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Abstract 1 

NKT cells are innate-like T cells, recruited to the skin during viral infection, yet their contributions 2 

to long-term immune memory to viruses are unclear. We identified granzyme K, a product made by cytotoxic 3 

cells including NKT cells, is linked to induction of Th1-associated antibodies during primary dengue virus 4 

(DENV) infection in humans. We examined the role of NKT cells in vivo using DENV-infected mice lacking 5 

CD1d-dependent (CD1ddep) NKT cells. In CD1d-KO mice, Th1-polarized immunity and infection resolution 6 

were impaired, which was dependent on intrinsic NKT cell production of IFN-g, since it was restored by 7 

adoptive transfer of WT but not IFN-g-KO NKT cells. Furthermore, NKT cell deficiency triggered immune 8 

bias, resulting in higher levels of Th2-associated IgG1 than Th1-associated IgG2a, which failed to protect 9 

against a homologous DENV re-challenge and promoted antibody-dependent enhanced disease during 10 

secondary heterologous infections. Similarly, Th2-immunity, typified by a higher IgG4:IgG3 ratio, was 11 

associated with worsened human disease severity during secondary infections. Thus, CD1ddep NKT cells 12 

establish Th1 polarity during the early innate response to DENV, which promotes infection resolution, 13 

memory formation and long-term protection from secondary homologous and heterologous infections in 14 

mice, with consistent associations observed in humans. These observations illustrate how early innate 15 

immune responses during primary infections can influence secondary infection outcomes. 16 

 17 

Introduction 18 

 19 

Viral pathogens such as flaviviruses, coronaviruses and influenza viruses pose unique challenges 20 

for adaptive immune responses because of the existence of many serotypes and/or frequent emergence 21 

of new variants. Because of antigenic similarities between the species within these families, re-exposure to 22 

a heterotypic viral challenge can elicit an adaptive immune response that is partially protective or, 23 

alternatively, potentially enhancing for infection or pathogenesis(1). However, early innate immune events 24 

are understood to both limit primary viral infection and influence downstream adaptive responses, but how 25 

innate immune responses influence memory recall and protection in secondary infections is hardly 26 

understood.  27 
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One virus for which pre-existing heterologous immunity can be problematic is dengue virus (DENV), 28 

an arboviral pathogen with a substantial worldwide burden as the most common vector-borne viral 29 

disease(2, 3). Having 4 serotypes and a multitude of closely related viruses in the same family, DENV 30 

poses a unique public health challenge with respect to its high frequency of reinfection or re-exposure to 31 

antigenically similar heterotypic infections in the same host, which can alter the disease course(4). Immune 32 

memory in DENV infections is associated with strong and long-lasting serotype-specific protection. 33 

However, secondary infections with a heterologous serotype of DENV are associated with a risk of 34 

heightened disease severity(4). It is thought that this risk of severity is dependent primarily on antibody 35 

concentration and specificity(5), where non-neutralizing antibodies can lead to antibody-dependent 36 

enhancement (ADE) of infection(5), but the immune factors that promote the development of infection-37 

enhancing antibodies are unclear.  38 

DENV infection begins when the virus is subcutaneously injected into skin by mosquito bite. Viral 39 

particles deposited in the skin initially infect local monocytes and dendritic cells (DCs) and activate resident 40 

innate immune sentinel cells, such as mast cells, which prompt cellular recruitment (4, 6-9). Although DENV 41 

is able to disseminate via lymphatic vessels to draining lymph nodes (dLNs) and establish replication in 42 

various target organs, this early innate immune response is key for limiting infection (9, 10). Early clearance 43 

of DENV from the skin is promoted by an innate response involving innate-like T cells such as γδT cells 44 

and NK1.1+ cells (6, 11). Both natural killer (NK) and natural killer T (NKT) cells are recruited to the skin, 45 

with enrichment for NKT cells (6), but it is not known which subsets of NK1.1+ T cells are consequential to 46 

DENV infection clearance and if they influence long-term immune memory.  47 

NKT cells display a hybrid transcriptional phenotype of both NK and T cells (12, 13) and can rapidly 48 

produce a variety of cytokines and/or acquire cytotoxic functionality upon T cell receptor (TCR) activation 49 

(14, 15). Currently, in mice, NKT cells are classified into three main subsets: CD1d-dependent (CD1ddep) 50 

Type-I, CD1d-dependent Type-II, and CD1d-independent (CD1dind) NKT-like cells (15), which differ in their 51 

abilities recognize specific antigens(12, 14, 16, 17), as well as their cytokine secretion profiles and cytotoxic 52 

capabilities(17-20). In humans as well, although there are differences in TCR utilization and in vivo 53 

distribution, there are also invariant CD1d-dependent and -independent NKT cells(17). NKT cells are 54 

strongly linked with antiviral immunity. For example, NKT markers were detected on a large percentage of 55 
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virus-specific CD8+ and CD4+ T cells during lymphocytic choriomeningitis virus infection in mice (21). NKT 56 

cell deficiency also led to impaired clearance of herpes simplex and hepatitis B virus infections in mice (22, 57 

23), and NKT cells were shown to be responsible for induction of virus-specific CTL responses against 58 

respiratory syncytial and influenza viruses (24, 25). While there is evidence that NKT cells can influence 59 

other immune cells through regulating cytokine secretion or interaction with antigen presenting cells (APCs) 60 

(26), the specific contributions of NKT cells (independent of NK cells) to immunity and clearance of 61 

cutaneous virus infection are not fully understood. Furthermore, their influence on adaptive immunity and 62 

long-term memory responses, and especially those independent of their ability to, themselves, convert to 63 

memory phenotypes, have not been adequately explored. 64 

Here, we identified a link between biomarkers of NKT cell activation and a Th1-polarized immune 65 

response in primary dengue patients, involving both serum cytokines and antibody subclasses. Using mice 66 

deficient in CD1ddep NKT cells, we disentangled the contributions of NKT cells to innate clearance of acute 67 

infection from their influence on adaptive responses, and learned that NKT cell driven adaptive immunity 68 

can regulate secondary infection outcomes. We observed that NKT-dependent Th1-immune polarization in 69 

mice led to protection during secondary homologous and heterologous infections, in a mechanism 70 

dependent on the intrinsic production of IFN-g by NKT cells. As in mice, severe disease in secondary 71 

dengue patients was strongly associated with a Th2 characteristic profile of pre-existing antibodies. These 72 

results support a dual role for CD1ddep NKT cells in DENV infection resolution dependent on Th1-associated 73 

immune responses, as well as long-term antibody mediated protection against re-infection.  74 

 75 

Results 76 

NKT cell activity primes for Th1 immune bias during primary human dengue infections 77 

We first questioned if immune signatures of cytotoxic lymphocyte activation could be a predictor of 78 

efficient induction of Th1-associated immune responses in DENV-infected humans. Human dengue-79 

confirmed patients from a hospitalized pediatric cohort were longitudinally sampled at days 1-3 and days 80 

6-7 post fever onset, representing time points of acute infection (i.e. at the time of patient presentation at 81 

the clinic and recruitment) and the beginning of adaptive immune responses, respectively(4, 27). For the 82 

primary dengue patients, biomarkers associated with the functions of cytotoxic lymphocytes were enriched 83 
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in the serum of some patients in early acute infection (1-3 days post fever onset) (Figure 1A). Furthermore, 84 

there were strong correlations between the levels of Granzyme A and IL-2, Granzyme B and IL-17, and IL-85 

4 and TNF in patient sera (Figure 1A), which suggests clustering of patients whose early immune profiles 86 

were typified by Th1, Th17 or Th2 type responses. IL-10 and IFN-g levels also appeared correlated with 87 

each other (Figure 1A), which have previously been shown to be produced by CD4 T cells and linked to 88 

dengue disease(28). We next questioned whether the serum levels of any of these cytokines were 89 

associated with the early induction of a Th1-polarized antibody response. Interestingly, the levels of 90 

granzyme K during the acute phase of infection were significantly higher in patients who displayed effective 91 

class-switch of DENV-specific antibodies to the Th1-associated isotype IgG3, which was measured in the 92 

defervescence phase of disease in longitudinal samples (Figure 1B). DENV-specific IgG4, which is a Th2-93 

associated human antibody subclass(29) could not be detected, which is consistent with literature 94 

suggesting that it takes several weeks for IgG4 induction following primary DENV infection(30), while IgG2 95 

was only detected in 14.3% of patients (Figure S1A). These IgG3 and IgG4 antibody subclasses are usually 96 

low abundance in human serum compared to IgG1/2 and, aside from being associated with Th1/2 97 

polarization, can illustrate a refined antibody response following germinal center activity and effective class-98 

switching(31). In contrast, IgG1, the most abundant subclass of serum antibodies in humans(31), was 99 

produced by 97% of patients by this time point post-fever onset but did not correlate with Granzyme K 100 

(Figure S1B-C). In spite of its association with Th1-polarized IgG3 antibody responses, granzyme K was 101 

not associated with serum virus burden or disease severity during primary infection (Figure S1D-E). 102 

Granzyme K is produced primarily by NKT cells, although to a lesser extent by γδT cells, but not made 103 

appreciably by traditional CTLs(32). Even though Granzyme K is not cell type-specific, its strong association 104 

with NKT cells raised the question whether early NKT cell responses could influence the mounting adaptive 105 

immune response and Th1 balance during DENV infection. 106 

 107 

CD1ddep NKT cell deficiency alters cellularity of DENV-infected skin and dLNs. 108 

Prior to assessing the functional contributions of NKT cells to virus clearance and adaptive 109 

responses, we characterized the NKT cell response at the cutaneous site of DENV infection and the dLN, 110 

where immunity is initiated, in a well-established immune-competent mouse model of DENV infection(6, 11, 111 
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33-36). Since mosquitoes inject DENV particles subcutaneously during their feeding (37) and because the 112 

mouse footpad (FP) skin drains to a single dLN, the popliteal lymph node (38), we chose this route of 113 

infection to examine NKT cell responses. DENV is also a lymphotropic pathogen, and the dLN is the 114 

secondary site of infection(4, 9). First, we infected WT and CD1d-KO mice with DENV2 (2x105 PFU) via 115 

subcutaneous injection and determined the relative NKT cell sub-types present in the FP skin and dLN by 116 

flow cytometry at days 3 and 5 post-infection (Figure 2A), which were defined based on cellular markers 117 

identified in prior reports (13, 15, 39, 40). A CD1d-tetramer loaded with PBS-57, an analogue of αGAlCer, 118 

was used to identify Type-I NKT (iNKT) cells, while Type-II NKT cells that are also CD1d-restricted would 119 

not bind to the αGAlCer-loaded tetramer. An unbiased multidimensional reductional analysis (t-sne) was 120 

used to visualize and verify the phenotypic differences in NKT cell populations between WT and CD1d-KO 121 

mice in the skin and dLNs (Figure 2B). This confirmed the expected absence of Type-I NKT cells 122 

(NK1.1+CD3+CD1d-tetramer+) in the skin and dLN (Figure 2B). In the FP skin of WT mice, we detected 123 

NKT-like cells (NK1.1+CD3+CD1d-tetramer-CD8+), with very small numbers of either Type-II NKT cells (or 124 

CD4 T cells that had acquired the NK1.1 marker, which are phenotypically indistinguishable from NKT cells) 125 

(NK1.1+CD3+CD1d-tetramer-CD4+), and CD4/CD8 double-negative (CD4/CD8 DN) NKT cells 126 

(NK1.1+CD3+CD1d-tetramer-CD4-CD8-) (Figure 2B). In WT mice, the CD4/CD8 DN NKT population 127 

represents a combination of some Type-II NKT cells and NKT-like cells, although based on the CD1d-128 

restriction of Type II NKT cells, the same phenotype should represent only NKT-like cells in CD1d-KO mice. 129 

As expected, CD1d-KO mice lacked Type-I and Type-II NKT cells (Figure 2B), and their small residual 130 

NK1.1+CD4+ population should represent T cells that have acquired the NK1.1 marker, which can occur 131 

during viral infection (21), while their CD4/CD8 DN population of NK1.1+CD3+ cells should represent NKT-132 

like cells only. Thus, CD1dind NKT-like cells were the dominant cell population with NKT cell markers in 133 

CD1d-KO mice at baseline (Figure 2B).  134 

After subcutaneous infection with DENV, total NKT cells were enumerated in the skin and dLNs.  135 

In contrast to NK cells, which did not differ between WT and CD1d-KO mice (Figure S2A-B), there were 136 

reduced NKT cells in the skin of CD1d-KO mice compared to WT mice, days 3 and 5 post-infection (Figure 137 

2C). However, the total NKT cells did not differ in the dLN between WT and CD1d-KO mice at the same 138 

time points of this experiment (Figure S2C). In infected WT mice, we also detected a significant increase 139 
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in Type-I NKT cells in both the FPs and LNs on days 3 and 5 post-infection (Figure 2D-E). Furthermore, 140 

significantly increased numbers of NKT-like cells were present on days 3 and 5 post-infection in the FPs 141 

but not dLNs of WT mice but not in CD1d-KO mice (Figure 2F, S2D). This was confirmed by confocal 142 

microscopy, where CD3+ or NK1.1+ single-positive cells could be identified in the infected skin of CD1d-KO 143 

mice, but no double-positive NKT cells could be found, in contrast to WT skin where they were rare, but 144 

present (Figure S2E). These results suggest that although NKT-like cells are present in CD1d-KO mice, 145 

their recruitment to DENV-infected skin is regulated by CD1ddep NKT cells, which are absent in this model, 146 

and they are not replenished in the skin following infection. To further validate defects in the recruitment of 147 

immune cells to the site of cutaneous DENV infection in the absence of CD1ddep NKT cells, we used 148 

carboxyfluorescein succinimidyl ester (CFSE) labeling of cells in the FP skin prior to infection to label 149 

resident cells (CFSE+). We observed significantly higher numbers of newly recruited, CFSE- NKT-like cells 150 

in the skin of WT mice compared to CD1d-KO mice on day 3 post-infection (Figure 2G). However, we did 151 

not detect a significant difference in the number of tissue-resident, CFSE+ NKT-like cells in the skin of WT 152 

and CD1d-KO mice (Figure 2G). Therefore, the increase in CD1dind NKT-like cells observed in the skin 153 

during DENV infection was primarily due to newly-recruited cells. Together, these data demonstrate that 154 

CD1ddep NKT cells are necessary for the trafficking of CD1dind NKT-like cells into the cutaneous site of 155 

DENV infection. 156 

 157 

In the dLN, NKT cell phenotypes were similarly analyzed, and we detected diverse subsets of NKT 158 

cells and an increase in CD1dind NKT cell subsets in both WT and CD1d-KO mice following DENV2 infection 159 

(Figure S2D). In contrast to observations made in the skin, CD1dind NKT-like cells increased to comparable 160 

numbers in the dLN of CD1d-KO mice compared with WT mice and the numbers of CD4/CD8 DN NKT cells 161 

were also increased but not significantly different between WT and CD1d-KO mice (Figure S2D). We also 162 

detected increased numbers of NK1.1+CD3+CD4+CD1d-tetramer- cells in CD1d-KO mice, (Figure S2D), 163 

which are likely CD4+ T cells that acquired the NK1.1 marker, as conventional CD4+ and CD8+ T cells have 164 

been shown to express NK1.1 upon acute viral infection(21). Similarly, to the skin, NKT cells could be 165 

identified visually in the infected LNs of WT mice, but these were not abundant in dLN of CD1d-KO mice 166 

(Figure S2F-G). These results support that, unlike the skin site of infection where recruitment of CD1dind 167 
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NKT cell types was affected by CD1d-deficiency, the cellularity of the dLN with regards to NKT cell subsets 168 

was not significantly affected, aside from the confirmed lack of CD1ddep NKT cells.   169 

To further characterize the subsets of NKT cells in the LN following infection in WT and CD1d-KO 170 

mice, we sorted NK1.1+CD3+ cells for TCR sequencing. The sequencing results, indicating an increase in 171 

TCR diversity in WT but not CD1d-KO mice upon infection, shown by diversity index and visually by tree 172 

map presentation of the individual clones (Figure 3A-B), supported the interpretation that diverse NKT-like 173 

cells were recruited in the presence of CD1d-restricted NKT cells. A more in-depth analysis of the V and J 174 

pairs showed that certain clones were highly enriched in WT animals, such as pairings of mTRBV12-2 with 175 

mTRBJ1-5 or mTRBJ1-4, in addition to the broad increase in frequencies of multiple diverse TCRb clones 176 

(Figure 3C). There were many clones that were only detected in the LN of WT mice during DENV infection, 177 

and fewer that were only detected in infected CD1d-KO mice (Figure 3C). This might also be consistent 178 

with the acquisition of NK1.1 as a marker on conventional T cells in CD1d-KO mice, although there were 179 

only 3 clones that were uniquely identified in CD1d-KO mice upon infection (Figure 3C), suggesting the 180 

potential of this to occur would be very limited. Together these data emphasize the role of CD1ddep NKT 181 

cells, which are invariant, in promoting NKT cells or NKT-like cells with diverse repertoires during infection.  182 

 183 

CD1ddep NKT cells enhance CTL recruitment and promote resolution of infection. 184 

Next, to examine how CD1ddep NKT cells affect virus clearance, we measured the infection burden 185 

at the site of infection, the FP skin, and in the dLN of WT and CD1d-KO mice on days 3 and 5 post-DENV2 186 

infection. Staining of dLNs for monocyte and DC markers CD11b and CD11c revealed that most of the 187 

infected cells that were increased were myeloid lineage cells that are known DENV infection targets (Figure 188 

4A). The differences in viral genome copies were not significantly different in the FP and dLN at day 3 post-189 

infection between WT and CD1d-KO mice (Figure 4B-C). By day 5, higher DENV2 infection levels were 190 

detected in the skin (Figure 4B) and dLNs (Figure 4C) of CD1d-KO mice compared to WT mice. This 191 

increased burden in the dLN was confirmed day 5 by IHC (Figure S3). These results suggest that CD1ddep 192 

NKT cells promote the resolution of DENV infection and that their absence leads to delayed viral clearance. 193 

To identify the aspects of cellular immunity that could mediate delayed viral clearance in the context 194 

of CD1ddep NKT cell deficiency, we examined other conventional T cell responses associated with viral 195 
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clearance, including CD8+ CTLs. Indeed, delayed DENV2 clearance in the skin of CD1d-KO mice was 196 

associated with a reduced CTL response, as there were fewer total and activated CD8+ T cells in the skin 197 

of CD1d-KO mice at days 3 and 5 post-infection (Figure 4D). In contrast to skin, similar numbers of total 198 

and activated CD8+ T cells were detected in the dLNs of WT and CD1d-KO mice (Figure 4E). We also 199 

quantified tissue resident or newly recruited CD8+ T cells in the FP skin at day 3 post-infection to determine 200 

whether the reduction in CTL numbers in CD1d-KO skin was due to impaired recruitment and/or in situ 201 

proliferation of CD8+ T cells. We observed significantly higher numbers of both newly recruited CFSE-CD8+ 202 

T cells and tissue-resident CFSE+CD8+ T cells in the FPs of WT mice compared to CD1d-KO mice day 3 203 

post-infection, yet no changes at baseline (Figure 4F). These labeling experiments support that the 204 

increase in CD8+ T cells in the skin during DENV infection is due to both new recruitment and in situ 205 

proliferation of CD8+ T cells and that CD1ddep NKT cells are necessary for the trafficking of CD8+ CTLs 206 

within DENV-infected skin and their expansion. 207 

The higher viral load in the dLN of CD1d-KO mice despite the unaltered CTL response at that site 208 

suggested other mechanisms leading to the amplification of DENV infection in the dLN might exist, aside 209 

from merely impaired CTL-mediated clearance of infection. As DENV is lymphotropic and infection-bearing 210 

DCs and inflammatory monocyte-derived cells migrate from the cutaneous infection site to the dLN for 211 

systemic virus spread(9, 41), we hypothesized that reduced clearance of DENV in the skin may allow 212 

enhanced trafficking of infected cells to the dLN in CD1d-KO mice. To investigate whether this occurred, 213 

we injected CFSE into the FPs of WT and CD1d-KO mice 3 days after subcutaneous DENV2 infection and 214 

tracked CFSE+ and CFSE- monocyte/macrophages (CD11b+CD11c-MHC-II+, gating strategy Figure S4) 215 

and conventional DCs (cDCs, CD11c+CD11b-MHC-II+, gating strategy Figure S4) in the dLN at day 5 post-216 

infection by flow cytometry. We detected significantly higher numbers of DENV-infected 217 

monocyte/macrophages (Figure 4G) and cDCs (Figure 4H) in the dLNs of CD1d-KO mice by intracellular 218 

staining for the DENV replication product NS3. We also observed significantly higher numbers of skin-219 

derived (CFSE+) DENV-infected monocyte/macrophages (Figure 4G) and cDCs (Figure 4H) in the dLNs 220 

of CD1dKO mice. These data indicate that the delayed viral clearance observed in the dLNs of CD1d-KO 221 

mice (Figure 4B-C) coincides with increased migration of DENV-infected monocytes and DCs from the 222 

infected skin, where viral clearance is also impaired. 223 
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Our data also indicated that the changes in trafficking within the skin were cell type-specific since 224 

the responses of other T cells including γδT cells, which are important for early flavivirus clearance from 225 

skin(11, 42), were unaffected in the skin due to CD1d deficiency (Figure S5A). While we observed a 226 

significant reduction in total CD4+ (Figure 4I) and γδT cell (Figure S5B) numbers at days 3 and 5 post-227 

infection in the dLNs of CD1d-KO mice, there were no differences in the numbers of activated CD4+ and 228 

γδT cells between WT and CD1d-KO mice (Figure 4I, S5B). Taken together, these data demonstrate that 229 

during DENV infection, CD1ddep NKT cells influence T cell recruitment in the skin and dLN in a site-specific 230 

manner by promoting CD8+ CTL recruitment and activation in the skin and expansion of CD4+ and γδT cell 231 

populations in the dLN, without affecting their activation potential. 232 

 233 

CD1ddep/Type-I NKT cells establish Th1 polarity during DENV infection. 234 

 We hypothesized that the defects in CTL and NKT-like cell recruitment to the skin and the 235 

enhanced trafficking of infected cells from the skin to the dLN in CD1d-KO mice could be due to altered 236 

chemotactic gradients. Therefore, we compared the mRNA expression levels of various chemokines in the 237 

FPs and dLNs of WT and CD1d-KO mice following subcutaneous DENV2 infection. At 48h post-infection, 238 

significant reductions in the mRNA expression levels of Cxcl9 and Cxcl10 were detected in the FP skin of 239 

CD1d-KO mice compared to WT mice (Figure 5A). These chemokines are well-established to be important 240 

for the recruitment of Th1 cells and activated CD8+ T cells that express the chemokine receptor CXCR3(43). 241 

Similarly, in the dLNs of CD1d-KO mice compared with WT mice, we detected a significant reduction in 242 

mRNA expression levels for Cxcl16 (Figure 5B), a chemokine for CXCR6-expressing Th1 cells(44), but 243 

not Cxcl10. Consistent with increased infiltration of infected monocytes and DCs in the dLNs of CD1d-KO 244 

mice (Figure 4G-H), significant increases in mRNA expression levels for Ccl7 and Ccl8 (Figure 5B) were 245 

detected in the dLNs of CD1d-KO mice compared to WT mice. Ccl7 and Ccl8 are well-established 246 

attractants for monocytes and DCs, as well as some cell types with Th2 phenotypes (43, 45-50). These 247 

differences in the expression levels of various chemokines suggested a shift from a Th1 towards a Th2 bias 248 

in CD1d-KO mice in both the skin and dLN. 249 

To identify which subsets of NKT cells produce Th1-associated chemokines, we further examined 250 

chemokine expression by each NKT cell subset following DENV infection. For this, we sorted Type-I, -II, 251 
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and NKT-like cells from the dLNs of DENV2-infected WT mice at 48h post-infection and examined mRNA 252 

expression levels in each NKT cell subset for Th1 and Th2 chemokines by real-time qPCR. The fold change 253 

in chemokine expression levels in Types-I, -II, and NKT-like cells from DENV2-infected mice were 254 

compared with the expression levels in total NKT cells from uninfected mice to indicate the relative 255 

contributions of each subset to the cytokine profile observed. In the DENV-infected WT mice, we detected 256 

~18- and ~6-fold increases in Cxcl10 expression in Type-I and -II NKT cells relative to baseline, respectively, 257 

while Cxcl10 expression by NKT-like cells increased ~23-fold (Figure 5C), indicating that NKT cells, 258 

particularly Type-I and NKT-like subsets, are important producers of Cxcl10. Consistent with the increased 259 

expression of Th1 chemokine Cxcl10, Ifng expression was also significantly increased in Type-I and NKT-260 

like subsets (Figure 5C), supporting that Type-I NKT and NKT-like cells promote a Th1 response during 261 

DENV infection. 262 

 263 

CD1ddep NKT cell deficiency results in Th1/Th2 imbalance 264 

Since our chemokine expression data suggested Th2-skewing due to CD1ddep NKT cell deficiency, 265 

we next aimed to confirm this functionality at the protein level and determine whether CD4+ and CD8+ T 266 

cells, which are key effectors of Th1/Th2 polarization, were also affected. For this, we compared the 267 

frequency of IL-4- or IFN-g-producing CD4+ and CD8+ T cells in the dLN of WT and CD1d-KO mice by 268 

intracellular staining. Consistent with a shift towards Th2 polarization in the absence of CD1ddep NKT cells, 269 

significantly higher frequencies of IL-4-producing CD4+ T cells and lower frequencies of IFN-g+ CD4 T cells 270 

were detected in the dLNs of CD1d-KO mice compared to WT mice (Figure 6A-B). In addition, we 271 

compared the frequency of IL-4- or IFN-γ-producing CD8+ T cells in the dLNs and observed higher 272 

frequencies of IL-4-producing CD8+ T cells and lower frequencies of IFN-g+ CD8+ T cells in CD1d-KO mice 273 

compared WT mice (Figure 6C-D). Alternatively presented, a UMAP analysis allowed visualization of 274 

affected CD4 and CD8 populations in infected LNs (Figure 6E), where a heat map presentation of IL-4 275 

expression showed an increased density of IL-4 expressing cells in CD1d-KO mice compared to WT 276 

controls, particularly identifiable in the CD4+ cell region (turquoise bracket, Figure 6F) while increased 277 

intensity for IFN-g expression was discernable in WT mice compared to CD1d-KO mice in the area of the 278 

UMAP plot corresponding to CD8 T cells (pink bracket, Figure 6G). Assessment of IFN-g and IL-4 MFI in 279 
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CD4 and CD8 T cells indicated that expression of IFN-g was increased in both CD4 and CD8 compartments 280 

in WT compared to CD1d-KO mice (Figure 6H-I), while the MFI of IL-4 did not differ significantly (Figure 281 

6J-K), in spite of the expanded proportion of IL-4+ T cells in CD1d-KO compared to WT mice (Figures 6A). 282 

These data demonstrate that during DENV infection, CD1ddep NKT cells are required for the optimal 283 

production of the Th1 cytokine IFN-g by CD4+ and CD8+ T cells and that their absence causes a Th1/Th2 284 

imbalance, resulting in an enhanced presence of CD4+ and CD8+ T cells producing the Th2 cytokine IL-4. 285 

Having identified defects in Th1 immunity in CD1d-KO mice and the induction of Th1 cytokine IFN-286 

g by Type-I NKT and NKT-like cells in response to DENV infection (Figures 5-6), we hypothesized that IFN-287 

g production by NKT cells could initiate the Th1 microenvironment. To test this, we adoptively transferred 288 

isolated NKT cells from either WT or IFN-g-KO mice into CD1d-KO recipients prior to DENV infection 289 

(Figure 7A). At day 3 post-infection we observed increased infection in the LNs of mice that had been 290 

transferred CD1d-KO NKT cells compared to WT NKT cells (Figure 7B). We then measured cytokine 291 

production and cellular activation in the CD4 and CD8 T cell compartments of the skin and dLNs. NKT cell 292 

transfer from IFN-g-deficient into CD1d-KO mice resulted in a significant increase in CD4 T cell but not CD8 293 

T cell IL-4 production in the dLN (Figure 7C, S6A) and decrease in CD4 and CD8 T cell IFN-g production 294 

during DENV infection compared to transfer of NKT cells from WT mice (Figure 7D). Transfer of WT NKT 295 

cells prior to DENV infection also promoted increased activation of CD4 and CD8 T cells in the dLNs 296 

compared to transfer of IFN-g-deficient NKT cells (Figure 7E).  The influence of NKT cell derived IFN-g on 297 

Th1 polarization was also observed in the skin site of infection (Figure 7F-G). Consistent with the dLN, IL-298 

4-producing CD4 and CD8 T were fewer (Figure 7F) and IFN-g-producing T cells were increased (Figure 299 

7G) in the DENV-infected skin of animals adoptively transferred WT NKT cells compared to IFN-g deficient 300 

NKT cells.  The IFN-g-deficient NKT cell transfer also led to reduced recruitment of CD8 T cells in the skin 301 

during DENV infection, compared to transfer of WT NKT cells (Figure 7H), while the frequencies of NKT 302 

cells in the skin did not differ between the two groups (Figure S6B). These data show the contribution of 303 

IFN-g produced specifically by NKT cells in promoting the Th1-type response. In the absence of IFN-g in 304 

NKT cells, IL-4 production by conventional T cells is enhanced.  305 

 306 
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NKT cells promote antibody production that protects against homologous and heterologous reinfection  307 

 Since the Th1/Th2 cytokine imbalance could directly influence humoral immunity(51) and based on 308 

our observations linking antibody sub-classes and NKT cell biomarkers in humans (Figure 1), we further 309 

examined how CD1ddep NKT cell deficiency affects the Th1/Th2 balance in the antibody response against 310 

DENV. For this, we infected WT and CD1d-KO mice with DENV2 and determined DENV2-specific serum 311 

IgG2a (Th1-associated) and IgG1 (Th2-associated)(51-53) antibody titers at 5 weeks post-infection. 312 

Although total antibody titers against DENV determined by ELISA did not differ (Figure S7), we observed 313 

significantly higher DENV-specific IgG2a titers in WT mice compared to CD1d-KO mice (Figure 8A), while 314 

IgG1 titers were higher in CD1d-KO mice (Figure 8B). These changes indicate a strong Th1 antibody 315 

response against DENV2 in WT mice and a Th2 skewing of the antibody response against DENV2 in CD1d-316 

KO mice. Assessment of the neutralizing capacity of the purified IgG from WT and CD1d-KO mice also 317 

indicated that IgG from CD1d-KO mice was unable to neutralize DENV2 efficiently (Figure 8C-D), 318 

supporting the role of CD1ddep NKT cells on antibody function and raising the further question of how the 319 

persistence of an Th2-skewed profile could influence subsequent immunity to DENV. 320 

 Given the differential protective responses during homologous and heterologous secondary 321 

infections with dengue, we tested the influence of antibodies produced in WT or CD1d-KO mice with both 322 

types of challenge. For this, we purified serum IgGs from naïve WT, DENV2-immune WT and DENV2-323 

immune CD1d-KO mice, 28 days after infection prior to adoptive antibody transfer and challenge of 324 

recipients (Figure 8E). Prior to transfer of antibodies, immune complexes were formed using either purified 325 

IgGs and DENV2 (homologous challenge) or purified IgGs and of DENV1 (heterologous challenge). The 326 

immune complexes were then injected into the skin of IFNαR/IFNγR-KO mice, which are highly susceptible 327 

to DENV infection(54), and viral titers were measured in the dLN at 5 day post-infection. In the homologous 328 

challenge model, IgGs from DENV2-immune WT mice provided protection against DENV2 infection 329 

resulting in reduced viral titers compared to the IgGs from naïve or CD1d-KO infection groups (Figure 8F).  330 

In contrast, with heterologous challenge, IgGs from DENV2-immune WT mice increased DENV1 infection, 331 

consistent with ADE (Figure 8G). However, ADE of DENV1 was significantly enhanced in the presence of 332 

IgGs from DENV2-immune CD1d-KO mice compared to IgGs from DENV2-immune WT mice (Figure 8G). 333 

Next, we questioned whether the ADE observed with IgG from CD1d-KO mice could worsen dengue 334 
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disease. Using the heterologous infection model described above we measured body mass and survival in 335 

IFNαR/IFNγR-KO mice. DENV1 infection in mice who received IgG from DENV2-immune CD1d-KO mice 336 

showed significantly more weight loss (Figure 8H) and higher mortality (Figure 8I) compared to the mice 337 

who received IgG from DENV2 immune WT mice. These results were also consistent using 338 

immunocompetent model of dengue infection where weight loss was increased in mice given CD1d-KO 339 

immune complexes, although both groups recovered (Figure S8). This supports that a higher anti-DENV 340 

IgG1/IgG2a ratio may promote the development of ADE upon subsequent heterotypic DENV infection. 341 

Therefore, CD1ddep NKT cell regulation of Th1 immune polarization during DENV infection not only 342 

enhances cellular immunity and recruitment to assist with DENV infection clearance but also alters the long-343 

term immune status towards a protective Th1 serological profile. 344 

 345 

Association of pre-existing Th2-associated IgG4 with dengue severity in humans 346 

Next, we evaluated if Th2-polarized antibody responses are associated with severe disease in humans. For 347 

this, we measured DENV-specific IgG1, IgG2, IgG3 and IgG4 in a cohort of secondary dengue patients. 348 

Interestingly, patients who developed dengue fever (DF), the mild form of dengue disease, had higher levels 349 

of IgG3 (a Th1-associated antibody) and lower levels of IgG4 (a Th2-associated antibody) compared to 350 

those who developed dengue hemorrhagic fever (DHF), a severe form of dengue (Figure 9A-C). Levels of 351 

DENV-specific IgG1 did not differ between mild and severe patients, while IgG2a was only detected in a 352 

small number of patients (Figure S9). Consistent with this, the ratio of IgG4/IgG3 was significantly higher 353 

in DHF patients compared to DF patients (Figure 9D).  This further supports our mechanistic data that Th2 354 

skewed antibodies that are formed in the absence of NKT cell functionality are weakly neutralizing and may 355 

promote antibody-enhanced disease severity. 356 

 357 

Discussion 358 

A first exposure to a viral pathogen is typified by infection clearance through cytotoxic T cell 359 

responses, including innate-like T cells(55). However, it has been unclear whether innate-like T cell 360 

functionality during a primary infection can influence disease outcomes during a secondary re-exposure. It 361 

is also unclear how innate-like T cells, such as NKT cells, could function to bridge innate and adaptive 362 
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immune responses in these contexts in ways independent of their own capacity to develop a memory 363 

phenotype. Here, we identified that NKT cells do not merely promote an acute antiviral response through 364 

cytotoxicity, but they also help guide the fate of the memory lymphocyte pool during a primary adaptive 365 

immune response, in ways that can be protective much later during reinfection.  366 

By using mouse models of CD1d-deficiency, we showed that IFN-g derived specifically from 367 

CD1ddep NKT cells during primary DENV infection was instrumental in defining infection outcomes during a 368 

secondary DENV infection. In humans, a cytokine signature involving early induction of granzyme K in the 369 

acute phase of primary dengue disease was strongly linked to induction of Th1-associated IgG3 as infection 370 

resolved. Although granzyme K is not specific to NKT cells(32), given its importance to their function we 371 

investigated the contributions of NKT cells in immune polarization and infection clearance in mice.  372 

Mechanistically, CD1ddep NKT cells established IFNg-driven Th1 bias that extended to both T cell responses 373 

as well as to antibody subclasses and their functionalities, which paralleled our observations in primary 374 

dengue patients. In particular, DENV-specific antibodies evoked in the absence of CD1ddep NKT cells were 375 

poorly neutralizing in spite of having been generated in the presence of a higher infection burden. 376 

Functionally, these antibodies were enhancing for viral replication during secondary heterologous DENV 377 

infection and even failed to protect in a homologous DENV challenge. In humans with secondary dengue 378 

infections, we also observed a correlation between the presence of DENV-specific Th2-associated antibody 379 

subclasses and a high Th2:Th1 antibody ratio with severe dengue. However, we did not have sufficient 380 

serum from this study to perform neutralization tests against all of the serotypes of DENV in circulation in 381 

Sri Lanka, so we do not know if the neutralizing capacity of serum antibodies is also linked to severe disease 382 

in this cohort. Interestingly, IgG3 antibodies have been characterized to have greater neutralizing capacity 383 

in some contexts, such as against SARS-CoV-2 virus(56). Multiple DENV infections are likely in dengue 384 

endemic regions and re-exposure to a heterologous dengue serotype is a known risk factor for developing 385 

severe dengue(4). This emphasizes the potential that the innate immune activation profile an individual 386 

mounts during primary infection can drive the responses that determine disease severity during secondary 387 

infection, likely many years later.  388 

NKT cells display plasticity in their phenotypes and can secrete Th1, Th2, or Th17 cytokines under 389 

different circumstances. Most literature examining the role of NKT cell polarization has focused on the 390 
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phenotypes of those cells during autoimmunity(57). Even the timing and circumstances of 391 

αGalCer administration can lead to altered Th1/Th17 vs. Th2 bias(58). We observed in mice that Type-I 392 

NKT cells and NKT-like cell subsets are the sources of IFN-γ during acute dengue infection that initiate the 393 

Th1 microenvironment to which other cells, like T cells, also contribute. TCR sequencing supported our 394 

flow cytometry data showing that CD1d-dependent NKT cells expand the population of NKT-like cells at 395 

infection sites and dLNs and promote their cytokine production as well, considering that the presence of 396 

CD1d-dependent NKT cells lead to increased diversity of NKT-like cell clones. It would be interesting, in 397 

future studies to identify the infection-associated products that these diverse NKT cell clones recognize.   398 

Evidence supports that IFN-γ is protective during dengue. For example, in one cohort, sustained 399 

IFN-γ production correlated with protection against fever and viremia (59). Furthermore, IFN-γ mediates 400 

nitric oxide production and reduces DENV replication and disease severity in mice (60, 61). Despite these 401 

and additional numerous examples of the innate protective functions of IFN-γ(62), the influence of IFN-γ on 402 

antibody quality during viral infections not straightforward. On the one hand, IFN-γ is produced abundantly 403 

by conventional abT cells(63) and it can promote T helper cell function(64) and B cell activation and 404 

proliferation(65). Also, IFN-γ has been shown to promote germinal center functions, particularly in the 405 

context of autoimmunity(66, 67). However, in some models of viral infections, IFN-γ is dispensable to 406 

antibody production or antibody-mediated protection from heterotypic strains(68, 69). We also previously 407 

observed that IFN-γ-receptor-deficient mice have severely compromised survival compared to IFN-γ-408 

receptor-sufficient littermates, in a model of maternal antibody-mediated severe DENV infection (that is also 409 

Type-I interferon deficient)(70). In contrast to those systems, we see here that IFN-γ from NKT cells is 410 

protective during primary and secondary DENV infection. Transfer of NKT cells from WT mice but not IFN-411 

γ-KO mice resulted in the restoration of a Th1-polarized immune response at the site of infection in the skin 412 

as well as dLNs, emphasizing the mechanistic importance of NKT cell derived IFN-γ in establishing the 413 

polarization of the immune microenvironment, a role that might not have been apparent in systems with 414 

global deficiency or antibody-blockade. Importantly, since IFN-γ-competent NKT cells from WT mice were 415 

sufficient to repair a Th1-polarized response, even in CD1d-KO mice, this supports that the contributions 416 

of CD1ddep NKT cells to Th1 polarization are independent of the ability of the host to present antigen via 417 

CD1d itself. This contrasts previously described influences of NKT cells on B cell responses, which were 418 
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CD1d-dependent(71), or in other models of primary viral infection, IL-4-dependent(72). These observations 419 

also demonstrate the pleiotropic nature of IFN-g and emphasize that IFNs derived from different cellular 420 

sources or from different time points during the course of infection have unique potential to dictate disease 421 

outcomes. These outcomes also may be distinctive in hosts experiencing multiple pathogen exposures. 422 

Although humans with DENV infection have activated circulating NKT cells(73) , we cannot be sure that the 423 

same functional effects of Type-I NKT cells we defined in mice translate directly to humans, particularly 424 

given that humans have substantially fewer NKT cells in the blood than mice(74, 75). 425 

Th1/Th2 bias also influences lymphocyte trafficking, which appears to contribute to viral clearance 426 

during acute primary infection in our model. In CD1d-KO mice, chemokines important for cytotoxic cell 427 

recruitment were reduced (such as CXCL9 and CXCL10 in the FP) in addition to the broad Th1 to Th2 428 

shifted chemokine response in both the skin and dLNs. Consistent with this, CD1d-KO mice had defects in 429 

the trafficking, proliferation, and activation of NKT-like cells and CD8+ CTLs into the cutaneous infection 430 

site. CFSE tracking experiments also suggested increased trafficking of infected cells from skin to the dLN 431 

and imaging revealed greatly enhanced numbers of infected myeloid lineage cells, which are known DENV-432 

infection targets(4). Tracking of DENV-infected skin-derived monocyte/macrophage phenotype cells and 433 

DCs post-infection showed that many of the infected cells in the dLN were derived from the footpad skin. 434 

Importantly, in addition to an overall higher burden of infection, CD1d-KO mice also had increased numbers 435 

of skin-derived infected cells in the dLNs compared to WT mice. This could point to impaired clearance by 436 

cytotoxic cells of the infected cells in the skin that (by nature of being primarily antigen presenting cells) 437 

migrate to the dLN. Yet, it is also likely that trafficking of infected cells was enhanced by the altered 438 

chemotactic response. Particularly in dLNs, enhanced production of Ccl8 and Ccl7 was observed in CD1d-439 

KO mice compared to WT mice, which, being monocyte and DC chemoattractants(47), could enhance the 440 

trafficking of those cells both infected already or as potential infection targets. Thus, impaired trafficking of 441 

cytotoxic cells is coupled with enhanced trafficking of infected cells and infection targets to the dLN in the 442 

context of CD1d deficiency. This data provides greater context for the multiple roles of NKT cells during 443 

infection. In addition to promoting innate and adaptive antiviral responses, as discussed above, they can 444 

also regulate the cellular trafficking dynamics of immune cells responsible for infection clearance and/or 445 

viral dissemination.  446 
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Previously, the influence of NKT cells on DENV infection and immunity had not been determined, 447 

especially as it pertains to uncoupling of its cytotoxic function with that of its influence on immune polarity 448 

and antibody functions. Dengue patients with severe disease were observed to have higher levels of 449 

invariant NKT cell activation than mild patients (76), but this was studied only in secondary dengue patients 450 

and whether increased NKT cell numbers resulted from activation during severe disease or was the cause 451 

of severe disease is unclear. Interestingly, that study also observed that cytokines were produced by 452 

invariant NKT cells with a higher IFN-γ/IL-4 ratio in patients with mild dengue fever compared with those 453 

with severe dengue fever(76). This is consistent with our results that Th1-associated NKT cell responses 454 

are protective. Beyond DENV, many human viral pathogens have evolved into antigenically similar, but 455 

evolutionarily divergent, families of viruses that confound or evade host defenses, for example, Influenza 456 

viruses and Coronaviruses(77, 78). In those contexts, insufficient protection can result in antibody-457 

dependent enhancement of disease or breakthrough infections caused by heterotypic strains. Improved 458 

vaccination strategies to achieve strong cross-protective immune protection to subsequent challenges are 459 

needed. Our results affirm that the contributions of NKT cells to protection from viral infection extends 460 

beyond their innate functions to having a role in establishing a polarized and specific immune memory 461 

response. This may have applications for improving vaccines to allow our immune systems to respond more 462 

efficiently to heterologous sequential viral challenges.  463 

 464 

Methods  465 

Animal studies and infections 466 

CD1d-KO, IFNαR/IFNγR-KO, and IFNγ-KO mice were purchased from Jackson Laboratories and bred in-467 

house at the Duke-NUS vivarium. Wildtype mice (C57BL/6 background) were purchased from InVivos 468 

(Singapore). DENV2 infection was performed by FP injection of 2×105 PFU or intraperitoneal injection of 469 

1×106 PFU of DENV2.  470 

 471 

Sex as a biological variable 472 

For human studies, data are derived from both male and females. For mouse studies, mostly female mice 473 

were used and it is not known if the mouse model results pertain to male mice.  474 
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 475 

Statistics 476 

For comparisons of multiple groups, either 1-way or 2-way ANOVA was performed using Bonferroni's 477 

multiple comparison post-test to determine statistical significance amongst groups. Unpaired Student's t-478 

test was used to evaluate differences between two groups. Data were considered significant at p ≤ 0.05. 479 

All error bars represent the SEM. Multiplex cytokine data were analysed using data analysis software suite 480 

from Biolegend. 481 

 482 

Study approvals 483 

All animal experiments were performed according to protocols approved by the SingHealth Institutional 484 

Animal Care and Use Committee. IRB approvals were obtained from the University of Colombo, Colombo, 485 

Sri Lanka (#EC-14-136), the National University of Singapore, Singapore (#LN-18-036E) and Nanyang 486 

Technological University, Singapore (#IRB-2014-06-016). Subjects’ guardians provided written informed 487 

consent prior to participation in the study. 488 
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Figure 1 
 
 

 
 
 
Figure 1. Association of serum Granzyme K concentrations with subsequent IgG3 induction in 
primary dengue patients. Concentrations of cytokines and T cell associated immune factors were 
determined in the serum of pediatric primary dengue patients (n=29). (A) Correlation matrix showing the 
correlation between concentrations of cytokines in patient samples at the acute (days 1-3 post-fever onset) 
phase of disease. Heatmap represents the correlation coefficients for each pair of cytokines evaluated. 
(Stronger positive correlations approach 1.) (B) Serum concentrations of Granzyme K were significantly 
higher in serum samples obtained 1-3 days post-fever onset for patients who had detectable anti-DENV 
IgG3 by days 6-7 post-fever onset. *indicates p=0.0495 determined by Mann Whitney test. IgG3 positivity 
was defined as having an anti-DENV endpoint ELISA titer 2-fold or greater above naïve serum.   

 
 

  



Figure 2 
 
 

 
 
 
Figure 2. Type I NKT and NKT-like cells are recruited to DENV-infected skin and dLNs. (A) Various 
NKT cell subsets from the skin and dLN were identified by flow cytometry using CD1d tetramer staining and 
additional markers, including Type-I NKT (NK1.1+CD3+CD1d-tetramer+), Type-II NKT cells 
(NK1.1+CD3+CD1d-tetramer-CD4+ which have a similar phenotype to NK1.1+CD4+ T cells), NKT-like NKT 
cells (NK1.1+CD3+CD1d-tetramer-CD8+), and CD1d-tetramer- CD4 CD8 double-negative (DN) NKT cells 
(NK1.1+CD3+CD1d-tetramer-CD4-CD8-). (B) The unbiased clustering tSNE algorithm was used to verify 
flow cytometry data in the FP skin and dLN. The algorithm was run on concatenated total samples (infected 
and uninfected). Type-I NKT cells were absent in CD1d-KO mice. (C) Total NKT cells were quantified in the 



skin in WT and CD1d-KO mice after infection with 2x105 PFU of DENV2 subcutaneously by FP injection. 
DENV infection increased Type-I NKT cells in WT but not in CD1d-KO mice in the (D) skin and (E) dLN 
days 3 and 5 post-infection. (F) Quantification of CD1dind NKT cell subsets in the FP showed increased 
NKT-like cells at days 3 and 5 post-infection in WT but not CD1d-KO mice, while other NKT cell subsets 
measured were not influenced. (G) Tracking of local versus recruited NKT like cells in the skin, performed 
by CFSE labeling prior to DENV2 infection. CFSE+ or CFSE- NKT-like cell (NK1.1+CD3+CD1d-tetramer-

CD8+) numbers in the FP skin were determined day 3 post-infection and are presented as stacked bars. 
Type-I NKT and NKT-like cells are recruited into the skin during DENV infection, and both subsets are 
absent from the skin of CD1d-KO mice. Graphed data are shown as the mean±SEM and consist of n=5 
mice combined from two independent experiments for each time point; * for p<0.05, ** for p<0.01, and *** 
for p<0.001, determined by one or two-way ANOVA with Holm-Sidak’s post-test.  

 
  



Figure 3 
 
 

 
 
 
Figure 3. Reduced diversity of NKT cell TCR clones in LNs of DENV-infected CD1d-KO mice. 
CD3+NK1.1+ T cells from mouse dLNs (mesenteric and iliac) collected and pooled from n=3 mice per group 
were harvested and sorted 72h hours after I.P. infection with DENV. The TCRb region was sequenced to 
identify the abundance of unique clones. (A) Diversity index calculated by iRepertoire software, which 
reflects the diversity of unique CDR3s clones sequenced for each sample. (B) Tree map illustration of 
diversity for the respective samples. (C) Heat map of the relative frequencies of given V-gene and J-gene 
combinations. The clones uniquely identified in WT or CD1d-KO mice are overlaid in pink and blue, 
respectively.  

 
  



Figure 4 
 

 
 
 
Figure 4. CD1ddep NKT cells accelerate DENV clearance and promote CD8 T cell recruitment and 
activation in DENV-infected skin. WT and CD1d-KO mice were infected with 2x105 PFU of DENV2 
subcutaneously by FP injection. (A) DENV NS3 staining of infected cells including DCs and 
monocyte/macrophages at day 3 in the dLN of WT and CD1d-KO mice. Scale bar=50µM. Additional images 
are provided in Figure S2. (B-C) DENV2 (E protein) gene copy numbers in the (B) FP skin and (C) dLN 
were determined days 3 and 5 post-infection by qPCR. Single cell suspensions from FPs and dLNs were 
stained with antibodies against CD3, CD4, CD8, γδTCR, and CD69 for characterization of the T cell 
response by flow cytometry. Total and activated CD8+ CTL populations in the (D) FP skin and (E) dLN were 
determined days 0, 3, and 5 post-infection. Tracking of local versus recruited cells was performed by CFSE 
labeling prior to DENV2 infection. (F) CFSE+ (red) or CFSE- (grey) CD8+ T cell (NK1.1-CD3+CD8+) 



populations in the FPs were determined day 3 post-infection. To track infected cell migration, CFSE was 
injected into the FPs of WT and CD1d-KO mice 3 days after DENV2 infection. (G) DENV2-infected 
monocytes (CD45+CD11b+CD11c-MHCII+DENV-NS3+CFSE-, gray) and FP-derived, DENV2-infected 
monocyte/macrophage (CD45+CD11b+CD11c-MHCII+DENV-NS3+CFSE+; orange) numbers in the dLN 
were determined 5d post-infection. (H) DENV2-infected DCs (CD45+CD11b-CD11c+MHCII+DENV-
NS3+CFSE-; gray) and FP-derived, DENV2-infected DCs (CD45+CD11b-CD11c+MHCII+DENV-NS3+CFSE+; 
purple) in dLNs were enumerated 5d post-infection. (I) Total and activated CD4+ T cells in dLNs were 
determined days 0, 3, and 5 post-infection. For all panels, n=6 mice for each time point. Data are shown as 
the mean±SEM. n.s.=not significant *p<0.05, **p<0.01, and ***p<0.001 by 2-way ANOVA with Tukey’s 
posttest. For D-I, stacked bars are presented of CFSE+ and CSFE- populations. CD1d-dependent NKT cells 
promote activation of CD8 T cells in DENV-infected skin and clearance of DENV from skin and dLNs. 

 
  



Figure 5 
 

 
 
 
Figure 5: CD1ddep NKT cells promote the expression of Th1-associated cytokines and chemokines 
in DENV-infected skin. mRNA expression levels for various Th1- and Th2-chemokines in the (A) FP and 
(B) dLN of WT and CD1d-KO mice were compared 48h following subcutaneous DENV2 infection, quantified 
by real-time PCR (n=3 biological replicates). For A-B, data are shown as the mean ± SEM and presented 
relative WT uninfected controls. Dots represent technical replicates. *p<0.05 between WT and CD1d-KO 
mice determined by 2-way ANOVA with Bonferroni’s posttest. (C) mRNA expression levels for 
cytokines/chemokines were determined by real-time PCR for individual NKT cell subsets, which were sorted 
from dLNs harvested from naïve WT mice or DENV2-infected WT mice at 48h post-infection (for each 
genotype, n=15 dLNs were pooled before sorting). The results are the average of triplicates, showing gene 



expression in Types-I, -II, or NKT-like cells isolated from uninfected or DENV2-infected WT mice relative to 
expression in total NKT cells isolated from uninfected WT mice. Cytokine and chemokine responses are 
characteristic of a Th1 environment during DENV infection. 
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Figure 6: CD1ddep NKT cells promote Th1-associated cellular immunity. The frequency of IL-4- or IFNγ-
producing CD4+ and CD8+ T cells in the LNs of WT and CD1d-KO mice was determined by intracellular 
staining, 3 days after subcutaneous DENV2 infection (n=4). Percentages of (A) IL-4-producing CD4+ T cells 
(NK1.1-CD3+CD4+IL-4+), (B) IFNγ-producing CD4+ T cells (NK1.1-CD3+CD4+IFNγ+) (C) IL-4-producing 
CD8+ T cells (NK1.1-CD3+CD8+IL-4+), and (D) IFNγ-producing CD8+ T cells (NK1.1-CD3+CD8+ IFNγ+) are 
shown. (E) UMAP analysis showing CD4 and CD8 populations in infected dLNs. (F) A heat map 
presentation of increased density of IL-4 expressing cells in CD1d-KO mice compared to WT, in the CD4 
compartment. Blue bracket indicates region of interest with increased density of IL-4hi cells. (G) Conversely, 



increased intensity for IFN-g expression in WT mice compared to CD1d-KO mice in the CD8 compartment. 
Pink bracket indicates region of interest with IFN-ghi cells (H-I) MFI of IFN-g in CD4 and CD8 T cells indicated 
increased expression of IFN-g in both CD4 and CD8 compartments in WT but not CD1d-KO mice. (J-K) 
MFI of IL-4 did not differ in either cell types. N=4 mice for each group and error bars represent mean±SEM. 
n.s.=not significant *p<0.05, **p<0.01, and ***p<0.001, determined by Student’s unpaired t-test.  During 
DENV infection, CD1ddep NKT cells are required for the optimal production of the Th1 cytokine IFN-g by 
CD4 and CD8 T cells and their absence causes a Th1/Th2 imbalance. 
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Figure 7: Th1 polarization is dependent on IFN-γ production by NKT cells. (A) A schematic for the NKT 
cell transfer experiment showing purification of NKT cells from WT or IFN-g-KO mice, and adoptive transfer 
1 day prior to DENV2 infection in CD1d-KO mice. (B) DENV genome copies in dLNs day 3 post-infection. 
FP skin and dLNs were collected for intracellular staining of IL-4 and IFN-g at 3 days post-infection. 
Frequencies of (C) IL-4 producing CD4 and (D) IFN-g producing CD4 and CD8 T cells in the dLN after 
infection. (E) Frequencies of activated CD4 and CD8 T cells in the dLN after infection. Frequencies of (F) 
IL-4 and (G) IFN-g producing CD4 and CD8 T cells in the FP skin after infection. (H) Frequencies of total 
CD8 in the FP skin after infection. N=7-8 mice per group. *p<0.05, **p<0.01, ***p<0.001, and ***p<0.0001. 
For all panels, Student’s unpaired t-tests were used, including for D-G, where CD4 or CD8 T cells were 
compared between groups. IFN-g produced by NKT cells is required for optimal Th1-immunity. 
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Figure 8: CD1ddep NKT cells promote Th1-associated humoral immunity that protects during 
homologous and heterologous reinfections. Comparison of serum (A) IgG2a and (B) IgG1 titers 
between WT and CD1d-KO mice, 3 weeks following DENV2 infection, determined by ELISA. WT and CD1d-
KO mice received 1x106 PFU of DENV2 via intraperitoneal injection. Endpoint titers were compared by 
Student’s unpaired t-test, with *p<0.05 and ***p<0.001. (C-D) Plaque reduction neutralization test was 
performed using multiple equivalent concentrations of IgG purified from the serum of WT and CD1d-KO 
mice. Representative images are shown in D. (E) Schematic diagram of IgG purification from DENV2-
immune WT or CD1d-KO mice, followed by immune complex formation with either DENV1 or DENV2, and 
injection into recipient IFNaR/IFNgR-KO mice. (F) Mice were infected with 1x105 PFU of DENV2 or immune 
complexes formed from 1x105 PFU of DENV2 and 1µg of IgG purified from DENV2 post-immune serum 
from either WT or CD1d-KO mice (homologous challenge). (G) Mice were infected with 2x105 PFU of 
DENV1 or immune complexes formed from 2x105 PFU of DENV1 and 10µg of purified IgG from DENV2 
post-immune serum from either WT or CD1d-KO (heterologous challenge). For F-G, DENV virus burden 
was detected by PCR 5 days post-infection. Data are shown as the mean ± SEM. n.s.=not significant 
*p<0.05, **p<0.01, and ***p<0.001 by 1-way ANOVA with Holm-Sidak’s posttest. (H) Weight loss was 
significantly more severe in IFNaR/IFNgR-KO transferred antibodies from CD1d-KO DENV2-immune mice 
compared to those transferred antibodies from WT DENV2-immune mice following DENV1 challenge. 
Because of missing data resulting from lack of survival, curves were compared by restricted maximum 



likelihood (REML) mixed effects model and p<0.0001. (I) Survival also differed significantly in IFNaR/IFNgR-
KO mice by Log-Rank test. For A-C and G-I, N=5 per group. For H, N=4-5 per group. 

 
  



Figure 9 
 

 
 
 
Figure 9: Positive association between IgG4 induction and dengue severity in humans. (A) A heat 
map representing the DENV-specific IgG3 and IgG4 levels in pediatric dengue patients with secondary 
DENV infections. Patients diagnosed with DHF are indicated by an X to the right of the heat map. (B) IgG4 
and (C) IgG3 endpoint titers in the serum of secondary dengue patients that were diagnosed with DF or 
DHF, measured in the serum isolated days 6-7 post fever onset. (D) Ratio of DENV-specific IgG4 to IgG3. 
For panels B-D, Endpoint values were compared between groups by Student’s unpaired t-test. **** indicates 
p<0.001. For all panels, N=26 (DF) and N=22 (DHF) patients. 
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