Cell Reports

Medicine

Immune cell phenotypes associated with disease
severity and long-term neutralizing antibody titers
after natural dengue virus infection
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and disease severity. Immune cells that
are associated with long-lasting
neutralizing antibodies up to 1 year after
disease onset are described.
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SUMMARY

Prior immunological exposure to dengue virus can be both protective and disease-enhancing during subse-
quent infections with different dengue virus serotypes. We provide here a systematic, longitudinal analysis of
B cell, T cell, and antibody responses in the same patients. Antibody responses as well as T and B cell acti-
vation differentiate primary from secondary responses. Hospitalization is associated with lower frequencies
of activated, terminally differentiated T cells and higher percentages of effector memory CD4 T cells. Patients
with more severe disease tend to have higher percentages of plasmablasts. This does not translate into long-
term antibody titers, since neutralizing titers after 6 months correlate with percentages of specific memory B
cells, but not with acute plasmablast activation. Overall, our unbiased analysis reveals associations between
cellular profiles and disease severity, opening opportunities to study immunopathology in dengue disease
and the potential predictive value of these parameters.

INTRODUCTION

Dengue virus (DENV) is an arbovirus transmitted by Aedes
mosquitoes. There are four serotypes of DENV that are endemic
in all tropical countries globally. An estimated 390 million per-
sons are infected per year, out of which 100 million show clinical
symptoms.’ Although the four serotypes can co-circulate, out-
breaks are usually dominated by one serotype.”® In Singapore,
alternating DENV-1 and -2 outbreaks have occurred since
2004, with a small contribution of DENV-3 and only a sporadic
appearance and low infection force of DENV-4.°

Temporally limited herd immunity is thought to be the crucial fac-
tor behind the cyclical occurrence of dengue outbreaks. Similarly,
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populations in low endemic countries are more susceptible to out-
breaks due to low herd immunity.* Furthermore, immunity against
dengue can be both protective and disease enhancing during
repeated infection with a different serotype. The risk of enhanced
disease is highest within a narrow range of cross-reactive, sub-
neutralizing antibody (Ab) concentrations.” This and other
studies®’ have defined a time window of susceptibility to
enhanced disease, but they have not provided information about
immune cells and cell phenotypes involved in disease severity.
Asymptomatic infection is associated with a higher percent-
age of activated T cells and an increased adaptive response
compared to symptomatic infection.® It has also been proposed
that the plasmablast response correlates with more severe
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Figure 1. Design of the longitudinal study and correlation of T and B cell readouts
(A) Study overview in the context of a typical course of dengue infection and the immune response generated. Viremia (red curve), IgG level (primary infection: light
blue curve, secondary infection: dark blue curve), and B and T cell memory (green curve) are represented as arbitrary units from the fever onset until 12 months

(legend continued on next page)
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disease.®° However, other studies found no association.'® Dur-
ing secondary infection, a large proportion of plasmablasts pro-
duce cross-reactive Abs that bind to conserved epitopes of the
DENV family.""~"® While cross-reactive Abs can be protective at
high concentrations, they have the potential to worsen disease at
sub-neutralizing concentrations.'*

While the plasmablast response has been studied extensively
during the acute phase after infection, we still know little about
the protective value and longevity of memory B cells (MBCs) in
primary and secondary infection. MBCs are specific for both
cross-reactive and serotype-specific epitopes, and only a small
percentage of MBCs encodes highly neutralizing and potentially
serotype cross-neutralizing Abs, mostly to quaternary epitopes
present on the whole virus particle but not on monomers of the
surface glycoprotein.'>~""

T cell responses during repeat infections were associated with
disease severity.'®'® However, from human studies and mouse
models, T cells have been recognized to play an important protec-
tive role.?>? A subset of CD4 T cells with a cytotoxic effector
phenotype afterin vitro peptide stimulation was enriched in donors
with more than one previous dengue infection. More than 50% of
interferon-y* (IFN-v*) cells showed a cytotoxic phenotype associ-
ated with CX3CR1, CD57, perforin, granzyme, TBET, and eomes
expression, and correlated with a protective histocompatibility
leukocyte antigen-DR isotype (HLA-DR) allele.?® Besides associa-
tions with HLA types with susceptibility to infection,”* a more
vigorous T cell response and cytokine-mediated polyfunctionality
was associated preferentially with HLA-B types.”" In addition, the
T cellreceptor repertoire determined by germline alleles may affect
the ability to respond to certain DENV serotypes.?®

Overall, there is accumulating evidence that multiple compo-
nents of the adaptive immune response are critical for long-
term immunity to dengue and protection from re-infection.
However, host-response studies have focused on either the T
or the B cell response. We were therefore particularly interested
in correlations between T and B cell phenotypes and/or Ab pro-
files, the long-term effect of acute disease phenotype, and differ-
ences between primary and secondary responses. To study
these parameters, we collected blood samples from primary
and secondary dengue patients at day <6 after fever onset,
days 6-10 (acute disease), days 14-28 (post-febrile), 6 months,
and 1 year after fever onset. MBC response remained elevated
until 6 months after disease, and DENV-specific T cells analyzed
6 months or 1 year after disease onset showed multiple distinct
fates, including cells with terminally differentiated effector-mem-
ory phenotypes, as recently reported.”® A multiparameter anal-
ysis revealed several T and B cell phenotypes associated with
disease severity and long-term immunity.
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RESULTS

Longitudinal patient cohort and parameters assessed
We followed a cohort of 68 adult patients in Singapore, starting
with the collection of a blood sample <6 days after fever onset,
and 4 additional samples at days 6-10 (acute disease, visit 2),
days 14-28 (post-febrile, visit 3), 6 months (visit 4), and 1 year af-
ter fever onset (visit 5) (Figure 1A; Table 1; Table S1).

The relatively low dengue endemicity in Singapore provided a
unique opportunity to study both acute primary and secondary
infections in adults from the same cohort. To distinguish the
severity status of the patients enrolled in this cohort, we applied
two independent criteria: (1) the 2009 World Health Organization
(WHO) classification that includes a set of clinical parameters to
diagnose patients as having dengue fever (DF) without warning
signs (WSs), DF with WSs, and severe dengue (SD) (see Method
details), and (2) treatment as outpatient versus hospitalization.
There was a third group of patients who were treated as outpa-
tients initially, but eventually had to be hospitalized due to wors-
ening symptoms (outpatient/inpatient). The two methods of
severity classification agreed significantly when tested in a
Fisher test (Table S2). Viremia at the first visit could be measured
by gRT-PCR for most patients and was not different between the
different patient groups (Figure 1B).

Blood samples were collected for plasma Ab analysis (ELISA
and neutralization assays) and for peripheral blood mononuclear
cell (PBMC) isolation. With the exception of flow cytometry anal-
ysis of plasmablasts, which was performed with fresh cells, all
other cellular readouts were conducted with frozen-thawed
PBMCs (CyTOF, B cell ELISpot, T cell ELISpot, flow cytometry).
An overview of the different readouts is illustrated in Figure 1A.

Uniform manifold approximation and projection (UMAP)
dimensionality reduction®” and Louvain clustering analyses us-
ing PhenoGraph®® were performed on the CyTOF datasets.
Clusters identified by PhenoGraph were named according to
the median expression of surface markers and transcription fac-
tors (for Ab panels, see Table S3), and were subsequently quan-
tified for all samples using manual gating (Figures S1-S4). From
CD45*CD14~ immune cells, we could identify the following sub-
sets: CD4 T cells, CD8 T cells, mucosal-associated invariant T
(MAIT) cells, y3T cells, B cells, plasmablasts, natural killer (NK)
cells, and Lineage™ cells (Figure S1). Twelve phenotypically
distinct subsets were defined for total CD4 T cells (Figure S2),
10 subsets for total CD8 T cells (Figure S3), and 7 subsets for
CD19* B cells (Figures S4A-S4C). In addition, 12 B cell subsets
were defined and analyzed by flow cytometry (Figure S4D). To
identify dengue-specific CD8 T cells (called “Dengue CD8
T cells” in figures), multiplexed HLA tetramers presenting

after fever. Each time point studied is indicated with an arrow: <6 days (visit 1; V1), 6-10 days (visit 2, acute disease), 14-28 days (visit 3, post-febrile), 6 months

(visit 4), 1 year (visit 5). Readouts obtained at each time point are listed.

(B) Viremia measured by qRT-PCR at the first visit (>6 days after fever onset) in inpatients (n = 8), outpatients (n = 27), and outpatient/inpatients (n = 7); in primary
(n =20) versus secondary (n = 22) infection cases; in patients with (n = 24) and without (n = 18) warning signs (WSs). Blue symbols: primary infection, red symbols:
secondary infection. p = ns (Kruskal-Wallis or unpaired Student’s t test). Means + SD are shown.

(C) Network representing the correlations between all readouts. One node represents 1 readout. Readouts are classified in colored groups. The prefix CyTOF/flow
cytometry denotes the technique used to identify the cell type. Dengue CD8* T cells: dengue-specific T cells identified using tetramers, MBC: memory B cells,
MBC ELISA: IgG detected in re-stimulated MBC culture supernatant, ELISA plasma: readouts from plasma antibodies. Betweenness centrality was used to
prepare the network: the node that is commonly shared among the shortest paths is given a bigger node size than the other nodes in the paths.
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Table 1. Summary of the patient cohort

Time after fever onset

Age, y (mean + SD) Male/female <6 days 6-10 days 14-28 days 6 months 1y

Entire cohort (N = 68) 37.3+11.7 51/17 68 55) 46 41 37

Serotype of infection®
DENV-1 (n = 21) 34.6 +12.1 17/4 21 18 15 13 11
DENV-2 (n = 23) 40.2 +11.2 18/5 23 17 14 13 13
DENV-3 (n = 4) 37.8+13.5 2/2 3 3 3 3
DENV-4 (n = 2) 32+11.3 0/2 2 2 2 1 0

Details according to the status of infection

Serotype of infection?

Primary (n = 30) 34.4 +10.3 23/7 30 24 19 17 15
DENV-1 (n = 14) 31.8+11.1 11/3 14 12 9 9 8
DENV-2 (n = 10) 38.0+9.9 8/2 10 7 7 6 5
DENV-3 (n=1) 28+0 1/0 1 0 0 0 0
DENV-4 (n = 0) = 0/0 0 0 0 0 0

Serotype of infection®

Secondary (n = 38) 39.6 +12.4 28/10 38 31 27 24 22
DENV-1 (n=7) 40.4 +12.9 6/1 7 6 6 4 3
DENV-2 (n = 13) 41.9 + 13.2 10/3 13 10 7 7 8
DENV-3 (n = 3) 41 +14.4 172 3 3 3 3 3
DENV-4 (n = 2) 32+11.3 0/2 2 2 2 1 0

DENV, dengue virus.

n addition to the confirmed serotypes, there were suspected primary DENV-2 (n = 2), suspected secondary DENV-2 (n = 6), suspected secondary
DENV-3 (n = 2) based on very weak RT-PCR signals. There were unclear serotype primary (n = 2), and unclear serotype secondary (n = 5) based on

unclear serology. For a detailed list, refer to Table S1.

peptides derived from DENV-1 and -2 structural and non-struc-
tural proteins, as described previously®® and in the Method de-
tails section, were used.

Combining the results from all readouts and all time points, we
conducted a bivariate correlation analysis. Using a false discov-
ery rate (FDR) of 0.05 and a correlation coefficient cutoff of 0.6 for
graphic illustration, the biggest cluster with 318 nodes included
both T and B cells parameters (Figure 1C). A stratified analysis
according to primary versus secondary infection and severity
or disease progression allowed us to associate immune param-
eters with long-term immunity and disease outcomes, as
described in the following paragraphs.

Immune cell phenotypes associated with disease
severity

We analyzed the dataset for significant correlations between dis-
ease severity and T cell phenotypes, B cell phenotypes, or Ab
responses. When considering hospitalization status, the most
significant immune cell associations (non-adjusted p values)
were related to T cell phenotypes. Patients who were hospital-
ized showed lower frequencies of CD38 expressing CD57*
CD8 T cells at the post-febrile (visit 3) time point compared to
outpatients (Figure 2A). These CD57* CD8 T cells also showed
high expression of GPR56, CD45RA, killer cell lectin-like recep-
tor subfamily G member 1 (KLRG1), TBET, and granzyme B (Fig-
ure S3). For dengue-specific CD57* CD8 T cells, we observed a
similar decrease in CD38™ cells for inpatient samples at the same

4 Cell Reports Medicine 2, 100278, May 18, 2021

stage (Figure 2B). However, the frequencies of CD8 T cells with
this activated phenotype were highest for the patients in the
outpatient/inpatient group, suggesting that either too-low or
too-high frequencies of these cells are detrimental to disease
outcomes.

Six months after disease, inpatients had significantly higher
frequencies of effector memory (EM) CD4 T cells compared to
subjects in the outpatient/inpatient group (Figure 2C). There
was no significant difference (p = 0.07, Kruskal-Wallis test) in
the percentages of CD38*CD57* CD8 cells during the acute
phase when comparing inpatients versus outpatients (Fig-
ure S5A). It is possible that non-specific T cells were activated
only during the post-febrile stage or massive cell activation
and potential cell death during acute disease masked correla-
tions at this time point.

CD38*CD57* CD8 and EM CD4 T cells were correlated nega-
tively (Figure 2D), with more severe cases falling into the extreme
ends of the correlation, suggesting that a balanced response of
these activated cells was beneficial for disease outcomes.
CD57* CD8 T cells have been described to proliferate less and
produce more inflammatory cytokines compared to CD57~
CD8 T cells,*® possibly contributing to excessive inflammation.

Severity and secondary infection status are potentially linked
and could affect whether immune features are associated with
infection status or severity. In our cohort, 15 primary infections
and 22 secondary infections fell into the category of DF with
WSs. The separation according to hospitalization status was
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clearly affected by previous infection: 6 primary and 19 second-
ary patients were hospitalized as inpatients or outpatients/inpa-
tients (Table S1). Both primary and secondary patients showed
large numbers of CD38"CD57* CD8 T cells during the acute
phase that was sustained into the post-febrile stage (Figure S5B).
Percentages of EM CD4 T cells per patient were largely consis-
tent across all time points (Figure S5C), which may indicate that
high percentages of these cells in severe patients were already
present before infection and could influence the susceptibility
of these individuals toward a detrimental outcome.

While total frequencies of tetramer* cells are not necessarily
reflective of the magnitude of the response because of the vari-
ation in epitope usage and HLA alleles, the average responses
per patient group are still informative. While the frequency of
dengue-specific CD8 T cells was similar for all of the patients
during acute disease, these cells decreased faster in inpatients
at visits 3 and 4 than in the other 2 hospitalization groups (not sta-
tistically significant, 2-way ANOVA) (Figure 2E).

One year after fever onset, the frequency of CD57* cytotoxic
CD4 T cells was higher in patients with WSs compared to those
without WSs (Figure 2F). The patients classified as SD (empty
symbols) were among those with the highest proportions of
CD57* cytotoxic CD4 T cells. Two secondary patients with
WSs showed consistently high percentages of CD57* cytotoxic
CD4 T cells over 1 year (Figures S5D-S5G).

B cell phenotypes were also associated with disease out-
comes. Frequencies of CD1c*IgM™ B cells were highest in the
outpatient group at the post-febrile stage (Figure 2G).
CD1c*IgM* B cells have been proposed to represent marginal
zone-like B cells®® and could play a protective role due to their
capacity to rapidly produce IgM (immunoglobulin M). Plasma-
blast numbers at acute phase were higher in hospitalized pa-
tients compared to outpatients (Figure 2H). Patients with WSs
had higher DENV-2 NT50s 6 months after fever (Figure 2l). Since
this group consisted of both primary and secondary patients,
high convalescent NT50 titers and WSs appeared to be indepen-
dent of infection status. A similar correlation was not observed
for DENV-1-specific NT50 6 months after fever, although equal
numbers of patients with WSs had a DENV-1 or DENV-2 infection

Cell Reports Medicine

(Table S1). It is possible that the DENV-2 neutralization assay is
biased toward cross-reactive Abs with higher enhancement po-
tential (see Discussion).

Because the number of variables is far larger than the number
of unique patients, we performed a first pass of feature selection
using the Boruta algorithm, followed by linear discriminant anal-
ysis (LDA), to separate the patients according to whether they
were hospitalized. Boruta is an all-relevant feature selection al-
gorithm based on the random forest classification algorithm.®"
LDA is a supervised linear transformation that reduces the
dimensionality of the dataset by finding axes of projection that
maximize the separation between classes.®’ Boruta, performed
on a curated all-visit dataset containing 29 patients and 377 vari-
ables, selected 14 features that may contribute to hospitalization
status (Table S4A). CD38*/CD57*CD8 T cells, EM CD4 T cells,
and plasmablasts were also identified by the bivariate analysis
(Figures 2A-2C). We performed LDA on these 14 features using
hospitalization status as a classifier and found a clean separation
between the different groups, confirming that this cluster of fea-
tures distinguishes different hospitalization statuses (Figure 2J).

While the post-febrile time point appeared to have the stron-
gest association with hospitalization status, it is relatively late
in the dengue infection time course (14-28 days after fever
onset), when most patients are recovering. To assess earlier bio-
markers, we used Boruta and LDA to analyze only the data from
the acute time point (visit 2), classified by recorded hospitaliza-
tion status (Figure 2K; Table S4B). We created a category called
“final hospitalization,” in which all of the patients with an outpa-
tient/inpatient status were given an inpatient status (Figure 2L;
Table S4C). The frequency of CD38* CXCR5™ B cells was signif-
icantly distinct between outpatient and outpatient/inpatient sam-
ples (Figure 2M), as well as between outpatients and patients in
the final hospitalization group (Figure 2N).

To validate immune phenotypes associated with severity with
a simple flow cytometry panel (Figure S6A), we leveraged sam-
ples from an independent cohort of hospitalized dengue patients
showing different degrees of disease severity (validation cohort,
Table S5). A principal-components analysis (PCA) on immune
cell phenotypes selected based on Figure 2 and the LDA analysis

Figure 2. Adaptive immune response readouts associated with disease severity
(A-C) Frequencies of T cell populations by hospitalization: inpatient (n = 6), outpatient (n = 24), and outpatient/inpatient (n = 10).

(A) Frequency of CD38*/CD57* CD8 T cells at V3; ***p = 0.0007.

(B) Frequency of CD38*/CD57* dengue* CD8 cells at V3; ***p = 0.0003, ****p < 0.0001.

(C) Frequency of effector memory (EM) CD4* T cells at V4; *p = 0.0408, **p = 0.0028.

(D) Correlation of frequency of EM CD4* T cells at V4 with frequency of CD38* CD57* CD8" T cells at V3.

(E) Frequencies of total dengue tetramer* T cells by hospitalization groups. Mixed-effects analysis with Geisser-Greenhouse correction.

(F) Frequency of CD57* cytotoxic T /CD4 cells at V5 for patients with dengue fever (DF) but no WSs (DF without WS) and patients with DF and WSs (DF with WS).
Each symbol represents 1 patient: primary (blue), secondary (red), empty symbols represent severe dengue (SD) cases.

(G) Frequency of CD1c*IgM™ cells among CD19" B cells at V3 by hospitalization: inpatient (n = 9), outpatient (n = 24), and outpatient/inpatient (n = 13); *p = 0.0108.
(H) Frequency of plasmablasts (CD38*CD27*) among CD19* B cells at V2 by hospitalization: inpatient (n = 9), outpatient (n = 24), and outpatient/inpatient (n = 13);
*p = 0.0335.

(I) Neutralization antibody titer (NTsc) against DENV-2 at V4 for patients with DF without WS and patients with DF with WS. Empty symbols represent SD cases.
**p = 0.0012, Mann-Whitney test. LLoQ: lowest limit of quantification.

(J) LDA plot of features selected by Boruta feature selection that was performed on all-visit data and classified by hospitalization status (n = 29).

(K) LDA plot of data selected by Boruta feature selection that was performed on V2 data and classified by hospitalization (n = 24).

(L) LDA plot of data selected by Boruta feature selection that was performed on V2 data and classified by final hospitalization status (n = 24). Mann-Whitney test.
(M) Frequencies of CD38*/CXCR5" B cells over time by hospitalization status.

(N) Frequencies of CD38*/CXCR5* B cells over time by final hospitalization status.

For all graphs, except where specified otherwise: error bars indicate means + SD. Kruskal-Wallis with Dunn’s multiple comparison test.
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in Table S4B (V2 hospitalization was considered because the
validation cohort samples were collected in the same time win-
dow) clearly separated patients with more than two or less
than two WSs recorded in the study visits before and including
the time point of analysis (Figures S6B and S6C). Although this
validation cohort is not perfect since a separation based on hos-
pitalization was not possible (all patients were hospitalized), the
PCA confirmed a combined contribution of CD38*CD57* CD8
T cells (negative association with inpatient status; Figure 2A),
CD38*CXCR5™" B cells (positive association with inpatient status;
Figure 2N) and EM cells re-expressing CD45RA (EMRA) T cells to
the separation of the 2 severity groups.

Overall, 14 T and B cell features of the adaptive response
separated patients according to their hospitalization status. Cor-
relations of immune cell phenotypes with severity measured at
the late time point and consistency in phenotypes over 1 year
suggested that an individual’s general predisposition and capac-
ity to produce particular cell phenotypes could affect disease
outcome.

Potential predictive value of dengue-specific T cell
responses for long-term immunity

A panel of 165 distinct tetramers was used to identify dengue-spe-
cific cells.?® For controls, Flu, Epstein-Barr virus (EBV)-specific,
and cytomegalovirus (CMV)-specific CD8 T cells were analyzed
as well, as described previously.**** DENV-specific cells showed
ahighly activated phenotype during acute disease and post-febrile
stage that was very distinct from the phenotype observed at
6 months and 1 year (Figures 3A and 3B).?° In contrast, EBV-
and Flu-specific CD8 T cell phenotypes were largely consistent
in dengue patients over 1 year. However, based on CD38 expres-
sion and granzyme B expression, we noted bystander activation
for CMV-specific cells during acute disease (Figure 3B).

Among dengue tetramer” CD8 T cells, many significant corre-
lations were for a given phenotype between early and late time
points, suggesting consistency over time and potential predic-
tive value of early phenotypes for long-term immunity (Table
S6). PD1" dengue-specific CD8 T cells were highly significantly
correlated between acute disease and 6 months (Figure 3C).
Other notable correlations for dengue-specific cells were be-
tween total central memory CD4 T cells during acute disease
and CXCR5" tetramer® CD8 cells at 1 year (Figure 3D), total T
helper 17 (Th17) cells during acute disease and CXCR5*
tetramer™ CD8 cells at 1 year (Figure 3E), GPR56" tetramer*
CD8 cells during acute disease, and total EM CD8 cells at 1
year (negative correlation) (Figure 3F). GPR56 expression has
been previously associated with dengue-specific CD4 T cells
with cytotoxic features.®® GPR56*tetramer* CD8 cells at V4
correlated significantly with viremia (adjusted p close to 0, p
0.88; Data S1), suggesting that a higher viral load led to a higher

Cell Reports Medicine

expansion and/or longer persistence of these specific cells. In
addition, viremia correlated with CyTOF granzyme B*/dengue-
specific CD8 cells at V4 (adjusted p = 0.013).

Overall, we found that the percentages of many T cell pheno-
types in individual patients were consistent over 1 year. Correla-
tions between the specific phenotype of total and dengue-specific
cells between acute disease and 1 year supported the hypothesis
that the individual capacity of patients to generate given T cell
types may directly or indirectly affect the outcome of dengue-spe-
cific T cell immunity.

Connections between B and T cell readouts and
implications for immunity

B cell ELISpots involved a 6-day pre-culture of B cells with R848
(TLR 7/8 ligand) and interleukin-2 (IL-2) to differentiate MBCs into
Ab -secreting cells. IgG specific for E protein and UV-inactivated
DENV from both DENV-1 and DENV-2 were analyzed by ELISA
(Figures S7A-S7D). The area under the curve (AUC) and the op-
tical density (OD) detected for a low quantity of IgG (0.25 ng)
were included in the bivariate correlation analysis. These read-
outs reflect the quantity and/or affinity of DENV-specific 1gG
secreted by MBCs. Ab readouts from in vitro differentiated
MBCs that connected T and B cell readouts in the network
shown in Figure 1B: the AUC for Abs secreted by late time point
MBCs specific for whole virus particles correlated negatively
with EM CD8 T cells at the post-febrile stage (Figure 4A)
(adjusted p = 0.025), indicating a potential negative impact of
CD8 T cells on MBC formation specific for virus particles. In
turn, Ki67/CD57* cytotoxic CD4 T cells at the post-febrile stage
correlated positively with DENV-2 E protein-specific Abs
secreted by MBCs at 6 months (Figure 4B) (adjusted p =
0.024). Both the OD and AUC of post-febrile DENV-2 E pro-
tein-specific Abs correlated significantly with total Ki67*-naive
CD8 T cells at 1 year (Figures S7E and S7F). Hospitalized pa-
tients tended to have higher proportions of Ki67*-naive CD8
T cells at 1 year and also a higher proportion of granzyme B*
CD4 T cells at 6 months (Figures S7G and S7H).

The most significant correlation of B cell readouts with a
dengue-specific CD8 T cell readout was a negative correlation
between IgG* MBCs and PD-1* dengue-specific CD8 T cells dur-
ing acute disease (Figure 4C) (p = —0.7856; p = 5.40E—6; adjusted
p = 0.0008) (Table S7). PD-1* CD8 T cells are known to be
dysfunctional and inefficient at clearing viral infection.*® The pres-
ence of this population early during dengue infection may have a
negative impact on MBC establishment. B cells express the li-
gands of programmed cell death protein-1 (PD-L1 and PD-L2).
PD-L1" B cells have been described for their key role in the regu-
lation of humoral response by limiting the differentiation and func-
tion of T follicular helper cells (Tfhs),®” but nothing is known about
their potential interactions with PD-1* CD8 T cells.

Figure 3. Predictive value of dengue-specific T cell responses for long term immunity

(A) UMAP was performed on a combined dataset of 201 tetramer* samples. A total of 27 patients are represented for 1-4 time points (and 3 healthy controls: V0)
with a maximum of 300 cells per sample. UMAP plots display tetramer* cells coded by disease (CMV, dengue, EBV, Flu) and time point of dengue infection (V2-
V5) (left) and expression intensities of important markers GPR56, Ki67, CD57, CXCR5, and CD127 among dengue tetramer* CD8 T cells (right).

(B) Mean frequencies of marker-expressing cells within dengue, EBV, flu, and CMV tetramer* CD8 T cells, summarized as a heatmap.

(C) Highly significant correlations between percentages of phenotypically distinct dengue-specific T cell populations and other dengue-specific or total T cell

populations.

8 Cell Reports Medicine 2, 100278, May 18, 2021



Cell Reports Medicine

A B
5 < 157 Spearman

) Spearman

> B tho=-0.7441; ;‘ :)h_%=36% s

O p=0.0006; e

S adj.p=0.025 2 1o P00

<3 N N

R 4 T A >I A

Z 2 N z N

i N Q9 e

=} 5

> o o 9 °

-] o Q. N

0 Wl
0O 5 10 15 20 25 0 2 4 6
% EM/CDS8T cells, V3 % Ki67* (of CD57*

c D cytotoxic CD4 T cells), V3
N

>—1 50 Spearman N Spearman

N tho=-07856 th0=0.7666

a p=5.40E-06 ) p:8-019;:-E96

O adjp=0.0008 @ adj.p=4.28E-

+q:,100 Lré ﬁ 10 .
o) ° <

) ® e o 8 d
550 55 .
o = L B
- 9} 5

1 |: eA )
g 0 X0 o

X 0 2 4 6 8 10 20 40 60 80 100 120

% 1gG* memory B cells % Ki67* (of plasmablasts), V2
(of CD19"* B cells), V2

E

Q .

> 80 Spearman Outpatient

> tho= -0.5266 4 Out-/Inpatient

= p=0.0006 .

% €0 adj.p=0.025 o Inpatient

g o o Inpatient with

& 40 Severe Dengue

A A

Q A

&} z

;.9) 20 " 4

a P o e

o ol

= 70 20 40 60

%PD-1* (of plasmablast), V2

Figure 4. Connections between T and B cell readouts

(A) Correlation between MBC-secreted antibodies binding to UV-inactivated
DENV-2 (AUC) at visit 5 and the percentage of EM (EM: CD8* CD45RA™
CD45R0O* CCR7~ CD277) CD8 T cells at visit 3.

(B) Correlation between MBC-secreted antibodies binding to E protein DENV-
2 (AUC) at visit 4 and the percentage of Ki67* CD57* cytotoxic CD4 T cells at
visit 3.

(C) Correlation between the percentages of PD-1" of dengue-specific CD8
T cells and IgG* MBCs of CD19* B cells at visit 2.

(D) Correlation between the percentages of Treg CD4* T cells and Ki67*
plasmablasts (CD27" CD38") at visit 2.

(E) Correlation between the percentages of CD38*CCR7~ Tregs and PD-1*
plasmablasts (CD27" CD38") at visit 2. Spearman test with adjusted p value.
Each dot represents 1 patient.

Ki67* plasmablasts during acute disease correlated positively
with total CD4 T regulatory cells (Tregs) (Figure 4D) (p = 0.7666;
p = 8.0797E—-9; adjusted p = 4.28E—6), whereas PD-1-express-
ing plasmablasts correlated negatively with CD38* CCR7~ Tregs
(Figure 4E) (p = —0.5266; p = 0.0006; adjusted p = 0.025). CCR7 ™~
Tregs are the EM arm of the Treg population,® and expression of
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CD38 on Tregs confers a more suppressive function.>* CCR7~
Treg cells may therefore have an inhibitory impact on at least a
subset of the plasmablast response during acute disease,
whereas total CD4 Tregs directly or indirectly support the plas-
mablast response.

In summary, although few correlations between B and T cell
readouts were significant based on adjusted p values, a clear
connection between the early T cell response and B cell memory
was observed, with a potential regulatory role for Tregs on plas-
mablast formation and a negative correlation between total IgG*
MBCs and dengue-specific PD-1* CD8" T formation. Alterna-
tively, as the total IgG* MBC population decreased with
increasing plasmablast formation during acute disease, the cor-
relation with PD-1* CD8™ T cells could also be driven by plasma-
blast formation.

Cellular phenotypes associated with B cell effector
functions

Up to 4% of total MBCs are dengue specific between 8 days and
3 weeks after fever onset.””*! For the current cohort, we used
two methods with different sensitivity: (1) E protein was coated
on ELISpot plates and binding IgG was detected using fluores-
cent anti-human IgG (coating method) or (2) all Igs secreted by
MBCs were captured on the plate, followed by probing with E
protein and a tagged anti-E Ab for quantification by fluorospot
(detection method). Below 1% of total IgG MBCs were dengue
specific for the coating and <0.5% for the detection method at
the post-febrile stage in primary patients, whereas secondary
patients showed slightly higher responses at this time point (Fig-
ure 5A). At the 1-year time point, patients with primary infection
tended to have higher numbers of specific MBCs for the possibly
more specific detection method, whereas the opposite was
observed for the coating method (Figure 5A).

In addition to the observed impact of T cell phenotypes on B
cellmemory formation, a significant correlation between percent-
ages of specific MBCs at the post-febrile stage and the frequency
of CXCR3* DENV-specific CD8 T cells at the same time point ex-
isted (Figure 5B). Dengue patients have high plasma concentra-
tions of IP10, the ligand of CXCR3,%>*** which could explain the
recruitment of this specific subset of T cells. The presence of pro-
tective, DENV-specific CD8 T cells may support a micro-environ-
ment that is favorable to the establishment of MBC responses.

One limitation of the ELISpot is that it was only done for E pro-
tein-binding B cells and cannot provide information on potentially
more protective virus particle-specific MBCs. MBCs specific for
the E protein of DENV-2 at the post-febrile stage (coating method)
correlated with plasma DENV-2 neutralization 6 months after fe-
ver (Figure 5C). Too few data points were available for correlations
with DENV-1 NT50 at 6 months. Nevertheless, the correlation
suggested a link between the generation of an MBC response
and a lasting ability to neutralize the virus. In turn, there was no
correlation between the neutralizing titers at 6 months and the fre-
quency of plasmablasts during acute disease (Figure 5C).

We next assessed the formation of atypical MBCs (AtM)
(CD19*CD21CD277), which have been described in the
context of chronic infection with HIV, malaria, mycobacterium
tuberculosis, and hepatitis C virus (HCV).** A phenotypically
similar cell type is also observed during acute infection, as
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Figure 5. Cellular phenotypes associated with B cell effector func-
tions

(A) Frequencies of dengue-specific MBCs. MBCs were quantified using 2
types of B cell ELISpot assays: (top row) coating of the E protein (coating
method) or (bottom row) probing with E protein and a tagged anti-E antibody
(detection method). (Left column) DENV-1- and (right column) DENV-2-spe-
cific MBCs. The data are normalized for total IgG secreted by MBCs for each
patient. Each symbol represents 1 patient (primary: blue, secondary: red).
Error bars indicate means + SD.

(B) Correlation between CXCR3*/Tet* CD8 at V3 and frequency of MBCs
specific for DENV-1 (left) or DENV-2 (right).
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described for influenza and Ebola virus infection.* This popula-
tion of B cells does not respond well to stimuli and contributes to
a defective immune response.

In the dengue infection context, we found an expansion of
AtMs, in parallel with an expansion of activated MBCs (AM,
CD19*CD27*CD217) during the acute phase (Figure 5D). The
CD19*CD27*CD21" activated memory population also included
plasmablasts. Both AtM and AM populations collapsed over
time. Six months after fever, the percentages were comparable
to those observed in healthy individuals (Figure 5D). AtM B cells
expressed mostly IgM (Figure S8A). The proportions of AtM B
cells were positively correlated with the frequency of plasma-
blasts at the post-febrile stage, but not during the acute phase
(Figures S8B and S8C). The plasmablast frequency decreased
faster compared to the AtM frequency, providing a potential
explanation for the opposite trend of the correlation at acute
and post-febrile stages. Steady-state plasmablasts and DENV-
2-specific MBCs correlated negatively with AtMs (Figures S8D
and S8E). The positive correlation at the post-febrile stage,
when both plasmablasts and AtMs are more likely to be dengue
specific, supports the hypothesis of a defective B cell response
contributing to severity, in addition to a potential role of a high
frequency of plasmablasts early in the course of dengue infection
being associated with severity.

To assess the impact of T cell help on B cell phenotypes, we as-
sessed circulating c)Tths: Th1-like CXCR3" and Th2-like CXCR3~
(inData S1, the latter are called “TFH”). It has been proposed that
Th2-like CXCR3™ cTfh are more efficient in supporting protective
B cell responses compared to Thi-like CXCR3* cTfhs.*¢~*¢
Ki67*Th1-like cTfhs correlated positively with AtM B cells at visit
3 (Figure 5E). This may suggest that Thi-like cTth cells, by
providing suboptimal B cell help, could lead to the formation of
non-functional AtM B cells, affecting the overall outcome of the
response. There was no significant correlation for any cTfh subset
with neutralizing titers. Due to the limitation of samples available
for the analysis of B cell phenotypes, correlations with cTfh phe-
notypes need to be validated further.

Overall, these data confirmed a role for CD8 T cells in the for-
mation of B cell memory. In addition, Th1-like CXCR3* Tfh cells
seemed to directly or indirectly affect the formation of AtMs.

Primary and secondary status of infection is linked to B
cell and Ab readouts

The status of infection was highly significantly correlated with
most of the ELISA parameters measuring the quantity of

(C) Correlation between DENV-2 NTsq at V4 and frequency of DENV-2 MBCs
measured by the coating method at V3 (left) or frequency of plasmablasts at V2
(right).

(D) Pie charts representing the proportions of activated memory (AM:
CD27*CD217), atypical memory (AtM: CD27~CD217), naive (CD27~CD21%),
and resting memory (RM: CD27*CD21*) among CD19* B cells at V2 (n = 9), V3
(n =10), V4 (n = 10), and for healthy controls (n = 8). The frequency of each
population is specified below each chart. Comparison between dengue pa-
tients and healthy control: t test.

(E) Correlation between frequency of AtM B cells and frequency of Ki67*/Th1-
like Tth cells at V3.

(B), (C), and (E) Each symbol represents 1 patient. Statistics: Spearman rank
correlation test.
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expressed mostly IgM or IgA, whereas in subjects with second-
ary dengue infection, the plasmablasts were predominantly
IgM™ and IgA™ (Figure 6D). Plasmablasts without any surface
expression also fall in this IgM~IgA™ gate, leading to a possible
overestimation of the IgG™ fraction.

Status of infection was highly correlated with the frequencies
of acute phase CD19* B cells (p = 6 x 1074, IgA* plasmablasts
(p =0.0001), IgA"IgM ™ plasmablasts (p = 0.001), and IgM* plas-
mablasts (p = 0.02) (Kruskal-Wallis test, adjusted p values). In
particular, IgA* plasmablasts significantly distinguished primary
from secondary patients, providing a potential biomarker to
assess immune status during early infection (Figure 6E).

When considering adjusted p values, no T cell phenotypes
were significantly different between primary and secondary
infection. The best correlation was seen between status of infec-
tion and acute phase HLA-DR* CD8 T cells (Figure 6F).

Percentages of total Th1-like cTfhs at acute disease tended to
be higher in secondary compared to primary cases, suggesting
that these cTfhs contained reactivated, dengue-specific cells
during secondary infection (Figure 6G).

In summary, B cell- and Ab-related readouts were more
distinct between primary and secondary patients compared to
T cell phenotype readouts.

DISCUSSION

This study provides a comprehensive, longitudinal analysis of B
and T cell responses in acutely diagnosed dengue patients. Our
cohort comprised a balanced mix between primary and second-
ary patients and between patients with and without WSs.

We made the following observations:

(1) Hospitalized patients showed the lowest frequency of
CD57* T cells with an activated (CD38") phenotype at
the post-febrile stage and the highest frequency of EM
CD4 T cells at 6 months, representing steady state. In
contrast, patients with outpatient/inpatient status had
the highest frequencies of these CD38"CD57* CD8
T cells at the post-febrile stage and the lowest frequency
of EM CDA4 T cells at 6 months. It is possible that the treat-
ment and care received at the hospital contributed to
decreasing the inflammation in the inpatient group. Alter-
natively, the profile in the outpatient/inpatient group could
reflect an exaggerated or delayed response. Considering
the overall longitudinal consistency of cell phenotypes
(Table S6), the severity-dependent percentages of acti-
vated and pro-inflammatory CD8 and EM CD4 T cells
may be due to a combination of a genetically and/or envi-
ronmentally influenced propensity to produce particular
T cell phenotypes in individual patients. This is in line
with the suggestion that insufficient regulation of the
adaptive response contributes to symptomatic dengue
instead of asymptomatic infection.®

Cytotoxic CD4 T cells were associated with greater
disease severity. Cytotoxic/activated CD4 T cells were
maintained over the 1-year observation period and, if
they preexisted dengue infection, could have predisposed
the patient toward severe disease. We also found that

—
N
R
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granzyme B* CD4 T cells were linked to MBCs via the
Abs they produced and to Ki67* plasmablasts (Table S7).
Cytotoxic CD4 T cells appeared to have a negative impact
on the establishment of a protective, virus particle-specific
MBC response, while supporting plasmablast formation.

Tfhs are the main CD4 T cells supporting B cell maturation,
including Ab affinity maturation. We hypothesize that the envi-
ronment conferred by cytotoxic CD4 T cells affected the ability
of Tfhs to support protective B cell responses, possibly by
contributing to the formation of Thi-like cTfhs via unknown
mechanisms.

(3) Severe clinical outcome was associated with higher
neutralizing titers at 6 months. This is counter-intuitive,
as neutralizing Abs are associated with protection.®#%:%°
There are two elements that could have contributed to
this observation: (1) more cases with WSs were second-
ary cases, which are expected to have higher titers due
to the reactivation of MBCs. (2) The time point of the
NTso measurement is crucial. When detected 6 months
after fever, the plasma can still contain a large amount
of mostly cross-reactive, plasmablast-derived Abs (the
average ty, of plasma IgG is 21 days), which may still be
protective. However, percentages of plasmablasts during
acute disease did not correlate with neutralizing titers at
6 months, possibly due to non-specifically activated B
cells that can contribute to the plasmablast pool."’

E

Higher acute or post-febrile dengue-specific T cell activa-
tion correlated with a higher abundance of T cells with the
effector phenotype 6 months and 1 year after fever onset.
In particular, there was a significant correlation between
acute phase percentages of GPR56" tetramer* CD8
T cells with total EM CD57* CD8 T cells at the 1-year
time point (Figure 3F). Separately, the percentage of
CXCR5*tetramer® CD8T cells at 1 year were highly signif-
icantly correlated with total central memory (CM) CD4
T cells and with total Th17 CD4 T cells during acute dis-
ease (Figures 3D and 3E). GPR56 is an adhesion molecule
expressed on a subset of CD4* terminally differentiated
effector memory (TEMRA) cells with higher clonality and
some enrichment of virus-specific, IFN-y* cells, when
compared to GPR56~ TEMRA cells.®® In the context of
both CD4 and CD8 T cells, GPR56 is considered a cyto-
toxicity marker.®’ KLRG1 expression has been associ-
ated with short-lived effector CD8 T cells during human
CMV infection.®® Since it is unlikely that dengue-specific
cells affect the phenotype of total T cells, it seems more
likely that the phenotypes of total T cells observed during
acute phase or at 1 year had an impact on the phenotype
and function of dengue-specific CD8 T cells.

G

AtM were expanded early after dengue infection and
could be associated with a biased Tfh profile, based on
the correlation between these two cell types (Figure 5E).
Due to the important role of Tth in shaping the B cell
response, we analyzed CXCR3" and CXCR3™ circulating
Tfh. In the context of HIV, PD1*CXCR3~ Tth cells were
correlated with broadly neutralizing Ab (bnAbs) formation
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in HIV-infected individuals Tth cells.*® In our cohort, acti-
vated, Ki67* CXCR3" Th1-like Tfh correlated positively
with AtM B cells (Spearman p = 0.892, adjusted p =
0.163; Figure 5E), while Ki67* CXCR3~ Tfh did not
(Spearman p = 0.643, adjusted p = 0.53). There was no
correlation with neutralizing Ab titers.

(6) We observed a strong correlation of CXCR3* dengue-
specific CD8 T cells with the MBC response at the post-
febrile stage (Figure 5B). It is possible that memory CD8
T cell activation plays a supportive role during MBC gen-
eration since the total number of MBCs tended to be
higher for secondary cases at the post-febrile stage (Fig-
ure 5A). The correlation of MBCs with lasting neutralizing
titers (Figure 5C) suggested that MBCs may also be re-
cruited to become Ab-secreting cells at convalescence,
contributing to the plasma Ab titer.

Beyond the insights to the impact of CD4 and CD8 T cells on
B cell memory, our study suggests that certain T cell pheno-
types in individuals may preexist and could explain patient-
specific outcomes independent of viral load and serotype of
infection. The importance of baseline immune phenotype
affecting immune responses has been demonstrated in the
context of influenza vaccination (transcriptional profile).>® This
phenomenon appears to apply similarly to dengue infection,
whereby preexisting phenotypes, together with the status of
infection, could affect disease outcomes. Individual bias to
generate certain immune phenotypes, such as CD38*CD57*
CD8 T cells, EM CD4 T cells, and CD38*CXCR5* B cells, which
correlated with hospitalization status, could provide prognostic
disease biomarkers that will, however, need to be assessed
and validated in independent cohorts.

Limitations of study

In deeply profiling the characteristics of both the T and B cell-
mediated immune responses at up to several time points across
this cohort of 68 acute dengue infection patients, we believe that
the large dataset provided here will be valuable as a resource for
the generation of new hypotheses related to the immunological
basis for dengue. We have highlighted a number of associations
that we found to be most striking and potentially useful as bio-
markers of disease severity. Future prospective studies will be
needed to validate these findings since the sample size of this
study does not permit us to fully dissociate each of the clinical
parameters. For instance, we compared profiles of hospitalized
versus outpatients to look for correlations with disease severity.
However, it is also possible that this difference in setting and
early hospital care received would have an effect on the immuno-
logical parameters we have measured. Furthermore, the over-
representation of patients with secondary infection among those
hospitalized did not allow us to independently assess the effect
of infection status on immune cell phenotypes. Based on cellular
profiles from late time points, we have also hypothesized that
baseline cellular profiles could be predictive of disease severity.
This would need to be tested by analyzing blood samples taken
before infection, which were not available for this cohort. Lastly,
we imagine that future parallel analyses of various acute viral
infections will allow for the identification of immunological
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parameters that are specifically associated with severe dengue
or with systemic viral infections in general.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-human-IgD PECy7 (IA6-2) Biolegend 348210
Anti-human-IgM APCCy7 (MHM-88) Biolegend 314520
Anti-human-CD20 BV711 (2H7) BD Biosciences 563126
Anti-human-CD27 PE (M-T271) BD Biosciences 555441
Anti-human-CD38 APC (HIT-2) BD Biosciences 555462
Anti-human-CD3 V450 (UCHT1) BD Biosciences 560365
Anti-human-CD16 V500 (3G8) BD Biosciences 561394
Anti-human-CD14 ECD (RMO52) Beckman Coulter IM2707U
Anti-human-IgA Viobright (1S11-8E10) Miltenyi Biotec 130-104-726
Anti-HLA-DR eFluor605NC (LN3) ThermoFisher Scientific 47-9956-42
Anti-human-CD19 BV650 (HIB19) Biolegend 302237
Anti-human-IgG purified (G18-145) BD PharMingen 555784
Anti-human-Ig purified (polyclonal) Thermofisher Scientific H1700
Anti-human-IgG AF488 (polyclonal) Invitrogen A11013
Anti-human-IgA purified (polyclonal) Jackson Immunoresearch 109-005-011
Anti-human-IgM Pacific Blue (MHM-88) Biolegend 314513
Anti-human-CD1c PerCPCy5.5 (L161) Biolegend 331514
Monoclonal Anti-Flavivirus Group Antigen ATCC VR-1852
(D1-4G2-4-15)

Anti-human-CD45 89Y (HI30) DVS Sciences 3089003B
Anti-human-CD14 Qdot800 (TuK4) Molecular Probes (Invitrogen) Q10064
Anti-human-CD57 (HCD57) Biolegend 322302
Anti-human-CD19 purified (HIB19) Biolegend 302202
Anti-human-HLA-DR purified (L243) Biolegend 307602
Anti-human-CLA purified (HECA-452) Biolegend 321302
Anti-human-CD27 purified (LG.7F9) eBioscience (ThermoFisher) 14-0271-85
Anti-human-Granzyme B purified (CLB- Abcam ab103159
GB11)

Anti-human-CD45RA purified (HI100) BD Biosciences 555486
Anti-human-CD8a. purified (SK1) Biolegend 344702
Anti-human-CD45R0 purified (UCHL1) Biolegend 304202
Anti-human-CD4 purified (SK3) Biolegend 344602
Anti-human-CD161 purified (HP-3G10) Biolegend 339902
Anti-human-CD3 purified (UCHT1) Biolegend 300402
Anti-human-Ki67 purified (B56) BD PharMingen 550609
Anti-human-CXCR3 purified (1C6/CXCR3) BD PharMingen 557183
Anti-human-CD38 purified (HIT2) Biolegend 303502
Anti-human-ICOS purified (C398.4A) Biolegend 313502
Anti-human-CD69 purified (FN50) Biolegend 310902
Anti-human-PD-1 purified (J105) eBioscience (ThermoFisher) 14-2799-80
Anti-human-CX3CR1 purified (KO124E1) Biolegend 355702
Anti-human-GPR56 purified (CG4) Biolgend 358202
Anti-human-CD71 purified (OKT-9) eBioscience (ThermoFisher) 14-0719-82
Anti-human-KLRG1 purified (13F12F2) eBioscience (ThermoFisher) 16-9488-85
Anti-human-CD39 purified (A1) Biolegend 328202
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-human-CD25 purified (M-A251) BD PharMingen 555430
Anti-human-CXCR5 purified (RF8B2) BD PharMingen 552032
Anti-human-CD127 purified (A019D5) Biolegend 351302
Anti-human-CD16 209Bi (3G8) DVS Sciences 3209002B
Anti-human-CD56 purified (REA196) Miltenyi Biotec 130-108-016
Anti-human-CCR4 purified (205410) R&D Systems MAB1567
Anti-human-TCRyd PE (5A6.E9) Life Technologies (ThermoFisher) MHGDO04
Anti-PE purifed (PE001) Biolegend 408102
Anti-human-T-BET purified (4B10) eBioscience (ThermoFisher) 14-5825-82
Anti-human-CRTH2 APC (BM16) Biolegend 350110
Anti-APC (APC003) Biolegend 408002
Anti-human-FOXP3 162Dy (259D/C7) Fluidigm 3162024A
Anti-human-EOMES (WD1928) eBioscience (ThermoFisher) 14-4877-82
Anti-human-RORyt 168Er (600214) Fluidigm 3168018B
Anti-human-Helios purified (22F6) Biolegend 137202
Anti-human-BCL-2 purified (100) Biolegend 658702
Anti-human-TCR V32 purified (B6) Biolegend 331402
Anti-human-TCR V31 FITC (REA173) Miltenyi Biotec 130-122-285
Anti-FITC purified (FIT-22) Biolegend 408302
Anti-human-TCR Va7.2 (3C10) Biolegend 351702

Bacterial and virus strains

DENV-1 strain D1/SG/05K2916DK1/2005

DENV-2 strain DENV-2-TSVO01

DENV-1 strain DENV-1-WestPac74

Environmental Health Institute EHI,
Singapore

Novartis Institute of Tropical Diseases,
Singapore

Novartis Institute of Tropical Diseases,
Singapore

Genbank: EU081234.1

Genbank: AY037116.1

Genbank: U88535.1

Chemicals, peptides, and recombinant proteins

LIVE/DEAD stain ThermoFisher Scientific L34957
TetraMethylBenzidine (TMB) Sigma Aldrich (Merck) 54827-17-7
Resiquimod (R848) InVivogen tltl-r848
IL-2 Prospecbio CYT-209
KLH Sigma Aldrich (Merck) 9013-72-3
Critical commercial assays

SD. BIOLINE Dengue Duo kit for NS1 Abbott 11FK46
detection

PanBio Dengue IgG Indirect ELISA Abbott 01PE30
Experimental models: Cell lines

Vero cells ATCC ATCC® CCL-81

Oligonucleotides

GAACATGGRACAAYTGCAACYAT
CCGTAGTCDGTCAGCTGTATTTCA
ACACCACAGAGTTCCATCACAGA
CATCTCATTGAAGTCNAGGCC
ATGAGATGYGTGGGAGTRGGAAAC
CAC CAC DTC AAC CCACGTAGCT
GGTGACRTTYAARGTHCCTCAT
WGARTGCATRGCTCCYTCCTG

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

DENV-1 D1MGBEN469s-forward
DENV-1 D1IMGBEN536r-reverse
DENV-2 Den 2.2F

DENV-2 Den 2.2R

DENV-3 D3MGBENn1sFWD
DENV-3 D3MGBEN71rREV
DENV-4 D4TEn711sFWD
DENV-4 D4TEn786¢cREV

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
GARAGACCAGAGATCCTGCTGTCT Integrated DNA Technologies DENV-1 to 4 DV1-4_realt_fwd
ACCATTCCATTTTCTGGCGTT Integrated DNA Technologies DENV-1 to 4 DV1-4_realt_rev
Software and algorithms

Boruta package CRAN N/A

Gephi package N/A N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to
to katja.fink@alumni.ethz.ch

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data generated from the study are included in the manuscript or in the supplemental information in the form of figures and tables.
Data analysis methods and packages used are described in the section Quantification and statistical analysis.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient cohort details and classification of severity

All patients were recruited at Tan Tock Seng Hospital (TTSH) in Singapore following IRB approval from the National Healthcare Group
Domain Specific Review Board (NHG DSRB Ref: 2015/0528 and NHG DSRB Ref: 2016/00982). Patients presenting symptoms of
dengue and with fever of less than 6 days in duration were tested for dengue infection using the SD. BIOLINE Dengue Duo kit (Abbott,
previously Alere). NS1-positive patients were then enrolled into the study after obtaining their consent. In total, 68 subjects were
enrolled into the study and collection of blood was planned at 5 time points: less than 6 days after fever onset (Visit 1), 6-10 days (acute,
Visit 2), 14-28 days (post-febrile, Visit 3), 6 months (Visit 4), and 1 year (Visit 5). Table 1 summarizes the number of subjects that were
initially enrolled and those that returned for the subsequent time-points according to their status and serotype of infection. Severity of
disease was judged based on hospitalization status. In parallel, patients were assessed according to the 2009 WHO guidelines,®*
which introduced the use of warning signs to facilitate identification of patients with diagnosis “dengue fever” at risk of developing
severe dengue: Abdominal pain or tenderness, persistent vomiting, clinical fluid accumulation, mucosal bleed, lethargy, restlessness,
liver enlargement > 2cm, increase in HTC concurrent with rapid decresase in platelet count. Patients with HIV, HBV and HCV infection
were excluded from the study. Patient LNA047 had a Zika-coinfection based on PCR, whereas no Zika-specific IgM and IgG titers
could be detected at visit 1. None of the patients were positiv for Zika IgM at visit 1 (Anti-Zika Virus ELSIA, EUROIMMUNE).

Sample processing

Blood samples were collected in EDTA vacutainer tubes. PBMCs were isolated from peripheral blood by Ficoll gradient purification
and cryopreserved in 90% fetal calf serum (FCS) + 10% DMSO. Plasma obtained from the blood drawn at the first visit was used to
extract viral RNA to confirm dengue virus infection status and serotype by PCR. Additionally, PanBio Dengue IgG kit was used to
assess Whether the dengue virus infection is a primary or secondary infection.

METHOD DETAILS

Confirmation of DENV infection and serotype by PCR

RNA was isolated from 70 pL plasma using High Pure Viral Nucleic Acid Kit (Roche) following the manufacturer’s protocol, except that
additional 100 pL binding buffer was not added after the first 10min incubation and only one washing step was performed. RT-PCR
was performed using the TagMan RNA-to-CTTM 1-step kit, Tagman FAM probes (Applied Biosystems), and primers at 1uM. Se-
quences of the primers (15t BASE, Axil Scientific) are listed in the Key resources table. Programme was run with Applied BioSystems
7500 machine as follow: 30mins at 48°C followed by 10mins at 95°C and 40 cycles 15secs at 95°C + 1min at 57°C.

Determination of status of infection with PanBio Dengue IgG kit

PanBio Dengue IgG kit was purchased from Abbot (previously Alere) and used according to the manufacturer’s protocol. This kit clas-
sifies patients as primary or secondary-infected by dengue based on the capture and quantification of dengue-specific IgG by ELISA.
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Patients that were too close to the detection limit were classified “unclear” first and classified later according to the longitudinal pro-
file (sharp increase after visit 2 titer indicates secondary infection) based on in house dengue-specific ELISA and microneutralization
assays.

Mass cytometry

All antibody and tetramer cocktails were prepared on the day of cell staining. Antibodies used for pre-staining (Table S3) were com-
bined in a 30 kDa filter (Amicon Ultra, Millipore), washed and centrifuged with PBS twice to remove azide content. Before staining, all
tetramer and antibody cocktails were filtered using a 0.1 uM filter (Ultrafree, Millipore) to remove aggregates. Cryopreserved cells
were thawed and washed twice with complete RPMI media (10% FCS, 1% penicillin/streptomycin/L-glutamine) (GIBCO, Invitrogen).
80% of the cells were split evenly into two wells for Panel 1 staining with two different tetramer configurations and the remaining 20%
of cells were used for staining with Panel 2. Cells were incubated with 50 nM dasatinib and pre-stain antibodies in complete RPMI for
30 min at 37°C. After pre-staining, cells were washed in cold CyFACS buffer (PBS with 4% FCS, 2 mM EDTA, and 0.05% Azide) and
incubated on ice with 200 nM Cisplatin (Sigma) for 5 min. Cells were then washed twice with CyFACs and incubated for 1 hour at room
temperature with tetramer cocktail. Subsequently, cells were washed and stained with primary surface antibodies and/or EasySep
Human T cell Isolation Cocktail (STEMCELL) for 15 min at 4°C. Cells were washed and stained with secondary surface antibodies
and/or EasySep Dextran RapidSpheres (STEMCELL) for 15 min at 4°C.

For intracellular and intranuclear antibody staining, cells were washed and fixed with Foxp3/Transcription Factor Fix/Perm buffer
(eBiosciences) for 30 min on ice. Cells were then washed with 1X Permeabilization buffer (eBiosciences) and stained with primary
intracellular antibodies for 30 min on ice, washed twice, followed by incubation with secondary intracellular antibodies for 30 min
onice. Finally, cells were washed with 1X Permeabilization buffer and fixed in 2% PFA (paraformaldehyde, Electron Microscopy Sci-
ence) at 4°C overnight.

On the next day, PFA was removed and cells were incubated with combinations of two metal barcodes for 30 min on ice as pre-
viously described.*” Cells were then washed first with perm buffer, followed by CyFACS. Cellular DNA was labeled at room temper-
ature with 250 nM iridium interchelator (Fluidigm) diluted in 2% PFA for 20 min. Subsequently, cells were washed with CyFACS,
combined and enriched for CD3* T cells using a magnet (EasySep). Immediately before mass cytometry acquisition, cells were
washed twice with MilliQ water and passed into a filter top FACS tube. 1.5% of Four EQ beads (Fluidigm DVS) were mixed with
the cell suspension. Samples were then acquired on a Helios instrument.

Flow cytometry

Analysis of plasmablasts at visit 2 and 3 was with freshly isolated PBMCs. Cell viability was evaluated using LIVE/DEAD® (Thermo-
Fisher Scientific) and the following antibodies were used: CD19-BV650 (HIB19), CD1c-PerCPCy5.5 (L161), IgD-PECy7 (I1A6-2) and
IgM-APCCy7 (MHM-88) from Biolegend, CD20-BV711 (2H7), CD27-PE (M-T271), CD38-APC (HIT-2), CD3-V450 (UCHT1), CD14-
ECD (RMO52), CD16-V500 (3G8) from BD Biosciences, IgA-VioBright-FITC (IS11-8E10) from Miltenyi Biotec, and HLA-DR-
eFluor605NC (LN3) from eBiosciences (ThermoFisher Scientific). Samples were processed on a LSRII cytometer using FACSDiva
software (BD Biosciences) and further analyzed using FlowJo_v10 software (Tree Star).

DENV-specific IgG antibodies detection by ELISA

Recombinant monomeric E protein from DENV-1 or DENV-2 (E80 provided by Merck) and UV-inactivated virus from DENV-1 (strain
DENV-1-D1/SG/05K2916DK1/2005 (EU081234.1)) or DENV-2 (strain DENV-2-TSV01 (AY037116.1)) were used as antigens to coat
96-well half-area plates (675061, Greiner bio-one) overnight at 4°C. Virus was concentrated by PEG precipitation and UV-inactivated
for 10min using a germicidal UV light source (UV lamp VL-206.G 2 x 6 X — 254 nm tube, Vilber Lourmat) . Plates were washed and
saturated with PBS 1X + 0.05% Tween-20 + 3% skim milk and incubated either with serially diluted plasma (1/500, 1/2500, 1/7500, 1/
22500, 1/67500, 1/337500) or supernatant from B cell culture (volume added normalized to total IgG: 4ug/ml, 2ug/ml, 1ug/ml, 0.5ug/
ml or 0.25ug/ml) for 1.5hrs at room temperature. Plates were then washed and an anti-human-IgG-HRP was added for 1h at room
temperature. Finally, 3,3,5,5 TetraMethylBenzidine (TMB) substrate was added into the plates for 5 min and the reaction was
stopped by adding hydrochloric acid (HCI). Optical density (OD) was read within 30 min at 450nm (reference 570nm) using Infinite
M200 Elisa reader (TECAN).

DENV-specific IgG antibodies microneutralization assay

Plasma containing antibodies were serially diluted 10-fold over 8 wells of a 96 well plate, starting from 1/10 dilution in serum free RPMI
medium. An equal volume of dengue virus DENV-1 (DENV-1-WestPac74(U88535.1) or DENV-2 (TSV01) was added in each well and
incubated for 1hrat 37°C - 5% CO.. 100 pL of the antibody-virus mixture was then added to Vero cells, seeded at a density of 20,000
cells per well the day before, and incubated for 1hr at 37°C - 5% CO,. 100 puL of 10% FCS RPMI medium with 1% Penicillin/Strep-
tomycin was then added in each well and the plate was incubated for 4 days at 37°C - 5% CO,. On day 4, cells were fixed with 3.7%
formalin, permeabilized with 0.1% Triton X-100, and blocked by adding 100 uL of 10% FCS RPMI medium. Mouse anti-DENV anti-
body (4G2) was incubated at 1 ng/mlin each well for 2hrs at 37°C. Cells were washed before adding secondary antibody goat-anti-
mouse-HRP antibody for 1hr at 37°C. Finally, TMB substrate was added into the plates for 5 min and the reaction was stopped by
adding HCI. OD was read at 450nm using Infinite M200 Elisa reader (TECAN).
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B cell fluorospot assay

PBMCs were thawed and cultured in RPMI medium supplemented with 10% FCS, 0.5 ng/mL of TLR7/8 ligand (R848, InVivoGen) and
6ng/ml recombinant human IL-2 (Prospecbio). Cells were cultured at 1 x 10° cells/mL in 6-wells plate. After 6 days, cells were har-
vested, and the proportion and phenotype of B cells were analyzed using flow cytometry before being used for the B cell Fluorospot
assay.

ELISPOT plates (Millipore MSIPN4550) were pre-wet with 35% ethanol (1 min), washed with PBS and coated overnight at 4°C with
10 pg/mL polyclonal anti-Ig antibodies (H1700, ThermoFisher) or E protein from DENV-1 or DENV-2 (E80 provided by Merck) diluted
in PBS. Keyhole limpet hemocyanin coating (KLH, 10 pg/mL, Sigma-Aldrich) was used as negative control. Plates were washed with
PBS and saturated with RPMI containing 10% FCS. Six days post activation, 1,500 to 3,000 cells/well were plated for total IgG, IgA
and IgM detection. 1.5 x 10°to 3 x 10° cells/well were plated for DENV-E-protein-specific detection. Cells were incubated overnight
at 37°C in RPMI+10% FCS. Plates were then washed with PBS+0.05% Tween-20, followed by incubation with polyclonal AF488-
anti-lgG (1ug/ml, Invitrogen #A11013), polyclonal AF488-anti-IgA (Bug/ml, Goat anti-human IgA from Jackson Immunoresearch
#109-005-011 labeled with Alexa Fluor 488 Antibody Labeling Kit from ThermoFisher #A20181) or PB-anti-IgM (2ug/ml, Biolegend,
clone MHM-88, #314513) for 1h at 37°C.

An additional method was used in parallel to detect DENV-E-protein-specific IgG-secreting B cells. Plates were coated with pu-
rified anti-lgG (10ug/ml, BD PharMingen, clone G18-145 #555784), incubate the cells (1.5 x 10° to 3 x 10° cells/well), washed and
10ug/ml of E-protein was added. Secondary antibody mouse-anti-flavivirus antibody (4G2) coupled to AF488 was then added at 2ug/
ml for the detection. Plates were finally washed with PBS+0.05% Tween, followed by water and dried before reading with Immuno-
Spot Elispot reader (Cellular Technology Limited, CTL).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Bivariate correlation analysis and network was built on the entire dataset (Data S1). We used the Gephi package to plot the network.>®
Betweenness centrality was used as a feature to represent the nodes in the network. A betweenness centrality of a node defines the
degree to which a given node is connected to other nodes. It is calculated by counting the fraction of shortest paths going through
the node. Nodes with a higher betweenness centrality (larger in size) interact with many other nodes and represent key nodes in the
network, having high control over other nodes communicating via them.

For linear discriminant analysis (LDA) or Boruta feature selection, to limit the impact of missing values and time points, only samples
with dengue tetramer™ T cell data at visits 2 or 3 were included for “all visit” analysis (n = 29). For just analysis on visit 2, only samples
with dengue tetramer* T cell data at visit 2 were used (n = 24). For the final hospitalization status, all “outpatient/inpatient” statuses
were changed to Inpatient. Columns with more than 30% of values missing were removed. The R package missMDA was used to
impute any remaining missing values using the regularized iterative PCA algorithm.®’

Using the curated dataset(s), all-relevant feature selection was performed using the Boruta package.®' Linear Discriminant Anal-
ysis was performed using the MASS package® on a dataset consisting of only the features selected by Boruta. The results of LDA
and feature selection were compared with the unadjusted Kruskal-Wallis test performed on the overall dataset. *p < 0.05.

Figures showing cell frequencies use the original dataset (Data S1). p values are adjusted for multiple hypothesis testing using the
Benjamini-Hochberg method. Time course data was analyzed by fitting a mixed model with Geisser-Greenhouse correction, as im-
plemented in GraphPad Prism 8.0. This mixed model uses a compound symmetry covariance matrix, and is fit using Restricted
Maximum Likelihood (REML), and takes into account non-independent patient-specific variability over time.
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