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Memory T cells resulting from primary dengue virus (DENV) infection are hypothesized to influence the clinical outcome of subsequent DENV infection. However, the few studies involving prospectively collected blood samples have found weak and inconsistent associations with outcome and variable temporal trends in DENV-specific memory T cell responses between subjects. This study used both ex-vivo and cultured ELISPOT assays to further evaluate the associations between DENV serotype-cross-reactive memory T cells and severity of secondary infection. Using ex-vivo ELISPOT assays, frequencies of memory T cells secreting IFN-γ in response to DENV structural and non-structural peptide pools were low in PBMC from multiple time points prior to symptomatic secondary DENV infection and showed a variable response to infection. There were no differences in responses between subjects who were not hospitalized (NH, n=6) and those who were hospitalized with dengue hemorrhagic fever (hDHF, n=4). In contrast, responses in cultured ELISPOT assays were more reliably detectable prior to secondary infection and showed more consistent increases after infection. Responses in cultured ELISPOT assays were higher in individuals with hDHF (n=8) compared to NH (n=9) individuals before the secondary infection, with no difference between these groups after infection. These data demonstrate an association of pre-existing DENV-specific memory responses with the severity of illness in subsequent DENV infection, and suggest that frequencies of DENV-reactive T cells measured after short-term culture may be of particular importance for assessing the risk for more severe dengue disease.
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Introduction

Dengue is one of the most important arboviral disease of humans, with half of the population at risk of infection (1). Dengue is caused by any of the four closely related dengue virus (DENV) serotypes belonging to the flavivirus family (2, 3). DENV infection most commonly results in inapparent infection but may manifest as dengue fever (DF) or dengue hemorrhagic fever (DHF) (4). Over 90% of severe cases occur during a secondary infection and it is well recognized that prior immunity constitutes one of the strongest risk factors for severe disease. The mechanism(s) underlying this risk remain a point of debate (5, 6).

Memory T cells from a primary DENV infection can be reactivated during secondary infection with peptides different from the prior DENV serotype and induced to express an altered profile of effector functions (7, 8). In studies of acute DENV infection, we and others have found very high frequencies of activated antigen-specific T cells in the peripheral blood during the acute phase and in early convalescence (9–14). However, 1-3 years post-infection, T cell responses to DENV have been low and in many cases undetectable. We recently reported T and B cell dynamics over five years in children from Thailand who were followed for the occurrence of DENV infections. We found low and fluctuating T cell responses in PBMC from children prior to infection in response to overlapping peptide pools that encompassed both structural and non-structural proteins using an ex-vivo ELISPOT assay (15).

Effector memory virus-specific T cells are a subpopulation of memory T cells capable of secreting cytokines such as IFN-γ when stimulated with their cognate MHC-peptide, a characteristic used for their ex-vivo detection in ELISPOT assays (16). Cultured ELISPOT assays, in contrast, leverage short-term (days to weeks) in vitro culture of memory T cells principally to increase assay sensitivity, but some data suggest that this method predominantly detects central memory T cells that need restimulation to elicit effector function (16). Cultured ELISPOT assays have been used to detect memory T cell responses to DENV peptides in people with mild and subclinical infection (17, 18).

In this study, we sought to define the associations between T cell responses in school age subjects enrolled in a prospective dengue cohort before secondary infection and the clinical severity outcome of that secondary infection. In consideration of the above issues, we studied memory T cell responses prior to and following symptomatic secondary infection using both ex-vivo and cultured ELISPOT assays. We found higher frequencies of cytokine-secreting T cells in response to stimulation with DENV peptides using the cultured ELISPOT assay, and found a significant association with the occurrence of DHF during a subsequent DENV infection.



Materials And Methods


Study Subjects

Subjects were selected from a 5-year prospective cohort study of schoolchildren in Kamphaeng Phet province, Thailand, previously described (19). Blood samples were collected in January and February each year. Active surveillance for febrile illnesses was conducted between June and November to detect incident symptomatic DENV infections, and these were classified based on whether they were hospitalized (a decision made by the treating medical staff) and whether they fulfilled WHO criteria for DHF (20). For the present study, we identified participants who had experienced a symptomatic, laboratory-confirmed secondary DENV infection during 2001 and were classified as either non-hospitalized DF (NH) or hospitalized DHF (hDHF). We further selected subjects who had tested positive by RT-PCR for DENV2 or DENV3 and who had cryopreserved PBMC samples available at least from the annual blood draws prior to and after the detected infection. Primary or secondary DENV infection were distinguished by IgM/IgG ratio and hemagglutination inhibition assay titers as described elsewhere (19, 21).

Written informed consent was obtained from each subject or his/her parent or guardian. This study was approved by the Institutional Review Board of the Thailand Ministry of Public Health, the Human Use Review and Regulatory Agency of the Office of the U.S Army Surgeon General and the Institutional Review Board of the University of Massachusetts School of Medicine.



Peptide Pools

Four overlapping peptide pools spanning the prM and E proteins from the four DENV types (designated 1prM/E, 2prM/E, 3prM/E, 4prM/E), four peptide pools spanning the non-structural proteins NS1, NS3 and NS5 from the four DENV types (designated 1NSA, 2NSA, 3NSA, 4NSA) and one peptide pool spanning C, NS2A/B, and NS4A/B proteins of DENV2 (designated 2NSB) were used to stimulate T cells. Peptides were obtained from the NIH Biodefense & Emerging Infections Research Resources Repository (BEI Resources, Bethesda, MD, USA) and Peptide technologies (JPT, Acton, MA, USA), as previously described (15). Peptides ranged in length from 12 to 20 amino acids and sequential peptides overlapped by 10 to 14 amino acids.



Ex Vivo Single Color IFN-γ ELISPOT Assay

The ex-vivo ELISPOT assay was performed according to the manufacturer’s instructions using the reagents for IFN-γ detection from the Human TNF-α/IFN-γ double-color enzymatic ELISPOT assay kit (hIFNgTNF-a-1M/10, CTL, Cleveland, OH, USA; Figure S1). Briefly, ELISPOT assay plates were coated overnight with the IFN-γ capture antibody only. Cryopreserved PBMC were thawed and plated at a density of 1 x 105 cells/well in a final volume of 200 µl. Peptide pools were added at a final concentration of 2 µg/ml/peptide. As a positive control, PBMC were incubated with anti-CD3 and anti-CD28 antibodies at final concentrations of 1 and 0.1 µg/ml, respectively. As a negative control, PBMC were incubated with medium alone. PBMC were incubated for 45 hr at 37°C with 5% CO2. The number of spots per well was determined using an automated ELISPOT reader (S5UV analyzer, CTL, Cleveland, OH, USA) with the single color software. Determinations from duplicate wells were averaged. Data were analyzed by subtracting the mean number of spots in the wells with cells and medium-only from the mean counts of spots in wells with cells and antigen and expressed as spot-forming cells (SFC) per 106 PBMC.



Cultured TNF-α/IFN-γ Dual-Color ELISPOT Assay In Vitro

Cultured ELISPOT was performed as previously described (22) with some modifications using the Human TNF-α/IFN-γ double-color enzymatic ELISPOT assay kit (hIFNgTNF-a-1M/10, CTL, Cleveland, OH, USA). Figure S1 shows a schematic diagram of the cultured ELISPOT assay protocol. After thawing, 1-2 x 106 PBMC/1ml/well in 48 well flat-bottom plates were stimulated with 1μg/ml of DENV peptide pools (15) for 12 days at 37°C ± 5% CO2. IL-2 (100 U/ml) was added on days 2 and 7. Non-structural peptide pools were prioritized over structural pools if there were not enough PBMC. On day 12, the cells were harvested and rested for an additional two days in RPMI-1640 supplemented with L-glutamine, 25 mM HEPES, 10% FBS and 1% penicillin/streptomycin. Cells were then evaluated in vitro using a dual-color ELISPOT for TNF-α/IFN-γ at 5 x 104/well in duplicate and stimulated with DENV peptide pools (2μg/ml) of the secondary infecting serotype for 45 h at 37°C ± 5% CO2. If sufficient cells were recovered, DENV peptide pools from other serotypes were tested. Anti-CD3/CD28 was used as a positive control. The response was expressed as SFC/50,000 cells.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism software V 9.00 (GraphPad Software Inc., La Jolla, CA). The non-parametric Mann-Whitney test, Wilcoxon matched-pairs signed-rank test, and Kruskal-Wallis with Dunn’s multiple comparison post-test were used as appropriate. To determine associations between different variables, a two-tailed Spearman’s correlation test was used. Statistical significance was set at P < 0.05.




Results


Low Frequencies of DENV-Specific Memory T Cells Detected by Ex Vivo ELISPOT

We first assessed IFN-γ responses to the four DENV serotypes in PBMCs collected before or after symptomatic secondary DENV2 (19 PBMCs from 10 patients) and DENV3 (8 PBMCs from 4 patients) infections using an ex-vivo ELISPOT assay (Figure S2). Characteristics of the study subjects are shown in Table 1. Based on our selection criteria, all subjects had their symptomatic secondary DENV infection during 2001. None of the subjects had an earlier DENV infection detected during their study observation period; therefore, no information is available on the timing or serotype of the earlier infection. Frequencies of memory T cells secreting IFN-γ in response to DENV peptide pools were low in most subjects before secondary DENV2 infection with no significant increases after infection in NH or hDHF subjects (Figures 1A, B). Similar trends in the IFN-γ responses were found in subjects with secondary DENV3 infections (Figure S2C). In addition, IFN-γ responses to DENV2 or DENV3 peptide pools were not dominant compared to the other serotypes before or after DENV2 or DENV3 infection, respectively (Figure S2).


Table 1 | Characteristics of the study population.






Figure 1 | Comparison of ex-vivo and cultured IFN-γ ELISPOT. DENV-specific IFN-γ spot-forming cells (SFC) were determined by ex-vivo (A, B) and cultured ELISPOT (C, D) in PBMCs collected before (pre) and after (post) secondary DENV-2 infection in NH (A, C) and hDHF (B, D) subjects. PBMC were stimulated with peptide pools corresponding to prM and E proteins (prM/E), NS1, NS3, and NS5 proteins (NSA), or C, NS2A/B, and NS4A/B proteins (NSB) of the indicated DENV serotype. Bars represent median + interquartile range. Graphs (E, F) depict correlation analysis between frequencies of DENV-specific T cells detected by ex-vivo and cultured ELISPOT- 2001 2prM/E (r=0.07531, p= 0.8525); 2001 2NSA (r= 0.2343, p= 0.5397); 2002 2prM/E (r=0.2121, p= 0.5603); 2002 2NSA (r= 0.1152, p= 0.7589). Frequency of cytokine-producing cells in PBMC from each subject represented by circles (response to 2prM/E) and square (response to 2NSA). Statistics were calculated by the non-parametric Wilcoxon matched-pairs signed-rank test (A–D, comparing responses to the same peptide pool between 2001 and 2002) and two-tailed Spearman’s correlation test (E, F). *p < 0.05, **p < 0.01, ns, not significant.





In Vitro Stimulation Increases the Frequency of Cytokine-Secreting DENV-Specific Memory T Cells After Infection

The finding that low IFN-γ responses were detected by ex-vivo ELISPOT assays led us to evaluate responses using a more sensitive double color TNF-α and IFN-γ, cultured ELISPOT assay. T cell responses were studied in 83 PBMC samples from 24 subjects after 12 days of in vitro culture with DENV peptide pools (Figures S3, S4). Using this method, increased responses to DENV were clearly detectable in subjects following secondary DENV2 infection (Figures 1C, D) and DENV3 infections (Figures 2 and S3). As shown in Figures 1E, F, no significant correlation was found between the IFN-γ producing cells detected by the ex-vivo compared to the cultured ELISPOT assay.




Figure 2 | Trends in DENV-specific cytokine-producing T cell frequencies over the 5-year study period. Longitudinal analysis of cultured TNF-α (left panels) and IFN-γ (right panels) spot-forming cell (SFC) frequencies in PBMC collected before (pre) or after (post) secondary DENV infections in subjects with (A) DENV-2, non-hospitalized (NH) (B) DENV-2, hospitalized DHF (hDHF), and (C) DENV3 NH. Symbols represent the frequency of cytokine-producing cells in PBMC from each subject detected by cultured ELISPOT. PBMC were stimulated with peptide pools corresponding to prM and E proteins (prM/E) or NS1, NS3, and NS5 proteins (NSA) of the indicated DENV serotype. Bars represent median + interquartile range. Statistics were calculated by the nonparametric Kruskal-Wallis with Dunn’s multiple comparison post-tests. *p < 0.05.



In a subset of these subjects, we were able to evaluate T cells secreting TNF-α or IFN-γ in response to DENV peptide pools in five sequential annual blood samples, four of which were collected before the secondary DENV infection. Responses in these earlier PBMC samples were generally similar in magnitude to the PBMC most proximal to the secondary infection (Figure 2), although a few subjects appeared to experience a decline in cultured ELISPOT responses that preceded the secondary infection (e.g., subjects 1, 15 and 24). PBMC from most subjects had a higher frequency of memory T cells secreting IFN-γ compared to TNF-α (Figure S5). Taken together, these results suggest that cultured ELISPOT was more sensitive to detect DENV-specific memory T cells compared to ex-vivo ELISPOT and different T cell populations are detected between the assays.



DENV-Specific Memory T Cells Are Associated With the Severity of the Disease

We hypothesized that memory T cells resulting from primary DENV infection could associate with the clinical outcome of subsequent DENV infection. T cell responses to DENV peptides detected by ex-vivo ELISPOT in NH and hDHF subjects were not significantly different before or after secondary DENV infection. However, the frequency of IFN-γ-secreting DENV-specific memory T cells measured in the cultured ELISPOT assays was significantly higher in hDHF subjects than in NH subjects in the PBMC collected prior to secondary infection (Figure 3). Responses detected after secondary infection were similar between NH and hDHF subjects.




Figure 3 | Higher DENV-specific T cell responses prior to secondary infection in hospitalized DHF subjects than non-hospitalized subjects. Symbols represent the frequencies of cells producing TNFα (left), IFNγ (middle), or both TNFα and IFNγ (right) by cultured ELISPOT in PBMC collected before (pre) or after (post) secondary DENV infection. PBMC were stimulated with peptide pools corresponding to DENV2 prM and E proteins (2prM/E, top) or DENV2 NS1, NS3, and NS5 proteins (2NSA, bottom). Bars represent median + interquartile range. Statistics were calculated by the non-parametric Mann-Whitney test. *p < 0.05.






Discussion

In this study, we measured DENV-specific memory T cell responses in sequential annual PBMC samples extending across the period prior to and after an acute febrile illness associated with viremic (RT-PCR-positive) secondary DENV infection. Consistent with a previous study in this cohort (15), ex-vivo ELISPOT assays using peptide pools representing all four DENV serotypes detected overall low frequencies of IFNγ-secreting cells prior to symptomatic secondary infection and inconsistent increases in these responses after infection. The present study builds on these findings by demonstrating the presence of low-level responses for multiple years before infection in most of the subjects tested. Further analysis using cultured ELISPOT assays more consistently detected pre-existing memory T cells specific for the DENV serotype which subsequently infected these individuals, and also reliably revealed a clear increase in the responses following secondary infection. Importantly, we found that PBMC from subjects who experienced hDHF during their secondary infection had significantly higher frequencies of IFN-γ-secreting cells prior to infection compared to those who experienced NH dengue; this observation was not evident using ex-vivo ELISPOT assays.

The more reliable detection of DENV-specific T cell responses using cultured ELISPOT assays as compared to ex-vivo ELISPOT assays and the poor correlation in magnitudes measured by the two assays are consistent with the findings of other groups (17, 22–24). An expansion in numbers of antigen-specific T cells is considered an important element of the enhanced sensitivity of cultured ELISPOT assays. Further, the observation that some memory T cells are unable to secrete sufficient quantities of cytokines to be detected in ex-vivo ELISPOT assays, yet are indeed activated by in vitro stimulation so as to be detected in cultured ELISPOT assays may be of equal or greater importance for explaining the differences between the results of these two methods (16). Secondary DENV infection is understood to involve a different serotype than the prior infection. Therefore, the memory T cell responses of interest to detect prior to a secondary infection will be responding (during the secondary infection) to peptides that are usually different in sequence from the antigen that had selected them, which we and others have shown can alter the response (7, 8, 25). The qualitative differences in responses detected by ex-vivo and cultured ELISPOT assays may therefore be particularly relevant in the context of DENV.

Frequencies of IFN-γ-secreting cells were overall higher than frequencies of TNF-α-secreting cells, and relatively few cells secreted both cytokines. This finding was somewhat unexpected, as we previously reported a bias towards TNF-α over IFN-γ production in response to stimulation of DENV-specific T cells with peptides of heterologous serotypes, and an association of secretion of TNF-α, but not IFN-γ, by pre-infection PBMC with hospitalization during secondary infection (7, 26). These differences might reflect the relative sensitivities of the assays used in each study, differences between production and secretion of TNF-α, localized secretion of TNF-α onto target cells, or some combination of these factors. Further functional studies of DENV-specific T cells might help to clarify these possibilities.

There is still considerable debate whether memory T cells play solely a protective role in secondary DENV infection or may instead have the potential to contribute to immunopathological mechanisms leading to plasma leakage/DHF (27). We previously proposed that the functions of virus-specific T cells allow them to have both effects, and that the collective quantity and quality of their responses determine the outcome of infection, as has been demonstrated in various models of virus infection, such as LCMV and vaccinia (28, 29). DENV-specific antibodies also are associated both with protection from infection and/or illness and to an increased risk of DHF (30), and can modify the interactions between T cells and antigen-presenting cells (31), further complicating the associations of each arm of adaptive immunity with outcome. It should be noted that all of the subjects included in this study experienced a symptomatic secondary DENV infection, meaning that their pre-existing DENV-specific immunological memory was insufficient to prevent viremia or illness. In our earlier study, we reported that cohort subjects who did not have a symptomatic infection showed higher responses to DENV peptides in ex-vivo ELISPOT assays (15). Therefore, the current finding that subjects who experienced DHF had higher pre-infection responses in cultured ELISPOT assays is consistent with this model of dual roles of pre-existing memory T cells in secondary DENV infections.

Our findings must be considered in the context of several important limitations of the study. Our study cohort was limited to primary schoolchildren living in a province of Thailand with high annual seroconversion rates. The T cell responses we observed in these annual blood samples might not be representative of cohorts of different ages or genetic backgrounds or with DENV exposures. Given the age of the study subjects, the quantity of PBMC available limited testing of responses to only a small number of antigens. In several of these subjects where sufficient PBMC were available, we did find higher responses in cultured ELISPOT assays to peptides from a different DENV serotype, perhaps representing the serotype of the earlier primary infection (data not shown); however, the fact that we measured responses to the serotype that was detected during the secondary infection should strengthen the importance of the association with outcome we observed. The limited quantity of PBMC also limits our ability to draw conclusions regarding the roles of other T cell effector functions in disease risk, the relative contribution of CD4 versus CD8 T cells to the observed associations, or alternative protocols for the cultured ELISPOT assay. These and other questions will need to be addressed in subsequent studies, unfortunately using PBMC samples from other individuals.

In conclusion, our data identify memory T cell responses measured in cultured ELISPOT assays using PBMC collected prior to secondary DENV infection that are associated with the clinical outcomes of DHF versus milder symptomatic illness. Immunological predictors of clinical outcome of DENV infection are in high demand to support the development and testing of vaccines against dengue. Our data suggest that cultured ELISPOT assays warrant further consideration and testing as part of that effort. It is possible that a combination of multiple assays will be necessary to discriminate the sometimes conflicting in vivo effects of cellular immunity.



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 

The studies involving human participants were reviewed and approved by Institutional Review Board, Ministry of Public Health, Thailand Human Use Review and Regulatory Agency, Office of the U.S Army Surgeon General Institutional Review Board, University of Massachusetts School of Medicine. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author Contributions

LS-V, AM, and AR conceived and designed the experiments and wrote the manuscript text. LS-V performed experiments and prepared figures. LS-V conducted statistical analyses. KA and TE supervised the clinical study, subject enrollment, and collection of clinical data and blood samples. All authors contributed to the analysis of clinical, virologic, and immunologic data. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Program Project grant P01 AI034533 from the National Institutes of Health/National Institute of Allergy and Infectious Diseases and the U.S. Military Infectious Diseases Research Program, and utilized core facilities supported by NIH grant P20 GM104317.



Acknowledgments

We are especially grateful to the children and parents of Kamphaeng Phet for their participation in the clinical study. We also thank the support and contributions to the study of the many staff members of the Department of Virology, Armed Forces Research Institute of Medical Sciences, and the Kamphaengphet-AFRIMS Virology Research Unit.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.710300/full#supplementary-material



References

1. Bhatt, S, Gething, PW, Brady, OJ, Messina, JP, Farlow, AW, Moyes, CL, et al. The Global Distribution and Burden of Dengue. Nature (2013) 496(7446):504–7. doi: 10.1038/nature12060nature12060

2. Holmes, EC, and Twiddy, SS. The Origin, Emergence and Evolutionary Genetics of Dengue Virus. Infect Genet Evol (2003) 3(1):19–28. doi: 10.1016/s1567-1348(03)00004-2

3. Kuhn, RJ, Zhang, W, Rossmann, MG, Pletnev, SV, Corver, J, Lenches, E, et al. Structure of Dengue Virus: Implications for Flavivirus Organization, Maturation, and Fusion. Cell (2002) 108(5):717–25. doi: 10.1016/s0092-8674(02)00660-8

4. St John, AL, and Rathore, APS. Adaptive Immune Responses to Primary and Secondary Dengue Virus Infections. Nat Rev Immunol (2019) 19(4):218–30. doi: 10.1038/s41577-019-0123-x. 10.1038/s41577-019-0123-x [pii]. PubMed PMID: 30679808.

5. Guzman, MG, Alvarez, M, and Halstead, SB. Secondary Infection as a Risk Factor for Dengue Hemorrhagic Fever/Dengue Shock Syndrome: An Historical Perspective and Role of Antibody-Dependent Enhancement of Infection. Arch Virol (2013) 158(7):1445–59. doi: 10.1007/s00705-013-1645-3

6. Sanchez Vargas, LA, Mathew, A, and Rothman, AL. T Lymphocyte Responses to Flaviviruses - Diverse Cell Populations Affect Tendency Toward Protection and Disease. Curr Opin Virol (2020) 43:28–34. doi: 10.1016/j.coviro.2020.07.008

7. Mangada, MM, and Rothman, AL. Altered Cytokine Responses of Dengue-Specific CD4+ T Cells to Heterologous Serotypes. J Immunol (2005) 175(4):2676–83. doi: 10.4049/jimmunol.175.4.2676

8. Bashyam, HS, Green, S, and Rothman, AL. Dengue Virus-Reactive CD8+ T Cells Display Quantitative and Qualitative Differences in Their Response to Variant Epitopes of Heterologous Viral Serotypes. J Immunol (2006) 176(5):2817–24. doi: 10.4049/jimmunol.176.5.2817

9. Zivna, I, Green, S, Vaughn, DW, Kalayanarooj, S, Stephens, HA, Chandanayingyong, D, et al. T Cell Responses to an HLA-B*07-Restricted Epitope on the Dengue NS3 Protein Correlate With Disease Severity. J Immunol (2002) 168(11):5959–65. doi: 10.4049/jimmunol.168.11.5959

10. Simmons, CP, Dong, T, Chau, NV, Dung, NT, Chau, TN, Thao le, TT, et al. Early T-Cell Responses to Dengue Virus Epitopes in Vietnamese Adults With Secondary Dengue Virus Infections. J Virol (2005) 79(9):5665–75. doi: 10.1128/JVI.79.9.5665-5675.2005

11. Appanna, R, Huat, TL, See, LL, Tan, PL, Vadivelu, J, and Devi, S. Cross-Reactive T-Cell Responses to the Nonstructural Regions of Dengue Viruses Among Dengue Fever and Dengue Hemorrhagic Fever Patients in Malaysia. Clin Vaccine Immunol (2007) 14(8):969–77. doi: 10.1128/CVI.00069-07

12. Dong, T, Moran, E, Vinh Chau, N, Simmons, C, Luhn, K, Peng, Y, et al. High Pro-Inflammatory Cytokine Secretion and Loss of High Avidity Cross-Reactive Cytotoxic T-Cells During the Course of Secondary Dengue Virus Infection. PloS One (2007) 2(12):e1192. doi: 10.1371/journal.pone.0001192

13. Duangchinda, T, Dejnirattisai, W, Vasanawathana, S, Limpitikul, W, Tangthawornchaikul, N, Malasit, P, et al. Immunodominant T-Cell Responses to Dengue Virus NS3 Are Associated With DHF. Proc Natl Acad Sci USA (2010) 107(39):16922–7. doi: 10.1073/pnas.10108671071010867107

14. Friberg, H, Bashyam, H, Toyosaki-Maeda, T, Potts, JA, Greenough, T, Kalayanarooj, S, et al. Cross-Reactivity and Expansion of Dengue-Specific T Cells During Acute Primary and Secondary Infections in Humans. Sci Rep (2011) 1:51. doi: 10.1038/srep00051

15. Sanchez-Vargas, LA, Kounlavouth, S, Smith, ML, Anderson, KB, Srikiatkhachorn, A, Ellison, DW, et al. Longitudinal Analysis of Memory B and T Cell Responses to Dengue Virus in a 5-Year Prospective Cohort Study in Thailand. Front Immunol (2019) 10:1359. doi: 10.3389/fimmu.2019.01359

16. Calarota, SA, and Baldanti, F. Enumeration and Characterization of Human Memory T Cells by Enzyme-Linked Immunospot Assays. Clin Dev Immunol (2013) 2013:637649. doi: 10.1155/2013/637649

17. Malavige, GN, McGowan, S, Atukorale, V, Salimi, M, Peelawatta, M, Fernando, N, et al. Identification of Serotype-Specific T Cell Responses to Highly Conserved Regions of the Dengue Viruses. Clin Exp Immunol (2012) 168(2):215–23. doi: 10.1111/j.1365-2249.2012.04566.x

18. Jeewandara, C, Adikari, TN, Gomes, L, Fernando, S, Fernando, RH, Perera, MK, et al. Functionality of Dengue Virus Specific Memory T Cell Responses in Individuals Who Were Hospitalized or Who Had Mild or Subclinical Dengue Infection. PloS Negl Trop Dis (2015) 9(4):e0003673. doi: 10.1371/journal.pntd.0003673

19. Endy, TP, Chunsuttiwat, S, Nisalak, A, Libraty, DH, Green, S, Rothman, AL, et al. Epidemiology of Inapparent and Symptomatic Acute Dengue Virus Infection: A Prospective Study of Primary School Children in Kamphaeng Phet, Thailand. Am J Epidemiol (2002) 156(1):40–51. doi: 10.1093/aje/kwf005

20. World Health Organization. Dengue Haemorrhagic Fever: Diagnosis, Treatment, Prevention and Control. 2d ed. Geneva: World Health Organization (1997).

21. Innis, BL, Nisalak, A, Nimmannitya, S, Kusalerdchariya, S, Chongswasdi, V, Suntayakorn, S, et al. An Enzyme-Linked Immunosorbent Assay to Characterize Dengue Infections Where Dengue and Japanese Encephalitis Co-Circulate. Am J Trop Med Hyg (1989) 40(4):418–27. doi: 10.4269/ajtmh.1989.40.418

22. Jeewandara, C, Ogg, GS, and Malavige, GN. Cultured ELISpot Assay to Investigate Dengue Virus Specific T-Cell Responses. Methods Mol Biol (2018) 1808:165–71. doi: 10.1007/978-1-4939-8567-8_14

23. Calarota, SA, Foli, A, Maserati, R, Baldanti, F, Paolucci, S, Young, MA, et al. HIV-1-Specific T Cell Precursors With High Proliferative Capacity Correlate With Low Viremia and High CD4 Counts in Untreated Individuals. J Immunol (2008) 180(9):5907–15. doi: 10.4049/jimmunol.180.9.5907

24. Calarota, SA, Chiesa, A, Zelini, P, Comolli, G, Minoli, L, and Baldanti, F. Detection of Epstein-Barr Virus-Specific Memory CD4+ T Cells Using a Peptide-Based Cultured Enzyme-Linked Immunospot Assay. Immunology (2013) 139(4):533–44. doi: 10.1111/imm.12106

25. Mongkolsapaya, J, Dejnirattisai, W, Xu, XN, Vasanawathana, S, Tangthawornchaikul, N, Chairunsri, A, et al. Original Antigenic Sin and Apoptosis in the Pathogenesis of Dengue Hemorrhagic Fever. Nat Med (2003) 9(7):921–7. doi: 10.1038/nm887

26. Mangada, MM, Endy, TP, Nisalak, A, Chunsuttiwat, S, Vaughn, DW, Libraty, DH, et al. Dengue-Specific T Cell Responses in Peripheral Blood Mononuclear Cells Obtained Prior to Secondary Dengue Virus Infections in Thai Schoolchildren. J Infect Dis (2002) 185(12):1697–703. doi: 10.1086/340822

27. Rivino, L. T Cell Immunity to Dengue Virus and Implications for Vaccine Design. Expert Rev Vaccines (2016) 15(4):443–53. doi: 10.1586/14760584.2016.1116948

28. Chen, HD, Fraire, AE, Joris, I, Brehm, MA, Welsh, RM, and Selin, LK. Memory CD8+ T Cells in Heterologous Antiviral Immunity and Immunopathology in the Lung. Nat Immunol (2001) 2(11):1067–76. doi: 10.1038/ni727

29. Chen, HD, Fraire, AE, Joris, I, Welsh, RM, and Selin, LK. Specific History of Heterologous Virus Infections Determines Anti-Viral Immunity and Immunopathology in the Lung. Am J Pathol (2003) 163(4):1341–55. doi: 10.1016/S0002-9440(10)63493-1

30. Salje, H, Cummings, DAT, Rodriguez-Barraquer, I, Katzelnick, LC, Lessler, J, Klungthong, C, et al. Reconstruction of Antibody Dynamics and Infection Histories to Evaluate Dengue Risk. Nature (2018) 557(7707):719–23. doi: 10.1038/s41586-018-0157-4

31. Halstead, SB, Mahalingam, S, Marovich, MA, Ubol, S, and Mosser, DM. Intrinsic Antibody-Dependent Enhancement of Microbial Infection in Macrophages: Disease Regulation by Immune Complexes. Lancet Infect Dis (2010) 10(10):712–22. doi: 10.1016/S1473-3099(10)70166-3



Author Disclaimer: Material has been reviewed by the Walter Reed Army Institute of Research. There is no objection to its presentation and/or publication. The opinions or assertions contained herein are the private views of the authors, and are not to be construed as official, or as reflecting true views of the National Institutes of Health, Department of the Army or the Department of Defense. The investigators have adhered to the policies for protection of human subjects as prescribed in AR 70–25.


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.


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 © 2021 Sanchez-Vargas, Anderson, Srikiatkhachorn, Currier, Friberg, Endy, Fernandez, Mathew and Rothman. 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/fimmu-12-710300-g003.jpg
.v
[’ vw '“ H
PR g i

i






OEBPS/Images/fimmu.2021.710300_cover.jpg
’ frontiers
in Immunology

Longitudinal Analysis of Dengue
Virus—Specific Memory T Cell
Responses and Their Association
With Clinical Outcome in Subsequent
DENV Infection





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Longitudinal Analysis of Dengue Virus–Specific Memory T Cell Responses and Their Association With Clinical Outcome in Subsequent DENV Infection

      

        		

          Introduction

        



        		

          Materials And Methods

        

          		

            Study Subjects

          



          		

            Peptide Pools

          



          		

            Ex Vivo Single Color IFN-γ ELISPOT Assay

          



          		

            Cultured TNF-α/IFN-γ Dual-Color ELISPOT Assay In Vitro

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Low Frequencies of DENV-Specific Memory T Cells Detected by Ex Vivo ELISPOT

          



          		

            In Vitro Stimulation Increases the Frequency of Cytokine-Secreting DENV-Specific Memory T Cells After Infection

          



          		

            DENV-Specific Memory T Cells Are Associated With the Severity of the Disease

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-710300-g002.jpg
iz
on
=l - HH
H ]
H £ H H
¢ * H
] £
s s
10005048 A 10000548 M 1o 5003048
HH HH
H H
H H ]
¢ - H
£ £
£ &
2 000057045 . Fr—






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-710300-g001.jpg
IFN-y SFC/10°PBMC

IFN-y SFCI50,000 colls

Gultured IFN-1 SFCI50,000 calls

hDHF
0 L
o 8w,
H
o 2
%
0 2 o
£
o T o
Soorer w2 oot mpon
NH ° nOHE
10y L] 108
_—— .
5 =
L B % w
10 o g .
10'- 2 2 1o
1 §
10r] T
- T e
za0r pre) 2002 post 001 pre) 2002{post
.
2001 (Pre) - 2002 (Post)
P § o
20, ° S
S o
£ ° a
- e
£ wofo
100 I Po °
£ 200
w i
s Ple”,
T s e W e e 3T me m w

Ex-vivo IFN-y SFC/10°

Ex-vivo IFN-y SFC/10*

1prWE
2prE
3prE
4pruE

o 2pME
» s





OEBPS/Images/table1.jpg
Donor Yearof Age(y)® Gender’® Dengue Serotype® Clinical PBMC studied Ex-vivo ELISPOT Cultured ELISPOT

# enrollment manifestation®

1 1998 12 M DENV2 NH 1998, 1999°, 2000, 2001, 2002 v v
2 1998 1" F DENV2 NH 1998, 1999°, 2000, 2001, 2002 4 v
3 1998 15 F DENV2 NH 1998, 1999°, 2000, 2001, 2002 v v
4 1999 10 F DENV2 NH 2001, 2002 v v
5 1999 10 F DENV2 NH 2001, 2002 v 4
6 1999 10 M DENV2 NH 2001, 2002 v v
7 1998 1" M DENV2 NH 1998, 1999°, 2000, 2001, 2002° v
8 1998 12 F DENV2 NH 1998, 1999°, 2000, 2001, 2002 v
9 1999 10 M DENV2 NH 2001°, 2002 4
10 2001 10 M DENV2 NH 2001°, 2002 v
1 1999 10 M DENV2 NH 2001°, 2002 v
12 1998 11 F DENV2 hDHF1 1998, 1999, 2000, 2001, 2002 v v
13 1999 10 M DENV2 hDHF1 2001, 2002 v v
14 2001 8 F DENV2 hDHF1 2001, 2002 v v
15 1998 1" F DENV2 hDHF1 1998, 1999°, 2000, 2001, 2002 v
16 1998 11 F DENV2 hDHF1 1998°, 1999°, 2000, 2001, v

2002°

17 1998 12 M DENV2 hDHF1 1998, 1999, 2000, 2001°, 2002 v
18 2000 8 M DENV2 hDHF1 2001, 2002 v
19 2001 8 M DENV2 hDHF2 2001, 2002 v v
20 1999 10 F DENV2 hDHF2 2001, 2002 v
21 1998 12 M DENV3 NH 1998, 1999, 2000, 2001, 2002 v v
22 1998 18 M DENV3 NH 1998, 1999°, 2000, 2001, 2002 4 v
23 1998 13 M DENV3 NH 1998, 1999, 2000, 2001, 2002 v 4
24 1998 12 M DENV3 NH 1998, 1999, 2000, 2001, 2002 v v

“Age at the time of the secondary infection.

°F, female; M, male.

°All secondary infections were in 2001.

INH, nonhospitalized; hDHF1, hospitalized dengue hemorrhagic fever grade I; hDHF2 hospitalized dengue hemorrhagic fever grade Il faccording to the World Health Organization (20)].
®lnadequate sample- no data or only partial data was available.





