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Abstract

NKT cells are innate-like T cells, recruited to the skin during viral infection, yet their contributions
to long-term immune memory to viruses are unclear. We identified granzyme K, a product made by cytotoxic
cells including NKT cells, is linked to induction of Th1-associated antibodies during primary dengue virus
(DENV) infection in humans. We examined the role of NKT cells in vivo using DENV-infected mice lacking
CD1d-dependent (CD1d?P) NKT cells. In CD1d-KO mice, Th1-polarized immunity and infection resolution
were impaired, which was dependent on intrinsic NKT cell production of IFN-y, since it was restored by
adoptive transfer of WT but not IFN-y-KO NKT cells. Furthermore, NKT cell deficiency triggered immune
bias, resulting in higher levels of Th2-associated IgG1 than Th1-associated IgG2a, which failed to protect
against a homologous DENV re-challenge and promoted antibody-dependent enhanced disease during
secondary heterologous infections. Similarly, Th2-immunity, typified by a higher 1gG4:1gG3 ratio, was
associated with worsened human disease severity during secondary infections. Thus, CD1ddep NKT cells
establish Th1 polarity during the early innate response to DENV, which promotes infection resolution,
memory formation and long-term protection from secondary homologous and heterologous infections in
mice, with consistent associations observed in humans. These observations illustrate how early innate

immune responses during primary infections can influence secondary infection outcomes.

Introduction

Viral pathogens such as flaviviruses, coronaviruses and influenza viruses pose unique challenges
for adaptive immune responses because of the existence of many serotypes and/or frequent emergence
of new variants. Because of antigenic similarities between the species within these families, re-exposure to
a heterotypic viral challenge can elicit an adaptive immune response that is partially protective or,
alternatively, potentially enhancing for infection or pathogenesis(1). However, early innate immune events
are understood to both limit primary viral infection and influence downstream adaptive responses, but how
innate immune responses influence memory recall and protection in secondary infections is hardly

understood.
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One virus for which pre-existing heterologous immunity can be problematic is dengue virus (DENV),
an arboviral pathogen with a substantial worldwide burden as the most common vector-borne viral
disease(2, 3). Having 4 serotypes and a multitude of closely related viruses in the same family, DENV
poses a unique public health challenge with respect to its high frequency of reinfection or re-exposure to
antigenically similar heterotypic infections in the same host, which can alter the disease course(4). Immune
memory in DENV infections is associated with strong and long-lasting serotype-specific protection.
However, secondary infections with a heterologous serotype of DENV are associated with a risk of
heightened disease severity(4). It is thought that this risk of severity is dependent primarily on antibody
concentration and specificity(5), where non-neutralizing antibodies can lead to antibody-dependent
enhancement (ADE) of infection(5), but the immune factors that promote the development of infection-
enhancing antibodies are unclear.

DENYV infection begins when the virus is subcutaneously injected into skin by mosquito bite. Viral
particles deposited in the skin initially infect local monocytes and dendritic cells (DCs) and activate resident
innate immune sentinel cells, such as mast cells, which prompt cellular recruitment (4, 6-9). Although DENV
is able to disseminate via lymphatic vessels to draining lymph nodes (dLNs) and establish replication in
various target organs, this early innate immune response is key for limiting infection (9, 10). Early clearance
of DENV from the skin is promoted by an innate response involving innate-like T cells such as y&T cells
and NK1.1* cells (6, 11). Both natural killer (NK) and natural killer T (NKT) cells are recruited to the skin,
with enrichment for NKT cells (6), but it is not known which subsets of NK1.1* T cells are consequential to
DENYV infection clearance and if they influence long-term immune memory.

NKT cells display a hybrid transcriptional phenotype of both NK and T cells (12, 13) and can rapidly
produce a variety of cytokines and/or acquire cytotoxic functionality upon T cell receptor (TCR) activation
(14, 15). Currently, in mice, NKT cells are classified into three main subsets: CD1d-dependent (CD1d%r)
Type-l, CD1d-dependent Type-Il, and CD1d-independent (CD1d ") NKT-like cells (15), which differ in their
abilities recognize specific antigens(12, 14, 16, 17), as well as their cytokine secretion profiles and cytotoxic
capabilities(17-20). In humans as well, although there are differences in TCR utilization and in vivo
distribution, there are also invariant CD1d-dependent and -independent NKT cells(17). NKT cells are

strongly linked with antiviral immunity. For example, NKT markers were detected on a large percentage of
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virus-specific CD8* and CD4* T cells during lymphocytic choriomeningitis virus infection in mice (21). NKT
cell deficiency also led to impaired clearance of herpes simplex and hepatitis B virus infections in mice (22,
23), and NKT cells were shown to be responsible for induction of virus-specific CTL responses against
respiratory syncytial and influenza viruses (24, 25). While there is evidence that NKT cells can influence
other immune cells through regulating cytokine secretion or interaction with antigen presenting cells (APCs)
(26), the specific contributions of NKT cells (independent of NK cells) to immunity and clearance of
cutaneous virus infection are not fully understood. Furthermore, their influence on adaptive immunity and
long-term memory responses, and especially those independent of their ability to, themselves, convert to
memory phenotypes, have not been adequately explored.

Here, we identified a link between biomarkers of NKT cell activation and a Th1-polarized immune
response in primary dengue patients, involving both serum cytokines and antibody subclasses. Using mice
deficient in CD1d%P NKT cells, we disentangled the contributions of NKT cells to innate clearance of acute
infection from their influence on adaptive responses, and learned that NKT cell driven adaptive immunity
can regulate secondary infection outcomes. We observed that NKT-dependent Th1-immune polarization in
mice led to protection during secondary homologous and heterologous infections, in a mechanism
dependent on the intrinsic production of IFN-y by NKT cells. As in mice, severe disease in secondary
dengue patients was strongly associated with a Th2 characteristic profile of pre-existing antibodies. These
results support a dual role for CD1d%? NKT cells in DENV infection resolution dependent on Th1-associated

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

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

We first questioned if immune signatures of cytotoxic lymphocyte activation could be a predictor of
efficient induction of Th1-associated immune responses in DENV-infected humans. Human dengue-
confirmed patients from a hospitalized pediatric cohort were longitudinally sampled at days 1-3 and days
6-7 post fever onset, representing time points of acute infection (i.e. at the time of patient presentation at
the clinic and recruitment) and the beginning of adaptive immune responses, respectively(4, 27). For the

primary dengue patients, biomarkers associated with the functions of cytotoxic lymphocytes were enriched
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in the serum of some patients in early acute infection (1-3 days post fever onset) (Figure 1A). Furthermore,
there were strong correlations between the levels of Granzyme A and IL-2, Granzyme B and IL-17, and IL-
4 and TNF in patient sera (Figure 1A), which suggests clustering of patients whose early immune profiles
were typified by Th1, Th17 or Th2 type responses. IL-10 and IFN-y levels also appeared correlated with
each other (Figure 1A), which have previously been shown to be produced by CD4 T cells and linked to
dengue disease(28). We next questioned whether the serum levels of any of these cytokines were
associated with the early induction of a Th1-polarized antibody response. Interestingly, the levels of
granzyme K during the acute phase of infection were significantly higher in patients who displayed effective
class-switch of DENV-specific antibodies to the Th1-associated isotype IgG3, which was measured in the
defervescence phase of disease in longitudinal samples (Figure 1B). DENV-specific IgG4, which is a Th2-
associated human antibody subclass(29) could not be detected, which is consistent with literature
suggesting that it takes several weeks for IgG4 induction following primary DENV infection(30), while 1IgG2
was only detected in 14.3% of patients (Figure S1A). These IgG3 and IgG4 antibody subclasses are usually
low abundance in human serum compared to IgG1/2 and, aside from being associated with Th1/2
polarization, can illustrate a refined antibody response following germinal center activity and effective class-
switching(31). In contrast, IgG1, the most abundant subclass of serum antibodies in humans(31), was
produced by 97% of patients by this time point post-fever onset but did not correlate with Granzyme K
(Figure S1B-C). In spite of its association with Th1-polarized IgG3 antibody responses, granzyme K was
not associated with serum virus burden or disease severity during primary infection (Figure S1D-E).
Granzyme K is produced primarily by NKT cells, although to a lesser extent by y&T cells, but not made
appreciably by traditional CTLs(32). Even though Granzyme Kis not cell type-specific, its strong association
with NKT cells raised the question whether early NKT cell responses could influence the mounting adaptive

immune response and Th1 balance during DENV infection.

CD1d%r NKT cell deficiency alters cellularity of DENV-infected skin and dLNs.
Prior to assessing the functional contributions of NKT cells to virus clearance and adaptive
responses, we characterized the NKT cell response at the cutaneous site of DENV infection and the dLN,

where immunity is initiated, in a well-established immune-competent mouse model of DENV infection(6, 11,
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33-36). Since mosquitoes inject DENV particles subcutaneously during their feeding (37) and because the
mouse footpad (FP) skin drains to a single dLN, the popliteal lymph node (38), we chose this route of
infection to examine NKT cell responses. DENV is also a lymphotropic pathogen, and the dLN is the
secondary site of infection(4, 9). First, we infected WT and CD1d-KO mice with DENV2 (2x10% PFU) via
subcutaneous injection and determined the relative NKT cell sub-types present in the FP skin and dLN by
flow cytometry at days 3 and 5 post-infection (Figure 2A), which were defined based on cellular markers
identified in prior reports (13, 15, 39, 40). A CD1d-tetramer loaded with PBS-57, an analogue of aGAICer,
was used to identify Type-I NKT (iNKT) cells, while Type-Il NKT cells that are also CD1d-restricted would
not bind to the aGAICer-loaded tetramer. An unbiased multidimensional reductional analysis (t-sne) was
used to visualize and verify the phenotypic differences in NKT cell populations between WT and CD1d-KO
mice in the skin and dLNs (Figure 2B). This confirmed the expected absence of Type-l NKT cells
(NK1.1*CD3*CD1d-tetramer®) in the skin and dLN (Figure 2B). In the FP skin of WT mice, we detected
NKT-like cells (NK1.1*CD3*CD1d-tetramerCD8"), with very small numbers of either Type-ll NKT cells (or
CD4 T cells that had acquired the NK1.1 marker, which are phenotypically indistinguishable from NKT cells)
(NK1.1*CD3*CD1d-tetramerCD4*), and CD4/CD8 double-negative (CD4/CD8 DN) NKT cells
(NK1.1*CD3*CD1d-tetramerCD4-CD8") (Figure 2B). In WT mice, the CD4/CD8 DN NKT population
represents a combination of some Type-Il NKT cells and NKT-like cells, although based on the CD1d-
restriction of Type Il NKT cells, the same phenotype should represent only NKT-like cells in CD1d-KO mice.
As expected, CD1d-KO mice lacked Type-lI and Type-ll NKT cells (Figure 2B), and their small residual
NK1.1*CD4" population should represent T cells that have acquired the NK1.1 marker, which can occur
during viral infection (21), while their CD4/CD8 DN population of NK1.1*CD3" cells should represent NKT-
like cells only. Thus, CD1d™ NKT-like cells were the dominant cell population with NKT cell markers in
CD1d-KO mice at baseline (Figure 2B).

After subcutaneous infection with DENV, total NKT cells were enumerated in the skin and dLNs.
In contrast to NK cells, which did not differ between WT and CD1d-KO mice (Figure S2A-B), there were
reduced NKT cells in the skin of CD1d-KO mice compared to WT mice, days 3 and 5 post-infection (Figure
2C). However, the total NKT cells did not differ in the dLN between WT and CD1d-KO mice at the same

time points of this experiment (Figure S2C). In infected WT mice, we also detected a significant increase
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in Type-lI NKT cells in both the FPs and LNs on days 3 and 5 post-infection (Figure 2D-E). Furthermore,
significantly increased numbers of NKT-like cells were present on days 3 and 5 post-infection in the FPs
but not dLNs of WT mice but not in CD1d-KO mice (Figure 2F, S2D). This was confirmed by confocal
microscopy, where CD3" or NK1.1* single-positive cells could be identified in the infected skin of CD1d-KO
mice, but no double-positive NKT cells could be found, in contrast to WT skin where they were rare, but
present (Figure S2E). These results suggest that although NKT-like cells are present in CD1d-KO mice,
their recruitment to DENV-infected skin is regulated by CD1d%? NKT cells, which are absent in this model,
and they are not replenished in the skin following infection. To further validate defects in the recruitment of
immune cells to the site of cutaneous DENV infection in the absence of CD1d%? NKT cells, we used
carboxyfluorescein succinimidyl ester (CFSE) labeling of cells in the FP skin prior to infection to label
resident cells (CFSE*). We observed significantly higher numbers of newly recruited, CFSE- NKT-like cells
in the skin of WT mice compared to CD1d-KO mice on day 3 post-infection (Figure 2G). However, we did
not detect a significant difference in the number of tissue-resident, CFSE* NKT-like cells in the skin of WT
and CD1d-KO mice (Figure 2G). Therefore, the increase in CD1d™ NKT-like cells observed in the skin
during DENV infection was primarily due to newly-recruited cells. Together, these data demonstrate that
CD1d’p NKT cells are necessary for the trafficking of CD1d"® NKT-like cells into the cutaneous site of

DENYV infection.

In the dLN, NKT cell phenotypes were similarly analyzed, and we detected diverse subsets of NKT
cells and an increase in CD1d"™NKT cell subsets in both WT and CD1d-KO mice following DENV2 infection
(Figure S2D). In contrast to observations made in the skin, CD1d™ NKT-like cells increased to comparable
numbers in the dLN of CD1d-KO mice compared with WT mice and the numbers of CD4/CD8 DN NKT cells
were also increased but not significantly different between WT and CD1d-KO mice (Figure S$2D). We also
detected increased numbers of NK1.1*CD3*CD4*CD1d-tetramer cells in CD1d-KO mice, (Figure S2D),
which are likely CD4" T cells that acquired the NK1.1 marker, as conventional CD4* and CD8* T cells have
been shown to express NK1.1 upon acute viral infection(21). Similarly, to the skin, NKT cells could be
identified visually in the infected LNs of WT mice, but these were not abundant in dLN of CD1d-KO mice

(Figure S2F-G). These results support that, unlike the skin site of infection where recruitment of CD1d™"
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NKT cell types was affected by CD1d-deficiency, the cellularity of the dLN with regards to NKT cell subsets
was not significantly affected, aside from the confirmed lack of CD1d%? NKT cells.

To further characterize the subsets of NKT cells in the LN following infection in WT and CD1d-KO
mice, we sorted NK1.1*CD3" cells for TCR sequencing. The sequencing results, indicating an increase in
TCR diversity in WT but not CD1d-KO mice upon infection, shown by diversity index and visually by tree
map presentation of the individual clones (Figure 3A-B), supported the interpretation that diverse NKT-like
cells were recruited in the presence of CD1d-restricted NKT cells. A more in-depth analysis of the V and J
pairs showed that certain clones were highly enriched in WT animals, such as pairings of mMTRBV12-2 with
mTRBJ1-5 or mTRBJ1-4, in addition to the broad increase in frequencies of multiple diverse TCRp clones
(Figure 3C). There were many clones that were only detected in the LN of WT mice during DENV infection,
and fewer that were only detected in infected CD1d-KO mice (Figure 3C). This might also be consistent
with the acquisition of NK1.1 as a marker on conventional T cells in CD1d-KO mice, although there were
only 3 clones that were uniquely identified in CD1d-KO mice upon infection (Figure 3C), suggesting the
potential of this to occur would be very limited. Together these data emphasize the role of CD1d"? NKT

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

CD1d%? NKT cells enhance CTL recruitment and promote resolution of infection.

Next, to examine how CD1d“? NKT cells affect virus clearance, we measured the infection burden
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
infection. Staining of dLNs for monocyte and DC markers CD11b and CD11c revealed that most of the
infected cells that were increased were myeloid lineage cells that are known DENV infection targets (Figure
4A). The differences in viral genome copies were not significantly different in the FP and dLN at day 3 post-
infection between WT and CD1d-KO mice (Figure 4B-C). By day 5, higher DENV?2 infection levels were
detected in the skin (Figure 4B) and dLNs (Figure 4C) of CD1d-KO mice compared to WT mice. This
increased burden in the dLN was confirmed day 5 by IHC (Figure S3). These results suggest that CD1dd?
NKT cells promote the resolution of DENV infection and that their absence leads to delayed viral clearance.

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

of CD1d%P NKT cell deficiency, we examined other conventional T cell responses associated with viral
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clearance, including CD8* CTLs. Indeed, delayed DENV2 clearance in the skin of CD1d-KO mice was
associated with a reduced CTL response, as there were fewer total and activated CD8" T cells in the skin
of CD1d-KO mice at days 3 and 5 post-infection (Figure 4D). In contrast to skin, similar numbers of total
and activated CD8"* T cells were detected in the dLNs of WT and CD1d-KO mice (Figure 4E). We also
quantified tissue resident or newly recruited CD8* T cells in the FP skin at day 3 post-infection to determine
whether the reduction in CTL numbers in CD1d-KO skin was due to impaired recruitment and/or in situ
proliferation of CD8" T cells. We observed significantly higher numbers of both newly recruited CFSE-CD8*
T cells and tissue-resident CFSE*CD8" T cells in the FPs of WT mice compared to CD1d-KO mice day 3
post-infection, yet no changes at baseline (Figure 4F). These labeling experiments support that the
increase in CD8" T cells in the skin during DENV infection is due to both new recruitment and in situ
proliferation of CD8" T cells and that CD1d%P NKT cells are necessary for the trafficking of CD8* CTLs
within DENV-infected skin and their expansion.

The higher viral load in the dLN of CD1d-KO mice despite the unaltered CTL response at that site
suggested other mechanisms leading to the amplification of DENV infection in the dLN might exist, aside
from merely impaired CTL-mediated clearance of infection. As DENV is lymphotropic and infection-bearing
DCs and inflammatory monocyte-derived cells migrate from the cutaneous infection site to the dLN for
systemic virus spread(9, 41), we hypothesized that reduced clearance of DENV in the skin may allow
enhanced trafficking of infected cells to the dLN in CD1d-KO mice. To investigate whether this occurred,
we injected CFSE into the FPs of WT and CD1d-KO mice 3 days after subcutaneous DENV?2 infection and
tracked CFSE* and CFSE" monocyte/macrophages (CD11b*CD11cMHC-II*, gating strategy Figure S4)
and conventional DCs (cDCs, CD11¢*CD11b"MHC-II*, gating strategy Figure S4) in the dLN at day 5 post-
infection by flow cytometry. We detected significantly higher numbers of DENV-infected
monocyte/macrophages (Figure 4G) and cDCs (Figure 4H) in the dLNs of CD1d-KO mice by intracellular
staining for the DENV replication product NS3. We also observed significantly higher numbers of skin-
derived (CFSE*) DENV-infected monocyte/macrophages (Figure 4G) and cDCs (Figure 4H) in the dLNs
of CD1dKO mice. These data indicate that the delayed viral clearance observed in the dLNs of CD1d-KO
mice (Figure 4B-C) coincides with increased migration of DENV-infected monocytes and DCs from the

infected skin, where viral clearance is also impaired.



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

Our data also indicated that the changes in trafficking within the skin were cell type-specific since
the responses of other T cells including yoT cells, which are important for early flavivirus clearance from
skin(11, 42), were unaffected in the skin due to CD1d deficiency (Figure S5A). While we observed a
significant reduction in total CD4* (Figure 4l) and yoT cell (Figure S5B) numbers at days 3 and 5 post-
infection in the dLNs of CD1d-KO mice, there were no differences in the numbers of activated CD4" and
yoT cells between WT and CD1d-KO mice (Figure 41, S5B). Taken together, these data demonstrate that
during DENYV infection, CD1d“? NKT cells influence T cell recruitment in the skin and dLN in a site-specific
manner by promoting CD8* CTL recruitment and activation in the skin and expansion of CD4* and yoT cell

populations in the dLN, without affecting their activation potential.

CD1d%?/Type-I NKT cells establish Th1 polarity during DENV infection.

We hypothesized that the defects in CTL and NKT-like cell recruitment to the skin and the
enhanced trafficking of infected cells from the skin to the dLN in CD1d-KO mice could be due to altered
chemotactic gradients. Therefore, we compared the mRNA expression levels of various chemokines in the
FPs and dLNs of WT and CD1d-KO mice following subcutaneous DENV2 infection. At 48h post-infection,
significant reductions in the mRNA expression levels of Cxcl9 and Cxc/10 were detected in the FP skin of
CD1d-KO mice compared to WT mice (Figure 5A). These chemokines are well-established to be important
for the recruitment of Th1 cells and activated CD8" T cells that express the chemokine receptor CXCR3(43).
Similarly, in the dLNs of CD1d-KO mice compared with WT mice, we detected a significant reduction in
mRNA expression levels for Cxcl16 (Figure 5B), a chemokine for CXCR6-expressing Th1 cells(44), but
not Cxc/10. Consistent with increased infiltration of infected monocytes and DCs in the dLNs of CD1d-KO
mice (Figure 4G-H), significant increases in mRNA expression levels for Ccl7 and Ccl8 (Figure 5B) were
detected in the dLNs of CD1d-KO mice compared to WT mice. Ccl/7 and Ccl8 are well-established
attractants for monocytes and DCs, as well as some cell types with Th2 phenotypes (43, 45-50). These
differences in the expression levels of various chemokines suggested a shift from a Th1 towards a Th2 bias
in CD1d-KO mice in both the skin and dLN.

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

chemokine expression by each NKT cell subset following DENV infection. For this, we sorted Type-l, -ll,

10
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and NKT-like cells from the dLNs of DENV2-infected WT mice at 48h post-infection and examined mRNA
expression levels in each NKT cell subset for Th1 and Th2 chemokines by real-time gPCR. The fold change
in chemokine expression levels in Types-l, -ll, and NKT-like cells from DENV2-infected mice were
compared with the expression levels in total NKT cells from uninfected mice to indicate the relative
contributions of each subset to the cytokine profile observed. In the DENV-infected WT mice, we detected
~18- and ~6-fold increases in Cxc/10 expression in Type-l and -Il NKT cells relative to baseline, respectively,
while Cxcl10 expression by NKT-like cells increased ~23-fold (Figure 5C), indicating that NKT cells,
particularly Type-l and NKT-like subsets, are important producers of Cxc/10. Consistent with the increased
expression of Th1 chemokine Cxcl10, Ifng expression was also significantly increased in Type-l and NKT-
like subsets (Figure 5C), supporting that Type-I NKT and NKT-like cells promote a Th1 response during

DENYV infection.

CD1d%P NKT cell deficiency results in Th1/Th2 imbalance

Since our chemokine expression data suggested Th2-skewing due to CD1d%P NKT cell deficiency,
we next aimed to confirm this functionality at the protein level and determine whether CD4* and CD8" T
cells, which are key effectors of Th1/Th2 polarization, were also affected. For this, we compared the
frequency of IL-4- or IFN-y-producing CD4* and CD8" T cells in the dLN of WT and CD1d-KO mice by
intracellular staining. Consistent with a shift towards Th2 polarization in the absence of CD1d"? NKT cells,
significantly higher frequencies of IL-4-producing CD4" T cells and lower frequencies of IFN-y* CD4 T cells
were detected in the dLNs of CD1d-KO mice compared to WT mice (Figure 6A-B). In addition, we
compared the frequency of IL-4- or IFN-y-producing CD8* T cells in the dLNs and observed higher
frequencies of IL-4-producing CD8" T cells and lower frequencies of IFN-y* CD8* T cells in CD1d-KO mice
compared WT mice (Figure 6C-D). Alternatively presented, a UMAP analysis allowed visualization of
affected CD4 and CD8 populations in infected LNs (Figure 6E), where a heat map presentation of IL-4
expression showed an increased density of IL-4 expressing cells in CD1d-KO mice compared to WT
controls, particularly identifiable in the CD4* cell region (turquoise bracket, Figure 6F) while increased
intensity for IFN-y expression was discernable in WT mice compared to CD1d-KO mice in the area of the

UMAP plot corresponding to CD8 T cells (pink bracket, Figure 6G). Assessment of IFN-y and IL-4 MFI in
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CD4 and CDS8 T cells indicated that expression of IFN-y was increased in both CD4 and CD8 compartments
in WT compared to CD1d-KO mice (Figure 6H-I), while the MFI of IL-4 did not differ significantly (Figure
6J-K), in spite of the expanded proportion of IL-4* T cells in CD1d-KO compared to WT mice (Figures 6A).
These data demonstrate that during DENV infection, CD1d"? NKT cells are required for the optimal
production of the Th1 cytokine IFN-y by CD4* and CD8* T cells and that their absence causes a Th1/Th2
imbalance, resulting in an enhanced presence of CD4* and CD8* T cells producing the Th2 cytokine IL-4.
Having identified defects in Th1 immunity in CD1d-KO mice and the induction of Th1 cytokine IFN-
v by Type-I NKT and NKT-like cells in response to DENV infection (Figures 5-6), we hypothesized that IFN-
v production by NKT cells could initiate the Th1 microenvironment. To test this, we adoptively transferred
isolated NKT cells from either WT or IFN-y-KO mice into CD1d-KO recipients prior to DENV infection
(Figure 7A). At day 3 post-infection we observed increased infection in the LNs of mice that had been
transferred CD1d-KO NKT cells compared to WT NKT cells (Figure 7B). We then measured cytokine
production and cellular activation in the CD4 and CD8 T cell compartments of the skin and dLNs. NKT cell
transfer from IFN-y-deficient into CD1d-KO mice resulted in a significant increase in CD4 T cell but not CD8
T cell IL-4 production in the dLN (Figure 7C, S6A) and decrease in CD4 and CD8 T cell IFN-y production
during DENV infection compared to transfer of NKT cells from WT mice (Figure 7D). Transfer of WT NKT
cells prior to DENV infection also promoted increased activation of CD4 and CD8 T cells in the dLNs
compared to transfer of IFN-y—deficient NKT cells (Figure 7E). The influence of NKT cell derived IFN-y on
Th1 polarization was also observed in the skin site of infection (Figure 7F-G). Consistent with the dLN, IL-
4-producing CD4 and CD8 T were fewer (Figure 7F) and IFN-y-producing T cells were increased (Figure
7G) in the DENV-infected skin of animals adoptively transferred WT NKT cells compared to IFN-y deficient
NKT cells. The IFN-y-deficient NKT cell transfer also led to reduced recruitment of CD8 T cells in the skin
during DENYV infection, compared to transfer of WT NKT cells (Figure 7H), while the frequencies of NKT
cells in the skin did not differ between the two groups (Figure S6B). These data show the contribution of
IFN-y produced specifically by NKT cells in promoting the Th1-type response. In the absence of IFN-y in

NKT cells, IL-4 production by conventional T cells is enhanced.
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NKT cells promote antibody production that protects against homologous and heterologous reinfection

Since the Th1/Th2 cytokine imbalance could directly influence humoral immunity(51) and based on
our observations linking antibody sub-classes and NKT cell biomarkers in humans (Figure 1), we further
examined how CD1d%P NKT cell deficiency affects the Th1/Th2 balance in the antibody response against
DENV. For this, we infected WT and CD1d-KO mice with DENV2 and determined DENV2-specific serum
IgG2a (Th1-associated) and IgG1 (Th2-associated)(51-53) antibody titers at 5 weeks post-infection.
Although total antibody titers against DENV determined by ELISA did not differ (Figure S7), we observed
significantly higher DENV-specific IgG2a titers in WT mice compared to CD1d-KO mice (Figure 8A), while
IgG1 titers were higher in CD1d-KO mice (Figure 8B). These changes indicate a strong Th1 antibody
response against DENV2 in WT mice and a Th2 skewing of the antibody response against DENV2 in CD1d-
KO mice. Assessment of the neutralizing capacity of the purified IgG from WT and CD1d-KO mice also
indicated that IgG from CD1d-KO mice was unable to neutralize DENV2 efficiently (Figure 8C-D),
supporting the role of CD1d%P NKT cells on antibody function and raising the further question of how the
persistence of an Th2-skewed profile could influence subsequent immunity to DENV.

Given the differential protective responses during homologous and heterologous secondary
infections with dengue, we tested the influence of antibodies produced in WT or CD1d-KO mice with both
types of challenge. For this, we purified serum IgGs from naive WT, DENV2-immune WT and DENV2-
immune CD1d-KO mice, 28 days after infection prior to adoptive antibody transfer and challenge of
recipients (Figure 8E). Prior to transfer of antibodies, immune complexes were formed using either purified
IgGs and DENV2 (homologous challenge) or purified IgGs and of DENV1 (heterologous challenge). The
immune complexes were then injected into the skin of IFNaR/IFNyR-KO mice, which are highly susceptible
to DENV infection(54), and viral titers were measured in the dLN at 5 day post-infection. In the homologous
challenge model, IgGs from DENV2-immune WT mice provided protection against DENV2 infection
resulting in reduced viral titers compared to the IgGs from naive or CD1d-KO infection groups (Figure 8F).
In contrast, with heterologous challenge, IgGs from DENV2-immune WT mice increased DENV1 infection,
consistent with ADE (Figure 8G). However, ADE of DENV1 was significantly enhanced in the presence of
IgGs from DENV2-immune CD1d-KO mice compared to IgGs from DENV2-immune WT mice (Figure 8G).

Next, we questioned whether the ADE observed with IgG from CD1d-KO mice could worsen dengue
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disease. Using the heterologous infection model described above we measured body mass and survival in
IFNaR/IFNyR-KO mice. DENV1 infection in mice who received IgG from DENV2-immune CD1d-KO mice
showed significantly more weight loss (Figure 8H) and higher mortality (Figure 81) compared to the mice
who received 1gG from DENV2 immune WT mice. These results were also consistent using
immunocompetent model of dengue infection where weight loss was increased in mice given CD1d-KO
immune complexes, although both groups recovered (Figure S8). This supports that a higher anti-DENV
IgG1/IgG2a ratio may promote the development of ADE upon subsequent heterotypic DENV infection.
Therefore, CD1d%P NKT cell regulation of Th1 immune polarization during DENV infection not only
enhances cellular immunity and recruitment to assist with DENV infection clearance but also alters the long-

term immune status towards a protective Th1 serological profile.

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

Next, we evaluated if Th2-polarized antibody responses are associated with severe disease in humans. For
this, we measured DENV-specific IgG1, 1gG2, 1IgG3 and IgG4 in a cohort of secondary dengue patients.
Interestingly, patients who developed dengue fever (DF), the mild form of dengue disease, had higher levels
of 1IgG3 (a Th1-associated antibody) and lower levels of IgG4 (a Th2-associated antibody) compared to
those who developed dengue hemorrhagic fever (DHF), a severe form of dengue (Figure 9A-C). Levels of
DENV-specific IgG1 did not differ between mild and severe patients, while IlgG2a was only detected in a
small number of patients (Figure S9). Consistent with this, the ratio of IgG4/IgG3 was significantly higher
in DHF patients compared to DF patients (Figure 9D). This further supports our mechanistic data that Th2
skewed antibodies that are formed in the absence of NKT cell functionality are weakly neutralizing and may

promote antibody-enhanced disease severity.

Discussion

A first exposure to a viral pathogen is typified by infection clearance through cytotoxic T cell
responses, including innate-like T cells(55). However, it has been unclear whether innate-like T cell
functionality during a primary infection can influence disease outcomes during a secondary re-exposure. It

is also unclear how innate-like T cells, such as NKT cells, could function to bridge innate and adaptive
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immune responses in these contexts in ways independent of their own capacity to develop a memory
phenotype. Here, we identified that NKT cells do not merely promote an acute antiviral response through
cytotoxicity, but they also help guide the fate of the memory lymphocyte pool during a primary adaptive
immune response, in ways that can be protective much later during reinfection.

By using mouse models of CD1d-deficiency, we showed that IFN-y derived specifically from
CD1d%P NKT cells during primary DENV infection was instrumental in defining infection outcomes during a
secondary DENV infection. In humans, a cytokine signature involving early induction of granzyme K in the
acute phase of primary dengue disease was strongly linked to induction of Th1-associated IgG3 as infection
resolved. Although granzyme K is not specific to NKT cells(32), given its importance to their function we
investigated the contributions of NKT cells in immune polarization and infection clearance in mice.
Mechanistically, CD1d%? NKT cells established IFNy-driven Th1 bias that extended to both T cell responses
as well as to antibody subclasses and their functionalities, which paralleled our observations in primary
dengue patients. In particular, DENV-specific antibodies evoked in the absence of CD1d%? NKT cells were
poorly neutralizing in spite of having been generated in the presence of a higher infection burden.
Functionally, these antibodies were enhancing for viral replication during secondary heterologous DENV
infection and even failed to protect in a homologous DENV challenge. In humans with secondary dengue
infections, we also observed a correlation between the presence of DENV-specific Th2-associated antibody
subclasses and a high Th2:Th1 antibody ratio with severe dengue. However, we did not have sufficient
serum from this study to perform neutralization tests against all of the serotypes of DENV in circulation in
Sri Lanka, so we do not know if the neutralizing capacity of serum antibodies is also linked to severe disease
in this cohort. Interestingly, IgG3 antibodies have been characterized to have greater neutralizing capacity
in some contexts, such as against SARS-CoV-2 virus(56). Multiple DENV infections are likely in dengue
endemic regions and re-exposure to a heterologous dengue serotype is a known risk factor for developing
severe dengue(4). This emphasizes the potential that the innate immune activation profile an individual
mounts during primary infection can drive the responses that determine disease severity during secondary
infection, likely many years later.

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

different circumstances. Most literature examining the role of NKT cell polarization has focused on the
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phenotypes of those cells during autoimmunity(57). Even the timing and circumstances of
aGalCer administration can lead to altered Th1/Th17 vs. Th2 bias(58). We observed in mice that Type-I
NKT cells and NKT-like cell subsets are the sources of IFN-y during acute dengue infection that initiate the
Th1 microenvironment to which other cells, like T cells, also contribute. TCR sequencing supported our
flow cytometry data showing that CD1d-dependent NKT cells expand the population of NKT-like cells at
infection sites and dLNs and promote their cytokine production as well, considering that the presence of
CD1d-dependent NKT cells lead to increased diversity of NKT-like cell clones. It would be interesting, in
future studies to identify the infection-associated products that these diverse NKT cell clones recognize.
Evidence supports that IFN-y is protective during dengue. For example, in one cohort, sustained
IFN-y production correlated with protection against fever and viremia (59). Furthermore, IFN-y mediates
nitric oxide production and reduces DENV replication and disease severity in mice (60, 61). Despite these
and additional numerous examples of the innate protective functions of IFN-y(62), the influence of IFN-y on
antibody quality during viral infections not straightforward. On the one hand, IFN-y is produced abundantly
by conventional ofT cells(63) and it can promote T helper cell function(64) and B cell activation and
proliferation(65). Also, IFN-y has been shown to promote germinal center functions, particularly in the
context of autoimmunity(66, 67). However, in some models of viral infections, IFN-y is dispensable to
antibody production or antibody-mediated protection from heterotypic strains(68, 69). We also previously
observed that IFN-y-receptor-deficient mice have severely compromised survival compared to IFN-y-
receptor-sufficient littermates, in a model of maternal antibody-mediated severe DENV infection (that is also
Type-l interferon deficient)(70). In contrast to those systems, we see here that IFN-y from NKT cells is
protective during primary and secondary DENV infection. Transfer of NKT cells from WT mice but not IFN-
y-KO mice resulted in the restoration of a Th1-polarized immune response at the site of infection in the skin
as well as dLNs, emphasizing the mechanistic importance of NKT cell derived IFN-y in establishing the
polarization of the immune microenvironment, a role that might not have been apparent in systems with
global deficiency or antibody-blockade. Importantly, since IFN-y-competent NKT cells from WT mice were
sufficient to repair a Th1-polarized response, even in CD1d-KO mice, this supports that the contributions
of CD1d%P NKT cells to Th1 polarization are independent of the ability of the host to present antigen via

CD1d itself. This contrasts previously described influences of NKT cells on B cell responses, which were
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CD1d-dependent(71), or in other models of primary viral infection, IL-4-dependent(72). These observations
also demonstrate the pleiotropic nature of IFN-y and emphasize that IFNs derived from different cellular
sources or from different time points during the course of infection have unique potential to dictate disease
outcomes. These outcomes also may be distinctive in hosts experiencing multiple pathogen exposures.
Although humans with DENV infection have activated circulating NKT cells(73) , we cannot be sure that the
same functional effects of Type-I NKT cells we defined in mice translate directly to humans, particularly
given that humans have substantially fewer NKT cells in the blood than mice(74, 75).

Th1/Th2 bias also influences lymphocyte trafficking, which appears to contribute to viral clearance
during acute primary infection in our model. In CD1d-KO mice, chemokines important for cytotoxic cell
recruitment were reduced (such as CXCL9 and CXCL10 in the FP) in addition to the broad Th1 to Th2
shifted chemokine response in both the skin and dLNs. Consistent with this, CD1d-KO mice had defects in
the trafficking, proliferation, and activation of NKT-like cells and CD8" CTLs into the cutaneous infection
site. CFSE tracking experiments also suggested increased trafficking of infected cells from skin to the dLN
and imaging revealed greatly enhanced numbers of infected myeloid lineage cells, which are known DENV-
infection targets(4). Tracking of DENV-infected skin-derived monocyte/macrophage phenotype cells and
DCs post-infection showed that many of the infected cells in the dLN were derived from the footpad skin.
Importantly, in addition to an overall higher burden of infection, CD1d-KO mice also had increased numbers
of skin-derived infected cells in the dLNs compared to WT mice. This could point to impaired clearance by
cytotoxic cells of the infected cells in the skin that (by nature of being primarily antigen presenting cells)
migrate to the dLN. Yet, it is also likely that trafficking of infected cells was enhanced by the altered
chemotactic response. Particularly in dLNs, enhanced production of Cc/8 and Ccl7 was observed in CD1d-
KO mice compared to WT mice, which, being monocyte and DC chemoattractants(47), could enhance the
trafficking of those cells both infected already or as potential infection targets. Thus, impaired trafficking of
cytotoxic cells is coupled with enhanced trafficking of infected cells and infection targets to the dLN in the
context of CD1d deficiency. This data provides greater context for the multiple roles of NKT cells during
infection. In addition to promoting innate and adaptive antiviral responses, as discussed above, they can
also regulate the cellular trafficking dynamics of immune cells responsible for infection clearance and/or

viral dissemination.
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Previously, the influence of NKT cells on DENV infection and immunity had not been determined,
especially as it pertains to uncoupling of its cytotoxic function with that of its influence on immune polarity
and antibody functions. Dengue patients with severe disease were observed to have higher levels of
invariant NKT cell activation than mild patients (76), but this was studied only in secondary dengue patients
and whether increased NKT cell numbers resulted from activation during severe disease or was the cause
of severe disease is unclear. Interestingly, that study also observed that cytokines were produced by
invariant NKT cells with a higher IFN-y/IL-4 ratio in patients with mild dengue fever compared with those
with severe dengue fever(76). This is consistent with our results that Th1-associated NKT cell responses
are protective. Beyond DENV, many human viral pathogens have evolved into antigenically similar, but
evolutionarily divergent, families of viruses that confound or evade host defenses, for example, Influenza
viruses and Coronaviruses(77, 78). In those contexts, insufficient protection can result in antibody-
dependent enhancement of disease or breakthrough infections caused by heterotypic strains. Improved
vaccination strategies to achieve strong cross-protective immune protection to subsequent challenges are
needed. Our results affirm that the contributions of NKT cells to protection from viral infection extends
beyond their innate functions to having a role in establishing a polarized and specific immune memory
response. This may have applications for improving vaccines to allow our immune systems to respond more

efficiently to heterologous sequential viral challenges.

Methods
Animal studies and infections

CD1d-KO, IFNaR/IFNyR-KO, and IFNy-KO mice were purchased from Jackson Laboratories and bred in-
house at the Duke-NUS vivarium. Wildtype mice (C57BL/6 background) were purchased from InVivos
(Singapore). DENV?2 infection was performed by FP injection of 2x10° PFU or intraperitoneal injection of

1x10° PFU of DENV2.

Sex as a biological variable

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

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

For comparisons of multiple groups, either 1-way or 2-way ANOVA was performed using Bonferroni's
multiple comparison post-test to determine statistical significance amongst groups. Unpaired Student's t-
test was used to evaluate differences between two groups. Data were considered significant at p < 0.05.
All error bars represent the SEM. Multiplex cytokine data were analysed using data analysis software suite

from Biolegend.

Study approvals

All animal experiments were performed according to protocols approved by the SingHealth Institutional
Animal Care and Use Committee. IRB approvals were obtained from the University of Colombo, Colombo,
Sri Lanka (#EC-14-136), the National University of Singapore, Singapore (#LN-18-036E) and Nanyang
Technological University, Singapore (#/RB-2014-06-016). Subjects’ guardians provided written informed

consent prior to participation in the study.
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Data are available in the “Supporting data values” XLS file; or from the corresponding authors upon request.

Supplementary methods accompany this manuscript.

Author Contributions

This study was conceived by ALS and APSR with experimental design and data interpretation by ALS,
APSR, YC, and WAAS. The human biomarkers study was planned by AWS, MS, and ALS, with MS
overseeing patient recruitment. Experiments were conducted and data acquired by YC, WAAS, AO, and
APSR. Data were analyzed by YC, WAAS, APSR and ALS. The manuscript was written by ALS, APSR,

WAAS and YC.

Acknowledgements

19



503 We thank Ho Phin Chong and Janessa Tan for assistance with cell preparation for flow cytometry.
504  The NIH Tetramer Facility provided the CD1d tetramer. This work was funded by the National Medical
505 Research Council of Singapore (NMRC/CBRG/0084/2015), the Singapore Ministry of Education
506 (T2EP30120-0029, T2EP30222-0017), and start-up funding from Duke-NUS Medical School.

507

508 Conflict of Interest Statement

509  The authors declare no conflicts of interest.

510

20



References

1.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Rathore APS, and St John AL. Cross-Reactive Immunity Among Flaviviruses. Front Immunol.
2020;11:334.

Wilder-Smith A, Ooi EE, Horstick O, and Wills B. Dengue. Lancet. 2019;393(10169):350-63.
Yang X, Quam MBM, Zhang T, and Sang S. Global burden for dengue and the evolving pattern in
the past 30 years. J Travel Med. 2021;28(8).

St John AL, and Rathore APS. Adaptive immune responses to primary and secondary dengue virus
infections. Nat Rev Immunol. 2019;19(4):218-30.

Katzelnick LC, Gresh L, Halloran ME, Mercado JC, Kuan G, Gordon A, et al. Antibody-dependent
enhancement of severe dengue disease in humans. Science. 2017;358(6365):929-32.

St John AL, Rathore AP, Yap H, Ng ML, Metcalfe DD, Vasudevan SG, et al. Immune surveillance
by mast cells during dengue infection promotes natural killer (NK) and NKT-cell recruitment and
viral clearance. Proc Natl Acad Sci U S A. 2011;108(22):9190-5.

Tassaneetrithep B, Burgess TH, Granelli-Piperno A, Trumpfheller C, Finke J, Sun W, et al. DC-
SIGN (CD209) mediates dengue virus infection of human dendritic cells. J Exp Med.
2003;197(7):823-9.

Miller JL, de Wet BJ, Martinez-Pomares L, Radcliffe CM, Dwek RA, Rudd PM, et al. The mannose
receptor mediates dengue virus infection of macrophages. PLoS pathogens. 2008;4(2):e17.
Rathore APS, and St John AL. Immune responses to dengue virus in the skin. Open Biol. 2018;8(8).
St John AL, Abraham SN, and Gubler DJ. Barriers to preclinical investigations of anti-dengue
immunity and dengue pathogenesis. Nature reviews Microbiology. 2013;11(6):420-6.

Mantri CK, and St John AL. Immune synapses between mast cells and gammadelta T cells limit
viral infection. J Clin Invest. 2019;129(3):1094-108.

Farr AR, Wu W, Choi B, Cavalcoli JD, and Laouar Y. CD1d-unrestricted NKT cells are endowed
with a hybrid function far superior than that of iNKT cells. Proc Natl Acad Sci U S A.
2014;111(35):12841-6.

Wang C, Liu X, Li Z, Chai Y, Jiang Y, Wang Q, et al. CD8(+)NKT-like cells regulate the immune
response by killing antigen-bearing DCs. Sci Rep. 2015;5:14124.

Hammond KJ, Pelikan SB, Crowe NY, Randle-Barrett E, Nakayama T, Taniguchi M, et al. NKT
cells are phenotypically and functionally diverse. Eur J Immunol. 1999;29(11):3768-81.

Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, and Van Kaer L. NKT cells: what's in a
name? Nat Rev Immunol. 2004;4(3):231-7.

Rhost S, Lofbom L, Rynmark BM, Pei B, Mansson JE, Teneberg S, et al. Identification of novel
glycolipid ligands activating a sulfatide-reactive, CD1d-restricted, type Il natural killer T lymphocyte.
Eur J Immunol. 2012;42(11):2851-60.

Dhodapkar MV, and Kumar V. Type Il NKT Cells and Their Emerging Role in Health and Disease.
J Immunol. 2017;198(3):1015-21.

Liao CM, Zimmer MI, and Wang CR. The functions of type | and type Il natural killer T cells in
inflammatory bowel diseases. Inflamm Bowel Dis. 2013;19(6):1330-8.

Halder RC, Aguilera C, Maricic I, and Kumar V. Type Il NKT cell-mediated anergy induction in type
I NKT cells prevents inflammatory liver disease. J Clin Invest. 2007;117(8):2302-12.

Marrero |, Ware R, and Kumar V. Type Il NKT Cells in Inflammation, Autoimmunity, Microbial
Immunity, and Cancer. Front Immunol. 2015;6:316.

Slitka MK, Pagarigan RR, and Whitton JL. NK markers are expressed on a high percentage of
virus-specific CD8+ and CD4+ T cells. J Immunol. 2000;164(4):2009-15.

Grubor-Bauk B, Simmons A, Mayrhofer G, and Speck PG. Impaired clearance of herpes simplex
virus type 1 from mice lacking CD1d or NKT cells expressing the semivariant V alpha 14-J alpha
281 TCR. J Immunol. 2003;170(3):1430-4.

Kakimi K, Guidotti LG, Koezuka Y, and Chisari FV. Natural killer T cell activation inhibits hepatitis
B virus replication in vivo. J Exp Med. 2000;192(7):921-30.

Ishikawa H, Tanaka K, Kutsukake E, Fukui T, Sasaki H, Hata A, et al. IFN-gamma production
downstream of NKT cell activation in mice infected with influenza virus enhances the cytolytic
activities of both NK cells and viral antigen-specific CD8+ T cells. Virology. 2010;407(2):325-32.

21



25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

Johnson TR, Hong S, Van Kaer L, Koezuka Y, and Graham BS. NK T cells contribute to expansion
of CD8(+) T cells and amplification of antiviral immune responses to respiratory syncytial virus. J
Virol. 2002;76(9):4294-303.

Bendelac A, Savage PB, and Teyton L. The biology of NKT cells. Annu Rev Immunol. 2007;25:297-
336.

Rathore APS, Senanayake M, Athapathu AS, Gunasena S, Karunaratna |, Leong WY, et al. Serum
chymase levels correlate with severe dengue warning signs and clinical fluid accumulation in
hospitalized pediatric patients. Sci Rep. 2020;10(1):11856.

Tian Y, Seumois G, De-Oliveira-Pinto LM, Mateus J, Herrera-de la Mata S, Kim C, et al. Molecular
Signatures of Dengue Virus-Specific IL-10/IFN-gamma Co-producing CD4 T Cells and Their
Association with Dengue Disease. Cell Rep. 2019;29(13):4482-95 e4.

Moriyama M, and Nakamura S. Th1/Th2 Immune Balance and Other T Helper Subsets in IgG4-
Related Disease. Curr Top Microbiol Immunol. 2017;401:75-83.

Nascimento EJM, Huleatt JW, Cordeiro MT, Castanha PMS, George JK, Grebe E, et al.
Development of antibody biomarkers of long term and recent dengue virus infections. J Virol
Methods. 2018;257:62-8.

Vidarsson G, Dekkers G, and Rispens T. IgG subclasses and allotypes: from structure to effector
functions. Front Immunol. 2014;5:520.

Bratke K, Kuepper M, Bade B, Virchow JC, Jr., and Luttmann W. Differential expression of human
granzymes A, B, and K in natural killer cells and during CD8+ T cell differentiation in peripheral
blood. Eur J Immunol. 2005;35(9):2608-16.

Rathore AP, Mantri CK, Tan MW, Shirazi R, Nishida A, Aman SA, et al. Immunological and
Pathological Landscape of Dengue Serotypes 1-4 Infections in Immune-Competent Mice. Frontiers
in Immunology. 2021;12(681950).

Morrison J, Rathore APS, Mantri CK, Aman SAB, Nishida A, and St John AL. Transcriptional
Profiling Confirms the Therapeutic Effects of Mast Cell Stabilization in a Dengue Disease Model. J
Virol. 2017;91(18).

Suzuki H, Tsuji R, Sugamata M, Yamamoto N, Yamamoto N, and Kanauchi O. Administration of
plasmacytoid dendritic cell-stimulative lactic acid bacteria is effective against dengue virus infection
in mice. Int J Mol Med. 2019;43(1):426-34.

Barros VE, dos Santos-Junior NN, Amarilla AA, Soares AM, Lourencini R, Trabuco AC, et al.
Differential replicative ability of clinical dengue virus isolates in an immunocompetent C57BL/6
mouse model. BMC Microbiol. 2015;15:189.

Halstead SB. Dengue. Lancet. 2007;370(9599):1644-52.

Harrell MI, Iritani BM, and Ruddell A. Lymph node mapping in the mouse. J Immunol Methods.
2008;332(1-2):170-4.

Hassouneh F, Campos C, Lopez-Sejas N, Alonso C, Tarazona R, Solana R, et al. Effect of age
and latent CMV infection on CD8+ CD56+ T cells (NKT-like) frequency and functionality. Mech
Ageing Dev. 2016;158:38-45.

Pita-Lopez ML, Pera A, and Solana R. Adaptive Memory of Human NK-like CD8(+) T-Cells to Aging,
and Viral and Tumor Antigens. Front Immunol. 2016;7:616.

Fink K, Ng C, Nkenfou C, Vasudevan SG, van Rooijen N, and Schul W. Depletion of macrophages
in mice results in higher dengue virus titers and highlights the role of macrophages for virus control.
Eur J Immunol. 2009;39(10):2809-21.

Wang T, Scully E, Yin Z, Kim JH, Wang S, Yan J, et al. IFN-gamma-producing gamma delta T cells
help control murine West Nile virus infection. J Immunol. 2003;171(5):2524-31.

Lukacs NW. Role of chemokines in the pathogenesis of asthma. Nat Rev Immunol. 2001;1(2):108-
16.

Kim CH, Kunkel EJ, Boisvert J, Johnston B, Campbell JJ, Genovese MC, et al. Bonzo/CXCR6
expression defines type 1-polarized T-cell subsets with extralymphoid tissue homing potential. J
Clin Invest. 2001;107(5):595-601.

Xu LL, McVicar DW, Ben-Baruch A, Kuhns DB, Johnston J, Oppenheim JJ, et al. Monocyte
chemotactic protein-3 (MCP3) interacts with multiple leukocyte receptors: binding and signaling of
MCP3 through shared as well as unique receptors on monocytes and neutrophils. Eur J Immunol.
1995;25(9):2612-7.

22



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Salanga CL, Dyer DP, Kiselar JG, Gupta S, Chance MR, and Handel TM. Multiple
glycosaminoglycan-binding epitopes of monocyte chemoattractant protein-3/CCL7 enable it to
function as a non-oligomerizing chemokine. J Biol Chem. 2014;289(21):14896-912.

Proost P, Wuyts A, and Van Damme J. Human monocyte chemotactic proteins-2 and -3: structural
and functional comparison with MCP-1. J Leukoc Biol. 1996;59(1):67-74.

Rojas-Ramos E, Avalos AF, Perez-Fernandez L, Cuevas-Schacht F, Valencia-Maqueda E, and
Teran LM. Role of the chemokines RANTES, monocyte chemotactic proteins-3 and -4, and
eotaxins-1 and -2 in childhood asthma. Eur Respir J. 2003;22(2):310-6.

Dahinden CA, Geiser T, Brunner T, Vontscharner V, Caput D, Ferrara P, et al. Monocyte
Chemotactic Protein-3 Is a Most Effective Basophil-Activating and Eosinophil-Activating
Chemokine. Journal of Experimental Medicine. 1994;179(2):751-6.

Kuo CH, Collins AM, Boettner DR, Yang Y, and Ono SJ. Role of CCL7 in Type | Hypersensitivity
Reactions in Murine Experimental Allergic Conjunctivitis. J Immunol. 2017;198(2):645-56.
Ruterbusch M, Pruner KB, Shehata L, and Pepper M. In Vivo CD4(+) T Cell Differentiation and
Function: Revisiting the Th1/Th2 Paradigm. Annu Rev Immunol. 2020;38:705-25.

Kaplan C, Valdez JC, Chandrasekaran R, Eibel H, Mikecz K, Glant TT, et al. Th1 and Th2 cytokines
regulate proteoglycan-specific autoantibody isotypes and arthritis. Arthritis Res. 2002;4(1):54-8.
St John AL, Ang WXG, Rathore APS, and Abraham SN. Reprograming immunity to food allergens.
J Allergy Clin Immunol. 2018;141(5):1936-9 e2.

Johnson AJ, and Roehrig JT. New mouse model for dengue virus vaccine testing. J Virol.
1999;73(1):783-6.

Guidotti LG, and Chisari FV. Noncytolytic control of viral infections by the innate and adaptive
immune response. Annu Rev Immunol. 2001;19:65-91.

Kallolimath S, Sun L, Palt R, Stiasny K, Mayrhofer P, Gruber C, et al. Highly active engineered
IgG3 antibodies against SARS-CoV-2. Proc Natl Acad Sci U S A. 2021;118(42).

Subleski JJ, Jiang Q, Weiss JM, and Wiltrout RH. The split personality of NKT cells in malignancy,
autoimmune and allergic disorders. Immunotherapy. 2011;3(10):1167-84.

Simoni Y, Diana J, Ghazarian L, Beaudoin L, and Lehuen A. Therapeutic manipulation of natural
killer (NK) T cells in autoimmunity: are we close to reality? Clin Exp Immunol. 2013;171(1):8-19.
Gunther VJ, Putnak R, Eckels KH, Mammen MP, Scherer JM, Lyons A, et al. A human challenge
model for dengue infection reveals a possible protective role for sustained interferon gamma levels
during the acute phase of iliness. Vaccine. 2011;29(22):3895-904.

Fagundes CT, Costa VV, Cisalpino D, Amaral FA, Souza PR, Souza RS, et al. IFN-gamma
production depends on IL-12 and IL-18 combined action and mediates host resistance to dengue
virus infection in a nitric oxide-dependent manner. PLoS Negl Trop Dis. 2011;5(12):e1449.

Costa VV, Fagundes CT, Valadao DF, Cisalpino D, Dias AC, Silveira KD, et al. A model of DENV-
3 infection that recapitulates severe disease and highlights the importance of IFN-gamma in host
resistance to infection. PLoS Negl Trop Dis. 2012;6(5):e1663.

Shtrichman R, and Samuel CE. The role of gamma interferon in antimicrobial immunity. Curr Opin
Microbiol. 2001;4(3):251-9.

Kasahara T, Hooks JJ, Dougherty SF, and Oppenheim JJ. Interleukin 2-mediated immune
interferon (IFN-gamma) production by human T cells and T cell subsets. J Immunol.
1983;130(4):1784-9.

Wakil AE, Wang ZE, Ryan JC, Fowell DJ, and Locksley RM. Interferon gamma derived from CD4(+)
T cells is sufficient to mediate T helper cell type 1 development. J Exp Med. 1998;188(9):1651-6.
Romagnani S, Giudizi MG, Biagiotti R, Almerigogna F, Mingari C, Maggi E, et al. B cell growth
factor activity of interferon-gamma. Recombinant human interferon-gamma promotes proliferation
of anti-mu-activated human B lymphocytes. J Immunol. 1986;136(10):3513-6.

Chodisetti SB, Fike AJ, Domeier PP, Singh H, Choi NM, Corradetti C, et al. Type Il but Not Type |
IFN Signaling Is Indispensable for TLR7-Promoted Development of Autoreactive B Cells and
Systemic Autoimmunity. J Immunol. 2020;204(4):796-809.

Lee SK, Silva DG, Martin JL, Pratama A, Hu X, Chang PP, et al. Interferon-gamma excess leads
to pathogenic accumulation of follicular helper T cells and germinal centers. Immunity.
2012;37(5):880-92.

23



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

Nguyen HH, van Ginkel FW, Vu HL, Novak MJ, McGhee JR, and Mestecky J. Gamma interferon
is not required for mucosal cytotoxic T-lymphocyte responses or heterosubtypic immunity to
influenza A virus infection in mice. J Virol. 2000;74(12):5495-501.

Kane M, Deiss F, Chervonsky A, and Golovkina TV. A Single Locus Controls Interferon Gamma-
Independent Antiretroviral Neutralizing Antibody Responses. J Virol. 2018;92(16).

Martinez Gomez JM, Ong LC, Lam JH, Binte Aman SA, Libau EA, Lee PX, et al. Maternal Antibody-
Mediated Disease Enhancement in Type | Interferon-Deficient Mice Leads to Lethal Disease
Associated with Liver Damage. PLoS Negl Trop Dis. 2016;10(3):e0004536.

Galli G, Nuti S, Tavarini S, Galli-Stampino L, De Lalla C, Casorati G, et al. Innate immune
responses support adaptive immunity: NKT cells induce B cell activation. Vaccine. 2003;21 Suppl
2:548-54.

Gaya M, Barral P, Burbage M, Aggarwal S, Montaner B, Warren Navia A, et al. Initiation of Antiviral
B Cell Immunity Relies on Innate Signals from Spatially Positioned NKT Cells. Cell.
2018;172(3):517-33 e20.

Zimmer CL, Cornillet M, Sola-Riera C, Cheung KW, Ivarsson MA, Lim MQ, et al. NK cells are
activated and primed for skin-homing during acute dengue virus infection in humans. Nat Commun.
2019;10(1):3897.

Bernin H, Fehling H, Marggraff C, Tannich E, and Lotter H. The cytokine profile of human NKT cells
and PBMCs is dependent on donor sex and stimulus. Med Microbiol Immunol. 2016;205(4):321-
32.

Slauenwhite D, and Johnston B. Regulation of NKT Cell Localization in Homeostasis and Infection.
Front Immunol. 2015;6:255.

Matangkasombut P, Chan-In W, Opasawaschai A, Pongchaikul P, Tangthawornchaikul N,
Vasanawathana S, et al. Invariant NKT cell response to dengue virus infection in human. PLoS
Negl Trop Dis. 2014;8(6):e2955.

Yewdell JW. Antigenic drift: Understanding COVID-19. Immunity. 2021;54(12):2681-7.

Iwasaki A, and Yang Y. The potential danger of suboptimal antibody responses in COVID-19. Nat
Rev Immunol. 2020;20(6):339-41.

24



Figure 1

A B

IL-2
TNFa
IFNy
IL-17A

Granzyme K

2.0 — *

sFas

_\
o
|

sFasL

Granzyme A

Granzyme B
Granzyme K

Perforin

Log[Granzyme K, pg/mL]
o
|

Granulysin
IL-4

IL-10

IL-6

T
s

0.0 —
IgG3+ 19G3-

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 naive serum.
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Figure 2. Type | 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-l NKT (NK1.1*CD3*CD1d-tetramer®), Type-ll NKT cells
(NK1.1*CD3*CD1d-tetramerCD4* which have a similar phenotype to NK1.1*CD4* T cells), NKT-like NKT
cells (NK1.1*CD3*CD1d-tetramerCD8"), and CD1d-tetramer CD4 CD8 double-negative (DN) NKT cells
(NK1.1*CD3*CD1d-tetramerCD4-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-lI 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 2x10° PFU of DENV2 subcutaneously by FP injection.
DENYV infection increased Type-l 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 CD1d™ 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-l 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 meantSEM 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.
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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 |.P. infection with DENV. The TCRp 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.
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Figure 4. CD1dP 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 2x10° 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=50uM. 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 gPCR. Single cell suspensions from FPs and dLNs were
stained with antibodies against CD3, CD4, CD8, y0TCR, 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*CD11cMHCII*'DENV-NS3*CFSE", gray) and FP-derived, DENV2-infected
monocyte/macrophage (CD45"CD11b*CD11cMHCII*"DENV-NS3*CFSE*; orange) numbers in the dLN
were determined 5d post-infection. (H) DENV2-infected DCs (CD45*CD11b-CD11¢c*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-1, 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.
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Figure 5: CD1d%P 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 DENV?2 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 naive 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-l, -ll, 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: CD1d“P NKT cells promote Th1-associated cellular immunity. The frequency of IL-4- or IFNy-
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) IFNy-producing CD4* T cells (NK1.1"CD3*CD4*IFNy*) (C) IL-4-producing
CD8" T cells (NK1.1-CD3*CD8*IL-4*), and (D) IFNy-producing CD8* T cells (NK1.1-CD3*CD8* IFNy*) 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-4" cells. (G) Conversely,



increased intensity for IFN-y expression in WT mice compared to CD1d-KO mice in the CD8 compartment.
Pink bracket indicates region of interest with IFN-y" cells (H-1) MFI of IFN-y in CD4 and CD8 T cells indicated
increased expression of IFN-y 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 meantSEM.
n.s.=not significant *p<0.05, **p<0.01, and ***p<0.001, determined by Student’s unpaired t-test. During
DENV infection, CD1d%? NKT cells are required for the optimal production of the Th1 cytokine IFN-y 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-y production by NKT cells. (A) A schematic for the NKT
cell transfer experiment showing purification of NKT cells from WT or IFN-y-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-y at 3 days post-infection.
Frequencies of (C) IL-4 producing CD4 and (D) IFN-y 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-y 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-y produced by NKT cells is required for optimal Th1-immunity.
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Figure 8: CD1dP NKT cells promote Th1-associated humoral immunity that protects during
homologous and heterologous reinfections. Comparison of serum (A) lgG2a and (B) IgG1 titers
between WT and CD1d-KO mice, 3 weeks following DENV2 infection, determined by ELISA. WT and CD1d-
KO mice received 1x108 PFU of DENV?2 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/IFNyR-KO mice. (F) Mice were infected with 1x10° PFU of DENV2 or immune
complexes formed from 1x10° PFU of DENV2 and 1ug of IgG purified from DENV2 post-immune serum
from either WT or CD1d-KO mice (homologous challenge). (G) Mice were infected with 2x10° PFU of
DENV1 or immune complexes formed from 2x10° PFU of DENV1 and 10ug 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/IFNyR-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 IFNa.R/IFNyR-
KO mice by Log-Rank test. For A-C and G-I, N=5 per group. For H, N=4-5 per group.
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Figure 9: Positive association between IgG4 induction and dengue severity in humans. (A) A heat
map representing the DENV-specific IgG3 and 1gG4 levels in pediatric dengue patients with secondary
DENYV 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 f-test. **** indicates
p<0.001. For all panels, N=26 (DF) and N=22 (DHF) patients.
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