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ABSTRACT 
 
 
Background: All 4 serotypes of dengue virus can cause dengue fever and 

severe dengue (dengue hemorrhagic fever/dengue shock syndrome, DHF/DSS), 

mediated in part by cross-reactive T cells. Our understanding of how memory 

T-cells contribute to anti-DENV immunity is incomplete, and the duration and 

functional profile of dengue-specific T-cell-mediated immune responses is still 

not known. Due to a lack of an appropriate animal model and because co- 

circulation of all 4 dengue serotypes occurs in hyperendemic areas, research on 

memory T cells has been conducted in humans who have experienced multiple 

infections and are continuously being exposed to dengue antigens. Therefore, 

the purpose of this work was to assess the duration, memory phenotype, and 

effector function of dengue-specific T cell-mediated immune responses in 

volunteers, who experienced a single natural infection, 3, 9, or 60+ years 

previously. 

 
 
 
Methods: Volunteers who were infected with dengue virus in the 2001 Hawaii 

dengue outbreak were bled 3 years and 9 years after infection. Also volunteers 

who were infected with dengue in the 1943-44 dengue outbreak in the Pacific 

were enrolled and bled in 2005, six decades after infection. Negative control 

were volunteers who were dengue naïve. We tested plasma/serum collected 
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from all subjects for the presence of anti-dengue neutralizing and total IgG 

antibodies. Proliferation, memory phenotype, cytokine profiles and cross- 

reactive potential were examined using PBMCs from all subjects. Assays such 

as IFN-γ ELISpot, PKH-26 dye dilution proliferation, phenotyping of CD 

markers, dengue-specific MHC tetramer binding, and intracellular secretion of 

IFN-γ, MIP-1β and TNF-α were examined by flow cytometry. 

 
 
 
Results: The data in this work demonstrates that dengue-specific humoral and 

cell adaptive immune responses can persist for more than six decades in the 

absence of continual exposure to dengue antigens. Both CD4+ and CD8+ T- cells 

were involved in the proliferative responses, however there were marked 

differences between the two subsets with respect to longevity of responses. CD4+ 

responses declined gradually, whereas CD8+ T-cell memory declined more 

drastically with time, with substantially diminished responses apparent at 9 years. 

The functional phenotype analysis revealed that the multifunction cross-reactive 

response associated with anti-viral protection, that was observed at 3 years after 

infection, but greatly diminished with time, and was replaced by highly cross-

reactive monofunctional, TNF-α rich response. 
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Significance: The dengue viruses cause more than 50 million symptomatic 

dengue infections annually, in more than 100 dengue endemic countries.  

Studies in endemic populations suggest that protective immunity is mediated by 

polyfunctional CD8+ T-cells, which secrete IFN-γ. We describe persistence of 

T-cell mediated immune responses for more than 60 years following a single 

dengue infection and show that in the absence of repeated exposures, CD8+ 

memory T-cell responses, including secretion of IFN-γ, decline markedly 

whereas CD4+ responses are maintained. This temporal decline in CD8+ T cell 

function, detectable as early as 6 years after infection, implies that T-cell 

mediated protection is progressively lost in the years following infection and 

suggests that boosting strategies may need to be incorporated into dengue 

vaccine regimens. 
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1. Dengue  

1.1 History and Epidemiology 

The first description of a dengue-like illness can be found in Chinese literature 

dating back to the Chin Dynasty (CE 265) (ref 1). The disease was called “water 

poison” and was associated with insects flying around the water. Similar 

descriptions were also seen during the 1600s in the French West Indies and 

Panama (ref 1). The 18th and 19th centuries brought large expansions of shipping 

industries and growth of port cities, which in turn became more urbanized, thus 

creating the optimal transmission conditions for dengue virus (DENV) by its 

principal mosquito vector, Aedes aegypti (ref 2). Reports of dengue-like illness 

from 1779-1788 in Indonesia, Egypt, North America and Spain were perhaps the 

first descriptions of dengue pandemics, showing evidence of widespread DENV 

distribution (ref 2). The first U.S.-confirmed case report of dengue was 

documented in 1789 by Benjamin Rush, who coined the term “breakbone fever” 

because of the symptoms of myalgia and arthralgia (ref 2). 

 

The next major turning point in the spread of DENV occurred during World War 

II. Just like the expansion of shipping lines of the 18th and 19th centuries created 

the ideal conditions for the spread of DENV and its mosquito vector, the 

transportation of troops and supplies during World War II resulted in the 
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importation of susceptible hosts, and the movement of Ae. aegypti into new 

geographic regions, but on a much grander scale and accelerated pace (ref 3).  

The first dengue virus, DENV-1, was isolated by Mochizuki in Japan in the early 

1940s during a dengue epidemic in the Pacific (ref 4), and soon after by Sabin in 

Hawaii (ref 5). This was shortly followed by the isolation of other dengue viruses 

(DENV-2, DENV-3 and DENV-4), as well as the discovery of DENV homotypic 

immunity and the development of the hemmagglutination inhibition (HI) test for 

serodiagnosis (ref 6). Due to major demographic and societal changes following 

World War II, all four serotypes could be found circulating in Southeast Asia and 

India by the 1960s with larger and more frequent dengue epidemics (ref 7). Rapid 

population growth, inadequate mosquito control, and increased movement of 

people due to modern transportation contributed to intensified transmission of 

DENV in humans leading to an upsurge of dengue epidemics (ref 8). Although 

DENV outbreaks associated with severe and fatal hemorrhagic disease had been 

documented since the early1700s, they were rare (ref 6), and when numerous cases 

of hemorrhagic fever linked with epidemics in Thailand and the Philippines in the 

1950s were reported, many thought it to be a new disease (ref 9). However, further 

epidemiological studies showed that increased dengue epidemic activity and 

introduction of different DENV serotypes to new geographical areas, were 

associated with severe dengue disease, and a connection between hemorrhagic 
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fever and secondary DENV infection by heterologous DENV serotype was 

reported (Figure 1-1) (ref 10, 11).  

 

 

Figure 1-1. Geographic emergence of DENV and dengue hemorrhagic fever (DHF) before 
and after 1960 (S Bhatt et al. Nature 000, 1-4 (2013), doi:10.1038/nature12060)  
 
 
In the 21st century, DENV has become the fastest growing and the most 

widespread mosquito-borne viral infection in humans worldwide, with an 

estimated 350 million cases occurring annually and about 2.5 billion people at risk 

(ref 12). The World Health Organization (WHO) estimates that 500,000 cases of 

dengue (mainly in children) require hospitalization each year and that 2.5% of 

these cases result in death (ref 13). DENV is now endemic in more than 90 tropical 

countries, and the list is growing (Figure 1-2). Outbreaks were previously restricted 

to the tropics, reflecting geographic distribution of the vector, Aedes mosquitoes, 

but contemporary demographic and life-style trends, such as population explosion, 



	  

	   5	  

uncontrolled urbanization and rapid transportation of large numbers of people, 

have led to spread of DENV to non-endemic regions (ref 14).  

 

 

Figure 1-2. Global evidence consensus, risk and burden of dengue in 2010 
National and subnational evidence consensus on complete absence (green) through to complete 
presence (red) of dengue. (http://www.who.int/csr/disease/dengue/impact/en/) 
 

DENV has been virtually eradicated from the U.S. since the 1940s, but domestic 

outbreaks in Hawaii, Puerto Rico, Texas and nearby Mexican cities, and Florida 

(ref 15) in the past decade have intensified national interest. Recent DENV 

infections in Key West, Florida, where DENV seroprevalence is now about 5% in 

the local population (ref 16), highlight the possibility of its re-establishment in the 

U.S. In the first decade of the 21st century, studies have estimated the DENV 

economic and disease burden at $950m ($610m-$1,834m) annually, and the annual 

number of disability-adjusted life years (DALYs) was at 214,000 DALYs 

(120,000-299,000) in Southeast Asia alone (ref 17).  The rapid spread and 
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increasing incidence of DENV emphasize the urgent need to expand and enhance 

research on prevention, vaccine development, and treatment. 

 

1.2 Virology 

DENV belongs to the Flavivirus genus in the Flaviviridae family. The Flaviviridae 

include a large number of arthropod-borne pathogens responsible for causing 

severe morbidity and mortality in humans and animals. In addition to DENV, more 

than 70 flavivirus species have been described, including Japanese encephalitis 

virus (JEV), Murray Valley encephalitis virus (MEV), Tick-borne encephalitis 

virus (TBE), West Nile virus (WNV), Kunjin virus (KUNV) (ref 18). There are 

four antigenically and genetically distinct yet closely related DENV serotypes 

(DENV-1 to DENV-4) with amino acid sequence divergence of about 30% (Figure 

1-3). The four DENV serotypes can be further subdivided into genotypes, with 

DENV-1, DENV-2 and DENV-3 consisting of five genotypes and DENV-4 of four 

genotypes (ref 19, 20). These genotypes may be correlated with the geographical 

origins of the virus (ref 21). 

 

The four DENV serotypes, like other flaviviruses, have a single-stranded positive-

sense RNA genome which is approximately 11 kb and encodes an uninterrupted 

open reading frame (ORF) flanked by 5’ and 3’ non-coding regions. The genomic 
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RNA is infectious and is the only viral mRNA present in infected cells. A 

prominent characteristic of the Flavivirus genome is its single ORF that encodes a 

polyprotein which is post-translationally processed into 10 mature viral proteins, 

including the three structural proteins: capsid (C), membrane (M) and envelope (E) 

proteins; and seven nonstructural proteins: NS1 (replicase), NS3 (protease-

helicase) and NS5 (RNA-dependent RNA polymerase) proteins, along with four 

additional small non-structural proteins, NS2A, NS2B, NS4A and NS4B, whose 

functions are largely unknown. 
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Figure 1-3. Phylogenetic tree of DENV strains from all four serotypes derived from the 
complete open reading frames, available in GenBank. The phylogeny was inferred using 
Bayesian analysis (one million reiterations) and all horizontal branches are scaled according to 
the number of substitutions per site. Bayesian probability values are shown for key nodes. Virus 
strains are coded by abbreviated country of collection/strain name/year of collection. (Infect 
Genet Evol. 2009 July; 9(4): 523–540) 
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1.3 Transmission 

DENV is transmitted to humans by domestic Aedes mosquito vectors.  In the 

highly efficient domestic transmission cycle, mosquitoes acquire the virus while 

feeding on the blood of a person infected with DENV (Figure 1-4a). After about a 

week of virus incubation and replication within the mosquito, the infected 

mosquito is capable of transmitting the virus to susceptible individuals for the rest 

of its life.  After being bitten by an infected mosquito, the virus replicates in the 

human host for about 3-14 days, at which time an uninfected Aedes mosquito may 

acquire the virus when it feeds, and thus repeating the cycle (Figure 1-4b).  

a.      b. 

         

Figure 1-4a-b. DENV viruses are efficiently transmitted between mosquitoes and humans 
without the need for an enzootic amplification host, due to high levels of viremia resulting from 
DENV infection of humans. (Nature Reviews Microbiology, 2001, 5:518-528). b. DENV 
intrinsic and extrinsic incubation periods. (http://www.cdc.gov/ncidod/dvbid/ dengue/slideset)	  
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1.4 Host, Cell, and Receptor Range  

DENV is restricted in its host range to humans and non-human primates. DENV 

strains known to cause disease in humans do not produce discernible infection in 

chickens, lizards, guinea pigs, rabbits, hamsters or rats, and an animal model that 

reproduces human disease is not available (ref 22). Though DENV is host species 

restrictive, it is capable of infecting and replicating in a broad range of cell types 

through receptor mediated endocytosis (ref 23). Kidney-derived cells (Vero) from 

African green monkeys, baby hamster kidney cells (BHK) and mosquito cells 

(C6/36) are all susceptible to DENV infection (ref 23). It is believed that after 

DENV enters the bloodstream via the bite of an infected mosquito, the primary 

target of the virus are the myeloid dendritic cells (DC), which can be found in skin 

in the form of Langerhans cells. DENV-infected Langerhans cells travel to the 

lymph nodes where they come in contact with monocytes and macrophages, whose 

role is to destroy the infected cells, but instead they become infected themselves 

(ref 22). Data from a humanized mouse model suggests that DC, macrophages, and 

monocytes are the primary targets of DENV in the initial stages. As these infected 

cells migrate, they spread the virus to T and B cells, as well as hepatocytes of the 

liver, perivascular cells of the brain, and endothelial cells of the spleen (ref 23-24). 
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From in vitro studies of Vero, BHK and C6/36 cells, laminin-binding protein and 

other not fully characterized polypeptides have been identified as cellular receptors 

for DENV entry (ref 25). In humans, in vitro studies of hepatocytes have identified 

heat shock proteins Hsp70 and Hsp90, GRP78 and heparin-sulfate as cellular 

receptors (ref 26). In monocytes and macrophages, mannose receptor (CD205), 

CD14-associated associated protein CLEA-5A, heparin-sulfate, and DC-SIGN 

(CD209) have all been associated with DENV (ref 26-27). DC-SIGN has also been 

identified as one of the cellular receptor for DC (ref 27). In vivo, very little is 

known concerning actual receptor usage during natural DENV infection and how 

this may influence dengue disease severity. 

 

1.5 Disease, Diagnosis, Treatment and Prevention  

DENV infections in humans can be asymptomatic or lead to a range of clinical 

presentations, even death. After being bitten by an infected mosquito and following 

an incubation period of 4-7 days, some individuals may develop a clinical illness 

with abrupt onset of fever, known as dengue fever (DF), characterized by frontal 

headache, retroocular pain, muscle and joint pain, nausea, vomiting and rash (ref 

28). DENV disappears from the blood after an average of 5 days, closely correlated 

with the disappearance of fever, and no carrier state ensues. In some cases, the 

disease progress beyond the acute febrile phase to a critical stage, characterized by 
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flushed skin with the appearance of a petechial rash, and is associated with 

capillary leakage and hemorrhage (ref 29). This is a more severe form of dengue 

disease and can result in death, primarily through increased vascular permeability 

and shock (known as dengue shock syndrome, or DSS). Most of the severe dengue 

cases are seen in children under the age of 15, however, increasingly, more cases 

are now being seen in adults (ref 30).  

 

The 2009 WHO diagnostic criteria classify dengue disease according to levels of 

severity: dengue without warning signs; dengue with warning signs (abdominal 

pain, persistent vomiting, fluid accumulation, mucosal bleeding, lethargy, liver 

enlargement, increasing hematocrit with decreasing platelets); and severe dengue 

(dengue with severe plasma leakage, severe bleeding, or organ failure) (ref 31). 

Due to febrile nature of dengue illness, it can be difficult to distinguish it from 

other infections, such as influenza, malaria, leptospirosis and typhoid fever. A 

tourniquet test could be used as a screening test for DENV infection, but it is not 

specific to dengue (ref 32), thus laboratory confirmation is required to definitively 

diagnose DENV infection.  

 

There are two groups of widely used laboratory diagnostic tests for DENV 

infection. The first group of tests can help in making a primary presumptive 
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diagnosis. The most important test is the complete blood count. DENV infection 

can be presumed if increased hematocrit (hemoconcentration), atypical 

lymphocytosis and thrombocytopenia are observed (ref 32, 33). The second group 

is the test for confirmation of infection, such as serological tests for anti-DENV 

antibodies, reverse transcription polymerase chain reaction (PCR) for DENV RNA, 

DENV NS1 detection tests for NS1 antigen, among others, with serological tests 

being the most common. The two main serological tests are dengue IgM and 

dengue IgG ELISA and are useful to confirm the physician’s clinical diagnosis 

(Table 1-1) (ref 34, 35).  
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Table 1-1. Evaluation of dengue laboratory diagnostic tests 

 
(Peeling, R. et al. Nature Reviews Microbiology, 2010, 8, S30-S37) 
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No specific treatment for dengue disease exists. Fluid replacement to counter 

dehydration from vomiting and high fever is the main form of treatment. 

Acetaminophen is used to alleviate pain and reduce fever. For severe dengue, 

hospitalization might be required, where intravenous (IV) fluid and electrolyte 

replacement, and even blood transfusion might be administered (ref 35). Currently, 

no effective prophylactic or licensed DENV vaccine is available, so the most 

effective preventive measures include active surveillance and vector control (ref 

36). On an individual basis, measures to minimize exposure to mosquitoes through 

use of proper protective clothing, repellents, and avoiding areas with known 

DENV transmission, can reduce the probability of the acquisition of infection. 

 

1.6 DENV Vaccine 

WHO’s Global Strategy for DENV prevention and control aims to significantly 

reduce morbidity and mortality by 2020, and development of a safe and efficacious 

DENV vaccine is a major public health goal (ref 37). The goal of effective vaccine 

is to provide long-term protection against all 4 DENV serotypes. Since DENV 

immunopathogenesis has been associated with sequential heterologous infection 

due to possible effects of antibody-dependent enhancement (ADE), and original 

antigenic sin (OAS) of T cells, one of the major concerns with DENV vaccine 

design has been safety (ref 38). The correlates of anti-DENV immune protection 
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and mechanism of pathogenesis still have not been fully defined. In addition, lack 

of a suitable animal model has impeded DENV vaccine development, and as of 

today, there is still no vaccine licensed for human use.  

 

Several vaccine candidates are currently in development or undergoing clinical 

trials (Table 1.7-1) (ref 39). These include live-attenuated virus, live-chimeric 

virus, inactivated virus, and live-recombinant, DNA and subunit vaccines (ref 40). 

Besides the live-virus vaccines, non-viral subunit vaccines that mostly focus on the 

E protein and its derivatives, or NS1 protein, have been proposed in hopes of 

providing a safer alternative (ref 40). Candidate vaccine concerns include possible 

viral interference, the risk of ADE and OAS, and failure to provide adequate 

heterotypic immunity (ref 39). The unexpected failure of a promising tetravalent, 

live, candidate vaccine designed to induce high-titer neutralizing antibodies 

directed against the DENV envelope has highlighted the gaps in our understanding 

about the adaptive immune response to DENV and to the possible correlates of 

protection in both T-cell and B-cell-mediated immunity (ref 41). The lack of good 

animal models has meant that analysis of DENV immunobiology is largely 

restricted to observational studies in humans living in endemic countries, where 

hyper-endemic transmission of all four serotypes results in multiple DENV 

infections occurring within the first decade of life. In spite of the many challenges, 
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there has been encouraging progress made in recent years, aided by development 

of promising animal models. These models include the use of humanized, 

knockout and transgenic mice, which permit for better disease modeling and initial 

vaccine testing (ref 42).  

 

Table 1-2      Dengue vaccine candidates in clinical development 

Vaccine 
candidate 

Vaccine approach Developer/commercial partner Stage of 
clinical 
development 

Chimerivax 
dengue 

Chimeric viruses based on YF 
17D back bone 

Sanofi Pasteur Phase 3 

LAV Classically live attenuated 
viruses derived by passage in 
primary dog kidney cells 

Walter Reed Army Institute of 
Research/GlaxoSmithKline 

Phase 2 
(developm
ent on 
hold) 

TV Vaccine 
formulations 

Combination of defined 
mutations/deletions and 
chimeras 

NIAID LID/Butantan, 
Biological E, Panacea, 
Vabiotech 

Phase 1 

DENVax Chimeric viruses based on 
DENV2 PDK 53 background 

Inviragen Phase 1 

DEN-80E Recombinant subunit envelope 
proteins produced in insect 
cells 

Hawaii Biotech/Merck Phase 1 

D1ME-VR-P DNA vaccine comprising prM-
E genes 

Naval Medical Research Center Phase 1 
 
 

(Coller, B. et al. Current Opinion in Immunology, 2011, 23(3):391-398)	  
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1.7 Host Protective Immune Responses  

Both innate and adaptive cellular immune responses have been shown to play an 

important role in protection against DENV. In viral infections, early viral nucleic 

acid recognition by host pattern recognition receptors (PRRs), such as the 

endosomal Toll-like receptors (TLRs) and the cytoplasmic receptor family of 

DExD/H box RNA helicases, leads to establishment of anti-viral response (ref 43). 

In DENV infection RIG-I, MDA5, and TLR3 are the major receptors involved in 

recognition of viral nucleic acids and mounting of innate responses to DENV 

infection through activation of the interferon regulatory and the NF-κB 

transcription factors, leading to maturation and activation of DCs and production 

of IFN-α/β and inflammatory cytokines and chemokines (ref 44).  

 

Along with PRRs, Natural killer (NK) cells also play an important role in 

controlling viral replication at the early stages of DENV infection through 

antibody-dependent cellular cytotoxicity (ADCC) killing of infected cells (ref 45). 

Several studies reported a correlation between higher frequencies of NK cells in 

mild DF compared to those with more severe dengue (ref 46), and genome-wide 

association studies have shown an association between MICB and MICA, which 

encode ligands of the activating NK receptor NKG2D, and dengue disease 

outcome (ref 47). 
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The complement system is involved in aiding the control of viral infections by 

lysing virions and virally infected cells, priming of B and T cells, and through 

production of anaphylatoxins. In DENV infection, the mannose-binding lectin 

(MBL) pathway has been shown to be able directly neutralize DENV virions (ref 

48), and deficiency in MBL level or activity due to host polymorphisms in the 

MBL2 gene correlates with reduced levels of DENV neutralization (ref 49). Sera 

from healthy humans have been shown to reduce ADE activity, with C1q and C3 

molecules playing an important role in reduction of ADE (ref 50).  

 

Anti-DENV neutralizing antibodies serve as the most commonly used correlate of 

protection (ref 51), and play an important role in controlling DENV infection 

through opsonization, elimination of infected cells, and neutralization.. In mice and 

monkey studies neutralizing antibodies against the E and PrM proteins have been 

shown to provide protection against DENV infection (ref 52, 53). Elimination of 

DENV-infected cells by non-neutralizing antibodies, such as those against NS1 

and NS3 proteins, has been shown to provide partial protection in mice through 

ADCC-dependent mechanism (ref 53, 54). 

 

The protective role for T cells in viral infections is widely documented (ref 55). 

CD8+ and CD4+ T cells control viral infection by direct cytotoxicity and 
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production of pro-inflammatory cytokines, such as IFN-γ and TNFα. CD4+T cells, 

in addition, also enhance B and CD8+ T cells responses and promote memory 

generation (ref 56). In DENV infection, both CD4+ and CD8+ T cells lyse infected 

cells and produce IFN-γ, and higher frequencies of DENV-specific IFN-γ 

producing T cells have been associated with more mild disease (ref 57-59). Genetic 

studies of DENV-infected patients have identified a correlation between multi-

functional, high-magnitude CD8+ T cell responses and HLA alleles associated 

with protection from severe dengue disease (ref 60).  

 

Cytokines and chemokines participate in anti-viral defense during DENV 

infection. In the murine immunocompetent model of DENV infection, IL-12, IL-

18, and IFN-γ are important mediators in controlling viral replication (ref 61). 

Clinical findings showed higher levels of IL-12 and IFN- γ in DF patients, 

compared to much lower levels in patients with DHF grades III and IV (ref 62). 

Studies in in-vitro cell cultures, animal models, and DENV-infected patients have 

identified IFN- γ as pivotal component in controlling DENV replication and 

mediating disease resistance (ref 63-65). Chemokine CXCL10 production and 

subsequent CXCR3 receptor activation have been also shown to improve host 

resistance during DENV infection by direct competition with virus for cellular 

receptors and by activating CD8+ and NK cells (ref 66). Many of the same 
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immune pathways are used to mediate both protective and pathologic responses, 

and the exact mechanism by which an effective anti-DENV protective response 

may be mounted is still not well characterized (Figure 1-4) (ref 67). 

 

1.8 Dengue Pathogenesis 

Even though DENV pathogenesis has been a focus of many studies for more than 

six decades, it is still not well understood due to its complex and multi-factorial 

nature, involving both host and viral factors. Severe DENV pathogenesis is a 

multi-faceted combination of many elements: vector density, virus circulation, 

susceptible population at risk for a secondary dengue infection, time between 

infections, sequence of infections, and host factors (ref 67-72). Host factors include 

age, immune status, pre-existing anti-DENV antibodies and T cells, and genetics. 

Viral factors depend on serotype, strains, and genotypes (ref 19, 21, 73, 74). 

 

Several published reports have shown that severe dengue can occur after primary 

infection (ref 75, 76). It has been hypothesized that certain strains of DENV are 

more virulent (ref 77, 78). Reports from 1974-1975 DENV outbreaks in Tonga 

supported a role for more virulent strains of DENV as the cause of primary DHF 

observed in the patients, who were previously DENV naïve (ref 79). Whole 
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genome sequencing of DENV-2 identified structural differences between strains 

associated with DF only and those reported to cause DHF (ref 80). 

 

The complement system has also been implicated in the pathogenesis of primary 

and secondary DENV infections. High levels of complement activation products, 

C3a and C5a, are present in the plasma during the time of defervescence, but were 

followed by C3 depletion in the sera of DHF/DSS patients (ref 81, 82). Release of 

soluble NS1 protein has been shown to activate complement in-vitro, which can 

lead to production of the C5b-C9 complex that can trigger production of 

inflammatory cytokines (ref 83).  Studies in Brazil confirmed the association of 

depleted levels of C3 and elevated levels of C3a-C5a with more severe dengue 

pathogenesis in both primary and secondary DENV infection (ref 84). 

 

Although millions of people are infected with DENV every year, only a small 

percentage of them experience severe disease, suggesting that host genetics may 

contribute to disease outcome. A correlation between host genetic markers and 

dengue disease outcome has been shown (ref 85). Gene association studies have 

shown that HLA molecules, cell receptors for IgG (FcγRII), vitamin D and ICAM3 

(DCSIGN or CD209), pathogen recognition molecules such as mannose binding 

lectin (MBL), blood related antigens including ABO and human platelet antigens 
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(HPA1 and HPA2) have statistically significant associations with disease severity 

or protection (ref 85). Race has also been shown to influence dengue disease 

outcome. Retrospective seroepidemiological studies in Cuba and Haiti reported 

that number of cases of severe dengue was much higher in Caucasians and Asians 

compared to those of African heritage, even though rates of dengue infection were 

similar, and this observation was interpreted to suggest the possibility of human 

DENV susceptibility genes (ref 86, 87). 

 

Notwithstanding all the theories attributed to dengue pathogenesis, it is widely 

accepted that an exacerbated host response plays a pivotal role in the disease 

outcome. This aggravated host response manifests itself in the context of amplified 

cytokine and chemokine production, and has been referred to as “cytokine storm” 

(ref 88). The magnified production of cytokines and chemokines ultimately has a 

direct effect on the vascular endothelium and eventually leads to increased vascular 

permeability, hemorrhagic symptoms, hemoconcentration, and in some cases shock 

and death (ref 89). 

 

Disproportionate production of proinflammatory cytokines and chemokines 

contribute to an overall inflammatory state, which is a hallmark of many severe 

diseases. It is not surprising those patients experiencing severe disease have higher 
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levels of proinflammatory molecules. Cytokines: IFN-α, IFN-γ, IL-6, IL-8, IL-10, 

MIF, TNF and VEGF; chemokine ligands: CCL-2, CCL-3, CXCL8, CXCL9, 

CXCL10, and CXCL11; along with soluble receptors: CD4, CD8, TNF receptor, 

IL-2 receptor and IL-1 receptor antagonist, all have been measured at higher 

concentrations in plasma of patients with severe dengue (ref 90). The exact 

mechanism responsible for this “cytokine storm” is unclear, but it is likely the 

synergistic effect of several factors culminating in uncontrolled immune cell 

activation and amplified cytokine production resulting in severe disease (ref 91). 

 

Marked increases in disease severity have been associated with longer interval 

between primary and secondary infections (ref 92, 93), and higher levels of 

viremia were associated with longer interval between first and second 

immunizations with live attenuated dengue vaccines (ref 94), implicating change in 

the host immune status as contributing factor to disease severity. 

 

The majority of epidemiological data show that 80-90% of severe dengue cases 

occur among individuals with secondary heterologous infection and existing 

immunity to DENV is one of the greatest risk factors for developing severe disease 

(ref 69). The prevailing hypothesis of dengue pathogenesis points to immune 

activation associated with prior exposure to DENV as one of the most important 
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risk factors for severe dengue. There are two theories of dengue pathogenesis that 

have been leading the research field: ADE (ref 95), and OAS of cross-reactive 

memory T cells (96).  Efforts to identify a single specific mechanism responsible 

for anti-DENV protective responses have been unsuccessful; and attempts to 

pinpoint one precise mode of action responsible for dengue pathogenesis have also 

been futile. With intensified efforts in the past decade, development of new 

techniques, and with compilation of all the data coming from clinical and 

laboratory studies, our understanding of dengue protective and disease mechanisms 

is expanding. It is becoming evident that intricate amalgamations of immune 

responses are responsible for both protective and pathologic immunity (Figure 1-

5). 
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Figure 1-5. Mechanisms involved in protection and disease during host response to DENV 
infection. On DENV infection of permissive cells, host immune and endothelial compartments 
trigger several immune mechanisms and inflammatory pathways to control viral replication 
(right). Some pathways are critical for protection from infection such as that controlled by 
activation of the receptors TLR3, RIG-I, and MDA5, which mediate type I IFN–mediated 
antiviral responses (partly dependent on STAT1 activation). In addition, the production of IFN-γ, 
induced by IL-12 and IL-18, controls the production of the virucide metabolite nitric oxide. 
Other protective mechanisms unleashed by DENV infection involve the production of 
neutralizing antibodies (especially in the context of secondary infections), CD8 T-cell activation, 
and CXCR3-mediated recruitment of leukocytes. However, several mediators produced during 
host response ultimately leads to exacerbation of disease (left). For example, activation of FcγRs 
by antibody–DENV complexes leads to exacerbated production of proinflammatory mediators. 
Some of these molecules seem to play negligible roles in the control of infection and, therefore, 
consist of potential targets for therapeutic intervention. Hence, inhibition of the cytokines TNF-α 
and MIF; of activation of PAFR, CCR2 receptor, and CCR4 receptor; and of activation of iNKT 
cells results in reduced disease severity after DENV infection, with no alteration in viral 
clearance. Importantly, it has been reported that activation of some of these pathways interferes 
with host antiviral responses, as demonstrated by the inhibition of TLR signaling by the 
activation of FcγRs by antibody-DENV complexes (arrow). As a final target, these molecules 
with a pathologic role during infection seem to act directly or indirectly in the endothelial 
vascular barrier, enhancing plasma extravasation (represented by the dashed endothelial cells) 
during of infection and favoring manifestation of severe dengue disease. This is exemplified in 
the figure by the effects of matrix metalloproteinase 9, HMGB1, MIF, CCL2, and activation of 
PAFR on endothelial cells. Interestingly, some of the protective antiviral molecules exert 
antipermeabilizing effects in the endothelium, as demonstrated for type I IFNs. 
(Costa, V. et al. American Journal of Pathology, 2013, 182(6):1950-61.) 
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1.9 DENV and ADE  

DENV-related ADE was originally proposed to explain DHF/DSS observed in 

infants born to mothers with previous DENV infection history, suggesting that pre-

existing serotype-cross-reactive antibodies from a previous infection were not only 

ineffective at neutralizing the current infecting DENV serotype, but were actually 

enhancing the ability of DENV to infect cells and boost replication of a second 

infecting DENV serotype (ref 97) (Figure 1-6).  ADE has been associated with 

increased disease severity in a range of viral infections, including flaviviruses such 

as JEV and WNV (ref 98). In the ADE model of severe dengue pathogenesis, pre-

existing heterotypic anti-DENV antibodies, which are non-neutralizing or weakly 

neutralizing, form immune complexes with the virus. These complexes bind to 

FcγR on the cells, which in turn facilitates virus entry into the cells, thus leading to 

higher viral loads. The increased viremia can lead to complement activation, an 

inflammatory cytokine response, and activation of apoptotic pathways, leading to 

vascular leakage associated with DHF/DSS. In-vitro studies and some in-vivo 

animal models, demonstrating ADE, show enhanced viremia and physiological 

signs consistent with DHF upon sequential infection with DENV (ref 99, 100). 
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Figure 1-6. ANTIBODY-DEPENDENT ENHANCED (ADE) IMMUNITY  
Dengue infects by attaching to a cell that then engulfs the virus in a vacuole via endocytosis. The 
virus rearranges its coat proteins to bind to the vacuole membrane, releasing its capsid and 
genome into the cytoplasm, where it is replicated and packaged into newly made virions n1. The 
infected cell also triggers an immune reaction n2 that includes the recruitment of T cells that 
release pro-inflammatory cytokines and B cells that generate antibodies. These antibodies are 
specific for the infecting virus, and bind and cover dengue’s coat n3 . When this happens, 
macrophages and monocytes clear the virus from the bloodstream by binding to and engulfing 
the antibody-coated viruses—which can no longer escape the endocytic vacuole—and destroying 
them n4. When a person is infected with a different dengue virus type n5, memory B cells 
created during the first infection spring into action n6, flooding the bloodstream with antibodies 
specific to the first type. These antibodies, however, may not bind to the new type as well n7. As 
a result, when the partially-coated virions are taken up by macrophages and monocytes, they can 
escape the endocytic vacuole, infecting and replicating within these immune cells n8. 
(http://www.the-scientist.com/?articles.view/articleNo/34586/title/Antibody-Dependent-
Enhanced--ADE--Immunity/) 
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1.10 DENV-T cells and OAS  
 
OAS, also known as the Hoskins effect, describes a phenomenon whereby 

antibodies or cells of the adaptive immune response, elicited by secondary immune 

response to an antigen, react more strongly with previously encountered closely 

related antigen (ref 101). This encounter with the cross-reactive antigen generates a 

secondary immune response that is skewed towards the first encountered closely 

related antigen. It was first described by Francis and colleagues when they 

observed that human influenza patients while infected with new strain of influenza 

elicited anti-influenza antibody responses that were skewed towards previously 

encountered influenza strains  (ref 101). Francis postulated that in original 

antigenic sin “the antibody forming mechanisms appear to be oriented by the initial 

infections of childhood so that exposures later in life to antigenically related strains 

result in a progressive reinforcement of the primary antibody” (ref 102). 

Subsequent studies revealed that OAS phenomenon is not influenza virus or 

antibody restricted phenomenon, but can be applied to other viruses and other cell 

types such as T cells (ref 103). Klenerman et al. described the OAS phenomenon in 

cytotoxic T cells (CTLs) in lymphocytic choriomeningitis virus (LCMV). Strains 

of wild type LCMV were mutated at key point CTL immunodominant epitopes and 

mice were infected with either wild type or the mutated strains. They observed that 

mice infected with wild type showed a weak cross-reactive CTL response when re-
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challenged with mutant strains, reacting primarily to wild-type strain, resulting in 

delayed clearance of the mutant strain. In contrast, when mice were first infected 

with mutant strain and then challenged with wild-type virus, the cross-reactive 

CTL responses were directed at both strains of virus, showing that CTL responses 

were asymmetrical and were shaped by the order of epitope encounter (103). The 

effects of OAS are more prominent when the sequential infections involve viruses 

that are antigenically complex, are of moderate antigenic relatedness, and when the 

interval between infections is long, which allows for continuous selection and 

maintenance of cells with cross-reactive potential, culminating in preferential 

expansion of cross-reactive cells from a previous infection over naïve cells specific 

to subsequent infecting virus (ref 104). 

 

Sequential DENV infections by heterologous serotypes can lead to induction of 

OAS, whereby memory responses from primary DENV infection may be as high, 

if not higher, than the immune responses specific for the current DENV infection 

(ref 96, 105). In many DHF cases increased numbers of circulating CD69+ immune 

cells were observed along with higher frequencies of epitope-specific T cells, and 

highly elevated serum levels of several T cell produced cytokines, chemokines, and 

immune receptors (ref 106). Cross-reactive DENV-specific memory CD4+ and 

CD8+ lymphocytes activated by heterologous DENV antigens release increased 
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levels of proinflammatory cytokines including IFN-γ, TNF-α, and IL-2 leading to 

up regulated expression of FcγR and MHC molecules on monocytes which in turn 

increases the potential for T cell activation (ref 107, 108). The rapid increase in the 

levels of proinflammatory cytokines and chemokines can result in damage to 

vascular endothelial cells followed by plasma leakage, hypotension, and shock (ref 

109).   

 

Most dengue T cell epitopes identified to date are encoded by NS3. Cross-

reactivity among the DENV serotypes is common; therefore, DENV-specific 

memory T cells generated in response to infection with one serotype may 

recognize variant epitope peptides from a second serotype encountered during a 

subsequent infection.  Since memory T cells have lower activation thresholds than 

naïve T cells and are present at higher frequencies (ref 110-111), T cells generated 

in response to a first infection (ref 112) may be preferentially activated upon 

subsequent infection with heterologous DENV, and the resulting antiviral 

response, dominated by T cells with preferential avidity for the original virus, is 

suboptimal and less effective at clearing virus during the new infection (Figure 1-

7) (ref 113). 
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! 
 

Figure 1-7. T cell responses to dengue virus protein targets and T cell effector functions. 
Newly synthesized viral proteins enter the major histocompatibility complex (MHC) class I and 
II presentation pathways and viral peptide epitopes are presented on the cell surface within the 
binding groove of MHC molecules. MHC class II molecules present peptides to CD4+ T cells, 
which principally produce cytokines but are also capable of lysing infected cells. MHC class I 
molecules present peptides to CD8+ T cells, which principally lyse infected cells but also 
produce cytokines. b | A schematic of the dengue virus polyprotein is shown at the top and the 
locations of well-defined epitopes that are recognized by human T cells are marked by arrows. c | 
Three of the well-defined T cell epitopes are shown to demonstrate the incomplete sequence 
conservation of typical T cell epitopes. The location of the epitope, its recognition by CD4+ or 
CD8+ T cells and its HLA restriction are indicated at the top. The predominant sequences for 
each of the four serotypes are shown. Residues that are completely conserved are shown in black 
and residues that are not completely conserved are shown in red. d | Variant epitopes alter the T 
cell functional response, and the figure shows two examples. The full agonist peptide (top) 
induces a full range of T-cell responses — production of multiple cytokines (for example, IFNγ, 
TNF and CCL4) and lysis of the infected cell. A partial agonist peptide varying at one residue 
(bottom; altered residue in red) induces a skewed functional response, involving production of 
some cytokines (CCL4 in this example) but little production of other cytokines (such as IFNγ) 
and inefficient cell lysis. C, capsid protein; CCL4, CC-chemokine ligand 4; E, envelope protein; 
ER, endoplasmic reticulum; IFNγ, interferon-γ; NS, non-structural protein; pre-M, precursor 
membrane protein; TNF, tumour necrosis factor. (Rothman, A. L. Nature Reviews Immunology, 
2011, 11:532-543) 
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2. Immunological Memory 
 
The primary function of the immune system is to protect against disease. An 

antigen-specific response to fight the invading pathogen is followed by generation 

of a memory component to provide an accelerated protective immune response 

upon re-exposure in the form of antibodies, memory B and T cells. Immunological 

memory is an important component of the anti-viral immune response, and the 

basis of successful vaccine development.  

 

2.1 Memory B cells 

Upon antigen exposure naïve B cells undergo clonal expansion and activation. 

These activated B cells either differentiate into short lived plasma cells, or migrate 

to initiate germinal center reaction. After expansion and affinity maturation, the 

germinal center B cells differentiate into either long-lived plasma cells, which are 

characterized by ability to produce high affinity antibodies, or memory B cells with 

high-affinity B cell receptors. The long-lived plasma B cells are terminally 

differentiated and therefore can not be re-stimulated to clonally expand, but since 

they are responsible for maintaining pre-existing antibodies, which are imperative 

for the first line of defense against pathogens, there are extremely important. The 

long-lived memory B cells, on the other hand, are maintained by homeostatic 

proliferation and can periodically differentiate, in either antigen-dependent or 
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independent manner, into long-loved plasma cells to replenish the ranks to 

maintain antibody production (ref 114).  

 

2.2 Longevity of Humoral Immunity 

It has been shown that B cell memory can persist for decades in an antigen-

independent manner (ref 114-116). In several human studies, the duration of serum 

antibodies and longevity of memory B cells was shown to last for decades. In a 

large cross-sectional study of poliovirus immunity in Sweden, polio virus-specific 

serum antibody levels were maintained for more than three decades (ref 114). 

Cross-sectional studies of smallpox immunity also showed that both antibody 

levels and memory B cells can be maintained in antigen-independent manner for 

many decades, 75 years in the case of smallpox vaccination (ref 115). In the 

Sweden cross-sectional study, declining levels of anti-tetanus and anti-diphtheria 

antibody levels were reported, thus inferring that not all memory responses are 

created equally (ref 114). These responses were measured in the context 

vaccination, and there is always a possibility that natural infections do not mirror 

the same kinetics as observed in vaccination, but a small study in duration of anti-

dengue antibody serum levels, showed that immunological memory can last for 

more than six decades after natural infection in antigen-independent manner (ref 

115). 
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2.3 Memory T Cells  

Following viral infection or vaccination, antigen presenting cells (APC) process 

and carry viral antigens to secondary lymphoid organs, where they present viral 

epitope-major histocompatibility complex (MHC) to naïve T cells. This encounter 

activates naïve T cells and primes them to undergo rapid proliferative expansion 

and differentiation. In mice a single naïve T cell, upon antigen encounter, can give 

rise to heterogeneous memory T cell (TM) population (ref 117). This differentiation 

is based on signal strength and extent of activation, according to the hierarchy (ref 

118):  

 
naïve T cells (TN), ⇒stem cell memory T cells (TSCM), ⇒central memory T cells (TCM), 

⇒and effector memory T cells (TEM) ⇔effector T cell (TEF)⇒death  

 
TSCM, TCM, and TEM all have the capacity to differentiate into tissue resident 

memory T cells (TRM), which comprise the majority of T cell memory repertoire. 

Data from mice studies show that TEF cells represent terminally differentiated cells 

and comprise the majority population after activation and expansion during acute 

viral infection. After viral clearance, most TEF cells die as an outcome of prolonged 

antigen exposure and extensive proliferation (ref 119). The progression and 

differentiation of TN cells into TM is still not completely understood, but with 

current advances in technology in single cell genomics and flow cytometry, this 
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field of study has grown exponentially. Although our understanding of memory T 

cell responses has greatly increased in recent years, most studies have been 

undertaken in mice, which do not necessarily reflect the conditions in humans. 

Unlike mice, humans live for decades and are exposed to multiple pathogens 

during their lifetime. Therefore, the results from mice do not take into 

consideration multiple exposures to various pathogens over decades, and the effect 

that has on generation, diversity, and maintenance of immunological memory. 

Another limitation to our understanding of human memory T cells is that most of 

the data comes from peripheral blood, while majority of memory T cells actually 

reside in tissues, so memory T cell frequency in blood is likely a pronounced 

underestimate of total frequency, and the phenotype and functional profiles might 

not be indicative of tissue resident memory T cells (TRM) (ref 118).  

 

2.4 Longevity of T-Cell Memory 

The duration of virus-specific cell mediated immune responses has been 

investigated following vaccination for smallpox and measles, and 20 years after 

natural dengue infection. Virus-specific memory T cells could be detected for up to 

75 years after immunization with vaccinia virus (ref 120), and up to 35 years with 

measles virus (ref 121), however the characteristics of antiviral immunity were not 

the same for the two antigens. Detailed analysis of the anti-vaccinia virus memory 
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T cell populations showed that IFN+TNF+ memory CD4+ T cells declined with a 

half-life of 8–12 years, while the IFN+TNF+ memory CD8+ T cells did not follow 

the same pattern: in 50% of individuals CD8+ T cell memory slowly declined with 

a half-life of 8–15 years, and in the other 50% of individuals CD8+ T cell memory 

was rapidly lost sometime between 3-20 years post immunization (ref 120). When 

anti-vaccinia virus long-term proliferative responses were examined, it was 

characterized by persistence of memory CD4+ T-cells and a preferential loss of 

CD8+ T-cells with time (ref 121), whereas the reverse was observed for measles 

virus, where the long-term CD8+ response remained stable and the CD4+ response 

underwent a significant decline (ref 122). Cuban cohort study showed that dengue-

specific CD4+ and CD8+ proliferative responses could be detected 20 years after 

single dengue infection (123). 

 

2.5 Heterogeneous Subsets of TM  

TM cells persist in vivo as heterogeneous populations in multiple organs. In recent 

years, a tremendous effort has been devoted to the detailed characterization of the 

phenotype and function of memory TM cells and their role in immune response.  

Original studies divided human memory T cell populations into Naıve, Memory, 

and Effector subsets based on the expression of cell surface receptors CD45RA 

and CD27 (ref 124), these were further subdivided into central memory (TCM: RA- 
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CCR7+), which traffic to lymphoid tissue, and effector memory (TEM: RA-CCR7-), 

which migrate to multiple peripheral tissues, according to the expression of CCR7 

and CD45RA (ref 125). Viral infection induces a massive expansion of specific 

CD8+ cells accompanied by secretion of IL-2.  As infection progresses, there is a 

rapid up-regulation of the cytolytic molecules, perforin and granzymes, as antigen 

specific naïve cells acquire effector phenotype. After viral clearance and huge 

attrition of the CD8+ effector cells, some of them survive to become memory cells, 

accompanied by loss and/or down regulation of CCR7, CD27, CD28 and CD62L 

expression.  Depending on the re-stimulating antigen and the local environment of 

these memory T cells, the cells will have distinct cytokine profiles and cytolytic 

capabilities, which in turn will determine the quality of the immune response, and 

it is the combination of the cell surface markers and functional profiles that is more 

indicative of the TCM and TEM classifications (ref 126-127). Studies of T cells 

responses in successful vaccination and in protective responses in viral and 

parasitic infections, clearly demonstrate that memory T polyfunctionality is an 

important correlate of protection against viral infection. Even if the numbers of 

antigen specific tetramer T cells might be high, it is their ability to secrete multiple 

cytokines and chemokines - a multifunctional memory phenotype - that contributes 

to protective immunity as was eloquently demonstrated in studies of HIV, HBV, 

influenza, and EBV infection (ref 128-135).  
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2.6 Heterologous Immunity 

The adaptive immune response is characterized by astounding antigen specificity. 

The T cell receptor (TCR) repertoire is a product of genetic recombination of gene 

segments combined with N-region substitutions, and in theory can produce 1015 T 

cells with different  TCRs, which hypothetically would generate one TCR for 

each immunogenic peptide (ref 135-137). Historically, it was believed that each 

individual T-cell clone recognized a single peptide, and T-cell activation was 

thought to be an all-or-nothing phenomenon. In reality, a human contains only 

approximately 1012 T cells, and although T cells have sufficient specificity to 

discriminate between antigenic peptides, there is a degree of flexibility in peptide 

recognition by the TCR (ref 138). This flexibility allows for generation of T cells 

capable of cross-recognition of peptide ligands with amino acid substitutions. 

Recognition of many different antigens with a limited number of T cells can be 

advantageous to an organism. It is becoming increasingly clear, both on theoretical 

grounds and from experimental data, that along with single epitope specific-T cells 

the adaptive cell immune response also generates T cells that are capable of 

peptide-cross- reactivity (ref 139). The cross-reactive potential of T cells is the 

basis of heterologous immunity. 
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The phenomenon of heterologous immunity has been demonstrated in both murine 

models and human studies, where previous infections with one pathogen can affect 

the outcome of ensuing infection with closely related and sometimes unrelated 

pathogen. Heterologous immunity can lead to enhanced, protective, or diminished, 

immunopathologic, immune response. LCMV or Pichinde virus (PV) immune 

mice can clear virus more quickly upon subsequent infection with lethal doses of 

vaccinia virus than naïve mice (ref 140). LCMV- or PV-specific memory T cells 

provided enhanced protection by cross-reactivity to vaccinia virus epitopes.  

 

In humans, human immunodeficiency virus (HIV) and hepatitis C virus (HCV)- 

specific T cell responses have been found in seronegative individuals (ref 141, 

142). These T cells might have been generated in response to previous, unrelated 

infections, and could, in theory, provide cross-protection to HIV and HCV future 

infection (ref 143). On the other hand, HCV patients suffering severe disease have 

been shown to have a high frequency of HCV epitope-specific CD8+ T cells which 

were functionally cross- reactive with an influenza virus epitope (ref 144), but they 

were not detected in patients with milder disease, suggesting that reactivation of 

cross-reactive memory influenza virus-specific T cells during acute HCV infection 

contributes to immunopathology.  
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Immunopathologic effects of CD8+ T-cell cross reactivity in humans have been 

well documented between two epitopes from related viruses, such as in 

arenaviruses (ref 145), flaviviruses (ref 146), polyomaviruses (ref 147). 

Hantaviruses (ref 148), and orthomyxoviruses (ref 149), but it has also been 

observed between unrelated viruses such as influenza A and HCV  (ref 150), HIV 

(ref 151) and EBV (ref 152). These studies demonstrated that heterologous virus 

infections could quantitatively delete and alter the pool of memory T cells specific 

for a previously encountered virus, resulting in selectively expanded cross-reactive 

T cell populations with the capacity to exert immunoprotective or 

immunopathologic effects. DENV has 4 closely related serotypes, which co-

circulate, and it is possible that serotype cross-reactive memory T cells play a role 

in shaping the course of disease (ref 153). 

 

2.7 Altered Peptide Ligands 

Altered peptide ligands (APL) are variants of defined MHC class I- or MHC class 

II-restricted T cell epitopes that can prompt alterations in effector cell function, 

compared to responses induced by the cognate epitope. Subtle changes in the 

epitope sequence, by as little as a single amino acid, can result in dramatic 

differences in cytokine secretion phenotype, proliferation, and anergy (ref 154-

156). For instance, Evavold and co-workers generated cloned TH cells specific for 
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the single immunogenic peptide from the beta-chain of murine hemoglobin Hb(64-

76), and when tested against several APLs, the CD4+ T cell clone induced 

cytolysis and up-regulation of surface IL-2 receptors but not proliferation or 

cytokine production, as seen for the cognate ligand (ref 157). 

 

In humans, viral isolates from hepatitis B patients and HIV patients demonstrated 

the dose-dependent capacity of naturally- derived APLs to inhibit cytotoxic T cell 

responses elicited by the original cognate epitope ligand (ref 157-159). The 

mechanism of how APLs affect the functional quality of the T cell is still not well 

understood, but it is believed that the TCR-pMHC interaction and the downstream 

signaling cascade is of great importance. The differences in affinity of TCR to 

pMHC off-on rate the kinetics of recruitment of CD8 to the TCR complex, and the 

downstream signaling can be altered by the APL, and quantitatively and 

qualitatively shape the T cell response. 

 

While evidence points to the involvement of memory T cells in DENV disease 

outcome, the mechanism of anti-DENV protection and their role in disease 

pathogenesis remains unclear. Most studies have concentrated on T cells from 

experimental vaccine recipients or those with secondary heterologous infection. 

Very few studies have been conducted in those with single DENV infection; 
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however, these are the people who are at threat for secondary heterologous 

infection and in possible danger of more sever disease outcome. No studies have 

looked at T cell responses at different time points after single naturally acquired 

primary infection, without probable re-exposure to DENV antigen; even though a 

strong correlation has been made concerning prolonged intervals, between primary 

and secondary heterologous DENV infections, and more severe disease outcome. 

Memory T cells have lower activation threshold and are primed to respond during 

secondary DENV infection. In this work we aimed at characterizing memory T-

cell responses at different time points after infection in the absence of repeated re-

exposure to DENV antigen; and to establish the effect of time on functional 

profiles and cross-reactive potential upon subsequent exposure to heterologous 

DENV serotype. Therefore, detailed characterization of such T-cell populations 

will fill gaps in our knowledge about the potential role of memory T cell responses 

in dengue disease outcome. 
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2.1 Background for Research Objectives 

While DENV-specific memory T cells paradoxically display both protective and 

pathogenic effects, the mechanisms underlying their role in anti-DENV immunity 

are still unclear, and many questions remain unanswered. Most studies are 

conducted in hyper-endemic areas where all four DENV serotypes are co-

circulating, and study participants have multiple exposures to dengue antigen. Very 

few studies have looked at individuals with single DENV infection without 

subsequent exposure to DENV antigen and immunological boosting. It has been 

shown that longer intervals between primary and secondary heterologous DENV 

infections carry much greater risk of more severe disease, but no studies have been 

done to look at progression of DENV T cell memory responses with time. 

Furthermore, in-depth characterization of DENV-specific T cell lines has been 

largely limited to those isolated from vaccine donors or subjects with secondary 

infections. T cells from subjects with natural primary infection, however, are those 

in position to respond in secondary heterologous infection (a risk factor for severe 

disease). Therefore, detailed analysis of these cells will help to understand their 

potential role in dengue disease and contribute to effective and safe vaccine design. 
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2.2 Hypothesis, Aims and Long-Term Goals 

The aim of this work is to gain a better understanding of long-term DENV-specific 

adaptive immune responses generated after single DENV infection, and the effect 

time on both quantitative and functional qualities of DENV-specific memory cells 

in the absence of re-exposure to dengue antigen. 

 

The central hypothesis driving this work theorizes that both specific and cross-

reactive DENV- memory T cells are generated after single primary dengue 

infection, and these responses are long-lived even in the absence of continuous 

dengue antigen re-exposure. With time these T cells undergo changes in functional 

capacities, such as skewed cytokine profiles and increased cross-reactive potential, 

which can contribute to disease outcome upon infection with secondary 

heterologous DENV serotype. 

 

Our long-term goal is to characterize in detail DENV-specific memory T cell 

responses generated after primary infection, and the differentiation process they 

undergo over time, in order elucidate both protective and pathogenic role they play 

in dengue disease. Such knowledge will contribute in design of safe and 

efficacious dengue vaccine.  
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2.3 Specific Aims 

1) To Determine the Longevity of DENV-1 Cell Adaptive Immune Responses. 

Hypothesis: DENV-1 Cell Adaptive Immune Responses are Long Lived, but 

will gradually decline with time post infection without re-exposure to dengue 

antigen. 

Approach: Examine DENV-specific humoral and memory T cell responses in 

subjects with single monotypic DENV infection at 3, nine and 60+ years after 

initial infection. Determine the specificity of DENV response by comparing to 

responses of dengue naïve subjects, negative control. Persistence of anti-DENV 

antibodies was measured from plasma/serum, collected from all study 

participants, by PANBIO IgG, PRNT90%, and in-house Luminex microsphere 

IgG assay. Long-term memory T cell responses were measured in PBMC 

collected from all subjects by ex-vivo IFN-γ ELISpot in response 24hr 

stimulation with pools of DENV peptides, and PKH-26 dye dilution 

proliferation assay in response to 10 day stimulation with live DENV. 
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2) To Detect, Characterize and Compare the Phenotype and Effector 

Function of DENV-1-Specific Memory T Cells, Three, Nine and 60+ Years 

After Initial Infection. 

Hypothesis: DENV-specific memory T cells are long lived, but undergo 

phenotypic and functional alterations with time. 

Approach: Examine CD4+ and CD8+ proliferative profiles; CD45RA, CCR7, 

and CD28 memory marker expression; and IFN-γ, MIP-1β, and TNF-α cytokine 

secretion profiles after 10 day stimulation with live DENV and/or cognate 

epitope.  

 

3) To Detect, Characterize and Compare DENV-1-Epitope-Specific and 

Cross-Reactive CD8+ Memory T Cell Responses over Time in Subjects 

Sharing Common Immune Epitope Responses and MHCI Restriction. 

Hypothesis: Memory CD8+ responses generated during primary DENV 

infection are cross-reactive and are initial ligand dependent.  

Approach: Map immunodominant epitope responses using ex-vivo IFN-γ 

ELISpot, epitope prediction software, and CD137 expression. Confirm 

specificity with cognate tetramer binding. Characterize proliferative capacity, 

memory markers expression, cytokine profiles, and tetramer binding capacity in 

response to 10 day stimulation with cognate immunodominant epitope and 
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associated altered peptide ligands, and compare the responses generated 

between the two different epitopes and the changes they undergo with time. 

 

2.4 Significance 

Most research on DENV-specific memory T cells after primary DENV infection 

has been done during or shortly after infection, and the responses observed most 

likely do not represent stable, long-term T-cell memory. Since most of the studies 

have been done in hyper-endemic areas, with substantial potential for re-exposure 

to DENV, analysis on long-term memory T cells has not been done. This study 

was the first of its kind to look at stable long-term DENV-specific responses in the 

absence of re-exposure to DENV antigens. Our findings of skewed cytokine 

profiles, loss of IFN-γ and maintenance of TNF-α, and intensified cross-reactive 

potential, as time post infection increases, is of significance in light of recent 

findings highlighting the importance of CD8+IFN- γ+ in protection against severe 

dengue disease. These findings will help to fill in the gaps in knowledge of the role 

memory T cells play in dengue disease, and can contribute to vaccine design. 
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CHAPTER 3 

 

 

Materials and Methods 
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3.1 Subjects and samples 

We assessed DENV-1-specific cell mediated immune responses in 35 healthy 

participants.  Peripheral blood mononuclear cells (PBMC) were isolated from 

blood collected from healthy individuals in three subject groups: (1) 3YR-PI: 10 

subjects infected with DENV-1 in Hawaii in 2001 (age range 28-81) and sampled 3 

years after infection; (2) 9YR-PI:  8 subjects infected with DENV-1 in Hawaii in 

2001 (age range 18-86) and sampled nine years after infection; and (3) 60+YR-PI: 

7 subjects infected with DENV-1 in 1943-44 (age range 71-90) and sampled more 

than six decades after infection (Table 3-1).  

 

Blood samples were obtained from one subject in 2004 (3YR-PI), 2007 (6YR-PI), 

and 2010 (9YR-PI). Subjects in 3YR-PI and 9YR-PI groups were infected with 

DENV-1 during the first known DENV epidemic in Hawaii for more than 60 years 

in 2001, and fulfilled the case definition for laboratory-positive recent primary 

DENV infection (a dengue-like illness and DENV-specific IgM or virus isolation) 

(ref 1). DENV-1 infection was subsequently confirmed by 90% plaque reduction 

neutralization test (PRNT-90) (ref 2), commercial PANBIO IgG ELISA (ref 3), 

and in-house Luminex DENV IgG assay (ref 4, 5). All subjects experienced DF. 

Subjects in the 60+YR-PI group recalled experiencing a DENV-like illness during 

the 1943-44 Hawaii dengue epidemic, or while they were in active combat in the 



	  

	   68	  

Western Pacific in 1943-1944 during the World War II. Anti-DENV-1 PRNT-90 

titers were detected in serum samples collected from these individuals more than 

60 years after infection (ref 6). 

 

In addition, we enrolled a Negative Control group of 10 individuals (age range 28-

85), recruited from the community, with no serological evidence of prior DENV 

infection. There were no significant differences in gender across all groups. There 

was a significant difference in the average age between the 60+YR-PI (81.6 y) 

group, and the 3YR-PI (39.9 y) (p<0.004) and the 9YR-PI (39.3 y) (p<0.006) 

group, but not between the 3YR-PI and 9YR-PI groups. There was no significant 

age difference between DENV-1 Subjects (51.4 y) and Negative Controls (48.3 y) 

(Figure 3-1). 

 

Informed consent was always obtained from Subjects and Controls prior to 

venipuncture. The Committee on Human Studies of the University of Hawaii at 

Manoa approved the studies. Subjects were consented for collection of 100 mL of 

blood. Additional blood was collected from some subjects at follow-up visits.  

Plasma and serum were collected by centrifugation, aliquoted, and stored at 80°C 

until use.  PBMC were isolated from whole blood by Ficoll-Hypaque density-

gradient centrifugation and cryopreserved until use.  
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Table 3-1. Summary of DENV-1 infected subjects for the 3, 9 and 60+YR PI groups and 
DENV naïve subjects for negative control group 

 
            DENV-1 SUBJECTS                                                   NEGATIVE CTRLS 

3YR PI      AGE 9YR PI       AGE 60+YR PI        AGE NEG CTRL           AGE 

3YR PI-1      80* 9YR PI-1        19 60+YR PI-1         83 NEG CTRL-1            19 

3YR PI-2      28 9YR PI-2        20 60+YR PI-2         81 NEG CTRL-2            45 

3YR PI-3      55 9YR PI-3        40 60+YR PI-3         90 NEG CTRL-3            48 

3YR PI-4      56 9YR PI-4        35 60+YR PI-4         85 NEG CTRL-4            58 

3YR PI-5      35 9YR PI-5        35 60+YR PI-5         71 NEG CTRL-5            56 

3YR PI-6      21 9YR PI-6        40 60+YR PI-6         68 NEG CTRL-6            75 

3YR PI-7      35 9YR PI-7        86* 60+YR PI-7         85 NEG CTRL-7            44 

3YR I-8        40   NEG CTRL-8            36 

3YR PI-9      19   NEG CTRL-9            81 

3YR PI-10    30   NEG CTRL-10          21 

*Same individual that was bled at different time points in 2004, 2007 and 2010. 

 

 
 

Figure 3-1. Comparison of Age in Study Groups. There was a significant difference in the 
average age between the 60+YR-PI and the 3YR-PI (p<0.004) and the 9YR-PI (p<0.006) groups, 
but not between the 3YR-PI and 9YR-PI groups. There was no significant age difference 
between DENV-1 and Negative Control subjects. The top and bottom of each diamond represent 
the (1-alpha)x100 confidence interval for each group. The height of the diamond is proportional 
to the reciprocal of the square root of the number of observations in the group. The horizontal 
extent of each group along the x-axis (the horizontal size of the diamond) is proportional to the 
sample size for each level of the X variable. The mean line across the middle of each diamond 
represents the group mean. 
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3YR PI Group consisted of 10 subjects with average age of 39.9y, 9YR PI Group 

consisted of 7 subjects with average age group 39.3y, 60+YR PI Group consisted 

of 7 subjects with average age of 81.6y, DENV-1 Group consisted of a 

combination of 3, 9 and 60+ YR PI Groups with average age of 51.4y, and NEG 

CTRL Group consisted of 10 DENV naïve subjects with average of 48.3y. 

 

3.2 Panbio Dengue IgG ELISA 

DENV rapid ELISA test (Panbio, Sinnamon Park, Queensland, Australia) was used 

as specified by the manufacturer (ref 3). 

 

3.3 Luminex DENV IgG Microsphere Assay 

The Luminex DENV IgG Assay was done in-house by the staff of the Department 

of Tropical Medicine, Medical Microbiology and Pharmacology at the University 

of Hawaii (ref 4, 5)  

 

3.4 Plaque Reduction Neutralization Test (PRNT) 

To confirm previous dengue virus infection in selected subjects, a 90% plaque 

reduction serum neutralization test was performed as previously described (ref 2). 

Briefly, serum samples were diluted twofold starting at 1:10 in OPTI-MEM 

medium (Gibco) supplemented with 2% fetal bovine serum (FBS), incubated with 
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each of the four dengue virus serotypes for a final input dose of 100 PFU, and 

added to six-well plates containing Vero cell monolayers. Back-titrations of each 

virus were included to confirm 90% plaque reduction. An overlay of 1% agarose in 

M199 medium (Gibco) was added, and plates were incubated at 37°C for 10 days. 

A second agarose overlay containing 0.004% Neutral Red was added, and plaques 

were visualized and counted within 3 days. 

 

3.5 HLA Molecular Typing   

HLA typing was undertaken by Clinical Immunogenetics Laboratory, St Francis 

Hospital, Honolulu, using PCR-SSP and SBT (ref 7). For selected subjects, 

genomic DNA was isolated from peripheral blood using the Qiagen DNeasy Blood 

& Tissue Kit and HLA class I loci SBT was done using SEQR Sequenced Based 

Typing Kits (Atria Genetics, Hayward, CA, U.S.A.). 

 

3.6 Epitope Prediction 

Based on the amino acid sequences of DENV-1 Hawaii-2001 and Hawaii-1944, 

DENV-1 CD8+ T cell epitopes were predicted for MHC Class I alleles A*0301 

B*0702 and B*3501 using NetMHC 3.0 artificial neural network (ANNs) 

prediction software  (http://www.cbs.dtu.dk/services/NetMHC/) and algorithm 

SYFPEITHI 
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(http://www.syfpeithi.de/Scripts/MHCServer.dll/EpitopePrediction.htm). Peptides 

were chosen based on score and on frequency of detection in subjects following 

DENV infection (ref 8). 

 

3.7 DENV Viruses 

Strains DENV-1 Hawaii-1944 and DENV-1 Hawaii-2001. DENV-2 NGC; DENV-

3 H87; and DENV-4 H241 were used for in vitro stimulation of PBMC. 

 

3.8 Peptides 

A set of 476 overlapping peptides spanning the full-length DENV-1 E, NS3, 

NS4A, NS4B, and NS5 genes (PepSets; Mimotopes) of DENV-1 strain Hawaii-

2001 (GenBank Accession No: DQ672560) was used to map DENV T cell 

epitopes. Peptides were 15 amino acids long, overlapping by 10. Peptides 

TPEGIIPAL (TPL), used for MHC B*3501 tetramer, and peptide KPWDVIPMV 

(KPW), used for MHC B*5502 tetramer construction, were synthesized at >90% 

purity. Peptide variants for NS5(329-337) and NS3(500-509) were acquired 

through GenBank search (Table 3-2) and synthesized at >90% purity. For peptide 

negative control B*3501 restricted HIV Gag 216-224 HPVHAGPIA peptide was 

used (ref 9).  
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Table 3-2. Summary of peptide origin and amino acid sequence 

Variant B*5502 Sequence Variant B*3501 Sequence 

D1-KPW cognate KPWDVIPMV D1-TPL cognate TPEGIIPAL 

D2-1 KPWDIIPMV D1-2 TPEGIIPSM 

D2-2 KPWDVVPMV D2-1 TPEGIIPSL 

D2-3 KPWDVLPMV D2-2 TPEGIIPSI 

D2-4 KPWDVLPTV D3-1 TPEGIMPAL 

D3 KPWDVVPTV D3-2 TPEAIIPAL 

  D3-3 APEGIIPAL 

  D4 TPEGIIPTL 

  WNV-1 MPNGLVAQL 

  WNV-2 MPNGLIAQL 

  WNV-3 MPNGLIAQF 

  WNV-4 MPSGLIAQF 

Negative control peptide B*3501 HIV Gag(216-224) HPVHAGPIA 

 

3.9 Tetramers 

APC-conjugated TPL-HLA-B*3501 tetramer corresponding to the epidemic 

DENV-1 strains Hawaii-2001 and Hawaii-1944 NS3 TPEGIIPAL peptide and 

APC-conjugated KPW-HLA-B*5502 tetramer corresponding to DENV-1 strain 

Hawaii-2001 NS5 KPWDVIPMV peptide were constructed by the NIH Tetramer 

Facility at Emory University.  
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3.10 IFN-γ ELISpot Assay 

PBMC were thawed, washed and resuspended to a final concentration of 2x106/mL 

in RPMI 1640 medium supplemented with 10% FBS (R-10 medium; Gemini Bio-

Products, West Sacramento, CA). Enzyme-linked immunospot (ELISPOT) assays 

were performed in 96-well plates (Millipore Corp.) coated with mouse anti-human 

IFN-γ antibody (clone 1-D1K; Mabtech AB, Sweden). PBMC were plated with 

2x105 cells/well and exposed to peptides at a final concentration of 5 µg/mL. 

Peptides were screened in 48 pools, most of which contained 10 peptides each; 1 

pool for each gene contained between 3 and 7 peptides. All peptide pools were 

screened in duplicate wells. 

 

Each plate included two negative control wells, which contained cells but no 

peptides, and two positive control wells, which included cells plus 

phytohemagglutinin (Sigma) at a final concentration of 5 µg/mL. When responses 

were detected for pooled peptides, PBMC were tested against the individual 

peptides within the particular pool in duplicate wells. Plates were incubated at 

37°C for 16 to 20 hours, washed, and then incubated with biotinylated mouse anti-

human IFN-γ monoclonal antibody (clone 7-B6-1; Mabtech AB, Sweden), labeled 

with streptavidin-peroxidase, and subsequently developed using fresh peroxidase 

substrate buffer (Vector Laboratories, Burlingame, CA). Spots were quantified 
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using a digital reader (Cellular Technologies Limited, Cleveland, OH). DENV-

specific T-cell precursor frequency was expressed as spot-forming units (SFU) per 

million PBMC. Background activity (spots present in negative control wells) was 

subtracted from test wells and was always less than 30 SFU/million PBMC. A 

positive response was defined as being greater than twice the average of the 

negative control wells. 

 

3.11 Bulk Culture and T Cell Line Maintenance 

Cryopreserved PBMC were thawed and stimulated in vitro with 5 µg/mL peptide 

in complete RPMI 1640 medium supplemented with 10% heat-inactivated FBS. 

Cells were fed with RPMI/10% FBS medium containing 10U/mL interleukin-2 

(IL-2) (Roche) on day 5 and every 2-3 days thereafter.  

 

3.12 PKH-26 T Cell Proliferation 

PKH-26 dye dilution flow cytometry assay was used to analyze DENV-1-specific 

proliferative and cross-reactive T-cells responses (ref 10). PBMC were labeled 

with the PKH-26 red fluorescent cell linker kit according to the manufacturer’s 

protocol (Sigma-Aldrich MINI26). Briefly, 5 x 106 cells PBMC were washed in 

RPMI without serum. Cells were re-suspended in 1 mL of diluent C and stained 

with 4uM PKH26 for 4min while gently shaking the cells.  To stop the staining 
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reaction, equal amount of serum was added and cells were gently shaken for 1 

minute.  The cells were washed three times with R-10, RPMI media supplemented 

with 10% FBS, and re-suspended in R-10 media at 2x105 cells per 100 µL well in 

triplicate in 96 well plates. Cells were stimulated with DENV-1-4 at MOI of 1, or 

peptide at final concentration of 5 µg/mL.  

 

For every subject, background proliferation controls (media only and/or negative 

control peptide) were included to account for spontaneous proliferation, and 

positive control wells (cells stimulated with PHA at 5 µg/mL and/or anti-CD3 

12F6 Ab) were included to detect any defects in proliferative capacity. On day 5, 

and subsequently every other day, the media was changed with fresh R-10 media 

with 10 U/mL IL-2. On day 10, T cell proliferation was quantified by recording 

changes in PKH26 fluorescent intensity in the PE channel using a FACSAria flow 

cytometer (BD) and analyzed using FACSDiva software (BD). Proliferation was 

determined by subtracting the percentage of proliferating cells (cells that lost 

PKH26 fluorescence) in negative control wells containing media only/irrelevant 

peptide, from proliferating cells in test wells stimulated with DENV or cognate 

peptide. Cross-reactivity was determined by positive proliferation in response to 

stimulation with heterologous DENV serotype or peptide variants. Experiments 
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with live DENV were repeated on three separate occasions, and experiments with 

peptides were repeated on two separate occasions. 

 

3.13 T Cell Memory Phenotyping 

Cells were stained with LIVE/DEAD fixable viability stain (Life Technologies, 

BD, and eBioscience), and monoclonal mouse anti-human CD3, CD8, CD4, 

CD45RA, CD28, and rat anti-human CCR7 antibodies, and to determine viability, 

T cell phenotype, and memory markers of proliferated cells, respectively. Briefly, 

on day 10 after labeling with PKH26 and stimulation, cells were washed and 

incubated with antibody/viability mix for 30 minutes at 4°C in the dark. Cells were 

washed twice and analyzed using a 3 laser, 14 color BDFACS Aria (Beckton 

Dickinson) flow cytometer. BDFACS Diva 6.1.1 and FlowJo 10.0.6 software were 

used to analyze flowcytometry data. Memory markers of TM cells will be 

categorized as (ref 11-12) 

:  

TN (CD45RA+CCR7+CD28+), TCM (CD45RA-CCR7+CD28+), 

TEM (CD45RA-CCR7-CD28-), and TEMRA+ (CD45RA+CCR7-CD28-) cells 
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Memory phenotype was determined using following the gating strategy: 
 

                                                                        CD3+   
                                                                                      ↓ 

                                                                      CD8+      CD4+ 
                                                                        ↓                        ↓               

                                                                                
                                                                        ↓                        ↓               
                                                                                     CD8+proliferated           CD4+proliferated    

  CD8+TEMRA+ & CD8+TN← ←CD45RA+                CD45RA+→ →CD4+TN  & 
CD4+TEMRA+ 
                                                                    CD45RA-                CD45RA-                                                              
                                                                        ↓                         ↓ 

                                                                                                   
                                                                        ↓                         ↓ 
                                                                      CD8+TCM  & CD8+ TEM         CD4+TCM   & CD4+TEM 
 
Figure 3-2. T cell memory phenotyping gating strategy.  

 

3.14 CD137 Assay 

CD137 is a member of the TNFR-family whose expression is up regulated on 

activated cells following stimulation with cognate antigen; detection of this cell 

surface protein may be used to identify antigen-specific T-cells (ref 13). 2x105 

PBMC were stimulated with either DENV-1 at MOI of 1 or with DENV-1 peptides 

at 5 µg/mL, or with media alone, or with 12F6 (anti-CD3 Ab) in R10% medium at 

37C for 0-48 hours in triplicate. Aliquots were taken from each well, combined at 

6, 24, 36 and 48 hours, and stained with Live/dead, CD3, CD8, CD4, and CD137 
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(BD) as described above and acquired on FACS Aria flow cytometer with FACS 

Diva software. Experiment was repeated on two separate occasions. 

 

3.15 Intracellular Cytokine Staining 

PBMC were stained with APC-labeled TPL-HLA-B*3501 tetramer. Brefeldin A 

(GolgiPLUG, BD) was added 1 hour after pulsing with cognate or irrelevant 

peptide and incubated for additional 5 hours at 37°C. Cells were washed and 

stained with CD3, CD4, CD8, CD45RA, CCR7, CD28, and LIVE/DEAD fixable 

viability stain at 4°C for 30 minutes in the dark. The cells were then washed, fixed 

and permeabalized (CALTAG FIX/PERM kit, Life Technologies) and stained with 

antibodies specific for IFN-γ, TNF-α, and MIP-1β for 30 minutes at 4°C in the 

dark, after which time they were washed and analyzed on a BDFACSAria 

(Beckton Dickinson) using FACSDiva software. 

 

3.16 Controls 

To ascertain the specificity of DENV proliferative responses in response to 

stimulation with live DENV, dengue naïve subjects were used as negative control 

subjects. To account for background non-specific proliferation due to culture 

conditions, wells without any stimulant were used as negative control for each 

subject, and proliferative responses from the negative wells were subtracted from 
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wells with stimulants.To ascertain the specificity of responses to DENV B*3501 

restricted NS3(500-509) TPEGIIPAL peptide, B*3501 restricted HIV Gag(216-

224) HPVHAGPIA peptide was used as irrelevant negative control peptide. Also 

DENV-naïve subjects were used as biological negative controls.To ascertain the 

specificity of B*3501/NS3TPL tetramer, PBMC from dengue naïve subjects were 

stimulated with DENV-1 NS3(500-509)TPL peptide and stained with the tetramer. 

Also, PBMC from DENV-1 previously infected subjects were stimulated with 

irrelevant HIV Gag(216-224) HPVHAGPIA peptide and stained with 

B*3501/NS3TPL tetramer. To account for inter-assay variability, all experiments 

with live DENV were done in duplicates and repeated on at least three separate 

occasions, while all experiments with DENV peptides were done in duplicated and 

repeated on two separate occasions. 

 

3.17 Statistical Analysis 

All data analysis and associated figures were produced using JMP Software 

(Version 10, SAS Institute Inc., Cary, NC). Statistical significance was designated 

as p<0.05. Methods employed in the data analyses included one-way ANOVA with 

Dunnet’s with control, Tukey’s multiple comparison Each Pair Student’s t, and 

Multivariable Regression. In Figures 4-1 through 4-3 the top and bottom of each 

green diamond represent the (1-alpha)x100 confidence interval for each group. The 
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height of the diamond is proportional to the reciprocal of the square root of the 

number of observations in the group. The horizontal extent of each group along the 

x-axis (the horizontal size of the diamond) is proportional to the sample size for 

each level of the X variable. The mean line across the middle of each diamond 

represents the group mean. Overlap marks appear as lines above and below the 

group mean. For groups with equal sample sizes, overlapping marks indicate that 

the two group means are not significantly different at the given confidence level. 

Blue error bards were constructed using 1 standard deviation of the mean and red 

error bars were constructed using 95% confidence interval of the mean, unless 

otherwise noted. Flow cytometry data files were analyzed using BDFACSDiva 

6.1.1 and FlowJo 10.0.6 software. 
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4.1 Duration of DENV-1-Specific Humoral Immunity 

The pathogenesis of the severe forms of disease is not fully understood, but one 

hypothesis is based on the idea of antibody-dependent enhancement, in which 

preexisting non-neutralizing antibodies induced during the first dengue infection 

enhance infection of mononuclear cells during the second infection via cell surface 

FcγR. Thus, persistence of dengue-specific antibody may be a significant risk 

factor for development of severe disease in countries where dengue is 

hyperendemic. 

 

We investigated the duration of humoral responses to dengue virus infection in 

individuals who recalled experiencing dengue fever-like illnesses at the time of the 

World War II, when dengue epidemics were occurring throughout the Pacific and 

Southeast Asia (ref 1, 2). In 1943, DF reappeared in Hawaii following an interval 

of 31 years since the last epidemic in 1912. The first case, in a resident of Waikiki, 

in Honolulu, was reported to the Board of Health of the Territory of Hawaii on 

August 5 (ref 1, 3). The disease was thought to have been introduced by airline 

pilots, staying in a Waikiki hotel, who had arrived in Honolulu on July 19, 1943, 

from Suva, Fiji, where a DF epidemic was occurring (ref 4, 5). One pilot was 

symptomatic with a dengue fever-like illness upon arrival and the other became ill 

shortly thereafter. Over the next 12 months, a total of 1,498 locally transmitted 
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cases were reported, all but two of which occurred on the island of Oahu (ref 6). At 

least 46 imported cases were identified, most of which (37/46, 80%) were among 

members of the military returning from the Pacific Theatre of the war. 

 

Eight people, five men and three women, responded to a newspaper article seeking 

contact with persons living in Hawaii who recalled being ill during the World War 

II (ref 7). Seven reported experiencing severe, often debilitating flu-like symptoms 

and maintained vivid memories of their illness. The eighth individual was a child 

at the time of the epidemic and was subsequently told by her mother, who 

experienced a dengue fever-like illness, that she had been ill at that time. Prior to 

enrollment in this study, approved by the University of Hawaii at Manoa 

Committee on Human Studies, all subjects gave written informed consent. 

 

Serum samples, collected in 2005 for seven individuals and in 2010 for one 

individual, more than 60 years after onset of symptoms, were tested for the 

presence of dengue-specific antibodies using a rapid ELISA test (Panbio, 

Sinnamon Park, Queensland, Australia), and by 90% plaque reduction 

neutralization test (PRNT-90) in a 6-well plate format utilizing Vero cells. There 

was a discrepancy between commercial IgG ELISA results and PRNT-90, and an 

in-house developed anti-DENV IgG Luminex Assay was used to further determine 
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previous infection with any DENV serotypes. 

 

For PRNT-90 assay, samples were tested in duplicate in two-fold dilutions. Back 

titrations of each virus were included to confirm 90% plaque reduction. Four of 

seven samples were positive for DENV-specific IgG ELISA and demonstrated 

neutralization titers of ≥160 against DENV-1 and were also positive for in house 

anti-DENV Luminex IgG. Of the remaining three samples, one was collected from 

an individual who was negative for all three assays (matching the results for the 

Negative Control subjects), and it is likely the illness he remembers experiencing 

was not a DENV infection. A second individual was negative for Panbio IgG 

ELISA, had low levels of neutralizing antibodies and was positive for in-house 

Luminex IgG, and the third individual was not tested with the Panbio IgG ELISA 

(the sample was collected in 2010, when the test was no longer available), had low 

levels of neutralizing antibodies and was positive for in-house Luminex IgG (Table 

4-1). 
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Table 4-1. Summary for DENV antibody responses as measured by PRNT90%, 
commercial IgG ELISA, and in-house developed Luminex IgG 

 
Subject PRNT 

DENV-1 
PRNT 

DENV-2 
PRNT 

DENV-3 
PRNT 

DENV-4 
IgG 

ELISA 
IgG 

Luminex 
60YR PI-1 160 20 10 0 POS 1384 
60YR PI-2 320 160 0 20 POS 1962 
60YR PI-3 320 40 10 160 POS 2467 
60YR PI-4 10 20 0 10 NEG 1049 
60YR PI-5 10 0 0 0 NEG 439 
60YR PI-6 0 0 0 0 NEG 86 
60YR PI-7 320 80 10 20 POS 2692 
60YR PI-8 80 20 0 20 N/A 1006 

NEG-1 0 0 0 0 NEG 87 
NEG-2 0 0 0 0 NEG 93 

 
 

Four men were serving in the U.S. military, in the Western Pacific region. Subject 

60+YR PI-1 recalled that a large number of his fellow soldiers were ill at the same 

time he was, and that the medical officer accompanying their evacuation from 

Guam back to Hawaii told him they had DF. Subject 60+YR PI-2 was based in 

northern Australia and fought in New Guinea. The PRNT-90 response to DENV-2 

measured for this individual may reflect infection with both viruses, since both 

serotypes were present in the region at the time (ref 2), or alternatively, may reflect 

cross-reactivity in the neutralization assay (ref 8). Subject 60+YR PI-4 convalesced 

in a military hospital in Queensland, Australia, where he recalled receiving a 

diagnosis of dengue. The three female subjects were all in Hawaii at the time they 

became ill and have lived there since. Subject 60+YR PI-3 never traveled outside 

Hawaii but despite this had DENV-4 titers of 1:160. This may be a result of 
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unrecognized transmission of DENV-4 in Hawaii between 1944 and 2001, but in 

light of the high DENV-1 titer, more likely reflects heterotypic cross-reactive 

antibody. 

 

One individual (Subject 60+YR PI-1) has visited Asia and Africa in the years since 

1944, for brief periods, and it is possible that he was re-infected during these visits, 

but it is more likely, based on the epidemiology of dengue during the years of 

World War II, and his recollected experiences, that his neutralization data reflect 

infection in 1944. 

 

Neutralizing antibody levels were not detected in one of the eight subjects (Subject 

60+YR PI-6), indicating either a lack of prior infection, or a decline in titers to 

below detectable levels. Sera from the remaining individuals had lower 

neutralizing titers, suggesting that either a more rapid decline occurred or the 

starting titers were lower compared with the other subjects in this study. When 

PRNT-90 titers at different time points after DENV infection were compared, a 

trend towards gradual decline in DENV-specific neutralizing antibody titers with 

time was noted (Table 4-2). Taken into account that all subjects in 60+YR PI group 

experienced dengue fever-like illnesses in the 1940s, subject history, and that 

DENV epidemiological and serological surveys for Hawaii did not detect 
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widespread undetected dengue transmission, strongly suggest that the 

neutralization data we report likely represent infections that occurred more than 60 

years prior. 

 
Table 4-2. Anti-DENV-1 neutralizing antibody titers were measured by PRNT-90 (NT90) 
and results for each group are presented as geometric mean titer (GMT) 
 

 Group 
 3YR PI 9YR PI 60+YR PI NC 
 n=10 n=8 n=7 n=10 

NT90 GMT (range) 
169 

(80-320) 
104 

(40-320) 
79 

(10-320) 
NA 

 
 

 

4.2 Duration of DENV-1 T Cell Memory  

DENV infection of humans is thought to confer life-long protection against 

reinfection with the same serotype, however our understanding of how memory T-

cells may contribute to protection is limited, and the duration of DENV-specific T-

cell-mediated immune responses is not known. Circulation of all four DENV 

serotypes in endemic countries means that by school age most people have been 

infected more than once, and defining long term DENV serotype-specific and 

serotype-cross-reactive T cell function in the years following a natural infection 

has been difficult. We enrolled volunteers in Hawaii who were infected during an 

outbreak of DENV-1 in 2001, the first known autochthonous transmission since 

1943, or who recalled experiencing a dengue-like illness in 1943-1944 during the 
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dengue epidemic from which the prototype DENV-1-Hawaii strain was isolated. 

Dengue is not endemic in Hawaii and epidemiological and serological DENV 

surveys strongly support absence of autochthonous DENV transmission between 

1940s and 2001 outbreaks, and thus most likely lack of repeated exposures to 

DENV antigen in our 60+YR PI subjects. Thus, we were able to assess the 

duration, memory phenotype, and effector function of DENV-specific T cell-

mediated immune responses in volunteers who experienced DENV infection up to 

6 decades previously. 

 

The proliferative capacity of DENV-1-specific memory T-cells cells obtained 3, 9, 

and 60+ years after primary DENV-1 infection (Table 4-1 and Figure 4-1) was 

assessed by dye-dilution flow cytometry. The limited number of cells obtained 

from the elderly individuals in the 60+YR-PI group precluded repeated T-cell 

epitope mapping attempts, and we elected to use whole infectious dengue virus to 

stimulate PBMC. This method also permitted parallel examination of CD4+ and 

CD8+ memory T-cell responses, without limiting the analysis to known T-cell 

epitopes. Using this approach, DENV-specific proliferation was observed in all 

subjects previously infected with DENV-1. Proliferation was determined by 

subtracting the percentage of proliferating cells (cells that lost PKH26 

fluorescence) in negative control wells containing media only, from proliferating 
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cells in test wells stimulated with DENV. Total proliferation for the 3YR-PI group 

ranged from 21 – 54% (average 37%), for the 9YR-PI group ranged from 20 – 

49% (average 34%) and responses for the 60YR-PI group ranged between 6-34% 

(average 23%) (Figure 4-1). There was a gradual decrease in total proliferation 

over the 60+ years following infection, which did not reach significance among the 

3 DENV subject groups, however there was a significant difference (p<0.0001 by 

Dunnet’s test with control) between DENV subject groups and the Negative 

Control group.  
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Figure 4-1. Analysis of lymphocyte proliferation for all study groups in response to 
stimulation with live DENV-1. a. There was no significant difference in DENV-1 total 
proliferative responses between the 3YR-PI, 9YR-PI and 60+YR-PI groups, but there was a 
significant difference (p<0.0001) between 3YR-PI, 9YR-PI and 60+YR-PI groups, and Negative 
Control group. Memory T cells detected in the 3YR PI, 9YR PI, and 60+YR PI Groups were 
DENV-1-specific and can persist for more than six decades after initial infection. The top and 
bottom of each diamond represent the (1-alpha)x100 confidence interval for each group. The 
height of the diamond is proportional to the reciprocal of the square root of the number of 
observations in the group. The horizontal extent of each group along the x-axis (the horizontal 
size of the diamond) is proportional to the sample size for each level of the X variable. The mean 
line across the middle of each diamond represents the group mean. 
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PBMC from all DENV-1-infected individuals and from Negative Controls were 

stimulated in parallel with 12F6 (anti-CD3) and PHA to confirm there were no 

inherent defects in proliferative capacity; responses were uniformly > 75% (Figure 

4-2a). Total DENV-specific proliferative responses for PBMC obtained from 

Negative Control volunteers ranged from -2.0-0.5% (Figure 4-2b), and thus 

represents a lack of response to stimulation with DENV antigens in individuals 

who have never been infected with DENV, confirming the specificity of the system 

used here for analysis of DENV-specific T cell memory. These data demonstrate 

for the first time that DENV-1-specific memory T-cell mediated immune responses 

may persist for many years after infection, in the absence of repeated exposure to 

dengue virus.  
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Figure 4-2a. Representative flow data for PHA stimulation and proliferative capacity of the 
DENV-1 subjects and Negative Control subject. There were no defects in proliferative capacity 
in any of the DENV-1 subjects or Negative Control Subjects. 
 
 

 

Figure 4-2b. Representative flow data for DENV stimulation and proliferative capacity of 
Negative Control subject. There was no proliferation in any of the Negative Control subjects in 
response to DENV stimulation. 
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4.3 Differential Maintenance of Long-Term CD4+ and CD8+ Responses 

Both CD4+ and CD8+ T-cells proliferated in response to stimulation with DENV-

1 however there were marked differences between the two subsets with respect to 

longevity of responses. CD8+ T-cell memory declined sharply in the first decade, 

whereas CD4+ responses were maintained at similar levels for 3YR-PI, 9YR-PI 

and 60+YR-PI. PBMC from Negative Control Subjects did not proliferate in 

response to stimulation with DENV virus, and therefore CD4+ and CD8+ 

responses were not measurable (Figure 42b). 

 

DENV-1-specific CD4+ T-cell proliferative responses were observed in all 

Subjects and there was no significant difference between the three Subject groups 

(Figure 4-3a). The average CD4 response was 28% for 3YR-PI (range 11-68%), 

25% for 9YR-PI (range 10-53%), and 22% for 60+YR-PI (range 8-46%). In 

contrast to the CD4+ T-cell response, DENV-1-specific CD8+ T-cell proliferative 

responses varied greatly between the three Subject groups (Figure 4-3b).  
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a.                                        b.	  
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Figure 4-3a-b. Analysis of DENV-1-specific CD4+  and CD8+ proliferation in response to 
stimulation with live DENV-1. a. DENV-1-specific CD4+ T-cell proliferative responses were 
observed in all DENV-1 subjects and there was no significant difference between the three 
groups. b. DENV-1-specific CD8+ T-cell proliferative responses varied greatly between the 
three groups. Robust DENV-1-specific CD8+ proliferative response were observed in 10/10 
subjects of the 3Y-PI group, while diminished CD8+ responses were observed in 6/7 9Y-PI 
subjects, and further decreased in 60+Y-PI subjects, where CD8+ response was detected in only 
4/7 subjects. There was a significant difference (p<0.0008) in CD8+ responses between 3YR PI 
and 60+YR PI groups and between 3YR PI and 9YR PI groups (p<0.008), but not between 9YR 
PI and 60+YR PI groups. The blue error bars are constructed using 1 standard deviation from the 
mean. The red error bars are constructed using 95% confidence interval of the mean. 
 

Robust DENV-1-specific CD8+ proliferative responses were observed in 10/10 

subjects of the 3Y-PI group, with an average of 37% (range 18-54%), while the 

CD8+ response was detected in 4/7 60+Y-PI subjects, with an average 

proliferation of 8% (range 0-28%). This switch to a predominantly CD4+ 

proliferative response had already occurred 9 years after infection, where 

diminished CD8+ responses were observed in 6/7 9Y-PI subjects with average of 

14% (range 0-52%). Diminished CD8 proliferative response did not translate into 

diminished CD4 response in the same individual. DENV-1-specific CD8+ T-cell 
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responses for 3YR-PI were significantly greater than 9YR-PI and 60+YR-PI 

responses (p<0.008 and p<0.0008). While CD8+ responses predominated in the 

3YR PI group, a trend towards predominately CD4+ oriented response was noted 

in the 9YR PI group and reached significant difference (p<0.002) between CD4+ 

and CD8+ responses in the 60+YR-PI group (Figure 4-4a-c).  
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Figure 4-4a-c. DENV-1 specific CD4+ and CD8+ proliferative capacity kinetics differ 
greatly over time. a. Robust DENV-1-specific CD4+ and CD8+ T-cell response were observed 
for 3YR-PI with CD8+ responses dominating, but there was no significant difference between 
the two compartments. b. In the 9YR PI group significant decline in CD8+ responses was 
measured, with a trend towards a predominantly CD4+ oriented response. c. Significant decline 
in the CD8+responses continued to be observed for the 60+YR PI group, and this time there was 
a significant difference (p<0.029) between the CD4+ and CD8+ responses in the 60+YR PI 
group.  
 
 

 

 

 



	  

	   98	  

4.4 The Magnitude of DENV-1 CD8+ T-Cell Epitope-Specific Responses 

Declines Markedly with Time 

A recent study of a Sri Lanka cohort, looking at CD8+ responses to the entire 

DENV genome, identified 408 DENV epitopes as possible antigens, which might 

be recognized by 27 major HLA molecules known to predominate in the blood 

donors. Relatively small number  (approximately 25) were immunodominant and 

were shown to be major targets for high magnitude CD8+ T-cells in multiply 

exposed individuals.  Most of the responses were directed against the more 

conserved non-structural viral proteins, in particular NS3, with B*3501 restricted 

NS3(500-509)TPL epitope having some of the highest CD8+IFN-γ+ responses and 

a correlation with milder disease outcome (ref 12). These studies were done in 

individuals either experiencing or shortly after secondary DENV heterologous 

infection. 

 

To assess the breadth and magnitude of DENV-specific memory T-cell responses 

in individuals at different time-points after primary infection, we used ex-vivo 

IFN-γ ELISpot assay using PBMC pulsed with 15mer peptides spanning the full-

length DENV-1 E, NS3, NS4A, NS4B, and NS5 genes. No CD4+ restricted 

responses were detected (data not shown) (ref 13). CD8+ responses were detected 

in all 10 3YR-PI subjects at high magnitude, ranging between 60-1470 
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SFU/million, with multiple CD8+ T-cell epitopes identified in NS3, NS4B and 

NS5 (Table 4-3) (ref 13).  

Table 4-3. Breadth and magnitude of CD8+ DENV-specific memory T cells in the 3YR PI 
Group. Number of epitopes, frequency of epitope-specific cells (assessed by IFN-γ ELISpot 
assay), and cytolytic functionality (assessed by specific lysis) using PBMC pulsed with DENV-1 
peptides spanning the full-length of E, NS3, NS4A, NS4B, and NS5 genes. 
 

Specific Epitope location Sequence SFU/million PBMC Restricting HLA 
Lysis 

NS3 17-25 AVLDDGIYRI 208 A*0206 41 
NS3 61-80 QGKRLEPSWASVKKDLISYG 73 B*62 22 
NS3 71-85 SVKKDLISYGGGWRF 65 B*62 67 
NS3 71-85 SVKKDLISYGGGWRF  B*44 43 
NS3 216-230 KLRTLVLAPTRVVAS 225 B*5502 84 
NS3 231-245 EMAEALKGMPIRYQT 313 B*62 64 
NS3 496-515  LDNINTPEGIIPALFEPERE 33-380 B*3501 75 
NS3 528-537 GEARKTFVEL 350-905 B*4002 58 
NS3 530-538 ARKTFVELM 350 B*2705 72 
NS3 532-540 KTFVELMRR 350 B*2705 43 
NS4 206-220  TIENTTANISLTAIA 40 B*4002 64 
NS5 181-189 ILNPYMPSV 25 A*0206 41 
NS5 185-193 YMPSVVETL  A*0206 52 
NS5 296-305 DNPYKTWAY 55 B35 77 
NS5 329-337 KPWDVIPMV 60-1178 B*5502 46 
NS5 376-395 TAKWLWGFLSRNKKPRICTR 33  61 
NS5 386-400 RNKKPRICTREEFTR 195 B7 72 
NS5 836-850 PYLGKREDQWCGSLI 123  62 

  

In contrast, no IFN-γ responses were detected when PBMC of all 60YR-PI subjects 

were tested against the same peptide library. We considered the possibility that 

despite the lack of detectable IFN-γ secretion following short-term stimulation, 

DENV-specific CD8+ T-cell memory was nevertheless maintained in 60YR-PI. 

CD137 is a member of the TNFR-family whose expression is unregulated on 

activated cells following stimulation with cognate antigen; detection of this cell 

surface protein may be used to identify antigen-specific T cells (ref 14). After 24-
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hour stimulation with live DENV-1, CD137 expression was measured on CD8+ 

cells in the 3YR-PI, 60YR-PI, and Negative Control groups. The CD137+CD8+ 

frequency for the 3YR-PI group ranged from 400-1000 per 1x106 cells and was 

significantly higher than the observed frequency of 50-210 per 1x106 cells for the 

60+YR-PI group (p<0.005) and 0-35 per 1x106 cells for the Negative Control 

group (p<0.001) (Figure 4-5). Although more CD137+ cells were detected for the 

60+YR-PI group than for the Negative Control group, this difference did not reach 

significance. 

 

 

Figure 4-5. CD8+CD137+ cell frequency 24h post-stimulation with live DENV-1. There was 
a significant difference in frequency of CD8+CD137+ cells between 3YR PI Group and NEG 
CTRL Group (p<0.001) and 60YR PI Group (p<0.005), but not between 60YR PI Group and 
NEG CTRL Group (p<0.289). The top and bottom of each diamond represent the (1-alpha)x100 
confidence interval for each group. The height of the diamond is proportional to the reciprocal of 
the square root of the number of observations in the group. The horizontal extent of each group 
along the x-axis (the horizontal size of the diamond) is proportional to the sample size for each 
level of the X variable. The mean line across the middle of each diamond represents the group 
mean. The red error bars are constructed using 95% confidence interval of the mean. 
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A similar dynamic was observed when CD137 expression was assessed for CD8+ 

T cells following stimulation with predicted epitope peptides. We selected Subject 

60+YR-PI-2 for analysis and predicted CD8+ DENV-1 epitopes for MHC alleles 

expressed by this Subject: A*0301 [TLFVWHFWQK, NS2A117-126], B*0702 

[KPRICTREEF, NS5 392-401], and B*3501 [TPEGIIPAL, NS3 500-509].  

Peptides were synthesized and used to stimulate PBMC, and CD137 expression on 

CD3+CD8+ T cells was assessed after 24 hours. A positive response was defined 

as being greater than twice the average of the negative control response. B*3501 

restricted NS3(500-509)  TPEGIIPAL peptide was identified as a DENV-1 epitope 

recognized by 60+YR PI-2 subject, with 10% CD8+CD137+ in response to 

stimulation with this peptide, but not to A*0301/NS2A-117 or B*0702/NS5-392 

(Figure 4-6).  
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Figure 4-6. DENV-1 epitope mapping for 60+YR PI-2 subject using CD137 expression and 
predicted epitopes. B*3501 restricted TPEGIIPAL epitope was identified. Negative control 
consisted of assay well without any peptide. The error bars are constructed using 95% 
confidence interval of the mean. A positive response was defined as being greater than twice the 
average of the negative control. The blue error bars are constructed using 1 standard deviation 
from the mean. The red error bars are constructed using 95% confidence interval of the mean. 
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To assess responses closer to the time of primary infection, we selected Subject 

3YR-PI-1 who expressed HLA-B*3501 in common with Subject 60YR-PI-2, and 

was also of a similar age (80 vs. 81 years). CD8+CD137+ expression in response 

to stimulation with NS3(500-509)TPL peptide was significantly higher for 3YR-

PI-1 (22%) than for 60+YR-PI-2 (8%) (Figure 4-7a). There was no difference 

between the two subjects in their ability to express CD137 in response to 

stimulation with the anti-CD3 antibody 12F6. To confirm the specificity of 

NS3(500-509)TPL peptide response, we stimulated both 3YR PI-1 and 60YR PI-2 

subjects with irrelevant peptide, B*3501 restricted HIV Gag(216-224) 

HPVHAGPIA, and saw no up-regulation of CD137 (Figure 4-7a). There were no 

B*3501/NS3TPL tetramer positive cells in response to stimulation with irrelevant 

peptide (Figure 4-7b), and there were no B*3501/NS3TPL tetramer positive cells 

when Negative Control subjects, dengue naïve, were stimulated with NS3(500-

509)TPL peptide (Fgure 4-7c); showing the specificity of NS3(500-509) peptide 

response and specificity of B*3501/NS3TPL tetramer binding. 

 
 
 
 
 
 
 

 

a. 
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b.	   	   	   	   	   	   c.	  

	    

Figure 4-7a-c. Frequency of DENV-1 NS3(500-509)TPL-specific cells.   
a. The % of CD8+ T cells expressing CD137 in response to stimulation with NS3(500-509)TPL 
(TPEGIIPAL) peptide is much higher in the 3YR PI-1 subject compared to 60+YR PI-2 subject. 
Negative control consisted of assay well with irrelevent peptide, B*3501 restricted HIV 
Gag(216-224) HPVHAGPIA peptide. The error bars are constructed using 95% confidence 
interval of the mean. b. 3YR PI-1 subject PBMC do not proliferate in response to stimulation 
with irrelevant peptide, B*3501 restricted HIV Gag(216-224) HPVHAGPIA peptide, and do not 
bind B*3501/NS3TPL tetramer. c. Negative Control subject, dengue naïve, PBMC do not 
proliferated in response to stimulation with NS3(500-509)TPL peptide and do not bind 
B*3501/NS3TPL tetramer. 
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4.5 DENV-1-Specific CD8+ T Cells Expand After Stimulation with Cognate 

NS3(500-509) TPEGIIPAL Peptide as Measured by B*3501/NS3TPL 

Tetramer Staining 

We then used a B*3501/ NS3 TPEGIIPAL (TPL) tetramer  [B*3501/NS3TPL] to 

measure the frequency of responding CD8+ T cells following peptide stimulation. 

PBMC were available for Subject 3YR-PI-1 at 3, 6 and 9 years post-infection, and 

the three sets of cells were analyzed together. CD8+ B*3501/NS3TPL tetramer+ 

frequency 3 years after infection was 56%, declining considerably to 29% at 6 

years and 23% at 9 years. In comparison, CD8+ B*3501/NS3TPL tetramer+ 

frequency was 19% for Subject 60+YR PI-2 (Figure 4-8a-d). Thus, a dramatic 

decline in the magnitude of tetramer+ responding CD8+ T-cells was observed to 

occur at a point between 3 and 6 years after infection, mirroring the decline in 

proliferative capacity of DENV-1-specific CD8+ T-cells.  
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a. 56% CD8+TETRAMER+B*3501 Cells 3 YR PI         b.  29% CD8+TETRAMER+B*3501 Cells 6 YR PI 

          
 
 
 

c. 23% CD8+TETRAMER+B*3501 Cells 9 YR PI          d. 19% CD8+TETRAMER+B*3501 Cells 60+ YR PI 

              

 

Figure 4-8a-d. CD8+B*3501TPL+ frequency 3, 6, 9, and 60 years after infection in response 
to stimulation with TPEGIIPAL peptide. CD8+B*3501TPL+ frequency was measured in the 
same individual 3, 6, and 9 years after infection and in a different individual 60 years after 
Infection. Decline in the magnitude of tetramer+ responding CD8+ T-cells was observed to 
occur at a point between 3 and 6 years after infection. 
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4.6 DENV-1-Specific CD4+ and CD8+ T-Cells Memory Phenotype 

DENV-1 specific T-cell memory phenotype was assessed by measuring expression 

of CD45RA, CD28, and CCR7 (ref 15, 16), in cells that proliferated in response to 

stimulation with live DENV-1, using FlowJo Boolean gating tool. CD4+CD45RA-

CD28+CCR7- DENV-1-specific memory T cells predominated in all 3 subject 

groups, with a small minority of CD4+ T-cells expressing CD45RA-CD28-CCR7-, 

CD45RA-CD28-CCR7+, and CD45RA-CD28+CCR7+ (Figure 4-9). While the 

effector memory phenotype remained predominant in the CD4+ compartment up to 

60 years after infection, a gradual increase in central memory CD4+ CD45RA- 

CD28+ CCR7+ T-cells over time in the 9YR-PI and 60+YR-PI groups was 

observed.  

 

In contrast, expression of CD45RA, CD28, and CCR7 was more heterogeneous 

among CD8+ T-cells and expression profiles varied more over time (Figure 4-9). 

Effector memory CD8+CD45RA-CD28-CCR7- T-cells predominated in the 3Y-PI 

group with minor populations of CD8+CD45RA-CD28+CCR7-, CD8+CD45RA-

CD28-CCR7+, and CD8+CD45RA-CD28+CCR7+ T-cells. In the 9YR-PI group, 

memory phenotypes CD8+CD45RA-CD28+CCR7- and CD8+CD45RA-CD28-

CCR7- predominated.  A heterogeneous CD45RA-CCR7-/+CD28-/+ population of 

CD8+ T-cells emerged at 60+ years, with a CD45RA-CD28+CCR7-> CD45RA-
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CD28-CCR7->CD45RA-CD28+CCR7+>CD45RA-CD28-CCR7+ pattern of 

expression.  

 
 

 
 
Figure 4-9. CD45RA, CD28, and CCR7 Expression Patterns for DENV-1 Specific CD4+ 
and CD8+ T Cells as Function of Time Post Infection.  CD45RA-CCR7-CD28+ is the 
predominate phenotype in the CD4 compartment at all three time points. CD45RA-CCR7-CD28- 
is the predominant phenotype in the CD8 compartment three years after infection, bur at 9 years 
after infection we see a decrease in the CD45RA-CCR7-CD28- and increase in the number of 
CD45RA-CCR7-CD28+ cells, and 60 years after infection, further decrease in CD45RA-CCR7-
CD28- cells is observed with emergence of CD45RA-CCR7+CD28+ phenotype. 
 

CD45RA+ DENV-specific memory cells were detected in the CD8+, but not in the 

CD4+ compartment. The CD45RA+ cells were primarily CCR7-CD28-, a 

phenotype associated with terminally differentiated effector memory cells (ref 15, 

16), and this population increased over time (Figure 4-10a-b). 

CD4+	  
	  
	  
	  
	  
	  
	  
	  

CD8+	  
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a. Pie Chart                                                              

 
 
b. Bar Graph 

 
 
 
Figure 4-10a-b. a. Pie chart and b. Bar graph representation of CD8+ CD45RA+CD28-
CCR7- expression pattern for DENV-1 specific CD8+ T cells as function of time post 
infection. 
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4.7 DENV-1 CD8+B*3501/NS3TPL Tetramer+ Cells Memory Phenotype 

We also examined the memory phenotype of CD8+ B*3501/NS3TPL+  

T-cells (Figure 4-11). CD8+ B*3501/NS3TPL+ T-cells of two, age matched, 

individuals were examined for memory markers after short bulk culture stimulation 

with NS3(500-509)TPL peptide. The 3, 6, and 9-year time points come from the 

same individual, while the 60 year time point comes from the second subject. In 

the 3YR-PI two main populations were identified: CD45RA-CCR7-CD28-, 

considered to be effector memory phenotype (TEM), and CD45RA-CCR7+CD28-, 

thought to be central memory phenotype (TCM). As time after infection increased, a 

decrease in the TEM population and an increase in TCM fraction was observed.  In 

60+YR PI subjects the majority of DENV-1-specific CD8+ B*3501/NS3TPL+ T-

cells were TCM and expressed CD45RA-CCR7+CD28-. 
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a. Bar Graph  

 
 
b. Pie Chart  

 

Figure 4-11a-b. Memory phenotype of CD8+B*3501/NS3TPLtetramer+ DENV-1 specific 
cells. a. Bar graph and b. Pie chart representing decrease in CD45RA-CCR7-CD28- and 
increase in CD45RA-CCR7+CD28- cells is observed in CD8+tetramer+ cells over time. 
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4.8 The Frequency of Polyfunctional DENV-Specific CD8+ T-Cells Declines 

with Time 

Pro-inflammatory cytokine secretion was assessed for CD8+ B*3501/NS3TPL+ T 

cells by ICS. A significant decline in IFN-γ production was observed as time after 

infection increased (Figure 4-12). Three years after infection, 32% of CD8+ 

B*3501/NS3TPL+ T cells secreted IFN-γ. However, when cells from the same 

Subject (3-YR PI-1), collected three and six years later (at six and nine years post-

infection), were analyzed, the frequency had declined to 6% and 4%, respectively 

(Figure 4-13a-c). Analysis of cells from Subject 60+YR PI-2, who also expressed 

HLA-B*3501, showed that 1% of tetramer+ T cells secreted IFN-γ, a frequency 

lower than was observed for 3-YR PI at three, six and nine years after infection 

(Figure 4-13d).  

 

 
 
Figure 4-12. IFN-γ Secretion Drastically Declines within the First Six Years After DENV-1 
Infection. Dot plot overlay of IFN-γ+CD8+ B*3501/NS3TPLtetramer+ after stimulation with 
cognate peptide at three, six, nine and 60 years following DENV-1 infection 
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a   3YR PI                                 b            6YR PI        

 
c            9YR PI                                            d          60+YR PI 

 

Figure 13a-d. Flowcytometry dot plot graphs representing drastic decline in IFN-γ 
secretion by CD8+B*3501/NS3TPLtetramer+ cells in the first six years after infection. 
 

We also assessed MIP-1β and TNF-α secretion, and found a similar decrease in the 

frequency of cells secreting MIP-1β as was observed for IFN-γ. In contrast, the 

frequency of cells producing TNF-α increased with time post-infection (Figures 4-

14 and 4-15). Polyfunctional CD8+ B*3501/NS3TPL+ T cells which secreted 

MIP-1β and TNF-α in addition to IFN-γ were present at highest frequency three 

years after infection (21%), but there was a marked decline in this population over 
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time, and by 60+ years, the frequency of IFN-γ+ and MIP-1β+ tetramer+ T cells 

was low (4%), while the frequency of TNF-α+ T cells was high (56%) (Figure 4-

16).  T-cell memory phenotype for CD8+ B*3501/NS3TPL+ IFN-γ-MIP-1β-TNF-

α+ cells was CD45RA-CCR7+CD28-, and this monofunctional TM phenotype 

increased over time (Figure 4-17). 

 

 

Figure 4-14. IFN-γ, MIP-1β, and TNF-α cytokine profiles at three, six, nine and 60+ years 
following primary DENV-1 infection. Decline in IFN-γ and MIP-1β and increase in TNF-α 
secreting CD8+B*3501/NS3TPLtetramer+ cells is observed in the first six years after infection. 
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3YR PI                                                     6YR PI 

 

9YR PI                                                     60+YR PI 

 

Figure 4-15. Representative flowcytometry density graphs depicting decrease in number of 
CD8+B*3501/NS3TPLtetramer+ cells producing both IFN-γ and TNF-α. 
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a. Bar Graph 
 

 

b. Pie Chart 

 

Figure 4-16. a. Bar graph and b. Pie chart of frequency of cytokine functional subsets of 
CD8+B*3501/NS3TPL tetramer+ DENV-1-specific cells, which show that multifunctional 
cells, those that secrete more than two cytokines at a time, decreased over time and were 
replaced primarily by monofunctional TNF-α-secreting cells 
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Figure 4-17.  CD8+B*3501/NS3TPLtetramer+IFN-g-MIP1b-TNF-a+CD45RA-CD28-
CCR7+ subset of DENV-1-specific cells increased in frequency as time post-infection was 
prolonged. 
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4-9. DENV-Specific CD4+ and CD8+ T Cells Maintain Cross-Reactive 

Potential for More than 60 Years After Infection 

Activation of DENV-specific memory T cells with cross-reactive antigens during 

secondary infection can result in production of high concentrations of vasoactive 

proinflammatory cytokines, and this type of unbalanced response is associated with 

and increased vascular permeability clinical syndrome and more severe dengue 

disease (10). To assess whether DENV-1-specific T cells are serotype cross-

reactive in the years and decades following primary infection, PBMC from the 

three Subject groups were stimulated with DENV-2, DENV-3 and DENV-4 and 

assessed for CD4+ and CD8+ T-cell proliferative responses. Cross-reactive 

responses to all three heterologous serotypes were detected in all three Subject 

groups and there was no significant difference overall between homologous and 

heterologous DENV proliferative responses.  T-cell responses to DENV-1 

dominated in the CD8+ compartment for the 3YR-PI group and all responses were 

of lower magnitude at nine years following infection, after which time cross-

reactive proliferative responses to DENV-2 and DENV-3 increased while DENV-1 

and DENV-4 responses continued to decline (Figures 4-18 and 4-19a-f).  
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Figure 4-18. Representative flow cytometry plots of DENV1-4 cross-reactive proliferation 
at three, nine and 60 years following DENV-1 infection. NV represents background non-
specific proliferation. 
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a. 3YR PI CD4+    b. 3YR PI CD8+ 
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Figure 4-19a-f. DENV-1-specific cross-reactive cells can be in all DENV groups. Analysis of 
CD4+ and CD8+ T-cell proliferation for DENV-1 groups, in response to stimulation with live 
DENV-1, DENV-2, DENV-3 and DENV-4, shows that DENV-1 memory T cells maintain cross-
reactive potential over time. The blue error bars are constructed using 1 standard deviation from 
the mean. The red error bars are constructed using 95% confidence interval of the mean. 
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4.10 DENV-1 B*3501/NS3TPL-Specific T Cells are Cross-Reactive and 

Recognize Multiple Altered Peptide Ligands 

PBMC, from patients experiencing secondary DENV infection, display preferential 

binding for MHC Class I tetramer complexes specific for heterologous DENV 

serotypes likely encountered in a first DENV infection (ref 17). Such observations 

support the concept of original antigenic sin in DENV T-cell responses. 

 
We assessed whether skewed DENV-specific TM responses could be measured in 

the context of monotypic DENV infection; that is, whether TM specific for one 

DENV serotype may be activated by peptide antigen(s) representing heterologous 

DENV variant epitopes. The ability of such cross-reactive TM cells to bind to an 

MHC Class I tetramer-cognate epitope complex was then determined. We 

previously observed DENV-specific CD4+ and CD8+ T-cell proliferative cross-

reactive responses to whole live heterologous DENV2, DENV-3 and DENV-4. 

However, when stimulating with whole virus there is a possibility of conserved 

epitopes – amino acid sequences which are highly conserved across all four DENV 

– eliciting the observed response, so by using individual heterotypic peptides and 

tetramer staining, we would be able to confirm true cross-reactivity and specificity 

of the response, and measure magnitude as a way of comparing relative responses. 

We stimulated PBMC with heterotypic NS3(500-509) variant peptides from 

heterologous DENV sequences, which we identified in GenBank (Table 4-4) and 
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analyzed  proliferation responses and ability to bind the homotypic 

B*3501/NS3TPL tetramer. We found that PBMC from Subject 3-YPI-1, who 

experienced monotypic DENV-1 infection three years, previously, proliferated in 

response to stimulation with peptides representing heterologous DENV, with 

differential magnitude as compared to cognate DENV-1 epitope peptide  (Figure 4-

20). Surprisingly, CD8+ T cells that proliferated in response to stimulation with 

heterotypic NS3(500-509) peptides were able to bind the homotypic 

B*3501/NS3TPL tetramer at high frequency (Figures 4-21 and 4-22). Cross-

reactive proliferative responses to stimulation with WNV variant peptides were 

also observed, albeit at lower magnitude compared with DENV peptide antigens, 

and a large proportion of these cells bound the B*3501/NS3TPL tetramer. Subject 

3-YPI-1 was never infected with WNV as determined by negative anti-WNV 

PRNT-90 (data not shown). These data mirror results of similar experiments 

conducted with DENV-1 NS5(329-337) B*5502/KPW epitope in individuals 

previously infected with DENV-1, where responses to heterotypic variant peptide 

antigens of NS5(329-337) elicited strong cytotoxic capacity and cytokine 

responses similar to those of the homotypic peptide (ref 13). 
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Table 4-4. Summary of peptide origin and sequence 
 
Variant B*5502 Sequence Variant B*3501 Sequence 

D1-KPW KPWDVIPMV D1-TPL TPEGIIPAL 
D2-1 KPWDIIPMV D1-2 TPEGIIPSM 
D2-2 KPWDVVPMV D2-1 TPEGIIPSL 
D2-3 KPWDVLPMV D2-2 TPEGIIPSI 
D2-4 KPWDVLPTV D3-1 TPEGIMPAL 
D3 KPWDVVPTV D3-2 TPEAIIPAL 

  D3-3 APEGIIPAL 
  D4 TPEGIIPTL 
  WNV-1 MPNGLVAQL 
  WNV-2 MPNGLIAQL 
  WNV-3 MPNGLIAQF 
  WNV-4 MPSGLIAQF 

Negative control peptide B*3501 HIV Gag 216-224 HPVHAGPIA 
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Figure 4-20. PBMC from subject with homotypic DENV-1 history proliferate in a cross-
reactive manner with differential magnitude in response to stimulation with heterotypic 
variants three years after initial infection. 
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Figure 4-21. CD8+ cells, proliferated in response to heterotypic variant stimulation, bound 
homotypic B*3501TPL tetramer with similar frequency as those stimulated with cognate 
peptide. 
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DV1 TPL                         DV1-2                         DV2-1 
 

 

DV2-2                               DV3-1                         DV3-2 

	   	    

DV3-3                               DV4                             WNV-1 

	   	    

WNV-1                             WNV-3                        WNV-4 

	   	    

Figure 4-22. Flow cytometry graphs of % of NS3(500-509)TPL tetramer binding (of total 
CD8+ T cells) in cognate DV1 TPL and variant fractions in 3YR PI-1 subject. 
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4.11 DENV-1 B*3501/NS3TPL-Specific T-Cells Maintain Cross-Reactive 

Potential Over Time 

Many studies have investigated the pathogenic role of cross-reactive memory T 

cells in secondary heterologous DENV infections. These studies were conducted in 

PBMC from individuals experiencing severe disease. They found that a high 

percentage of DENV-specific T cells recognized multiple DENV serotypes (ref 

17). Since activation of DENV-specific TM during a secondary DENV infection is 

associated with enhanced disease, we wanted to determine the length of time after 

infection whereby cross-reactive DENV-specific TM responses could be measured. 

DENV-1 B*3501/NS3TPL-specific T-cell cross-reactive potential was assessed 

using PBMC from one Subject, from whom blood samples were obtained three, six 

and nine years after infection, were stimulated with cognate DENV-1 peptide, and 

variant epitope peptide antigens representing heterologous DENV serotypes, and 

proliferative activity and binding of B*3501/NS3TPL tetramer was examined.  

 

We observed a pattern of decreasing proliferative capacity in response to all 

DENV peptide antigens over time, but even though the magnitude of the 

proliferative response declined, serotype cross-reactivity was maintained. 

Proliferative responses to the cognate epitope declined gradually, as did responses 

to certain variant peptides; however other peptides which exhibited robust 
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responses at three years after infection, such as DV1-2, DV2-1 and DV-4, showed 

decreased responses at 6 years post infection (Figure 4-23). 

 

 
Figure 4-23. Proliferative capacity in response to cognate and heterotypic variants over 
time. Trend in decreased proliferative capacity was observed in responses to cognate epitope and 
most variants but with differential kinetics as observed for DV1-2, DV2-1 and DV-4. 
 

We also examined the capacity of TM specific for DENV-1 variant epitope peptides 

to bind the homologous B*3501/NS3TPL tetramer, and to determine if the length 

of time after infection influenced the frequency of tetramer-binding T-cells. We 

observed differential binding capacity, with a range of responses  - equal, greater, 

or less than the capacity of cognate TM to bind DENV-1 B*3501/NS3TPL (Figure 

4-24). Surprisingly, when time after infection was examined relative to tetramer 

binding capacity, we observed that TM specific for DENV-1 cognate epitope 

peptide showed the greatest reduction in capacity to bind the homologous tetramer, 
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while TM specific for DENV-1 variant epitope peptides bound DENV-1 cognate 

B*3501/NS3TPL tetramer at higher magnitude over time (Figure 4-24).  

 

 
Figure 4-24. % Frequency of B*3501/NS3TPL tetramer binding (of proliferated CD8+ T 
cells) in cognate DV1 TPL and variant fractions. CD8+ TM cells specific for   DENV-1 
cognate epitope peptide showed the greatest reduction in capacity to bind the homologous 
tetramer, while TM cells from variant epitopes bound DENV-1 cognate NS3(500-509)TPL 
tetramer with greater frequency. 
 

Since Subject 60+YR PI-2 also expressed HLA-B*3501 and DENV-1- NS3(500-

509)-specific TM  derived from this individual’s PBMC also bound 

B*3501/NS3TPL tetramer, we examined  proliferative capacity and specificity in 

response to cognate and variant peptides in this individual as well. The same trend 

of decreased proliferative capacity (Figure 4-25), decreased magnitude of cognate 

DENV-1-specific TM able to bind B*3501/NS3TPL tetramer, and increased 
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frequency of TM specific for variant epitope peptides to bind to cognate 

B*3501/NS3TPL tetramer was observed (Figure 4-26). 
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Figure 4-25. Cognate and variant peptides proliferative capacity six decades after initial 
infection. Cross-reactive proliferative capacity is maintained in the 60+YR PI-2 subject. 
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Figure 4-26. Cognate and variant peptides binding capacity to B*3501/NS3TPL tetramer 
six decades after initial infection. Similar trend of variant fractions binding homologous 
B*3501TPL tetramer at higher frequency than the cognate epitope fraction was observed in the 
60+YR PI-2 subject.   
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4.12 Memory Phenotype and Cytokine Profiles of CD8+ T Cells in Response 

to Stimulation with Altered Peptide Ligands of DENV-1 NS3(500-509)TPL 

To further define the CD8+ T cell response to heterologous DENV serotypes, we 

assessed functional responses after short-term bulk culture in subjects at different 

time points after primary DENV infections. Memory DENV-1 CD8+ T cells, 

generated after primary DENV-1 infection, exhibited marked cross-reactivity 

toward epitope variants representing the four DENV serotypes in pMHC tetramer 

binding and functional assay. 

 

Three years after infection the memory phenotype of T-cells specific for variant 

epitope peptides of DENV-1 NS3(500-509) was consistent with the phenotype of 

TM specific for  cognate DENV-1: CD45RA-CCR7-CD28- (TEM) and CD45RA-

CCR7+CD28- (TCM) represented the two main fractions of DENV-1 specific 

CD8+B*3501/TPLtetramer+ cells (Figure 4-27). As time post infection increased, 

we observed a decrease in the TEM population and a steady increase in TCM fraction 

(Figures 4-28 and 4-29), and by 60 years post infection the majority of DENV-1-

specific CD8+B*3501/TPLtetramer+ cells were represented by CD45RA-

CCR7+CD28-, TCM phenotype (Figure 4-30), and this trend was mirrored by 

DENV-1 variant-specific responses.  
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Figure 4-27. Memory phenotype of CD8+ T cells responding to NS3(500-509) cognate and 
variant epitopes three years post DENV-1 infection. 
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Figure 4-28. Memory phenotype of CD8+ T cells responding to NS3(500-509) cognate and 
variant epitopes 6 years post DENV-1 infection. 
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Figure 4-29. Memory phenotype of CD8+ T cells responding to NS3(500-509) cognate and 
variant epitopes 9 years post DENV-1 infection. 
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Figure 4-30. Memory phenotype of CD8+ T cells responding to NS3(500-509) cognate and 
variant epitopes 60 years post DENV-1 infection. 
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IFN-γ, MIP-1β and TNF-α cytokine secretion profiles were assessed for DENV-

specific CD8+ T-cells produced in response to stimulation with NS3(500-509) 

cognate and variant epitope peptides, that bound B*3501/NS3TPL tetramer 

(Figures 4-31-33). With time, there was a trend in reduction in number of CD8+ T-

cells producing IFN-γ and MIP-1β and increase in TNF-α secreting cells in cognate 

and variant cell fractions. Polyfunctional CD8+ tetramer+ T-cells, which secreted 

MIP-1β and TNF-α in addition to IFN-γ, were present at highest frequency three 

years after infection in TM specific for both cognate and variant epitope peptides. 

There was a marked decline in this polyfunctional CD8+ TM population over time 

for most peptide-specific TM cells, except for DV3-1 ligand, and by 60+ years after 

infection, IFN-γ+MIP-1β+ TM were at very low frequency while TNF-α+ secreting 

cells were present at high magnitude, except for DV3-1 ligand, which continued to 

display polyfunctional cytokine secretion profile. 
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Figure 4-31. Cytokine profiles of CD8+ T cells responding to NS3TPL cognate and variant 
epitopes three years post DENV-1 infection. CD8+B*3501/NS3TPLtetramer+ cells with 
multifunctional profile were observed at high frequency in the 3YR PI-1 subject.  
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Figure 4-32. Cytokine profiles of CD8+ T cells responding to NS3TPL cognate and variant 
epitopes 9 years post DENV-1 infection. Altered cytokine profiles (trend towards TNF-α>MIP-
1β>IFN-γ hierarchy) and lower frequency of multifunctional cells for most ligands, except DV3-
1, were observed in the 9YR PI subject. 
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Figure 4-33. Cytokine profiles of CD8+ T cells responding to NS3TPLcognate and variant 
epitopes 60 years post DENV-1 infection. Monofunctional TNF-α secreting profile dominated 
the response for most ligands and the trend towards polyfunction cytokine response to DV3-1 
epitope continued in the 60YR PI-2 subject.. 
 

 

4.13 DENV-1-Specific CD8+ B*5502/NS5KPW T-Cells Display Marked 

Differences in the Duration of Cognate Epitope-Specific Responses, and 

Cross-Reactivity Profiles, Compared with DENV-1 B*3501/NS3TPL 

We previously identified a novel DENV-1 NS5(329-337)KPW epitope restricted 

by MHC B*5502 (ref 12). At three years post infection we observed vigorous 

proliferative responses to the cognate DENV-1 NS5(329-337)KPW epitope and to 

heterologous serotype variant peptides which were able to bind the homologous 

B*5502KPW tetramer with high avidity (Figure 4-34). 

Nine years post infection, proliferation in response to stimulation with cognate 

DENV-1 NS5(329-337)KPW cognate epitope peptide was abrogated and the 
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capacity of DENV-1 NS5(329-337)-specific T-cells to bind to the homologous 

B*5502/KPW tetramer were abolished (Figure 4-34). In contrast, stimulation of 

PBMC with variant epitope peptides representing heterologous DENV serotypes 

generated proliferative T-cells which bound to homologous B*5502/NS5KPW 

tetramer (Figure 4-34). The B*5502 NS5(329-337)  epitope was found by us to be 

an immunodominant epitope in individuals who expressed HLA-B*5502, when 

DENV-1-specific TM responses were investigated in 3-YPI Subjects, as NS3(500-

509)TPL has been described for individuals who express HLA-B*3501(ref 13). 

Stimulation with NS5(329-337)KPW epitope peptide  elicited strong cytokine, 

CTL and proliferative responses in individuals three years post infection (Table 4-

3), however when examined 9 years post infection, the cognate epitope TM 

response was almost completely abolished with respect to proliferation and IFN-γ 

production (Figure 4-35). These findings suggest that the B*5502/NS5KPW 

response is maintained in a manner distinct from the B*3501/NS3TPL-specific TM 

response. 
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3YR PI                 9YR PI                    3YR PI                9YR PI 

KPW                                                     D3 

	   	   	  
D2-1                                                     D2-2 

  
D2-3                                                    D2-4 

	   	  
                                        WNV 

                

Figure 4-34. Flowcytometry plots of DENV-1 CD8+ T cells binding capacity of homologous 
B*5502/NS5KPW tetramer at three and 9 years post DENV-1 infection. Drastic decline in 
CD8+ T cell ability to bind B*5502/NS5KPW tetramer in the cognate KPW, D2-1, and D2-4 T 
cell peptide fractions. 
 
 
                      
 
 
 
 
 
 



	  

	   138	  

3YR PI                                                                   9YR PI 

	    
 
Figure 4-35. The robust IFN-γ production by CD8+ T cells at three years post DENV-1 
infection in response to cognate NS5(329-337) epitope is abolished after nine years.  
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Summary 

We have shown that both humoral and cell-mediated immunological memory can 

be maintained for more than six decades in individuals with naturally acquired 

DENV-1 infection. We were able to show that the CD8+ T-cell responses declined 

markedly, whereas the CD4+ T-cell responses were maintained. Detailed analysis 

of a small number of volunteers showed that over time, the frequency of CD8+ 

memory T cells, which produced IFN-γ and MIP-1β declined, whereas the TNF-α 

response was maintained. Our findings are of interest in light of recent 

observations that support a role for high magnitude CD8+ IFN-γ+ memory T-cell 

responses in protection from the severe forms of dengue (ref 12). 

 

To further define the CD8+ T-cell response to heterologous DENV serotypes in 

humans with single DENV-1 infection, we assessed proliferative and cytokine 

profiles after short-term bulk culture after stimulation with cognate epitope and 

serotypic variants. We observed marked cross-reactivity toward epitope variants 

representing the four DENV serotypes in tetramer binding and functional assays. 

These cell lines responded similarly to homologous and heterologous serotypes 

with striking cross-reactivity between the DENV-1, DENV-2, DENV-3, and 

DENV-4 epitope variants. Our data indicate that differential functional TM 

responses are possible after primary DENV-1 infection, depending on the epitope 
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peptide antigen variant used to stimulate PBMC. These results contribute to the 

hypothesis that T cells modulate both protective and pathogenic roles, and more 

specifically, that the order of sequential DENV infections may influence the 

immune responses to secondary heterologous DENV infection. In addition, these 

findings indicate that TM cells from a previous DENV infection may be 

preferentially expanded after infection with secondary heterologous DENV 

serotype as suggested by the “original antigenic sin” model, and the effector 

function of these preferentially expanded TM have the potential to influence disease 

outcome. 
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Chapter 5 

 

 

Discussion 
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5.1 Duration of DENV-1 Humoral Immunity  

We investigated the duration of humoral immune responses to DENV infection in 

individuals who recalled experiencing dengue fever-like illnesses at the time of 

World War II, when DF epidemics occurred throughout the Pacific and Southeast 

Asia (ref 1). Serum samples collected in 2005, more than 60 years after onset of 

symptoms, were tested for the presence of anti-DENV-specific antibodies using a 

rapid EIA test, PRNT, and in-house DENV IgG Luminex assay. We were able to 

show the existence of DENV-specific antibodies in the serum of people infected 

more than 60 years earlier. One can argue that low PRNT titers and negative IgG 

ELISA indicate a lack of exposure to DENV, but we believe that it is not the case. 

The commercial PANBIO IgG ELISA that we used was still in its early phase of 

development and might not have had the desired sensitivity to detect low-positive 

IgG titers, and even though PRNT is considered to be the gold standard in 

determining previous DENV infection, the assay positive end-point cut off varies 

from lab to lab and is very much operator-dependent. While many others use 

PRNT50%, we chose PRNT90% to achieve higher stringency and proficiency in 

determining monotypic infections. The in-house Luminex IgG assay has not been 

proven in the field, and is still being optimized, so we cannot rely solely on its 

results. However, our proliferation studies conducted on the eight individuals, who 

recalled experiencing a dengue fever-like illness in the 1940s, and DENV naïve 
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negative controls subjects, showed a positive correlation between Luminex anti-

DENV IgG and proliferation results. The single subject with negative IgG ELISA, 

PRNT, and Luminex IgG results also had undetectable proliferative responses to 

DENV antigen similar to the Negative Control subjects. Those who had negative 

IgG ELISA, but positive Luminex IgG and very low PRNT titers, as well as 

subjects with higher PRNT titers, positive IgG ELISA and IgG Luminex, all 

showed proliferative T-cell responses to DENV stimulation.  Taking into 

consideration all of the test results, as well as the patients’ history, we confirm that 

seven of eight individuals, who recall having dengue fever-like illnesses during the 

1940s DENV Pacific epidemic, were probably infected with DENV in the 1940s. 

These seven individuals became the volunteers for our 60+YR PI group, and the 

one individual who was determined to be DENV naïve, was enrolled into our 

Negative Control group. 

 

This study investigated the duration of DENV immunological memory with the 

assumption that many of the subjects experienced a single exposure to DENV 

infection.  However, one might argue that some individuals might have been 

infected with DENV-1 in the recent Hawaii DENV-1 outbreak and thus either 

experienced a primary infection at that time or boosting of pre-existing anti-DENV 

immunity.  Several lines of evidence corroborate our postulate that the 
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neutralization data reflect dengue infections patients recall from 1943–1944 and 

not a more recent infection.  During the 2001–2002 outbreak, 1,644 persons with 

dengue fever-like symptoms were tested and only 122 cases were confirmed; given 

the extensive case-finding effort, it is unlikely that widespread DENV transmission 

occurred and was undetected (ref 2, 3). Also, a study of more than 3,000 visitors to 

Hawaii during the peak of the 2001–2002 outbreak found no infections per 358 

person-days of exposure (upper 95% confidence limit: 3.0 cases per person-year) 

(ref 4). These data strongly suggest that widespread DENV transmission did not 

occur in Hawaii during 2001–2002; therefore, the neutralizing antibody data we 

report likely represent long-lived memory responses to infections that occurred 

prior to 2001–2002. 

 

Antibody responses following acute viral infection in humans have been shown to 

persist for many years (ref 5). Because of the high frequency of re-infection by 

many acute viruses (such as influenza A and B, hepatitis C and E virus, respiratory 

syncytial virus (RSV), and human rhinoviruses) (ref 6-8), it can be difficult to 

accurately determine the duration of the humoral response; however, studies of 

immunity to smallpox vaccination have demonstrated clearly that antibodies 

induced by immunization with vaccinia virus can be maintained for up to 75 years 

(ref 9). Memory B cells, which replenish long-lived antibody-secreting plasma 
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cells, have been detected more than 50 years following smallpox vaccination (ref 

5). Similarly, long-term persistence of anti-flavivirus antibodies has been 

demonstrated in several studies. In a study of World War II veterans, Poland and 

colleagues detected neutralizing antibodies 30–35 years after immunization with 

17D yellow fever virus vaccine (ref 10). Serum samples obtained up to 48 years 

following experimental infection with DENV in human volunteers in Osaka (ref 

11) and of U.S. Army recruits in the Philippines, showed persistence of 

neutralizing antibodies for up to 48 years, as measured by PRNT, complement 

fixation, and hemagglutination inhibition assays (ref 12). Follow-up studies of 

individuals thought to have been infected during dengue epidemics in 1927–1928 

in Greece (ref 13) and in 1942–1944 in Japan (ref 14-15) showed that neutralizing 

antibodies may persist for up to 46 years following natural infection. We describe 

the existence of DENV-specific antibodies in the serum of people naturally 

infected with DENV-1 more than 60 years earlier, extending the findings of these 

earlier studies. 

 

5.2 Duration and Characterization of DENV-1-Specific Memory T Cells 

Increasing circulation of DENV in the more than 100 countries in which it is 

endemic has led to intensified efforts to interrupt transmission and reduce 

infection. WHO’s Global Strategy for dengue prevention and control aims to 
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significantly reduce dengue morbidity and mortality by 2020, and development of 

a safe and efficacious dengue vaccine is a major public health goal. The 

unexpected failure of a promising tetravalent, live, candidate vaccine designed to 

induce high titer neutralizing antibodies directed against the DENV envelope has 

highlighted the gaps in our understanding of the adaptive immune response to 

DENV infection and to the possible correlates of protection in both T-cell and B-

cell-mediated immunity (ref 16).  The lack of good animal models has meant that 

analysis of dengue immunobiology is largely restricted to observational studies in 

humans living in endemic countries, where hyperendemic transmission of all four 

serotypes results in multiple DENV infections occurring within the first decade of 

life. Understanding the features and kinetics of T-cell responses after primary 

infection is fundamental to gaining an understanding of the role of CD4+ and 

CD8+ T-cells in clearing DENV during secondary infections and in protection 

from the severe forms of dengue disease. 

 

We assessed cell mediated immune responses in volunteers living in Hawaii who 

had been infected with DENV-1 3, 9, and 60+ years previously and showed that 

dengue virus-specific memory T-cell responses were maintained for more than six 

decades in the absence of re-infection. Analysis of long-term T-cell responses in 

volunteers immunized with experimental dengue vaccines, and who are otherwise 
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flavivirus-naive has shown that memory T-cell responses are detectable many 

years after vaccination (ref 17). In our study, long term DENV-specific T-cell 

memory was characterized by high magnitude CD4+ T-cell proliferative responses, 

which were maintained for more than 60 years after infection.  In contrast CD8+ T 

cell responses were present in only about half of the volunteers after 60 years. This 

was also observed in studies of long-term memory T cells responses after smallpox 

vaccination, where half of the participants had lost CD8+ smallpox specific 

responses sometime between three and 20 years after vaccination (ref 9). Our 

results show that the switch to a predominantly CD4+ dengue response had already 

occurred at 9 years. Contrary to the marked decline in CD8+ memory responses 

over time, CD4+ responses were maintained for all volunteers, although a gradual 

loss was noted in the 60+YR PI group compared to the 3YR PI and 9YR PI groups. 

Maintenance of CD4+ T-cell memory, notwithstanding loss of the CD8+ response, 

has been reported in smallpox vaccinees over an interval of more than 75 years, 

and we show that the same phenomenon can occur following natural infection with 

DENV, in the absence of boosting (ref 18). Although our results are in agreement 

with studies in smallpox immunity, which show long-term persistence of cellular 

immunity to vaccinia virus and a preferential loss of CD8+ T cell memory, they do 

not agree with studies in measles immunity, which show a preferential loss of 

CD4+ memory T-cell responses over time (ref 19). The dynamics of cell mediated 
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memory responses may be different for every virus, and additional studies in the 

setting of vaccination and natural infection are needed to enhance our 

understanding of virus-specific immunity for different pathogens of public health 

importance.  

 

The volunteers in our study were infected with DENV-1 during the only 2 dengue 

epidemics known to have occurred in Hawaii in recent history, in 1943–1944 and 

2000–2001, and there is a possibility that our findings may not necessarily apply to 

long term immunity following infection with other DENV serotypes or following 

repeated DENV infections. Dengue is not endemic in Hawaii so we were able to 

characterize the features of cellular immunity many decades after infection in the 

absence of re-infection, and we demonstrate the long-term persistence of dengue-

specific T-cell immunity and independent regulation of CD4+ and CD8+ memory 

pools.  

 

5.3 Cytokine and Memory Phenotype Profiles of DENV-1 CD8+ T Cells 

To explore the number of epitopes recognized and cell frequency of DENV-

specific memory T cell responses, an IFN-γ ELISpot assay of PBMC pulsed with 

15mer peptides spanning the full-length DENV-1 E, NS3, NS4A, NS4B, and NS5 

genes was performed. High IFN- γ responses were detected in all 10 3YR-PI 
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subjects, ranging between 60-1470 SFU/million, were observed with multiple NS3, 

NS4B, and NS5 CD8+ T cell epitopes. In contrast, no IFN-γ responses were 

detected in any of the 60+YR-PI subjects.  

 

No DENV IFN-γ responses were detected in the CD4 compartment, and we were 

unable to map MHCII restricted epitopes in any of DENV groups. DENV-1 

memory CD4+ T cells were primarily of CD45RA-CCR7-CD28+ phenotype, 

potentially placing them in effector memory T(h) category (ref 20). Classification 

of human CD4 T cell subsets and their differentiation have shown that CD45RA-

CCR7-CD28+ phenotype included T(h)1 and T(h)2 effector memory/effector cells as 

well as unclassified cells. Over 80% of this particular CD4 phenotype was shown 

not to secrete IFN- γ. The major producer of IFN- γ was found in CD4+CD45RA-

CCR7-CD28- phenotype (ref 20). 

 

In several studies, DENV-specific CD4+ T cell epitopes were identified in IFN- γ 

ELISPOT assays using PBMC from either recently vaccinated volunteers or from 

acutely infected and convalescent patients, thus representing scenarios of recent 

exposure to DENV antigens (ref 21-22). Since our study was conducted at 3, 9, and 

60 years post infection, it is possible that the frequency of IFN-γ+CD4+ has 

diminished below the level of detection, and/or that long-term memory DENV-1 
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CD4+ T cells no longer produce IFN- γ. Therefore, including other cytokines such 

as IL-2, IL-4, and IL-6 might have been more appropriate for mapping DENV 

CD4+ epitopes. We were unable to accomplish this work due to limited sample 

availability, however investigation of this possibility should be undertaken in the 

future.  

 

Analysis of two volunteers, both in their 80s (one subject was bled three, six, and 

nine years after infection while the other volunteer was bled six decades after 

infection), showed that the decline in DENV-specific CD8+ T-cells was 

accompanied by a decline in IFN-γ production and maintenance of TNF-α, and this 

decline in CD8+IFN-γ+ responses was apparent as early as 6 years after infection. 

Since IFN- γ is an important component of protective anti-viral response, 

especially early on in the infection, such decline potentially could lead to impaired 

viral clearance, thus leading to higher virus titers. Higher dengue peak viremic 

titers have been associated with increased disease severity (ref 20). The decline in 

number of CD8+IFN-γ+ responses could also be an indication, that once a vaccine 

is developed, it might require boosting regimens to maintain CD8+IFN-γ+ 

responses.  
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Previous studies of DENV-specific memory T cell responses in volunteers 

immunized with a candidate dengue vaccine revealed heterogeneous cytokine 

expression, which was dependent upon the immunizing serotype as well as the 

challenge antigens (ref 17, 23). Bashyam and colleagues identified a population of 

DENV-specific CD8+ T cells which secreted higher amounts of TNF-α than IFN-γ 

in a donor immunized with a DENV-3 monovalent live attenuated candidate 

vaccine 14-16 years previously, and their findings suggested the existence of a 

subpopulation of TNF-α+IFN-γ-CD8+ T cells, supporting the results of our present 

study of DENV-1-specific immunity. It is likely that infection or immunization 

with other DENV serotypes will demonstrate similar dynamics.  

 

Virus-specific CD4+ and CD8+ T cells mediate their effector functions via 

secretion of molecules including the proinflammatory cytokines IFN-γ, MIP-1β 

and TNF-α (ref 24). We previously showed that high magnitude DENV-1-specific 

CD8+ T cell IFN-γ responses can be detected three–4 years after primary infection, 

clear evidence that effector memory responses can be maintained for several years 

after infection in the absence of repeated DENV exposures (ref 25). In the 60+YR 

PI cohort we examined in the present study, DENV-specific effector memory T-

cells were not detected following short-term stimulation with DENV-1 peptide 

antigens by ex vivo IFN-γ ELISpot analysis of PBMC.  Long term DENV-specific 
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CD8+ immunity was nevertheless maintained at low magnitude as antigen-specific 

memory responses could be identified via expression of CD137, surrogate marker 

for antigen-specific activation, on CD8+ T cells 24 hours after exposure to whole 

DENV virus. CD137+CD8+ frequencies for 60+YR PI ranged from 50-210 per 

million cells, compared to 400-1000 per million cells for 3YR PI, and 0-35 per 

million cells for unexposed volunteers, showing that despite the apparent loss of 

IFN-γ production there was evidence of a DENV-specific CD8+ recall response 

more than 60 years after primary infection. Detailed analysis of one volunteer 

using a B*3501/NS3(500509)TPL tetramer clearly showed the relative decline in 

IFN-γ-secreting CD8+ T-cells from 32% three years after primary infection, to 6% 

at 6years and 4% at 9 years. B*3501/ NS3(500-509)TPL+CD8+IFN-γ+ T cells 

were present at a frequency of 1% in a 60+YR PI volunteer who expressed the 

same HLA allele. This reduced response was not a function of senescence, since 

their responses to PHA were intact, and as both subjects were of similar age and 

the earliest measured IFN-γ responses for the 3-YPI volunteer were similar to 

those measured for younger subjects, who were infected with DENV-1 during the 

same outbreak (ref 25-26).  The decline in IFN-γ and MIP-1β production was in 

direct contrast to the maintenance of TNF-α secretion over time. Elevated levels of 

TNF-α have been positively associated with more severe DENV disease outcome. 

TNF-α has been shown to have a direct effect on vascular permeability, hallmark 
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of severe dengue, and polymorphism in the TNF-α gene is considered to be one of 

the risk factors for DHF/DSS (ref 27-28).  

 

Multifunctional T-cell responses (production of two or more cytokines in response 

to stimulation with cognate antigen) are markers of effective antiviral immunity in 

dengue and other infections, and protection against challenge is associated with 

higher frequency of Th1 cells simultaneously secreting multiple cytokines 

including IFN-γ and TNF-α (ref 29-33).  IFN-γ induces an antiviral effect and 

makes uninfected cells resistant to DENV infection in vitro (ref 34), and we have 

shown that IFN-γ-producing CD8+ T-cell clones are maintained as a major 

component of the DENV-specific memory response for up to 4 years following a 

primary infection (ref 25). DENV may inhibit IFN-γ production by activated CD8+ 

T cells during acute primary and secondary infection resulting in the ‘stunned’ 

phenotype (ref 35), but this immune suppression is temporary, and CD8+ IFN-γ 

responses are measurable from around 2 weeks after the acute phase. Sustained 

production of IFN-γ by activated CD8+ is associated with protection in a human 

challenge model for DENV infection, even in the absence of neutralizing antibody 

(ref 34, 36). The magnitude of the IFN-γ response, when an immune individual is 

challenged during a subsequent DENV infection, appears to depend on the 

infecting serotype and on the infection history (and also on the HLA molecules 
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involved in recognition) (ref 37), however it is unclear what the outcome would be 

if the frequency of IFN-γ–secreting CD8+ T-cells is low at the time of challenge. 

Marked increases in disease severity have been associated with longer interval 

between primary and secondary infections (ref 38-40), and higher levels of viremia 

were associated with longer interval between first and second immunizations with 

live attenuated dengue vaccines (ref 41), so it is possible that the tendency towards 

a more severe outcome is linked to a diminished capacity to mount protective IFN-

γ+ memory T-cell responses and predominantly TNF-α oriented response.  

 

Our volunteers’ CD4+CD45RA-CD28+CCR7- memory phenotype is consistent 

with the proliferative capacity and lack of IFN-γ production demonstrated by these 

cells, since this phenotype has a tendency to produce higher levels of IL-2 and IL-4 

but not IFN-γ (ref 20). In contrast the CD8 compartment consisted of more 

heterogeneous memory phenotypes. At three years post infection, a significant 

proportion of DENV-1 CD8+ cells expressed a CD45RA-CD28-CCR7- effector 

memory phenotype associated with elevated levels of IFN-γ production (ref 21-

22). The marked decline in CD8+ IFN-γ production in our study volunteers by 9 

years after primary monotypic infection (which was also accompanied by 

increased proportion of cells expressing CD45RA-CD28-CCR7+, a differentiated 

central memory phenotype (ref 21), might be explained by the absence of boosting 
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that would result from a second infection, which would likely occur within a few 

years of a first infection in an endemic setting.  It is unclear whether our study 

volunteers would mount a robust CD8+IFN-γ+ response if they were re-exposed to 

DENV; individuals previously vaccinated against smallpox and who received 

booster immunizations several years later at a point when their CD8+IFN-γ+ 

responses had similarly declined showed signs of a primary rather than a 

reactivated memory response, although in other boosted individuals the CD8+ 

response was rapidly lost (ref 18). 

 

5.4 Generation of B*3501/NS3TPL and B*5502/NS5KPW Serotype Cross-

Reactive T Cells After Primary DENV Infection 

It has been previously shown that DENV-specific serotype-cross reactive T cells 

may be detected in individuals who have experienced primary DENV history (ref 

42). Our present study supports these findings, showing that serotype cross-

reactive CD4+ and CD8+ memory T-cells are generated during primary DENV-1 

infection and maintained as part of the long-term immune response. We found that 

DENV-1 CD4+ and CD8+ T cells proliferated in response to stimulation with 

heterologous DENV2-4, but since we were using whole virus, which encompasses 

all possible epitopes, there was a possibility that the proliferative response 

observed was not due to cross-reactivity but to epitopes shared by all four DENV 
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serotypes and WNV. Therefore, we also investigated the effect of specific 

epitopes, NS3(500-509)TPL and NS5(329-337)KPW as deduced from the DENV-

1 Hawaii 2001 virus sequence,  and the associated heterologous variants deduced 

from  DENV2-4 and WNV, to confirm that  the functional responses that were 

measured were a direct consequence of cross-reactivity.  

 

Altered peptide ligands are variants of defined MHC class I- or MHC class II-

restricted T-cell epitopes that can prompt alterations in effector cell function, 

compared to responses induced by the cognate epitope. Subtle changes in the 

epitope sequence, by as little as a single amino acid, can result in dramatic 

differences in cytokine secretion phenotype, proliferation and anergy (ref 43-46). 

We found that NS3(500-509)TPL and NS5(329-337)KPW-specific  CD8+ T cells 

from DENV-1 immune donors were highly cross-reactive in an epitope dependent 

manner and showed distinct patterns of recognition for variant peptides 

representing heterologous DENV and WNV viruses, and that proliferative function 

and cytokine secretion were changed in a epitope-dependent manner. Single amino 

acid substitutions within the epitope altered proliferative capacity and secretion 

patterns of cytokines, including IFN-γ, TNF-α, and MIP-1β. For cognate epitope 

we observed MIP1β≥ IFN-γ > TNF-α secretion hierarchy, while for variant 

epitopes this hierarchy was skewed in epitope dependent manner, with many of the 
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variant fractions displaying TNF-α>IFN-γ>MIP1β order. Our findings, of altered 

cytokine profiles induced by stimulation with variant peptide ligands representing 

heterologous viruses, demonstrate that the functional phenotype of DENV-specific 

memory T cells can be modified, and that individual cytokine production can be 

modulated depending on the epitope presented by the pMHC. The nature and the 

duration of the pMHC-TCR contact dictate subsequent signaling events that 

ultimately affect T-cell function (ref 47). During a secondary dengue virus 

infection, it is therefore plausible that the breadth and nature of the cytokine 

response is determined by factors including specificity of pre-existing memory T 

cells, the secondary infecting virus, and HLA type. Combination of host and viral 

factors has been shown to have a strong association with pathogenesis of 

DHF/DSS (ref 48-49). Reduced or abrogated cytolytic and cytokine function 

resulting from activation by heterologous, secondary virus would directly impact 

the ability of the infected host to control viral replication. Enhanced functional 

avidity resulting in increased production of proinflammatory cytokines, including 

TNF-α, could contribute to pathophysiologic events directly affecting vascular 

permeability (ref 50). 
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5.5 The Effect of Time After Infection on DENV-1 Serotype Cross-Reactive T 

Cells without Subsequent DENV Immunological Boosting 

Activation of DENV-specific memory T-cells with cross-reactive heterologous 

serotype antigens during secondary infection can result in production of high 

concentrations of vasoactive proinflammatory cytokines, and this type of 

unbalanced response is associated with vascular permeability clinical syndrome 

and more severe disease (ref 51). The great majority of secondary infections, 

however, do not result in severe disease, and there is some evidence that pre-

existing memory T-cells can be cross-protective and down modulate disease during 

infection with heterologous DENV serotypes (ref 37). Weiskopf and co-workers 

assessed serotype-specific and serotype cross-reactive IFN-γ responses in a Sri 

Lankan blood donor population, most of whom would have experienced at least 

one DENV infection. Comprehensive analysis of this large cohort found that the 

magnitude of the response as measured by ex vivo IFN-γ ELISpot, associated with 

certain MHC Class I alleles, correlated with milder disease and greater memory 

CD8+ T-cell multi-functionality. Of the 408 DENV epitopes identified as possible 

antigens which might be recognized by 27 major HLA molecules known to 

predominate in the blood donors, a relatively small number  (approximately 25) 

were immunodominant and were shown to be major targets for high magnitude 

CD8+ T-cells in multiply exposed individuals.  
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In the present study we showed that primary DENV-1 infection generated a 

heterogeneous population of cross-reactive cells that showed distinct patterns of 

recognition for variant peptides representing heterologous DENV and WNV. The 

B*3501/NS3(500-509)TPL epitope, used in our work, was one of the 25 

immunodominant epitopes associated with milder disease in the Sri Lankan cohort, 

while the B*5502/NS5(329-327)KPW is a novel epitope found to be 

immunodominant in the Polynesian population (ref 25). At three years post 

infection, cognate NS3(500-509)TPL- and NS5(329-337)KPW-specific cells 

showed robust proliferative responses and multifunctional phenotype with high 

IFN-γ, as measured by ex vivo IFN-γ ELISpot, and displayed high avidity to its 

cognate p-MHC-tetramers, all hallmarks of protective immunity. Multifunctional 

cell phenotypes were also detected in response to variant epitopes for many of the 

cross-reactive cells, though with different patterns, pointing to existence of DENV 

cross-protective immunity and corroborating data from other human and mouse 

DENV studies (ref 37, 47).  

 

When the same donors were examined nine years post infection, striking 

differences were observed in responses between the two epitopes and within the 

heterologous variants. At nine years post-infection, we saw a trend with decrease 

in proliferative capacity, binding of pMHC-B*3501TPL tetramer, and IFN-γ 
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secretion in response to cognate NS3(500-509)TPL epitope, but still at detectable 

levels, albeit low, after short in-vitro bulk PBMC stimulation. Stimulation with 

NS5(329-337)KPW cognate epitope peptide, resulted in very low levels of 

proliferation, and abrogated pMHC-B*5502 tetramer binding and IFN-γ 

production. 

 

Though cognate epitope responses had greatly diminished nine years post 

infection, as observed for NS3(500-509)TPL, or even became undetectable, as 

observed for NS5(329-337)KPW, the responses to the majority of variants actually 

intensified, pointing to preferential maintenance and expansion of cross-reactive T 

cells over those with only cognate epitope specificity.  

Cross-reactive T cells have been shown to dominate immune responses in acute 

viral infections (ref 54). Due to lower activation thresholds, cross-reactive T cells 

have a survival advantage over non-cross-reactive cells, which can lead to 

alterations in T cell receptor repertoire. The preferential maintenance of cross-

reactive T cells results in their accumulation over time, and selective loss of single-

epitope-specific cells (ref 55).  

 

Both NS3(500-509)TPL and NS5(329-337)KPW epitopes exhibited similar 

frequencies of IFN-γ secreting CD8 T cells (Chapter 4 Results, Table 4-3) at three 
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years post infection, and both were shown to be immunodominant responses (ref 

25, 34, 37). We examined TCR repertoire using Vβ spectratyping and observed 

broad TCR repertoire and diverse Vβ family usage (data not shown) at three years 

post infection, but when examined nine years after infection, we observed 

alterations in the TCR repertoire diversity. Some of the Vβ families have been 

deleted leading to expansion of the remaining Vβ families (data not shown). Such 

repertoire narrowing could explain the greatly diminished responses to the cognate 

epitope. Therefore it is possible that with time T cell repertoire representing 

oligoclonal NS3(500-509)TPL and NS5(329-337)KPW specific cells have been 

preferentially lost resulting in changes in the immunodominance hierarchy.  

 

The initial pMHC-TCR interaction is a crucial component of memory T cell 

development. The strength and quality of the stimulus, the duration of the 

interaction, and the density of the pMHC-TCR complexes, play a vital role in 

memory T-cell development. MHC class I molecules interact with peptides, 

mostly 8–11 amino acids in length, in the lumen of the ER. The vast majority of 

peptides presented by MHC class I originate from proteasomal protein degradation 

in the cytosol. Since NS3(500-509) epitope is derived from NS3 protein, which is 

localized to the cytoplasm, it is readily available for proteosomal degradation, and 

subsequent pMHC presentation. On the other hand, the NS5(329-337)KPW 
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epitope is located in the nuclear localization sequence of the NS5 gene, which will 

eventually be predominantly localized in the nucleus, and therefore not as available 

to undergo degradation and presentation and perhaps resulting in lower pMHC 

densities, and ultimately contributing to the future generations of memory T cells.  

 

In our previous work with the NS5*5502KPW epitope (ref 25), we showed that 

amino acid changes in the variant peptides, though subtle, induced significant 

changes in phenotype, suggesting that TCR engagement of variant peptides 

induced different signals than the cognate peptide to result in a change in effector 

function, and that different activation thresholds, dependent on antigen 

concentration, were required for the individual variant peptide-MHC-TCR 

complexes before T cell function was elicited (ref 25).  

 

It is possible that if the initial pMHC-B*5502/NS5KPW density was lower 

compared to pMHC-B*3501/NS3TPL, the oligoclonal CD8+ B*5502/NS5KPW 

memory cells generated had a higher activation threshold, so at 9 years post 

infection they might require higher concentration of cognate peptide to reach the 

necessary threshold for TCR activation. Due to insufficient sample availability, we 

were unable to test this hypothesis using different peptide concentrations for 
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stimulation. It is likewise plausible to venture that these cells were selectively lost, 

as was corroborated in the narrowing of TCR repertoire. 

 

Summary 

In this body of work, we showed that DENV IgG antibodies can persist for more 

than 60 years after monotypic infection and that serotype cross-reactive CD4+ and 

CD8+ memory T cells are maintained as part of the long-term immune response to 

DENV infection, although CD8+ T-cell memory is greatly diminished with time. 

Detailed analysis of a small number of volunteers showed that over time, the 

frequency of CD8+ memory T cells which produced IFN-γ, as well as MIP-1β, 

declined, whereas TNF-α production was maintained. We have used a large panel 

of well-characterized T-cell lines to demonstrate that CD8+ DENV-specific 

memory T cells can be activated by an array of altered peptide ligands representing 

heterologous dengue viruses to induce strong cross-reactive proliferative and 

cytokine responses, thus a vaccine design that would induce responses to broad 

epitope repertoire with multifunctional CD8+ responses should be pursued.  

 
The polyclonal, heterogeneous DENV-specific memory T-cell population is 

capable of responding to a range of antigens; however, the altered, skewed 

phenotype (decrease in polyfunctional IFN-γ producing cells and increase in 

monofunctional TNF-α producing cells) induced by stimulation with variant 
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peptides and the enhanced structural avidity that may be measured for previously 

encountered antigens may not necessarily be protective as time post infection 

increases, and actually may contribute to pathogenesis of dengue virus infection.  

 
 In the mouse model DENV-specific memory CD8+ T cells are protective and 

enhance viral clearance during acute secondary infection whereas CD4+ T-cells do 

not (ref 51-52), and although translating the results of mouse studies to humans is 

not straightforward, we can speculate that diminished CD8+ memory T-cell 

responses years after primary DENV infection or vaccination with live virus would 

provide limited protection during a secondary infection. Our findings are of 

interest in light of recent observations which support a role for high magnitude 

CD8+ IFN-γ+ memory T-cell responses in protection from the severe forms of 

dengue (ref 37), thus boosting strategies might be an important component of 

vaccine design. 
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Study Limitations 

Interpretation of data presented here is subject to several limitations. The small 

number of subjects enrolled in these studies limits the statistical power. The results 

generated are in volunteers with a history of previous DENV-1 infection, and may 

not represent responses after infection with all dengue serotypes. Since all of our 

volunteers experienced DF and not DHF, any implications for dengue 

immunopathology should be interpreted very carefully. Limited sample availability 

and financial resources narrowed our field of study primarily to CD8+ T-cell 

responses, and to B*3501 and B*5502 HLA restriction only, which may not be 

representative of other HLA alleles. The small sample volume precluded us from 

conducting additional potentially important experiments, such as antigen dose 

dependence, DENV-specific CD4+ T cell epitope prediction mapping and MHC II 

tetramer work, and T cell receptor repertoire and signaling kinetics. Also our data 

on memory T-cell responses were analyzed in PBMC, but majority of memory T 

cells reside in tissues as TRM, thus our results might not represent the majority of 

DENV memory T-cell responses generated after DENV infection.  
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Future Directions 
 
In the future, we plan to continue and expand our studies to better understand the 

role of memory T cells in both protection and pathogenesis. Most of past research 

has focused on DENV MHC I-restricted responses, so there is very little data on 

role of CD4+ T cells in anti-DENV immunity. That is perhaps due to limited 

information and technology, in the form of MHC II tetramers, available on MHC 

II-restricted responses, thus making it more difficult to predict and identify DENV 

CD4 immunodominant epitopes.  

 
In this study we primarily focused on CD8+ T-cell responses. With the new 

advances in MHC II tetramer technology, we would like to pursue a similar 

detailed characterization of DENV-specific CD4+ memory responses, since CD4+ 

T cells not only directly contribute to anti-viral responses, but are also important in 

helping generate stable long-term B and CD8+ memory cells, thus helping to shape 

the development of memory responses. 

 
With limited sample availability we were unable to pursue some fascinating 

questions that arose from the data of this research. In the future we would like to 

more closely examine pMHC-TCR interactions and explore the effect of altered 

peptide ligands, effect of time post infection, and effect of HLA restriction on 

signaling cascades generated by these interactions. With such drastic differences 
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between B*5502/NS5KPW and B*3501/NS3TPL responses observed at nine years 

post infection, we would like to explore in depth the TCR repertoire changes by 

looking at Vβ and CDR3 usage using spectratyping and deep sequencing tools.  
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