeded Vero cell plates. The plates were incubated for 2 hours for virus adsorption at 37°C with a 5% CO2 incubator. After adsorption, 1% overlay media was added to each well and further incubated for 2 days at 37˚C in a 5% CO2 incubator. Infected cells were stained as described previously and counted using a CTL Immunospot analyzer (Cellular Technology Ltd., USA).




2.4.2 Enhancement of infection calculation

The fold enhancement of infection was determined using the following ratio: (mean foci count at different sample dilutions)/(mean foci count in the absence of sample, no antibody control). The cut-off values for each serotype above which positive enhancement was seen at different dilutions were as follows: DENV1 ≥ 80, DENV-2 ≥ 20, DENV3 ≥ 100, and DENV4 ≥ 60 ffu/ml. These were calculated from the mean+3 SD values from dengue-naïve control samples.





2.5 Statistical analysis

All statistical analyses and graphical representations were performed using GraphPad Prism software version 10 (GraphPad Software Inc, San Diego, USA). The Mann–Whitney U-test was used to compare neutralization titers and fold enhancement values between different age groups. Spearman’s test was performed to analyze the correlation between enhancing dilution (dilution at which enhancement of infection was observed) and neutralizing titers for all the samples. One-way ANOVA analysis was performed to compare the mean enhancing virus titers of serum samples of infants across different age groups for each serotype. Tukey’s test was applied for multiple comparisons, and an adjusted P-value was reported for each comparison.





3 Results

A total of 160 serum samples including 51 IgG-anti-DENV positives and 109 IgG-anti-DENV negatives were tested for neutralizing antibody response using the FRNT and enhancing antibody response using ADE assay. Of the IgG-positive infants, 96% (49/51) had neutralizing antibodies and all of them exhibited enhancing antibody activity against more than one DENV serotype (Table 1). Of the 109 IgG-negative infants, 32 (29%) had neutralizing antibodies. This suggests that ELISA has less sensitivity when FRNT is considered the gold standard. Interestingly, 60%, 58%, and 52% of IgG-negative infants at birth, 9 months, and 12 months, respectively, did not possess either neutralizing or enhancing antibodies indicative of either an absence of DENV exposure or a lack of cross-reactive flavivirus antibodies. On the contrary, 69% (9/13) and 81% (17/21) of IgG-negative infants at 3 months, and 6 months, respectively, showed enhancing antibody activity suggestive of circulation of cross-reactive flavivirus antibodies leading to antibody enhancement in 3-month-old and 6-month-old infants.


Table 1 | Relationship between anti-DENV-IgG, neutralizing, and enhancing antibodies in infants across different age groups.





3.1 Maternally transferred neutralizing antibodies wane rapidly among infants during the early months of life

Maternally transferred neutralizing antibodies to at least one serotype were detected in 66% and 88% of infants at birth and 3 months, respectively. Neutralizing antibody positivity gradually dropped to 50% by 6 months, the lowest level of 16% by 9 months, and rose to 34% by 12 months of age (Table 2). The age-wise distribution of neutralizing antibodies showed that 63%, 88%, 44%, 9%, and 22% of infants had multitypic responses at birth, 3, 6, 9, and 12 months, respectively. Nine infants had monotypic antibody profiles, and three infants were positive for DENV-1, -2, and -3 each (Table 2).


Table 2 | Serotype-wise neutralizing and infection-enhancement antibodies in infants across different age groups.



Higher geometric mean neutralizing antibody titers were observed at birth against all four DENV serotypes, with DENV-2 titers being the highest (Figures 1A-D). Comparable DENV1-4 neutralizing antibody titers were seen among infants at birth and 3 months of age. There was a significant drop in neutralizing antibody titers by 6 months compared to infants at birth (p=0.02 for DENV-1; p=0.01 for DENV-2, DENV-3, and DENV-4). At 6 months of age, the proportion of infants with detectable antibodies against DENV1-4 were 41%, 44%, 44%, and 34%, respectively. Furthermore, a significant decline in neutralizing antibody titers to the lowest levels was seen in 9-month-old infants as compared to 6-month-old infants (p=0.01, for DENV-1; p=0.001 for DENV-2 and DENV-3; p=0.003 for DENV-4). At 9 months of age, the proportion of infants with detectable antibodies against DENV1,-2,-3, and -4 were 9%, 9%, 6%, and 6%, respectively. The neutralizing antibody titers were comparable among 9 and 12-month-old infants (Figures 1A-D).




Figure 1 | (A-D) Age-specific neutralizing antibody titers against each of the four dengue virus serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) in the serum of n=32 infants each at birth i.e., 0, and 3, 6, 9, and 12 months of age. A baseline was drawn for each serotype which is the lower limit of quantitation (LLOQ), indicated by a dotted line (DENV-1 ≥ 16, DENV-2 ≥ 13, DENV-3 ≥ 11, and DENV-4 ≥ 11). P-values were calculated using the Mann–Whitney U-test (*p<0.01, **p<0.001, ***p<0.0001, ****p<0.0001). (E-H) Dengue virus serotype 1-4-specific positive infection enhancement at a particular dilution in serially diluted infant serum samples at different months of age (n=32 each at birth i.e., 0, and 3, 6, 9, and 12 months of age). Fold enhancement was measured as the fold increase in the DENV-infected cells relative to that in DENV-naive control. The dotted line indicates the cut-off value for each serotype above which positive enhancement was seen at different dilutions (DENV-1 ≥ 80, DENV-2 ≥ 20, DENV-3 ≥ 100, and DENV-4 ≥ 60 ffu/ml). P-values were calculated using the Mann–Whitney U-test (*p<0.01, **p<0.001). (I-L) Correlation of enhancing dilution (dilution at which enhancement of infection was observed) and neutralizing titers for all infant samples in a group including all 160 samples. A positive correlation was established by Spearman’s test (r=0.71, p<0.0001 for DENV-1; r=0.73, p<0.0001 for DENV-2; r=0.72, p<0.0001 for DENV-3; and r=0.74, p<0.0001 for DENV-4).






3.2 Reduced titers of maternally transferred DENV antibodies increase the likelihood of DENV infection enhancement in infants

Enhancing antibody activity was observed among 66%, 88%, and 84% of infants at birth, 3 months, and 6 months, respectively (Table 2). Subsequently, at 9 and 12 months of age, 44% and 31% of infants showed enhancing antibody activity, and ADE positivity was lowest in infants of 12 months of age. The age-wise distribution of enhancing antibodies showed that 63%, 78%, 69%, 25%, and 16% of infants exhibited enhancing antibody activity against more than one serotype at birth and at 3, 6, 9, and 12 months, respectively. Of 20 infants with monotypic enhancing antibody activity, 25% (5/20), 30% (6/20), and 25% (5/20) of infants were 6, 9, and 12 months of age, respectively (Table 2).

We observed comparable levels of antibody enhancement in infants of 3 months and 6 months of age and later declined significantly to lower levels at 9 and 12 months of age against all four serotypes (Figures 1E-H). Furthermore, we noted a significant positive correlation between enhancing dilution and FRNT50 titers across all four serotypes (r=0.71 to 0.74, p<0.0001 for all serotypes, Figures 1I-L).

Figure 2 shows the enhancement of DENV-1, -2, -3, and -4 infection at different dilutions from 1:20 to 1:200,000, in infants across age groups. At birth, the maximum DENV infection was noticed at 1:200 dilution in 41% and 25% of infants for DENV-1 and DENV-3, respectively, whereas, for DENV-2 and DENV-4, the maximum enhancement was seen at 1:2000 dilution in 22% and 28% of infants, respectively. The median [IQR] range of enhanced DENV-1, -2, -3, and -4 virus infection was 50[1-580], 250[1-815], 410[1-2200], and 1270[30-5500], respectively, at 1:20 dilution when the sera of 3-month-old infants were examined. As the neutralizing antibody titers decreased, we noticed an increase in DENV-1, -2, -3, and -4 infection enhancement at 1:20 dilution with median [IQR] titers of 320[1-3,150], 9,200[5-26,000], 1,870[1-12,650], and 1,250[5-9,550], respectively, in 6-month-old infants. One-way ANOVA analysis was performed to assess DENV-1, -2, -3, and -4 infection enhancement at 1:20 dilution across different age groups (Table 3). Our data demonstrated infection enhancement of all four serotypes in 6-month-old infants in comparison to infants at birth, 9 months, and 12 months of age. Except for DENV-4, infection enhancement of the other three serotypes was also more prominent in 6-month-old than in 3-month-old infants (Table 3). This could probably be due to higher neutralizing antibody titers in infants until 3 months of age. Altogether, our data suggests that the highest fold enhancement was seen in infants of 6 months of age for all four serotypes at the lowest dilution of 1:20 (Figure 2).




Figure 2 | Kinetics of (A-E) DENV-1, (F-J) DENV-2, (K-O) DENV-3, and (P-T) DENV-4 infection enhancement in serially diluted infant serum samples at 0, 3, 6, 9, and 12 months of age (n=32).




Table 3 | One-way ANOVA analysis of DENV-1, -2, -3, and -4 enhancing virus titers at 1:20 dilution of serum samples in infants across different age groups.







4 Discussion

This is the first comprehensive study from India illustrating the decline in maternally acquired dengue-neutralizing antibodies concordant with the enhancement of dengue infection among healthy infants by 6 months of age. We established a direct association between the enhancing dilution and FRNT50 titers (Figures 1I-L). The higher the antibody levels, the greater the dilution to reach sub-neutralizing levels at which Fc-gamma-associated ADE occurs.

In dengue-endemic countries, most newborn infants exhibit high levels of dengue antibodies at birth as most women of child-bearing age are immune to all four DENV serotypes. Our previous study also showed high endemicity of dengue in Pune with more than 80% of anti-dengue IgG seropositivity in adults (Mishra et al., 2018). Multiple studies conducted in Bangkok, Thailand, between 1998 and 2001 showed that more than 80% of infants lost maternal DENV-neutralizing antibodies by 9 and 12 months of age (Pengsaa et al., 2006; Watanaveeradej et al., 2003; Pengsaa et al., 2003). Here, we report that 50% of Indian infants lost maternally acquired DENV-neutralizing antibodies by 6 months, and by 9 months of age, maternally acquired neutralizing antibodies disappeared in 84% of infants. Our findings are in line with a study of healthy Thai infants where 80% of infants were devoid of neutralizing antibodies by 9 months of age (Pengsaa et al., 2011). In healthy Vietnamese infants, almost all infants lost the neutralizing antibodies by 6 months of age (Chau et al., 2009). In contrast, maternally acquired DENV-3-specific neutralizing antibodies disappeared in >90% of infants by the age of 4 months in a Brazilian cohort (Castanha et al., 2016). Clearly, the decay of neutralizing antibodies is faster in Brazilian infants than in Asian infants.

Another important factor is the role of the maternal antibodies transferred through breast milk in protection/enhancement that could differ among breastfed and formula-fed infants. Breastfeeding usually facilitates the transfer of IgA, IgM, and IgG antibodies (Lokossou et al., 2022). Secretory IgA is found to be higher in breast-fed infants than the formula-fed infants (Avanzini et al., 1992). An early report revealed that anti-dengue neutralizing activity in human milk did not decrease for 10 months after delivery. After isolating the immunoglobulins, no anti-dengue activity was observed (Falkler et al., 1975). In another study, DENV1-specific maternal IgG antibodies were acquired from breastfeeding in a maternal antibody transfer mouse model (Lee et al., 2016). In the absence of data on the type and duration of feed type, we cannot comment on the impact of feed type on the results obtained in this study.

While many clinical studies have suggested an indirect link between declining maternal antibodies and severe dengue, hypothesizing ADE of infection, only two studies measured and confirmed this infection enhancement to a single serotype (Chau et al., 2008; Castanha et al., 2016). We confirm the findings of a study from Vietnam on dengue serotype 2 (Chau et al., 2008) and extend them to all four serotypes, demonstrating peak antibody enhancement by the age of 6 months. Unlike Asian infants, Brazilian infants born to DENV-3 immune mothers experience DENV-2 infection enhancement by 2 months of age and rapidly decline by the age of 4 months (Castanha et al., 2016). Notably, when hospitalized Vietnamese infants were evaluated for antibody response, 65% of infants experienced dengue hemorrhagic fever when the maternally acquired neutralizing antibody titer had declined to <1:20 against their infecting serotype (Simmons et al., 2007). Our results suggest that by 6 months of age, as the neutralizing antibody levels against DENV rapidly decreased, 84% of infants maintained ADE activity to at least one serotype at the lowest serum dilution of 1:20. Another study by Libraty et al. found that almost all Filipino infants with symptomatic DENV-3 infections had sub-neutralizing plasma IgG levels and measurable Fc receptor-dependent DENV-3 ADE activity at the time of infection (Libraty et al., 2009).

Halstead first reported that infants experiencing their first exposure to primary dengue often present with severe forms of the disease and require hospitalization in Southeast Asia (Halstead et al., 2002). Similar investigations from India documented severe dengue in children and in nearly all infants under 1 year old, further reinforcing these findings (Aggarwal et al., 2024; Dash et al., 2021; Kabilan et al., 2003). A recent study from India indicated that 65% of infants younger than 1 year had severe diseases mainly attributed to primary infections (Aggarwal et al., 2024). A retrospective evaluation of 10 years of medical records from between 2009 and 2019 revealed that almost half of the admitted infants had severe dengue (Dash et al., 2021). Data from outbreak investigations in the 2001 dengue epidemic in Chennai revealed that 20% of infants required hospitalization with no mortality (Kabilan et al., 2003). Supporting this, recent studies have linked age-specific declining antibody patterns to infant dengue hospitalizations, emphasizing the relative risk of severe dengue among infants (O’Driscoll et al., 2023; Clapham et al., 2015). Overall, these findings support mathematical model predictions that the critical time for severe dengue occurrence is roughly 2 months after maternal dengue-neutralizing antibodies degrade below a protective level (Adimy et al., 2020).

A limitation of our study is the retrospective cross-sectional nature which lacks follow-up samples from the same infant. However, considering the study on Vietnamese infants that used both cross-sectional and longitudinal sets of samples and showed similar patterns of antibody levels and infection enhancement (Chau et al., 2008), our results will most likely be similar when follow-up samples are used.

In conclusion, our study highlights that maternally transferred neutralizing antibodies were undetectable in 84% of infants by 9 months of age. The highest level of DENV infection enhancement across all four serotypes was documented in 6-month-old infants at the lowest reciprocal dilution of 1:20. Our study suggests that maternally acquired neutralizing antibodies could be protective until 6 months of age and capable of facilitating antibody-dependent enhancement on exposure to dengue infections in later months of life.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Ethics statement

This study was approved by the Institutional Ethics Committee of Bharati Vidyapeeth Deemed University, Bharati Hospital & Research Centre, Pune (BVDUMC/IEC/9). Stored samples were used for this study. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

SC: Formal analysis, Methodology, Software, Writing – original draft. AM: Funding acquisition, Resources, Writing – review & editing. VAA: Resources, Supervision, Writing – review & editing, Investigation. SS: Conceptualization, Formal analysis, Investigation, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by intramural funds.




Acknowledgments

We thank Translational Virology and National Immunogenicity and Biologics Evaluation Center Labs, Interactive Research School for Health Affairs (IRSHA), and Bharati Vidyapeeth (Deemed to be University) for their support.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Adimy, M., Mancera, P. F. A., Rodrigues, D. S., Santos, F. L. P., and Ferreira, C. P. (2020). Maternal passive immunity and dengue hemorrhagic fever in infants. Bull. Math. Biol. 82, 24. doi: 10.1007/s11538-020-00699-x

 Aggarwal, C., Ahmed, H., Sharma, P., Reddy, E. S., Nayak, K., Singla, M., et al. (2024). Severe disease during both primary and secondary dengue virus infections in pediatric populations. Nat. Med. 30, 670–674. doi: 10.1038/s41591-024-02798-x

 Arankalle, V. A., Kulkarni, R., Malshe, N., Palkar, S., Lalwani, S., and Mishra, A. C. (2019). Seroepidemiology of respiratory syncytial virus in western India with special reference to appropriate age for infant vaccination. J. Med. Virol. 91, 1566–1570. doi: 10.1002/jmv.25489

 Avanzini, M. A., Plebani, A., Monafo, V., Pasinetti, G., Teani, M., Colombo, A., et al. (1992). A comparison of secretory antibodies in breast-fed and formula-fed infants over the first six months of life. Acta Paediatr. 81, 296–301. doi: 10.1111/j.1651-2227.1992.tb12229.x

 Borja-Tabora, C., Fernando, L., Lopez, M. E., Reynales, H., Rivera, L., Saez-Llorens, X., et al. (2024). Immunogenicity, safety, and efficacy of a tetravalent dengue vaccine in children and adolescents: an analysis by age group. Clin. Infect. Dis. 79 (6), 1543. doi: 10.1093/cid/ciae369

 Castanha, P. M. S., Braga, C., Cordeiro, M. T., Souza, A. I., Silva, C. D., Martelli, C. M. T., et al. (2016). Placental transfer of dengue virus (DENV)–specific antibodies and kinetics of DENV infection–enhancing activity in Brazilian infants. J. Infect. Dis. 214, 265–272. doi: 10.1093/infdis/jiw143

 Chau, T. N. B., Hieu, N. T., Anders, K. L., Wolbers, M., Lien, L. B., Hieu, L. T. M., et al. (2009). Dengue virus infections and maternal antibody decay in a prospective birth cohort study of Vietnamese infants. J. Infect. Dis. 200, 1893–1900. doi: 10.1086/648407

 Chau, T. N. B., Quyen, N. T. H., Thuy, T. T., Tuan, N. M., Hoang, D. M., Dung, N. T. P., et al. (2008). Dengue in Vietnamese infants—Results of infection-enhancement assays correlate with age-related disease epidemiology, and cellular immune responses correlate with disease severity. J. Infect. Dis. 198, 516–524. doi: 10.1086/590117

 Clapham, H., Cummings, D. A. T., Nisalak, A., Kalayanarooj, S., Thaisomboonsuk, B., Klungthong, C., et al. (2015). Epidemiology of infant dengue cases illuminates serotype-specificity in the interaction between immunity and disease, and changes in transmission dynamics. PloS Negl. Trop. Dis. 9, e0004262. doi: 10.1371/journal.pntd.0004262

 Dash, N., Aby, R., Kumar, M., Abraham, A. M., and Rose, W. (2021). Infant dengue a 10-year experience from a tertiary center in south India. Am. J. Trop. Med. Hygiene. 105, 435–439. doi: 10.4269/ajtmh.21-0159

Dengue-Global situation (World Health Organization). Available online at: https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON498 (Accessed 02nd December 2024).

Dengue situation in India (National Center for Vector Borne Diseases Control. Ministry of Health & Family Welfare, Government of India). Available online at: https://ncvbdc.mohfw.gov.in/index4.php?lang=1&level=0&linkid=431&lid=3715 (Accessed 02nd December 2024).

 Falkler, W. A. Jr., Diwan, A. R., and Halstead, S. B. (1975). A lipid inhibitor of dengue virus in human colostrum and milk; with a note on the absence of anti-dengue secretory antibody. Arch. Virol. 47, 3–10. doi: 10.1007/BF01315587

 Guignard, A., Haguinet, F., Wéry, S., and Kerdpanich, P. (2019). Prevalence and persistence of maternal dengue neutralizing antibodies in infants from central and southern Thailand: A retrospective cohort study. Asia. Pac. J. Public Health 31, 288–295. doi: 10.1177/1010539519853396

 Guzman, M. G., Gubler, D. J., Izquierdo, A., Martinez, E., and Halstead, S. B. (2016). Dengue infection. Nat. Rev. Dis. Primers 2, 16055. doi: 10.1038/nrdp.2016.55

 Halstead, S. B., Lan, N. T., Myint, T. T., Shwe, T. N., Nisalak, A., Kalyanarooj, S., et al. (2002). Dengue hemorrhagic fever in infants: research opportunities ignored. Emerg. Infect. Dis. 8, 1474–1479. doi: 10.3201/eid0812.020170

 Jain, A., and Chaturvedi, U. C. (2010). Dengue in infants: an overview. FEMS Immunol. Med. Microbiol. 59, 119–130. doi: 10.1111/j.1574-695X.2010.00670.x

 Kabilan, L., Balasubramanian, S., Keshava, S. M., Thenmozhi, V., Sekar, G., Tewari, S. C., et al. (2003). Dengue disease spectrum among infants in the 2001 dengue epidemic in chennai, tamil nadu, India. J. Clin. Microbiol. 41, 3919–3921. doi: 10.1128/JCM.41.8.3919-3921.2003

 Kabra, S. K., Jain, Y., Pandey, R. M., Madhulika,, Singhal, T., Tripathi, P., et al. (1999). Dengue haemorrhagic fever in children in the 1996 Delhi epidemic. Trans. R. Soc. Trop. Med. Hygiene. 93, 294–298. doi: 10.1016/s0035-9203(99)90027-5

 Kliks, S. C., Nimmanitya, S., Nisalak, A., and Burke, D. S. (1988). Evidence that maternal dengue antibodies are important in the development of dengue hemorrhagic fever in infants. Am. J. Trop. Med. Hyg. 38, 411–419. doi: 10.4269/ajtmh.1988.38.411

 Lee, P. X., Ong, L. C., Libau, E. A., and Alonso, S. (2016). Relative contribution of dengue igG antibodies acquired during gestation or breastfeeding in mediating dengue disease enhancement and protection in type I interferon receptor-deficient mice. PloS Negl. Trop. Dis. 10, e0004805. doi: 10.1371/journal.pntd.0004805

 Libraty, D. H., Acosta, L. P., Tallo, V., Segubre-Mercado, E., Bautista, A., Potts, J. A., et al. (2009). A prospective nested case-control study of dengue in infants: rethinking and refining the antibody-dependent enhancement dengue hemorrhagic fever model. PloS Med. 6, e1000171. doi: 10.1371/journal.pmed.1000171

 Lokossou, G. A. G., Kouakanou, L., Schumacher, A., and Zenclussen, A. C. (2022). Human breast milk: from food to active immune response with disease protection in infants and mothers. Front. Immunol. 13. doi: 10.3389/fimmu.2022.849012

 Malshe, N., Palkar, S., Kulkarni, R., Lalwani, S., Mishra, A. C., and Arankalle, V. (2019). Early disappearance of maternal anti-measles, mumps, rubella, and varicella antibodies in Indian infants. Vaccine 37, 1443–1448. doi: 10.1016/j.vaccine.2019.01.043

 Mishra, A. C., Arankalle, V. A., Gadhave, S. A., Mahadik, P. H., Shrivastava, S., Bhutkar, M., et al. (2018). Stratified sero-prevalence revealed overall high disease burden of dengue but suboptimal immunity in younger age groups in Pune, India. PloS Negl. Trop. Dis. 12, e0006657. doi: 10.1371/journal.pntd.0006657

 O’Driscoll, M., Buddhari, D., Huang, A. T., Waickman, A., Kaewhirun, S., Iamsirithaworn, S., et al. (2023). Maternally derived antibody titer dynamics and risk of hospitalized infant dengue disease. Proc. Natl. Acad. Sci. 120, e2308221120. doi: 10.1073/pnas.2308221120

 Pengsaa, K., Limkittikul, K., Yoksan, S., Wisetsing, P., and Sabchareon, A. (2011). Dengue antibody in thai children from maternally transfered antibody to acquired infection. Pediatr. Infect. Dis. J. 30, 891–893. doi: 10.1097/INF.0b013e31821f07f6

 Pengsaa, K., Luxemburger, C., Sabchareon, A., Limkittikul, K., Yoksan, S., Chambonneau, L., et al. (2006). Dengue virus infections in the first 2 years of life and the kinetics of transplacentally transferred dengue neutralizing antibodies in thai children. J. Infect. Dis. 194, 1570–1576. doi: 10.1086/508492

 Pengsaa, K., Yoksan, S., Limkittikul, K., Wisetsing, P., Sirivichayakul, C., Hutacharoen, P., et al. (2003). Maternally transferred neutralising dengue antibodies in Thai infants: a pilot study. Ann. Trop. Paediatr. 23, 159–165. doi: 10.1179/027249303322296466

 Simmons, C. P., Chau, T. N. B., Thuy, T. T., Tuan, N. M., Hoang, D. M., Thien, N. T., et al. (2007). Maternal antibody and viral factors in the pathogenesis of dengue virus in infants. J. Infect. Dis. 196, 416–424. doi: 10.1086/519170

 Watanaveeradej, V., Endy, T. P., Samakoses, R., Kerdpanich, A., Simasathien, S., Polprasert, N., et al. (2003). Transplacentally transferred maternal-infant antibodies to dengue virus. Am. J. Trop. Med. Hyg. 69, 123–128. doi: 10.4269/ajtmh.2003.69.123




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Chelluboina, Mishra, Arankalle and Shrivastava. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1538188-g002.jpg
At birth 3 months 6 months 9 months 12 months

= 8000 = 8000 = 8000 = =
§ § § £ 8000 £ 8000
S S S S 5
= (= (=4 [ (=
% 6000 £ 6000 £ 6000 £ 6000 £ 6000
c = = € =
g g g G G DENV1
8 4000 8 4000 8 4000 qE; 4000 qE, 4000
c 2 = e g
2 2 / 2 pe 2
2000
£ £ 2000 A \ £ 2000 £ 2000 £ 2000
S L) 3 k) L)
5 S L=/
L u? I.E 0 I.E 0 u? 0
N N o o N N Q N N o o o
v v v
Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution
= 60000 = 60000 = 60000 = 60000 = 60000
£ E £ £ £
= = =2 = =2
Y= Y= [ Y= Y=
= 2 = 2 =
© 40000 'S 40000 S 40000 ‘© 40000 'S 40000
£ £ £ £ £
o (3] (3] [3) (3]
S 5 5 5 S
= 20000 = 20000 j 20000 P 20000 = 20000
c [ = c c c
()} [} () o (]
S L) 3 3 )
2 0 L o e o £ o L o
O ® O O &® O O O & & N Q N o N N N Q N Q N N
TS S S VYIS S S LA SR S LA S LA SR S R
VS ‘b@ VO ‘190 Vo Vo VYo
Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution
= 80000 = 80000 = 80000 = 80000 = 80000
E E E E E
= =] = = =]
e ‘e B s B
— 60000 — 60000 — 60000 — 60000 — 60000
g 5 g 5 g
£ £ £ £ £ DENV3
o 40000 o 40000 o 40000 o 40000 o 40000
[3) (3] (3] [3) (3]
c c c c [
2 2 2 2 2
c c 20000 c 20000 c 20000 c 20000
o () () o ()
S L) k) 3 )
i e o e o 2 o0 L o
O O ® & & N Q N Q N Q N o N o o Q
PSS S Y Y S Y Y S Y Y & S
L S VYRS VY S VS
Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution
E 50000 E‘ 50000 T 50000 < 50000 T 50000
£ 40000 3 2 2 E
2 2 40000 'S 40000 & 40000 'S 40000
g 30000 § 30000 = € -
() [}
g GE, £ 30000 g 30000 e 30000 DENV4
[3) Pz Q [ 0] <]
£ 20000 2 20000 % 20000 © 20000 % 20000
< < < o <
c L
@ 100007 A 22N & 10000 S 10000 $ 10000 S 10000
S % \ K=} k-] ko] k=)
L. L 0 [ 0 (18 0
N o o o N o N o N o o N
N N Q N N N N N Q
v S N Yo S N L S N

Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution Reciprocal of serum dilution





OEBPS/Images/fcimb.2025.1538188_cover.jpg
& frontiers | Frontiers in Cellular anc

fection Microbiology

Age-specific kinetics of neutralizing
antibodies and infection enhancement
among <1 year-old Indian infants





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Age-specific kinetics of neutralizing antibodies and infection enhancement among ≤1 year-old Indian infants

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Cells and viruses

          



          		

            2.2 Samples

          



          		

            2.3 Foci reduction microneutralization test

          

            		

              2.3.1 Immunostaining

            



            		

              2.3.2 Neutralization titer calculation

            



          



          



          		

            2.4 Antibody-dependent enhancement assay

          

            		

              2.4.1 Plaque assay

            



            		

              2.4.2 Enhancement of infection calculation

            



          



          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Maternally transferred neutralizing antibodies wane rapidly among infants during the early months of life

          



          		

            3.2 Reduced titers of maternally transferred DENV antibodies increase the likelihood of DENV infection enhancement in infants

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-15-1538188-g001.jpg
<

*k*%

*k*k*%

n

*k*

*k*k*%

* k%%
| *% |
*
*
=

*x
*
*x
x| %
x
£ 3 .
X | "H. B
3 TE T

< ™ N -

si1ay} 05 Ny 4 060

< ™ N —

< ™ N -—

s1ay} 05 Ny 4 060

% x|

< ™ N -

s1a)) 051 Ny 4 060

. —_
(7))
._hl =
n wied
[
o o
(S X (S
) * * X Q
(@)) *
© o
2 2
c c
o L
£ £
({e] n < (ap] N - o
(Jw/nydO'Boj) Juswasueyua pjo4 uonnjip Buioueyus %4607
. —
s —_—
< I &
pra] [ )
n" whed
o & -
o °
mm X Mm [ J
c ¥ c L4
~ *| | ¥ —
o i @
*|x
(@)] *
& S
3 2
c c
L &
£ £
({o] < ™ N
(lwynydo'B o) Juswasueyua pjo4 uonn|ip Buioueyuas %4607
'
w O m
= =
5 :
£ x S
E L |* £
g X '
O x|, )
O * (@)
© ©
(2] (7))
wied whd
c c
L 8
£ =
o < ™ N - o
(lwy/nyd'Boj) Juswasueyua pjo4 uonnjip Buroueyuos %607
J
L A
2 = 3
wd
c o °
o 4 £
S NERE: c
n" X X “".
x x
p— *|x[* %
x
s F ;
© n
e
2 c
c 3
S =
£
© < N o < ™ N - o
(jwy/nydotBoj) Juswasoueyus pjo4 uonn|ip Buroueyus %460
LL] —

|Og10 FRNT50 titer IOg10 FRNT50 titer |Og10 FRNT50 titer

log,o FRNT 5, titer





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
No. (%) of samples showing neutralizing activity No. (%) of samples showing enhanced activity

Age group DENV DENV-1  DENV-2  DENV-3 Al (1% DENV-1  DENV-2  DENV-3

(each n=32)

Cord blood 21 (66)* 20 (63) ‘ 21 (66) 19 (28) 18 (56) 21 (66)* 19 (28) 21 (66) 20 (63) 20 (63)
3 months s (88)* 24 (75) ‘ 27 (84) 28 (88) 2 (84) 28 (88)* 16 (50) 26 (81) 23 (72) 26 (81)
6 months 16 (50)*+* 13 (41) \ 14 (44) 14 (44) 11 (34) 27 (84)% 18 (56) 23 (72) 22 (69) 22 (69)
9 months 5(16) 309 ‘ 3(9) 269 2(6) 14 (44)® 30 11(34) 10 (31) 8(25)
12 months 11 (34)* 7(22) ‘ 8(25) 8(25) 6(19) 10 (31) 2(6) 6(19) 5(16) 9(28)

*all except one infant had monotypic neutralizing and enhancing activity against DENV-2; **all multitypic; ***14 multitypic, two monotypic (one each for DENV-1 and DENV-3); “three
multitypic, two monotypic (one each for DENV-1 and DENV-2); **seven multitypic, four monotypic (one each for DENV-1 and DENV-2 and two for DENV-3); *25 multitypic, three monotypic
(two for DENV-2 and one for DENV-4); %22 multitypic, five monotypic (two each for DENV-2 and DENV-3 and one for DENV-4); eight multitypic, six monotypic (three for DENV-2, two for
DENV-3, and one for DENV-4); five multitypic, five monotypic (one for DENV-2 and four for DENV-4).
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DENV-1 DENV-2 DENV-4

Mean Mean p- Mean Mean o Mean Mean p-
1 2 value* 1 2 value* 1 2 value*
at birth
1 am 381 449 09995 1274 438 09947 1479 2699 0.9698 1565 3794 03773
vs.
at birth
2 . 6m 381 1539 0.0028 1274 14536 <0.0001 1479 9239 0.0009 1565 5518 0.0145
at birth
3 5. 9m 381 260 09953 1274 1210 >0.9999 1479 1566 >0.9999 1565 1290 09995
at birth
4 ve'i5m 381 11 0.7636 1274 805 0.9994 1479 328 09755 1565 199 0.8048
5 3m vs. 6m 149 1539 0.0058 438 14536 <0.0001 2699 9239 0.0079 3794 5518 06333 ‘
6 3m vs. 9m 449 260 09745 438 1210 0.9961 2699 1566 0.9769 3794 1290 02605 ‘
7 vs3 ;‘;m 449 11 06308 438 805 09998 2699 328 0.7354 3794 199 0.0339 ‘
8 6m vs. 9m 1539 260 0.0007 14536 1210 <0.0001 9239 1566 0.001 5518 1290 00072 |
6
9 v :‘;m 1539 11 <0.0001 14536 805 <0.0001 9239 328 <0.0001 5518 199 0.0003
10 v:f;m 260 11 09321 1210 805 09997 1566 328 0.968 1290 199 09035

Mean 1 and Mean 2 represent enhancing antibody titers of the two groups being compared. *significant p-values are highlighted in bold.
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Age group i-DENV-1gG status 5 FRNT+ FRNT+ ADE

(each n=32) and number ADE- (%) + (%)
Pos, 17 0(0) 0(0) 0(0) 17 (100) 17 (100)
Cord blood 1
Neg, 15 9 (60) 2(13) 2(13) 2(13) 4(27)
Pos, 19 0(0) 0 (0) 1(5) 18 (95) 19 (100)
3 months
Neg, 13 1(8) 3(23) 2(15) 7 (54) 9 (69)
Pos, 11 1(9) 0(0) 0(0) 10 (91) 10 (91)
6 months
Neg, 21 4(19) 0(0) 11 (52) 6(29) 17 (81)
Pos, 1 0(0) 0(0) 0(0) 1 (100) 1(100)
9 months
Neg, 31 18 (58) 0(0) 9 (29) 4(13) 13 (42)
Pos, 3 0(0) 0(0) 0(0) 3 (100) 3(100)
12 months
Neg, 29 15 (52) 7 (24) 6(21) 1(3) 7 (33)
Pos, 51 1(2) 0(0) 1(2) 49 (96)$ 50 (98)
Total
Neg, 109 47 (43) 12 (11) 30 (28)* 20 (18)# 50 (46)
Grand total 160 48 (30) 12 (8) 31 (19) 69 (43) 100

*14 monotypic (five for DENV-2, three for DENV-3, and six for DENV-4); #6 monotypic (four for DENV-2, one for DENV-3, and one for DENV-4); $multitypic antibody enhancing activity.
Bold values indicate total number of cases n (%).





