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Abstract

Dengue virus (DENV) is a significant cause of morbidity in many regions of the world, with
children at the greatest risk of developing severe dengue. NK cells, characterized by their ability
to rapidly recognize and kill virally infected cells, are activated during acute DENV infection.
However, their role in viral clearance versus pathogenesis has not been fully elucidated. Our
goal was to profile the NK cell receptor—ligand repertoire to provide further insight into the
function of NK cells during pediatric and adult DENV infection. We used mass cytometry to
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phenotype isolate NK cells and PBMCs from a cohort of DENV-infected children and adults.
Using unsupervised clustering, we found that pediatric DENV infection leads to a decrease in
total NK cell frequency with a reduction in the percentage of CD569MCD38Pright NK cells

and an increase in the percentage of CD569Mperforin®ridht NK cells. No such changes were
observed in adults. Next, we identified markers predictive of DENV infection using a differential
state test. In adults, NK cell expression of activation markers, including CD69, perforin, and
Fas-L, and myeloid cell expression of activating NK cell ligands, namely Fas, were predictive

of infection. In contrast, increased NK cell expression of the maturation marker CD57 and
myeloid cell expression of inhibitory ligands, such as HLA class | molecules, were predictive of
pediatric DENV infection. These findings suggest that acute pediatric DENV infection may result
in diminished NK cell activation, which could contribute to enhanced pathogenesis and disease
severity.

INTRODUCTION

Dengue virus (DENV), a flavivirus with four serotypes (DENV1-4), is the most prevalent
arthropod-borne virus in the world. Infection begins when an individual is bitten by a
DENV-infected Aedes mosquito. After an incubation period of 4-10 d, a majority of DENV-
infected individuals will develop an asymptomatic infection or mild symptoms associated
with dengue fever such as fever, headache, vomiting, myalgia, and rash. Generally, these
symptoms persist for 3—7 d before patients enter into defervescence. However, upon
defervescence, a small percentage of patients develop severe dengue characterized by severe
plasma leakage, hemorrhage, and/or organ impairment (1).

DENV infection presents differently in children and adults. Vomiting, skin rash, abdominal
pain, and anorexia are commonly observed in children, whereas myalgia, nausea, retro-
orbital pain, arthralgia, headache, and leukopenia are symptoms typical of adult DENV
infection (2-5). Interestingly, children under the age of 16 are not only more likely to
develop symptomatic dengue; they are also more likely to develop severe dengue and
succumb to the infection (2, 6-10). There are several potential reasons as to why this is the
case. The increase in plasma leakage observed in DENV-infected infants and children could
be explained by higher capillary fragility (11). Additionally, Ab-dependent enhancement
caused by waning maternal Abs or secondary DENV infection may contribute to increased
disease severity (2, 12-14). Although increased capillary fragility and Ab-dependent
enhancement could both be contributing factors, increased risk of severe dengue in children
compared with adults may also be due to differences in the immune response.

The evolution of the immune system with aging, as well as its implications for antiviral
immunity, has been well studied (15, 16). Broadly, people are born with an immature
Immune system that, with age, matures and develops immunological memory to previously
encountered viruses. Traditionally, immune experience is strictly thought to shape the B
and T cell repertoire. However, a previous study has demonstrated that immune experience
acquired throughout life results in an increase in the diversity of NK cells (17), an innate
immune cell subset that acts as one of the first responders to viral infection. Furthermore,
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numerous studies in the past decade have also revealed the ability of NK cells to develop
both Ag-dependent and Ag-independent immunological memory (18).

NK cells kill infected target cells via three mechanisms: degranulation with release of
cytotoxic mediators, receptor-mediated apoptosis, and Ab-dependent cellular cytotoxicity.
NK cells are activated to kill or secrete cytokines based on activating and inhibitory

signals received from germline-encoded receptors binding to their cognate ligands on
potential target cells. Although NK cells are known to be activated during DENV infection,
particularly during the acute phase (19-23), it is unclear which NK cell subsets are actually
responding. Some putative receptor-ligand interactions that may trigger an anti-DENV

NK cell response such as NKp44/E protein, KIR2DS2/NS3-HLA-C, and others have

been reported (24-26). We and others have also shown that upregulation of HLA class |
molecules by DENV-infected cells suppresses the NK cell response (27-29). Importantly,
prior work investigating the role of NK cells during in vivo DENV infection has been
limited to examining either pediatric or adult patients, but never both in parallel (20-23, 30).

Our goal was to determine whether NK cells in children and adults respond differently to
acute DENV infection. Using a cohort of pediatric and adult DENV patients from Panama,
a dengue-endemic country, we profiled the expression of NK cell receptors and their ligands
by mass cytometry (CyTOF). We found that acute DENV infection in children leads to

a decrease in NK cell frequency, shifts in the composition of the NK cell compartment,

as well as NK cell maturation marked by increased CD57 expression. No changes in

NK cell frequency occurred in adults. However, DENV infection did result in increased
expression of NK cell activation and functional markers, CD69, perforin, and Fas-L. Finally,
analysis of myeloid cell subsets identified by unsupervised clustering revealed that DENV
infection leads to a more dramatic departure from baseline phenotype in children, with
greater induction of ligands for inhibitory NK cell receptors than observed in adults. Overall,
this work suggests that pediatric DENV infection may result in a more suppressed NK cell
response compared with adult DENV infection.

MATERIALS AND METHODS

DENV cohort and ethical statement

Adult and pediatric patients experiencing symptoms of acute DENV infection for 5 d or less
were enrolled at public health institutions in Panama City and surrounding suburban areas
in Panama from 2013 to 2015. Healthy control samples were collected from volunteers at
Gorgas Memorial Institute of Health Studies (ICGES). Patients were considered positive for
dengue infection if they had a positive RT-PCR result. Suspected DENV patients negative
for DENV, Chikungunya virus, and Zika virus were considered undifferentiated febrile
patients. All dengue patients were infected with DENV-2, with the exception of one adult
patient who was infected with DENV-1. Pediatric and adult DENV cases were mild and
largely the result of primary infections. None of the patients progressed to severe disease.
The Institutional Review Board of Hospital del Nifio (CBIHN-M-0634) approved this study
protocol. Committees of ICGES, Caja de Seguro Social, Santo Tomas Hospital, and Stanford
University confirmed the protocol.
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PBMC sample processing, storage, and thawing

PBMCs were collected using Ficoll-Paque. Following isolation, PBMCs were stored at
—80°C for 24-72 h in freezing media (90% FBS, 10% DMSO) before being transferred to
liquid nitrogen. Prior to use, PBMCs were thawed in complete media (RPMI-1640, 10%
FBS, 1% r-glutamine, 1% penicillin/streptomycin), centrifuged, and counted using a TC20
automated cell counter (Bio-Rad Diagnostics). One million PBMCs from each donor were
set aside and kept on ice for ligand staining. NK cells were isolated from the remaining
PBMCs by negative selection using a human NK Cell Isolation Kit (Miltenyi). Following
NK cell isolation, NK cells were centrifuged and counted.

CyTOF staining, data acquisition, and processing

Cells were stained for CyTOF as previously described (29). Briefly, in-house conjugated
Abs were made using Maxpar X8 Ab Labeling Kits (Fluidigm), whereas preconjugated

Abs were purchased from Fluidigm and Thermo Fisher Scientific. PBMCs and isolated

NK cells were stained using the viability marker cisplatin (Enzo Life Sciences). They were
then CD45 barcoded with a two-of-four palladium barcoding scheme using 102Pd, 104pd,
106pd, and 198pd. NK cells were not isolated from donors with fewer than 2 million viable
PBMCs. Barcoded samples were pooled and stained with surface Abs before fixation with
2% paraformaldehyde and permeabilization (eBioscience Permeabilization Buffer). Samples
were then stained with intracellular Abs and incubated in iridium-191/193 intercalator (DVS
Sciences) for up to a week. Before the analysis by CyTOF, samples were washed and
diluted in EQ Four Element Calibration Beads. FCS files were normalized, and calibration
beads were removed using the ParkerlCI Premessa package. Normalized data were then
debarcoded using the same Premessa package. FlowJo 10.2 was used to gate on cell subsets
of interest. Samples with <50% viability by TC20 automated cell counter were excluded
from subsequent analysis.

CyTOF data analysis

The open source statistical software R (https://www.r-project.org/, version 3.6.1) (31) was
used to perform the CyTOF data analysis. To account for heteroskedasticity, the signal
intensities were transformed using the hyperbolic sine transformation (cofactor equals to 5)
prior to any downstream analysis.

Clustering.—The package CATALYST (version 1.10.1) (32) was used to perform the
unsupervised clustering. We used 14 lineage markers (refer to Fig. 1A for details) for

the PBMCs and 35 markers (refer to Fig. 3A for details) for the isolated NK cells. The
default parameters of the clustering function were used. Briefly, this clustering method
combines two algorithms: FlowSOM (33), which clusters the data into 100 high-resolution
clusters, and ConsensusClusterPlus (34), which groups these high-resolution clusters into
metaclusters. To determine the optimal number of metaclusters, we used the &-area plot
provided by the package at the end of the clustering step (eight metaclusters for the PBMCs;
seven metaclusters for the isolated NK cells).

Uniform Manifold Approximation and Projection visualizations.—We used the
uwot package (version 0.1.5 available on CRAN) (35), which implements the Uniform
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Manifold Approximation and Projection (UMAP) algorithm (L. Mclnnes, J. Healy, and J.
Melville, manuscript posted on arXiv, DOI: arXiv: 1802.03426v3). Using the same markers
previously used for the clustering, we applied this dimensionality reduction method with
the following parameters: 0.1 as the minimum distance and 20 as the number of nearest
neighbors.

Differential abundance tests.—Differential abundance tests were performed using the
diffcyt package (version 1.6.1) (36) to identify differences in the frequencies of the cell
clusters. We used the diffcyt-DA-voom function with the default parameters. Briefly, this
method transforms the cluster cell counts to stabilize the mean/variance relationship with the
voom method and then fits one linear model for each cluster. Each differential abundance
test was performed on data that were filtered to the comparison of interest (adult or pediatric
population; healthy or DENV patients). The corresponding design matrix and contrast
matrix were generated for each comparison. The reported p values were adjusted by the
false discovery rate approach.

Differential state tests.—To identify which markers were predictive of a specific state
(e.g., healthy or DENV), we used the CytoGLMM package available on Github (Ref.

37 and C. Seiler, L.M. Kronstad, L.J. Simpson, M. Le Gars, E. Vendrame, C.A. Blish,

and S. Holmes, manuscript posted on arXiv, DOI: arXiv:1903.07976v1). The method

for unpaired samples implemented in this package uses a generalized linear model with
bootstrap resampling to estimate the donor effect. The results of the model are the log-odds
that a given marker is predictive of a specific state with a 95% confidence interval. The

p values are computed using Efron and Tibshirani (38) methodology and corrected for
multiple testing by Benjamini-Hochberg method. Thirty-five markers were considered for
the differential state tests within the isolated NK cells (refer to Fig. 4 for details). Twenty-
seven markers were considered for the differential state tests within the myeloid cell clusters
of the PBMCs (refer to Fig. 5 for details). The following parameters were used: 2000
bootstraps, no subsampling was performed, and all samples were used (i.e., no threshold on
the minimum number of cells per sample).

Effects of DENV infection on immune cell subsets

Given the differences in disease course between DENV-infected children and adults, as well
as the impacts of age on the antiviral immune response, we evaluated whether there were
shifts in the abundances of immune cell subsets in Panamanian adult and pediatric DENV
patients during the acute phase of infection. PBMCs were isolated from nine DENV* adults,
31 healthy adults, 19 DENV™ children, and 22 healthy children (Table 1). All DENV cases
were mild, and with the exception of one adult DENV-1 patient, were caused by DENV-2
infection. A majority of the cases were the result of a primary infection. PBMC samples
were stained for CyTOF (Supplemental Table 1) and gated down to live cells (Supplemental
Fig. 1). Unsupervised clustering of live cells identified eight canonical immune cell subsets:
CD4* T cells (cluster 1, 38.99%), CD8™ T cells (cluster 2, 29.69%), CD19*CD20* B cells
(cluster 3, 4.35%), NK cells (cluster 4, 12.59%), CD14*CD16~ myeloid cells (cluster 5,
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9.16%), CD19*CD20" B cells (cluster 6, 1. 56%), CD14-CD16" myeloid cells (cluster 7,
2.02%), and CD141* myeloid cells (cluster 8, 1.64%) (Fig. 1A). A differential abundance
test revealed that DENV infection in both children and adults leads to a significant increase
in the frequencies of CD19*CD20™ B cells and CD14~CD16™ myeloid cells as well as a
decrease in CD8* T cell frequency compared with healthy controls (Fig. 1B, 1C). Unlike
adults, children also demonstrated decreases in the frequencies of CD141* myeloid cells
and NK cells, although there was heterogeneity between individuals (Fig. 1C). These data
indicate that, in general, acute DENV infection has a broader impact on immune cell subsets
in children than adults.

Our cohort also included seven children presenting with an undifferentiated febrile illness
who were determined to be DENV™ by RT-PCR. To identify features associated with
febrile illness, we performed a differential abundance test comparing these undifferentiated
febrile patients to healthy children (Fig. 2A). Similar to our DENV™ versus healthy children
comparison, we observed significant increases in the frequencies of CD19*CD20~ B cells
and CD14-CD16"* myeloid cells in undifferentiated febrile patients compared with healthy
controls. An increase in CD14*CD16~ myeloid cell frequency and a decrease in CD4* T
cell frequency were also observed. Notably, unlike DENV infection, undifferentiated febrile
illness had no impact on the frequency of NK cells when compared with healthy controls.
To identify features associated explicitly with DENV infection, we performed a differential
abundance test comparing DENV-infected children to undifferentiated febrile children (Fig.
2B). This revealed that the frequency of CD14*CD16~ myeloid cells was significantly
lower in children infected with DENV. Therefore, whereas both DENV infection and
undifferentiated febrile illness uniquely impact certain immune cell subsets compared with
healthy children, only an increase in CD14*CD16~ myeloid cell frequency differentiates
other febrile illnesses from DENV infection.

Given the importance of NK cells during the acute phase of viral infection, we were
intrigued by the decrease in NK cell frequency observed in pediatric DENV cases.
Consequently, we performed a deeper analysis of the NK cell compartment.

Identification of NK cell subsets and the impact of DENV infection on their frequencies

To identify NK cell subsets responding to DENV infection, we performed unsupervised
clustering of purified NK cells. NK cells were isolated from donors with at least 2 million
viable PBMCs and stained with an NK cell-focused CyTOF panel (Supplemental Table II).
Negative gating was performed before downstream analysis to remove any residual, non—-NK
cells (Supplemental Fig.2). Our analysis identified the canonical CD56P"9Mt and CD56%IM
NK cell subsets (Fig. 3A). Although CD56P"9Mt NK cells clustered together (cluster 3,
5.87%), CD56%M NK cells were divided among four clusters. The largest CD569™M clusters
(clusters 1 and 5) consisted of CD569MCD57+ (40.59%) and CD569MCD38right (35.67%)
NK cells, respectively. The less abundant CD56™M subsets corresponding to clusters 2
(13.09%) and 4 (3.47%) consisted of CD56%MperforinPright and CD56%MFas-LPright NK
cells, respectively. Two clusters, clusters 6 and 7, each made up <1% of the total NK cells.
Of the 35 NK cell markers examined, cluster 6 only expressed one (CD16), making it likely
that this cluster represents CD1449MCD16*CD33%M monocytes that were not removed by
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purification or negative gating (Supplemental Fig. 2). Cells in cluster 7 express the NK cell
markers 2B4, Fas-L, FCRvy, Syk, Ki-67, and CD16. Therefore, it is likely that this cluster
represents a small population of actively proliferating NK cells.

Next, we performed a differential abundance test to determine whether the frequencies of
the identified NK cell subsets change during acute DENV infection. Interestingly, there
were no significant differences in the composition of the NK cell compartment between
DENV-infected adults and healthy adult controls (Fig. 3B). However, in children, DENV
infection resulted in a significant decrease in the frequency of CD569MCD38Pright NK cells
and an increase in the frequency of CD56%Mperforin1i9ht NK cells (Fig. 3C). There was also
an increase in the abundance of the second smallest cluster (cluster 6), which, as previously
discussed, is likely made up of CD149MCD16*CD3349™ monocytes.

Effects of DENV infection on NK cell phenotype

After observing significant shifts in the pediatric NK cell compartment upon DENV
infection, we performed a differential state test to compare the phenotype of total NK cells
in DENV-infected adults and children to their respective healthy controls (Fig. 4A, 4B).
Interestingly, three markers of NK cell activation, CD69, Fas-L, and Ki-67, were associated
with acute dengue in both adult and pediatric patients. These results are consistent with
what has been previously published (19, 20, 22, 23). However, the extent to which NK cells
upregulate these proteins varies between adults and children (Fig. 4C). There is also some
heterogeneity within each of the DENV-infected groups.

We then visualized our NK cell CyTOF data using volcano plots, allowing us to compare
each marker’s mean signal intensity (MSI), fold change (DENV/healthy), and how
predictive it was of either state (DENV™* or healthy). As expected, DENV-infected adults
had a >10-fold increase in CD69 expression (Fig. 4D). Adult DENV infection was also
characterized by robust expression of perforin, as well as a modest increase in expression
of death ligand Fas-L, and activating receptor NKG2D. CD69, perforin, Fas-L, and NKG2D
were all predictive of adult DENV infection. These data suggest that adult NK cells are
activated upon DENV infection and likely capable of responding to DENV-infected cells.

Interestingly, DENV infection in children seemed to result in a mature NK cell phenotype
(Fig. 4E). Expression of the maturation marker CD57 increased nearly 2-fold in DENV-
infected children and was significantly predictive of infection, whereas expression of the
immaturity marker NKG2A was reduced. CD69 was also upregulated in DENV-infected
children, albeit to a lesser extent than in DENV-infected adults (2.8-fold versus 10-

fold). Other proteins whose expression increased upon DENV infection in children were
chemokine receptor CXCR6 and proliferation marker Ki-67. The expression of death
receptor PD-1 was also slightly increased. CD57, CD69, CXCR®, Ki-67, and PD-1 were
all significantly predictive of pediatric DENV infection. Together, these data suggest that
DENV infection may drive maturation and modest activation of NK cells in children.

Myeloid cell expression of ligands for NK cell receptors

Given our finding that NK cells are activated to some extent during acute DENV infection
irrespective of patient age, and our identification of a CD569Mperforinhidh NK cell subset,
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we next sought to identify ligands for NK cell receptors that could contribute to their
activation. As myeloid cells are the main targets of DENV infection (39), we focused

on the three myeloid subsets identified by our unsupervised clustering: CD14*CD16™,
CD14~CD16%, and CD141* myeloid cells. Unfortunately, we were unable to detect DENV
proteins and therefore could not compare ligand expression by infected and uninfected

cells. In the adult CD14*CD16™ subset, there were 10 markers whose expression was
significantly predictive of either DENV infection or healthy controls (Fig. 5A). The markers
that were upregulated during DENV infection included death receptor Fas, inhibitory CD161
ligand LLT-1, and HLA-DR. In contrast, there were 15 markers whose expression was
significantly altered in children (Fig. 5B). Markers that were upregulated during pediatric
DENV infection included LLT-1 and death receptor 4/5 (DR4/DR5).

In the CD14-CD16" subset, there were six markers whose expression was significantly
altered in adults (Fig. 5C). The markers whose expression was upregulated during DENV
infection included Fas as well as HLA-E, whose role in suppressing the NK cell response
to DENV-infected cells is currently unclear (29). In the pediatric CD14-CD16" myeloid
cell subset, there were 16 significant markers (Fig. 5D). Those whose expression was
higher during DENV infection included the well-known NK cell inhibitory ligands, HLA
class I molecules, as well as known activating NKp30 and NKG2D ligands, B7-H6 and
ULBP-1,2,5,6, respectively.

Finally, in the CD141* myeloid subset, there were seven significant markers in adults
(Fig. 5E). Those that were upregulated during DENV infection included Fas as well

as MICA/MICB, ligands for the activating NK cell receptor NKG2D. There were 16
significant markers in children (Fig. 5F). Inhibitory ligands DR4/DRS5, LLT-1, and HLA
class I molecules as well as activating ligands Fas and ULBP-1, -2, -5, and -6, along with
the costimulatory marker CD86, were among those upregulated during pediatric DENV
infection. These findings suggest that pediatric DENV infection leads to more significant
changes in myeloid cell phenotype compared with adult infection. The phenotype of adult
myeloid cells likely promotes NK cell activation, whereas the phenotype of pediatric
myeloid cells likely dampens NK cell activation.

Based on the work done by Costa et al. (26) demonstrating the importance of DNAM-1,
2B4, LFA-1, and CD2 in mediating the NK cell response to DENV-infected cells, we also
looked at the impact of DENV infection on expression of their respective ligands. We found
no consistent pattern in DNAM-1 ligands, Nectin-2, and CD155 (PVR), being associated
with either the DENV™ or healthy state. The same was true for 2B4 and CD2 ligands, CD48
and LFA-3, respectively. Expression of ICAM-1, the LFA-1 ligand, was never significantly
predictive of either state.

DISCUSSION

Although severe dengue has historically been considered a children’s disease, there has been
a recent increase in the average age of reported dengue cases, particularly in Southeast

Asia (7, 40, 41). Considering that the geographical range of DENV is expected to expand

in the coming years (42), increasing the portion of the population at risk for infection,
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it is important to determine whether there are age-related differences in how the immune
system responds to DENV infection. Previous studies investigating the immune response

to DENV infection have reported an increase in activated NK cells (19, 20, 22, 23, 30),
suggesting a role for this immune cell subset. However, all of these studies solely focused on
either pediatric or adult DENV infection, not both. In this study, we evaluated the NK cell
receptor—ligand repertoire of pediatric and adult DENV patients by CyTOF. We show that,
compared with adults, children have a lower frequency of NK cells and significant changes
in the composition of their NK cell compartment. Whereas DENV infection leads to a
markedly activated NK cell phenotype in adults, it results in NK cell maturation and modest
activation in children. Additionally, acute pediatric DENV infection leads to significant
myeloid cell upregulation of inhibitory NK cell ligands, which is largely absent in adult
DENV patients. Together, these findings suggest that compared with adults, DENV infection
in children favors a more suppressed NK cell response.

Increases in monocyte, activated T cell, NK cell, and plasmablast frequencies as well as
decreases in the frequencies of total CD3* and CD4* T cells during acute DENV have

been previously reported (30, 43, 44). We observed similar results in our cohort with DENV-
infected children and adults experiencing a decrease in the frequency of CD8" T cells and
increases in the frequencies of CD19*CD20~ B cells and CD14-CD16™ myeloid cells. In
addition, we observed a decrease in the frequencies of CD141" myeloid cells and NK cells
during acute pediatric DENV infection. These changes in the CD141* myeloid cell and

NK cell compartments were not observed when children presenting with an undifferentiated
febrile illness were compared with healthy children. One subset that is notably absent

from our clustering analysis is CD147CD16* myeloid cells. Studies have found that the
frequency of CD14*CD16™ monocytes increases during DENV infection and may stimulate
differentiation of plasmablasts (45,46). Our inability to detect this subset could be due

to its low frequency compared with the other two monocyte subsets (47) or the fact that
expansion of CD14*CD16* monocytes typically occurs within the first 2 d of infection
before dramatically dropping off (46).

Unsupervised clustering of isolated NK cells identified six NK cell subsets. Of the NK cell
subsets identified, one expressed high levels of the functional marker perforin. In addition
to perforin, the CD56%MperforinPridht subset expressed NKp30, Siglec-7, CD94, 2B4, CD2,
FcRy, CD38, Ki-67, DNAM-1, and NTB-A. CD38 and Ki-67 expression suggests this

is an activated NK cell subset. This is further supported by the fact that these cells also
express Siglec-7, which has been reported as a marker of highly functional NK cells (48).
Moreover, in vitro studies have identified 2B4, CD2, and DNAM-1 as playing significant
roles in mediating NK cell interactions with DENV-infected monocyte-derived dendritic
cells (26). Blocking these proteins with Abs resulted in decreased NK cell expression of
CD69 as well as an increase in viral replication. This suggests that CD5691Mperforin®right
NK cells are activated and may be capable of killing DENV-infected cells. NKp30 and
DNAM-1 potentially play a role in mediating this activation. Although the frequencies of
the individual NK cell subsets are unchanged during adult DENV infection, the frequency
of CD56%MperforinT9t NK cells increases in DENV-infected children, suggesting a shift
toward a degranulation response. Degranulation is an effective mechanism for killing virally
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infected cells. However, it is possible that, in children, this response is not specific enough,
contributing to pathogenesis rather than viral clearance.

A previous study has shown a significant increase in the percentage of NKG2C* NK cells
during acute DENV-2 infection (22). However, we did not observe an increase in the
frequencies of the NKG2C-expressing NK cell subsets, CD569MCD57* and CD56%MFas-
Lbright NK cells, in either DENV-infected children or adults. This could be due to the fact
that our analysis was performed on individual NK cell subsets rather than total NK cells. It
may also be due to our DENV cohort having a lower percentage of human CMV—positive
patients compared with that of Petitdemange et al. (22), which had a seroprevalence rate of
91.7%. Unfortunately, the human CMV status of the patents in our cohort was unavailable.

Using adult cohorts, Azeredo et al. (20) and Gandini et al. (49) have shown an association
between NK cell activation and mild dengue. Conversely, Green et al. (19) observed a
higher frequency of CD69" NK cells in children who developed dengue hemorrhagic fever
compared with children with mild disease. Although our cohort does not contain any
patients that could be classified as having dengue hemorrhagic fever, our data supports

this idea of NK cells responding differently to DENV infection in children versus adults.
We found that expression of NK cell activation and functional markers NKG2D, Syk, Fas-L,
perforin, and CD69 was higher in adult dengue patients compared with healthy controls and
that expression of all these makers was predictive of adult DENV infection. Although CD69
expression was increased in DENV-infected children and predictive of infection, the NK
cell phenotype was also characterized by CD57 expression. Importantly, NKG2A expression
was higher in healthy children and significantly predictive of that state. CD57 expression

is induced upon NK cell stimulation and increases with age whereas NKG2A expression
decreases with age (17, 50, 51). CD57 also defines a subset of NK cells that have a greater
cytotoxic capacity and higher sensitivity to CD16 signaling (52). These data suggest that
DENV infection induces NK cell maturation in children. In all likelihood, the adults in our
cohort have greater immune experience than the children. Consequently, their NK cells are
already mature and can mount a more rapid, functional response that may limit viral spread
more effectively.

Importantly, our unsupervised clustering analysis complements the differential state tests we
performed using a generalized linear model. Occasionally the results from these different
analyses appear contradictory. For example, perforin expression was upregulated during
adult DENV infection, however there was no corresponding increase in the frequency of the
CD564MperforinPright NK cell subset. Similarly, expression of CD57 was upregulated during
pediatric DENV infection, however no increase in the frequency of the CD569MCD57+*

NK cell subset was observed. These results can be explained by the fact that perforin

and CD57 expression is likely upregulated across multiple NK cell subsets during acute
DENV infection. Consequently, an increase in their expression can be predictive of infection
without changing the distribution of the NK cell subsets.

Adult DENV infection led to increased expression of Fas across all myeloid cell subsets.
This, along with the fact that adult NK cells upregulate Fas-L, suggests that adult NK
cells may kill DENV-infected myeloid cells via the Fas-Fas-L pathway. CD14*CD16~
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and CD141* myeloid cells in DENV-infected children upregulated DR4/DR5 alone or

in combination with Fas. Unfortunately, our NK cell CyTOF panel did not include the
DR4/DR5 ligand, TRAIL, and additional PBMC samples are not available. Therefore, we
cannot determine whether this pathway is contributing to myeloid cell apoptosis in children.
A previous study has shown an increase in the percentage of TRAIL* NK cells as well as
an increase in TRAIL expression during adult DENV infection (49), making it likely that
TRAIL-mediated apoptosis is occurring.

Strikingly, acute DENV infection in adults led to fewer phenotypic changes in myeloid cells
than in children. Of the markers whose expression increased during adult DENV infection,
many would facilitate NK cell targeting. Besides Fas, two of the myeloid subsets expressed
MICA/MICB and/or Nectin-2. MICA and MICB are ligands for the activating NK cell
receptor NKG2D. NKG2D’s expression increased during adult DENV infection and was
predictive of that state. Nectin-2 is a ligand for the activating receptor DNAM-1, which
was expressed on the CD56%9MperforinPright NK cell subset. Many ligands for activating
NK cell receptors were similarly upregulated during pediatric DENV infection. These
included DR4/DRS5, Fas, Nectin-2, as well as DNAM-1 ligand CD155 and NKG2D ligands
ULBP-1, -2, -5, and -6. However, unlike what was observed in the adults, there was also
significant upregulation of LLT-1, a ligand for the inhibitory receptor CD161, and HLA
class I molecules, which are known to suppress the anti-DENV NK cell response (27-29).
Together, these findings suggest that during pediatric DENV infection, myeloid cells adopt
a more NK cell-suppressive phenotype than adult myeloid cells. This potentially facilitates
DENV-infected myeloid cell evasion of the NK cell response in children.

With the hope of being able to compare the expression of NK cell ligands by infected and
uninfected cells, two Abs against DENV proteins were included in our PBMC panel, one
against the NS3 protein and another against the E protein. Unfortunately, we were unable to
detect DENV-infected cells. In published work and in our experience, both the anti-NS3 and
anti-E protein Abs successfully detect DENV-infected cells in the setting of in vitro DENV
infection (29, 53). However, the low frequency of infected cells during natural infection
could explain this result. Indeed, Zanini et al. (54) were only able to detect viral RNA

in the PBMC:s of two out of six confirmed dengue patients by virus-inclusive single-cell
RNA sequencing. Importantly, viral RNA was only identified in patients who progressed to
severe dengue. Based on these results, our inability to detect DENV proteins is unsurprising,
especially given that our cohort was entirely made up of mild cases.

This study has limitations. The first is the lack of functional assessments, which did not
allow us to directly evaluate whether adult NK cells are more responsive to DENV-infected
cells than pediatric NK cells. Regrettably, we do not have sufficient samples to perform such
studies. Another limitation is the small sample size of DENV-infected patients, particularly
in our NK cell analysis. To analyze the largest sample size possible, we included one adult
DENV-1 patient in our analysis. Considering that different DENV serotypes have been
reported to differentially modulate expression of certain proteins (55), we were concerned
that this might introduce additional heterogeneity into our data. Therefore, we performed
our analysis with and without the adult DENV-1 patient. We did not observe differences in
the conclusions. This gave us confidence that although the numbers may be modest, this
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data provides a solid foundation on which to design future studies comparing the adult and
pediatric NK cell response to DENV infection.

Overall, our results show that pediatric and adult NK cells are uniquely impacted by

acute DENV infection. We discovered that the frequency of total NK cells decreases in
DENV-infected children, but not in DENV-infected adults. This decrease in pediatric NK
cell frequency is accompanied by an increase in the abundance of a CD569MperforinPright
NK cell subset. During adult DENV infection, NK cells develop an activated phenotype,
whereas the phenotype of pediatric NK cells is largely one of increased maturation.
Similarly, adult myeloid cells upregulate ligands for activating NK cell receptors that may
facilitate killing of DENV-infected cells by CD56%Mperforin1i9ht NK cells and the Fas-Fas-
L pathway. In contrast, myeloid cells from pediatric patients upregulate inhibitory ligands,
which may suppress the NK cell response. These findings need to be confirmed with a larger
DENV cohort that includes longitudinal samples. Additional markers of NK cell function
such as IFN-y and TNF-a should also be evaluated. This will be critical to determining
how the observed differences in the anti-DENV immune response in children and adults
change across the different phases of infection. It would also be important to determine
whether shifts in expression of specific markers or the frequencies of certain immune cell
subsets correlate with disease severity. Such analyses may point to age-specific predictors
of progression to severe DENV. Finally, functional studies comparing the ability of NK
cells derived from children and adults to respond to DENV-infected cells are necessary to
determine whether functional differences exist. Overall, this study provides insight into the
differences between the NK cell response to pediatric and adult DENV infection, which may
have a bearing on disease severity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank all health institutions, patients, patient families, Luis Bonilla from the Blood Bank of Santo Tomas
Hospital, Brechla Moreno, Yamilka Diaz, Mario Quijada, Yenesis Jordan, Arcelys Pitti, Zumara Chaverra, Jean-
Paul Carrera, and all members of the Department of Virology and Biotechnology from ICGES. We thank the
Stanford Human Immune Monitoring Center for use of their Helios machines as well as Lewis Lanier and Eva
Harris for helpful insights.

This work was supported by National Institutes of Health (NIH) Grants R21AI1135287 and R21A1130523 (to
C.A.B.), Grant 9044.51 from the Ministry of Economy and Finance of Panama, Grant 71-2012-4-CAP11-003

from the Secretaria Nacional de Ciencia, Tecnologia e Innovacion (SENACYT) (to S.L.-V.), National Science
Foundation Graduate Research Fellowship DGE-1656518 (to J.L.M.), NIH Training Grant T32-Al-07290 (principal
investigator, Olivia Martinez), and Graduate Research Grant by SENACYT 270-2013-288 (to D.B.). C.A.B. is the
Tashia and John Morgridge Faculty Scholar in Pediatric Translational Medicine from the Stanford Maternal Child
Health Research Institute and an Investigator of the Chan Zuckerberg Biohub. D.B., D.E., and S.L.-V. are members
of the Sistema Nacional de Investigacion of SENACYT, Panama.

Abbreviations used in this article:

CyTOF mass cytometry

DENV dengue virus

Immunohorizons. Author manuscript; available in PMC 2021 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McKechnie et al. Page 13
ICGES Gorgas Memorial Institute of Health Studies
MSI mean signal intensity
UMAP Uniform Manifold Approximation and Projection
REFERENCES

1.

10

11.

12.

13.

14.

15.

World Health Organization. 2009. EPIDEMIOLOGY, BURDEN OF DISEASE AND
TRANSMISSION. World Health Organization, Geneva, Switzerland.

. Hammond SN, Balmaseda A, Pérez L, Tellez Y, Saborio SI, Mercado JC, Videa E, Rodriguez Y,

Pérez MA, Cuadra R, et al. 2005. Differences in dengue severity in infants, children, and adults
in a 3-year hospital-based study in Nicaragua. Am. J. Trop. Med. Hyg 73: 1063-1070. [PubMed:
16354813]

. de Souza LJ, Pessanha LB, Mansur LC, de Souza LA, Ribeiro MBT, da Silveira MV, and Souto

Filho JTD. 2013. Comparison of clinical and laboratory characteristics between children and adults
with dengue. Braz. J. Infect. Dis 17: 27-31. [PubMed: 23318285]

. Hanafusa S, Chanyasanha C, Sujirarat D, Khuankhunsathid I, Yaguchi A, and Suzuki T. 2008.

Clinical features and differences between child and adult dengue infections in Rayong Province,
southeast Thailand. Southeast Asian J. Trop. Med. Public Health 39: 252-259. [PubMed: 18564710]

. Namvongsa V, Sirivichayakul C, Songsithichok S, Chanthavanich P, Chokejindachai W, and

Sitcharungsi R. 2013. Differences in clinical features between children and adults with dengue
hemorrhagic fever/dengue shock syndrome. Southeast Asian J. Trop. Med. Public Health 44: 772—
779. [PubMed: 24437312]

. Winter PE, Yuill TM, Udomsakdi S, Gould D, Nantapanich S, and Russell PK. 1968. An insular

outbreak of dengue hemorrhagic fever. I. Epidemiologic observations. Am. J. Trop. Med. Hyg 17:
590-599. [PubMed: 5672790]

. Chareonsook O, Foy HM, Teeraratkul A, and Silarug N. 1999. Changing epidemiology of dengue

hemorrhagic fever in Thailand. Epidemiol. Infect 122: 161-166. [PubMed: 10098800]

. Kouri GP, Guzman MG, Bravo JR, and Triana C. 1989. Dengue haemorrhagic fever/dengue

shock syndrome: lessons from the Cuban epidemic, 1981. Bull. World Health Organ 67: 375-380.
[PubMed: 2805215]

. Guzman MG, Kouri G, Bravo J, Valdes L, Vazquez S, and Halstead SB. 2002. Effect of age on

outcome of secondary dengue 2 infections. Int. J. Infect. Dis 6: 118-124. [PubMed: 12121599]

. Diaz Y, Chen-Germéan M, Quiroz E, Carrera J-P, Cisneros J, Moreno B, Cerezo L, Martinez-Torres
AO, Moreno L, Barahona de Mosca I, et al. 2019. Molecular epidemiology of dengue in Panama:
25 years of circulation. Viruses 11: 764.

Gamble J, Bethell D, Day NP, Loc PP, Phu NH, Gartside IB, Farrar JF, and White NJ. 2000.
Age-related changes in microvascular permeability: a significant factor in the susceptibility of
children to shock? Clin. Sci. (Lond.) 98: 211-216. [PubMed: 10657278]

Chau TNB, Hieu NT, Anders KL, Wolbers M, Lien B, Hieu LTM, Hien TT, Hung NT, Farrar J,
Whitehead S, and Simmons CP. 2009. Dengue virus infections and maternal antibody decay in

a prospective birth cohort study of Vietnamese infants. J. Infect. Dis 200: 1893-1900. [PubMed:
19911991]

Kliks SC, Nimmanitya S, Nisalak A, and Burke DS. 1988. Evidence that maternal dengue
antibodies are important in the development of dengue hemorrhagic fever in infants. Am. J. Trop.
Med. Hyg 38: 411-419. [PubMed: 3354774]

Wichmann O, Hongsiriwon S, Bowonwatanuwong C, Chotivanich K, Sukthana Y, and
Pukrittayakamee S. 2004. Risk factors and clinical features associated with severe dengue
infection in adults and children during the 2001 epidemic in Chonburi, Thailand. Trop. Med.
Int. Health 9: 1022-1029. [PubMed: 15361117]

Simon AK, Hollander GA, and McMichael A. 2015. Evolution of the immune system in humans
from infancy to old age. Proc. Biol. Sci 282: 20143085. [PubMed: 26702035]

Immunohorizons. Author manuscript; available in PMC 2021 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McKechnie et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 14

Prendergast AJ, Klenerman P, and Goulder PJR. 2012. The impact of differential antiviral
immunity in children and adults. Nat. Rev. Immunol 12: 636-648. [PubMed: 22918466]

Strauss-Albee DM, Fukuyama J, Liang EC, Yao Y, Jarrell JA, Drake AL, Kinuthia J, Montgomery
RR, John-Stewart G, Holmes S, and Blish CA. 2015. Human NK cell repertoire diversity reflects
immune experience and correlates with viral susceptibility. Sci. Transl. Med 7: 297ra115.

O’Sullivan TE, Sun JC, and Lanier LL. 2015. Natural killer cell memory. Immunity 43: 634—645.
[PubMed: 26488815]

Green S, Pichyangkul S, Vaughn DW, Kalayanarooj S, Nimmannitya S, Nisalak A, Kurane I,
Rothman AL, and Ennis FA. 1999. Early CD69 expression on peripheral blood lymphocytes from
children with dengue hemorrhagic fever. J. Infect. Dis 180: 1429-1435. [PubMed: 10515800]

Azeredo EL, De Oliveira-Pinto LM, Zagne SM, Cerqueira DI, Nogueira RM, and Kubelka CF.
2006. NK cells, displaying early activation, cytotoxicity and adhesion molecules, are associated
with mild dengue disease. Clin. Exp. Immunol 143: 345-356. [PubMed: 16412060]

Keawvichit R, Khowawisetsut L, Lertjuthaporn S, Tangnararatchakit K, Apiwattanakul N, Yoksan
S, Chuansumrit A, Chokephaibulkit K, Ansari AA, Onlamoon N, and Pattanapanyasat K. 2018.
Differences in activation and tissue homing markers of natural killer cell subsets during acute
dengue infection. Immunology 153: 455-465. [PubMed: 29105052]

Petitdemange C, Wauquier N, Devilliers H, Yssel H, Mombo I, Caron M, Nkoghé D, Debré

P, Leroy E, and Vieillard V. 2016. Longitudinal analysis of natural killer cells in dengue virus-
infected patients in comparison to chikungunya and chikungunya/dengue virus-infected patients.
PLoS Negl. Trop. Dis 10: e0004499. [PubMed: 26938618]

Zimmer CL, Cornillet M, Sola-Riera C, Cheung K-W, Ivarsson MA, Lim MQ, Marquardt N, Leo
Y-S, Lye DC, Klingstrom J, et al. 2019. NK cells are activated and primed for skin-homing during
acute dengue virus infection in humans. Nat. Commun 10: 3897. [PubMed: 31467285]

Hershkovitz O, Rosental B, Rosenberg LA, Navarro-Sanchez ME, Jivov S, Zilka A, Gershoni-
Yahalom O, Brient-Litzler E, Bedouelle H, Ho JW, et al. 2009. NKp44 receptor mediates
interaction of the envelope glycoproteins from the West Nile and dengue viruses with NK cells. J.
Immunol 183: 2610-2621. [PubMed: 19635919]

Naiyer MM, Cassidy SA, Magri A, Cowton V, Chen K, Mansour S, Kranidioti H, Mbiribindi

B, Rettman P, Harris S, et al. 2017. KIR2DS2 recognizes conserved peptides derived from viral
helicases in the context of HLA-C. Sci. Immunol. 2: eaal5296. [PubMed: 28916719]

Costa VV, Ye W, Chen Q, Teixeira MM, Preiser P, Ooi EE, and Chen J. 2017. Dengue virus-
infected dendritic cells, but not monocytes, activate natural Killer cells through a contact-dependent
mechanism involving adhesion molecules. MBio 8: e00741-17. [PubMed: 28765218]

Glasner A, Oiknine-Djian E, Weisblum Y, Diab M, Panet A, Wolf DG, and Mandelboim O. 2017.
Zika virus escapes NK cell detection by upregulating major histocompatibility complex class |
molecules. J. Virol 91: e00785-17. [PubMed: 28878071]

Hershkovitz O, Zilka A, Bar-llan A, Abutbul S, Davidson A, Mazzon M, Kiimmerer BM,
Monsoengo A, Jacobs M, and Porgador A. 2008. Dengue virus replicon expressing the
nonstructural proteins suffices to enhance membrane expression of HLA class | and inhibit lysis by
human NK cells. J. Virol 82: 7666-7676. [PubMed: 18508882]

McKechnie JL, Beltran D, Pitti A, Saenz L, Aralz AB, Vergara R, Harris E, Lanier LL, Blish CA,
and Ldpez-Verges S. 2019. HLA upregulation during dengue virus infection suppresses the natural
killer cell response. Front. Cell. Infect. Microbiol 9: 268. [PubMed: 31396492]

Zhao Y, Amodio M, Vander Wyk B, Gerritsen B, Kumar MM, van Dijk D, Moon K, Wang X,
Malawista A, Richards MM, et al. 2020. Single cell immune profiling of dengue virus patients
reveals intact immune responses to Zika virus with enrichment of innate immune signatures. PLoS
Negl. Trop. Dis 14: e0008112. [PubMed: 32150565]

R Core Team. 2019. R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. Available at: http://www.R-project.org/. Accessed: March
3, 2020.

Crowell H, Zanotelli V, Chevrier S, and Robinson M. 2020. CATALYST: cytometry

dATa anALYSis tools, R package version 1.10.1. Available at: https://github.com/HelenalL.C/
CATALYST. Accessed: March 3, 2020.

Immunohorizons. Author manuscript; available in PMC 2021 November 22.


http://www.R-project.org/
https://github.com/HelenaLC/CATALYST
https://github.com/HelenaLC/CATALYST

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McKechnie et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 15

Van Gassen S, Callebaut B, Van Helden MJ, Lambrecht BN, Demeester P, Dhaene T, and Saeys
Y. 2015. FlowSOM: using self-organizing maps for visualization and interpretation of cytometry
data. Cytometry A 87: 636-645. [PubMed: 25573116]

Wilkerson MD, and Hayes DN. 2010. ConsensusClusterPlus: a class discovery tool with
confidence assessments and item tracking. Bioinformatics 26: 1572-1573. [PubMed: 20427518]

Melville J 2019. The uniform manifold approximation and projection (UMAP) method
for dimensionality reduction, R package uwot version 0.1.5. Available at: https://github.com/
jlmelville/uwot. Accessed: March 3, 2020.

Weber LM, Nowicka M, Soneson C, and Robinson MD. 2019. diffcyt: differential discovery

in high-dimensional cytometry via high-resolution clustering. Commun. Biol 2; 183. [PubMed:
31098416]

Kronstad LM, Seiler C, Vergara R, Holmes SP, and Blish CA. 2018. Differential induction of
IFN-a and modulation of CD112 and CD54 expression govern the magnitude of NK cell IFN-y
response to influenza A viruses. J. Immunol 201: 2117-2131. [PubMed: 30143589]

Efron B, and Tibshirani R. 1993. An Introduction to the Bootstrap. . Chapman & Hall/CRC, New
York.

Durbin AP, Vargas MJ, Wanionek K, Hammond SN, Gordon A, Rocha C, Balmaseda A, and
Harris E. 2008. Phenotyping of peripheral blood mononuclear cells during acute dengue illness
demonstrates infection and increased activation of monocytes in severe cases compared to classic
dengue fever. Virology 376: 429-435. [PubMed: 18452966]

Patumanond J, Tawichasri C, and Nopparat S. 2003. Dengue hemorrhagic fever, Uttaradit,
Thailand. Emerg. Infect. Dis 9: 1348-1350. [PubMed: 14626223]

Guzman MG, and Kouri G. 2003. Dengue and dengue hemorrhagic fever in the Americas: lessons
and challenges. J. Clin. Virol 27: 1-13.

Messina JP, Brady OJ, Golding N, Kraemer MUG, Wint GRW, Ray SE, Pigott DM, Shearer FM,
Johnson K, Earl L, et al. 2019. The current and future global distribution and population at risk of
dengue. Nat. Microbiol 4: 1508-1515. [PubMed: 31182801]

Chandele A, Sewatanon J, Gunisetty S, Singla M, Onlamoon N, Akondy RS, Kissick HT, Nayak
K, Reddy ES, Kalam H, et al. 2016. Characterization of human CD8 T cell responses in dengue
virus-infected patients from India. J. Virol 90: 11259-11278. [PubMed: 27707928]

Naranjo-Gomez JS, Castillo JA, Velilla PA, Rojas M, and Castano D. 2015. Frequency and
phenotype alterations in monocyte subsets from dengue patients. In Front. Immunol. Conference
Abstract: IMMUNOCOLOMBIA2015-11th Congress of the Latin American Association of
Immunology-100, Congreso de la Asociacion Colombiana de Alergia, Asma e Inmunologia, 10
13-16.

Kwissa M, Nakaya HI, Onlamoon N, Wrammert J, Villinger F, Perng GC, Yoksan S,
Pattanapanyasat K, Chokephaibulkit K, Ahmed R, and Pulendran B. 2014. Dengue virus infection
induces expansion of a CD14(+)CD16(+) monocyte population that stimulates plasmablast
differentiation. Cell Host Microbe 16: 115-127. [PubMed: 24981333]

Singla M, Kar M, Sethi T, Kabra SK, Lodha R, Chandele A, and Medigeshi GR. 2016. Immune
response to dengue virus infection in pediatric patients in New Delhi, India—association of viremia,
inflammatory mediators and monocytes with disease severity. [Published erratum appears in 2016
PLo0S Negl. Trop. Dis. 10: e0004642.] PLoS Negl. Trop. Dis 10: e0004497. [PubMed: 26982706]

Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami B, Chalasani G, Taboas

JM, Lakkis FG, and Metes DM. 2017. Phenotype, function, and differentiation potential of human
monocyte subsets. PLoS One 12: e0176460. [PubMed: 28445506]

Shao J-Y, Yin W-W, Zhang Q-F, Liu Q, Peng M-L, Hu H-D, Hu P, Ren H, and Zhang D-Z. 2016.
Siglec-7 defines a highly functional natural killer cell subset and inhibits cell-mediated activities.
Scand. J. Immunol 84: 182-190. [PubMed: 27312286]

Gandini M, Petitinga-Paiva F, Marinho CF, Correa G, De Oliveira-Pinto LM, de Souza LJ, Cunha
RV, Kubelka CF, and de Azeredo EL. 2017. Dengue virus induces NK cell activation through
TRAIL expression during infection. Mediators Inflamm. 2017: 5649214. [PubMed: 29038620]

Immunohorizons. Author manuscript; available in PMC 2021 November 22.


https://github.com/jlmelville/uwot
https://github.com/jlmelville/uwot

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McKechnie et al.

Page 16

50. Lopez-Verges S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H, Norris PJ, Nixon DF,

and Lanier LL. 2010. CD57 defines a functionally distinct population of mature NK cells in the
human CD56dimCD16+ NK-cell subset. Blood 116: 3865-3874. [PubMed: 20733159]

51. Le Garff-Tavernier M, Béziat V, Decocq J, Siguret V, Gandjbakhch F, Pautas E, Debré P, Merle-

Beral H, and Vieillard V. 2010. Human NK cells display major phenotypic and functional changes
over the life span. Aging Cell 9: 527-535. [PubMed: 20477761]

52. Nielsen CM, White MJ, Goodier MR, and Riley EM. 2013. Functional significance of CD57

expression on human NK cells and relevance to disease. Front. Immunol 4: 422. [PubMed:
24367364]

53. Pefia J, and Harris E. 2012. Early dengue virus protein synthesis induces extensive rearrangement

of the endoplasmic reticulum independent of the UPR and SREBP-2 pathway. PL0oS One 7:
€38202. [PubMed: 22675522]

54. Zanini F, Robinson ML, Croote D, Sahoo MK, Sanz AM, Ortiz-Lasso E, Albornoz LL, Rosso F,

Montoya JG, Goo L, et al. 2018. Virus-inclusive single-cell RNA sequencing reveals the molecular
signature of progression to severe dengue. Proc. Natl. Acad. Sci. USA 115: E12363-E12369.
[PubMed: 30530648]

55. Hamlin RE, Rahman A, Pak TR, Maringer K, Mena I, Bernal-Rubio D, Potla U, Maestre AM,

Fredericks AC, Amir ED, et al. 2017. High-dimensional CyTOF analysis of dengue virus-infected
human DCs reveals distinct viral signatures. JCI Insight 2: €92424.

Immunohorizons. Author manuscript; available in PMC 2021 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

McKechnie et al.

Page 17

A Cluster ID
Cluster 1D s mm—m s m— e ———— M 1:CD4* T cells
I 2: CD8* T cells
M 3: CD19:CD20* B cells
I 4: NK cells
M 5: CD14*CD16- myeloid cells
& 6:CD19°CD20- B cells
I 7: CD14-CD16* myeloid cells
8: CD141* myeloid cells

. 2%’.8“‘0"
0.6
0.4

i
¥ 0.2
0
» \
" . d
o
< -~
s -
5 ‘I .
g a !
0
L
%w N2 o w®Na e
= SO0 0000
ggegggxg
S283383
UMAP-1 &&ggggcg
ze 383383
Bgoog
gs&&gggg
2oz &
“TShsE @
£33 2
B Normalized population
6: CD19°CD20- B cells i W 238e-06 3" C'A;’.‘:!'
2:CD8* T cells L ma ] [ W 127e-02 M, ey
7:CD14-CD16* myeloid cells Wl B W127e-02 o B Healthy
1:CD4* Tcells ANN 0 NEN | | i 6.94e-02 [
4:NKcellsli N L | [ | 6.94e-02 W _4
8: CD141+ myeloid cells n 1.48e-01 Significant
5:CD14°CD16- myeloidcells B 1 N 2.14e-01 _ No
3:CD19°CD20- B cells NN | 2.96e-01 M Yes

ANEEEEEEEERENERENERNRNNERENEERERNRERNRENE Population
[] ENNERNNNEN Patient ID Normalized population
NENENNNNNN Condition  frequency I Pediatric
M 3.15e-09 I; Condition

6: CD19-CD20- B cells

7: CD14-CD16+ myeloid cells M 1.61e-06 B DENV
8: CD141+ myeloid cells == W =] B 3.05e-03 0 M Healthy
5 + T cells Bl | B 3.95e-02 -2
4: NK cells [ | | EEE N HE 395e-02 W 4
1:CD4* T cells 5 En 5.73e-02 significant
3:CD19-CD20-Becels @ W | | B E 22801  no
5: CD14+-CD16- myeloid cells | | | N | 2.28e-01 | Yes

FIGURE 1. Acute DENV infection altersthe frequencies of immune cell subsets.
(A) UMAP visualization of PBMCs from DENV*, undifferentiated febrile illness, and

healthy control pediatric and adult groups. The identity of each subset was determined based
on expression of 14 lineage markers shown in the heat map. Each immune cell subset is
color coded according to the key on the right. The heat map shows the expression of each
marker (value scaled from 0 to 1) in each cluster. Clusters were hierarchically ordered based
on similarity (dendrogram calculated using Euclidean distance as a metric and average as

a linkage). The percentages associated with each cluster are the average of all pediatric

and adult groups. (B) Results from differential abundance tests comparing the frequencies
of immune cell subsets in DENV-infected adults (teal, 7= 9) to healthy adults (pink, 7=
31). (C) Results from a differential abundance test comparing the frequencies of immune
cell subsets in DENV-infected children (teal, /7= 19) to healthy children (pink, n=22).
Subsets whose frequencies were significantly different (adjusted p value < 0.05) between the
two states are denoted by green boxes. The proportions of each cluster in each sample are
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represented by the normalized frequencies. Gray boxes correspond to under representation
and red boxes correspond to over representation. The frequencies were scaled using arcsine-
square-root transformation and then z-score normalized in each cluster (B and C).
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FIGURE 2. Undifferentiated febrileillnessin pediatric patients uniquely affectsthe frequencies
of specificimmune cell subsets.

(A) Results from a differential abundance test comparing the frequencies of immune cell
subsets in children presenting with an undifferentiated febrile illness (green, n=7) to
healthy children (pink, 7= 22). (B) Results from a differential abundance test comparing
the frequencies of immune cell subsets in DENV-infected children (teal, 7= 19) and
children presenting with an undifferentiated febrile illness (green, 7= 7). Subsets whose
frequencies were significantly different (adjusted p value < 0.05) between the two states are
denoted by green boxes. The proportions of each cluster in each sample are represented by
the normalized frequencies. Gray boxes correspond to underrepresentation and red boxes
correspond to overrepresentation. The frequencies were scaled using arcsine-square-root
transformation and then z-score normalized in each cluster (A and B).
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FIGURE 3. Acute DENV infection changes the composition of the NK cell compartment in

children but not adults.

(A) UMAP visualization of NK cells from DENV* and healthy control pediatric and adult
groups. The identity of each NK cell subset was determined based on the expression of 35
NK cell markers shown in the heat map. Each immune cell subset is color coded according
to the key to the right of the heat map. The heat map shows the expression of each marker
(value scaled from 0 to 1) in each cluster. Clusters were hierarchically ordered based on
similarity (dendrogram calculated using Euclidean distance as a metric and average as a
linkage). The percentages associated with each cluster are the average of all pediatric and
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adult groups. (B) Results from a differential abundance test comparing the frequencies of
NK cell subsets in DENV-infected adults (purple, 7= 5) to healthy adults (blue, /7= 30).

(C) Results from a differential abundance test comparing the frequencies of immune cell
subsets in DENV-infected children (purple, n=7) to healthy children (blue, 7= 14). NK cell
subsets whose frequencies were significantly different (adjusted p value < 0.05) between the
two states are denoted by green boxes. The proportions of each cluster in each sample are
represented by the normalized frequencies. Gray boxes correspond to underrepresentation
and red boxes correspond to overrepresentation. The frequencies were scaled using arcsine-
square-root transformation and then z-score normalized in each cluster (B and C).
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FIGURE 4. Acute DENV infection resultsin an activated NK cell phenotypein adultsand NK

cell maturation in children.
(A) A generalized linear model with bootstrap resampling was used to identify markers on

total NK cells that were predictive of adult DENV infection (right, 7=5) and healthy adults
(left, n=30). Black bars represent the 95% confidence interval. (B) A generalized linear
model with bootstrap resampling was used to identify markers on total NK cells that were
predictive of pediatric DENV infection (right, 7=7) and healthy children (left, 7= 14).
Markers with an adjusted p value <0.05 are shown in black and markers with an adjusted p
values >0.05 are shown in gray (A and B). (C) Box plots showing the MSI for the top three
markers associated with DENV infection in both adults and children. Healthy adults (n=
30) are shown in green squares, DENV* adults (7= 5) are shown in green triangles, healthy
children (/7= 14) are shown in purple squares, and DENV™ children (7= 7) are shown in
purple triangles. (D) Volcano plot for adult NK cells illustrating markers whose adjusted
pvalues in (A) were <0.05 in black and markers whose adjusted p values were >0.05 in
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gray. The horizontal dashed line marks the 0.05 p value cutoff. The —log;q p value for each
marker is shown on the y~axis. The DENV/healthy log, fold change for each marker is
shown on the x-axis. The two vertical dashed lines provide a reference point for markers
whose expression is increased 2-fold. The size of each point corresponds to the MSI for
that specific marker. (E) Same as in (D), but for pediatric NK cells. The MSils are assigned
according to the key at the right and they correspond to the raw (untransformed) MSI. The
reported p values are the adjusted p values generated by the generalized linear model with
bootstrap resampling (D and E).
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FIGURE 5. Pediatric DENV infection resultsin a dramatic shift in the phenotype of myeloid
subsets and increased expression of inhibitory ligands compared with adult DENV infection.

A generalized linear model with bootstrap resampling was used to identify markers on

adult CD14*CD16~ (A), CD14-CD16* (C), and CD141* (E) myeloid cells and pediatric
CD14*CD16™ (B), CD14 CD16* (D), and CD141* (F) myeloid cells that were predictive of
DENV infection (right, 7= 9 adults or 19 children) and healthy patients (left, 7= 31 adults
or 22 children). Volcano plots accompany each generalized linear model. The horizontal
dashed line marks the 0.05 pvalue cutoff. The —log1g p value for each marker is shown

on the y~axis. The DENV/healthy log, fold change for each marker is shown on the x-axis.
The two vertical dashed lines provide a reference point for markers whose expression is
increased 2-fold. The size of each point corresponds to the MSI for that specific marker. The
MSI key is the same for adult and pediatric myeloid cells within the same subset and they
correspond to the raw (untransformed) MSI. Both the generalized linear models and volcano
plots illustrate markers whose adjusted p values were <0.05 in black and markers whose

adjusted pvalues were >0.05 in gray.
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