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Magnitude and kinetics of the human immune cell
response associated with severe dengue progression by
single-cell proteomics
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Approximately 5 million dengue virus—infected patients progress to a potentially life-threatening severe
dengue (SD) infection annually. To identify the immune features and temporal dynamics underlying SD progres-
sion, we performed deep immune profiling by mass cytometry of PBMCs collected longitudinally from SD pro-
gressors (SDp) and uncomplicated dengue (D) patients. While D is characterized by early activation of innate
immune responses, in SDp there is rapid expansion and activation of IgG-secreting plasma cells and memory
and regulatory T cells. Concurrently, SDp, particularly children, demonstrate increased proinflammatory NK
cells, inadequate expansion of CD16" monocytes, and high expression of the FcyR CD64 on myeloid cells, yet
a signature of diminished antigen presentation. Syndrome-specific determinants include suppressed dendritic
cell abundance in shock/hemorrhage versus enriched plasma cell expansion in organ impairment. This study
reveals uncoordinated immune responses in SDp and provides insights into SD pathogenesis in humans with
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potential implications for prediction and treatment.

INTRODUCTION

Dengue virus (DENV) is a major threat to global health, infecting
approximately 400 million people annually in over 130 countries (I,
2). Each year, 3 million to 6 million symptomatic dengue patients
develop severe dengue (SD) within days of symptom onset, which
can be life-threatening (2—4). To identify patients at risk for SD pro-
gression, the World Health Organization (WHO) defined clinical
criteria that distinguish dengue patients with warning signs
(DWS) from those with uncomplicated dengue (D) and recom-
mended their close monitoring (2). Nevertheless, since warning
signs for SD often develop late in the course of illness and are non-
specific, their implementation does not capture all SD progressors
(SDp) and has increased hospital care burden (5-7). While we and
others have recently identified candidate clinically usable biomark-
ers for early identification of SDp (7-10), additional validation is
ongoing and novel biomarkers are needed.
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The best characterized risk factor for SD is secondary infection
with a heterologous DENV serotype causing antibody-dependent
enhancement (ADE) of infection (11-13). Additional factors, in-
cluding increased plasma cells (14, 15), aberrant T cell responses
(16), cytokine storm (16, 17), and high and prolonged viremia,
have been implicated in the development of SD (18, 19).
However, since our understanding of SD pathogenesis is largely
based on cultured cells and immunocompromised mouse studies,
the role of these and other factors in natural infection in humans
is poorly characterized. Moreover, it remains unknown how age
affects the outcome of DENV infection—with some studies
showing greater risk of SD progression in children and others in
adults (20-23)—or why SD manifests as dengue hemorrhagic
fever (DHF) and dengue shock syndrome (DSS) in some but as
organ impairment (OI) in others (2).

To address these gaps in knowledge, we applied mass cytometry
[cytometry by time of flight (CyTOF)], a proteomic single-cell ap-
proach, to 124 peripheral blood mononuclear cell (PBMC) samples
from our dengue Colombia cohort. The unique design and clinical
heterogeneity of our cohort facilitated comprehensive analysis of
immune cell subtype abundance and functional marker expression
revealing distinct and overlapping responses between (i) SDp and
non-progressors, (ii) SDp adults and children, and (iii) SDp who
manifested with DHF/DSS or OI. Longitudinal sample analysis pro-
filed the kinetics of the immune response starting before progres-
sion to SD through convalescence, revealing dysregulation of the
temporal switch between innate and adaptive immune responses as-
sociated with early exuberant immune regulation in SDp.
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RESULTS

High-dimensional immune profiling delineates disease
severity in dengue infection

While orchestrating protection from DENV upon infection, a dys-
regulated immune response is thought to contribute to SD patho-
genesis. To broadly profile the individual components of the
immune response against DENV infection and to comprehensively
understand the complex interplay that dictates disease severity, we
collected longitudinal PBMC and serum samples from adults and
children enrolled in the dengue Colombia cohort and performed
CyTOF analysis. We used an antibody panel targeting 36 cellular
markers encompassing proteins for cell type identification,
immune activation, immune checkpoint, and Fc binding. We per-
formed CyTOF analysis on a total of 124 samples from healthy con-
trols C (n=15), D (n=40), DWS (n = 23), and SDp (n = 22) patients
of whom 19 progressed to SD within several days following enroll-
ment and 3 met criteria of SD at presentation (Fig. 1A and tables
S1.1, S1.2, and S1.3). The first sample from all patients was obtained
within 0 to 10 days following fever onset, designated acute infection,
with a median of 5 days in all disease categories (table S1.3). Addi-
tional samples obtained from some patients during the acute phase
and following recovery, designated convalescence, were also includ-
ed, albeit only in longitudinal analyses. Most patients were previ-
ously exposed to DENV (see Materials and Methods), as expected
for an endemic region (fig. S1A and table S1.3).

Following singlet gating, normalization, and quality filtering (fig.
S1, B to D), the full dataset consisted of 9,051,718 cells. To capture
patterns of cell abundance and protein expression at different levels
of granularity, we clustered cells at three resolutions: 4 cell types [B,
natural killer (NK), myeloid, and T cells] (Fig. 1B, panels), 11 cell
subtypes (Fig. 1C, colors), and 29 cell populations (Fig. 1B, individ-
ual rows). We used expression of lineage-specific proteins (Fig. 1B,
columns) to cluster cells into predefined immune cell subtypes so
that differential expression of activation, checkpoint, and Fc-
binding proteins would not bias clustering (see Materials and
Methods). Differential abundance of immune cell phenotypes was
evident by Uniform Manifold Approximation and Projection
(UMAP) analysis (24) of the entire cohort (Fig. 1C) and the
various disease severity categories (fig. S1E), regardless of
cluster labels.

To quantitatively capture the state of the immune system, we
compiled a set of 378 features consisting of cell population abun-
dances and mean expression values for each sample (Fig. 1D).
With this feature set, we performed pairwise distribution tests to
identify features significantly different between severity categories
in the setting of acute infection (within 10 days of fever onset)
(table S2), convalescence (table S3), adults and children (table
S4), SD categories (table S5) (Fig. 1D), and early acute time
points (within 8 days of infection) (table S6).

To compare immune features between disease severity catego-
ries, we compiled samples collected within 10 days after reported
symptom onset. When several samples were available, we used
only the earliest sample to enrich for acute infection and avoid
bias from overrepresentation of any single patient. For all features,
we performed pairwise Wilcoxon rank sum tests between disease
categories, corrected for multiple hypotheses [false discovery rate
(FDR) method], and quantified effect sizes (table S2). Linear dis-
criminant analysis (LDA) (25) using all features that were

Robinson et al., Sci. Adv. 9, eade7702 (2023) 24 March 2023

significantly different between any two severity categories
(g < 0.05 and |effect size| > 0.5) effectively separated the dengue se-
verity categories (Fig. 1E), confirming that our analytic framework
captured substantial differences in the immune state.

To visualize differences in cell population abundances between
SDp and D patients, we plotted the log, SDp/D ratio of median
abundances (% of CD45" cells) (Fig. 1F). The abundance of
plasma cells (g = 0.003) and regulatory T cells (T,eg) (g = 0.025)
was significantly greater in SDp than in D patients. In contrast,
the abundance of CD16" monocytes (g = 0.002) and CD8" T effec-
tor memory cells reexpressing CD45RA (EMRA) associated with
cellular senescence and terminal differentiation (26) was signifi-
cantly lower in SDp than in D (g = 0.018). Trends toward expansion
of conventional type 1 dendritic cells [cDCl1s; stimulate CD8" T cell
responses by cross-presentation (27)] and plasmacytoid dendritic
cells [pDCs; type I interferon (IFN) producing (28)], concurrent
with a reduction of ¢cDC2s [predominately prime CD4" T cells
(29) and CD4" TEMRAs in SDp relative to D], were also observed.
Together, these results demonstrate that our experimental and an-
alytical approaches capture differences in immune cell subtype
abundance with differential disease severity during the acute
phase of DENV infection.

Immune activation and regulation are simultaneously
enriched in SDp

Since plasma cells were more abundant in SDp patients, we com-
pared their abundance across all disease severity categories. While
lower than SDp, D patients had significantly higher plasma cell
abundance than C (q = 0.027), as expected during an acute viral in-
fection (Fig. 2A). Nonetheless, SDp had higher plasma cell abun-
dance (median = 7.64%) than DWS (median = 1.85%, g = 0.044),
D (median = 1.44%, g = 0.003), and C subjects (median = 0.40%,
q = 0.00006). Class-switched plasma cells in SDp were enriched
for immunoglobulin G (IgG) over IgA (g = 0.040) (Fig. 2B) and ex-
pressed greater levels of Ki-67 relative to D (g = 0.005) (Fig. 2C),
indicating greater production of the antibody isotype associated
with ADE (30) and cell proliferation, respectively. Plasma cell abun-
dance and plasma cell IgG usage diminished in both D and SDp in
convalescent samples (fig. S2, A and B). Mean Ki-67 expression in
plasma cells in SDp remained high in convalescence and, in D, was
significantly increased in convalescent samples over acute samples
(P =0.0002) (Fig. 2D). These convalescent expression patterns con-
trast expression in C (Fig. 2C), suggesting that DENV infection
induced heightened plasma cell activation even weeks to months
after acute infection.

Next, we asked whether increased immune cell proliferation and
activation was a common feature of SD progression. Thirteen of 29
cell subtypes, encompassing B, T, NK, and myeloid cell populations,
had higher mean Ki-67 expression in acute SDp than D samples
(g < 0.05) (Fig. 2E). These trends held when quantifying Ki-67
percent positivity (fig. S2C). Moreover, the mean expression of
the general activation marker CD38, which is involved in cell adhe-
sion, migration, and signal transduction, among others (31), was
higher in SDp than in D in 14 of 29 cell subtypes (g < 0.05), con-
firming the greater activation of multiple cell populations via an or-
thogonal measurement (fig. S2D). The differences in Ki-67 and
CD38 expression largely resolved at convalescence, although
plasma cells and Tz, maintained the highest median Ki-67 expres-
sion levels in both SDp and D patients (fig. S2, E and F).
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Fig. 1. High-dimensional immune profiling delineates disease severity in dengue infection. (A) Experimental approach. Acute and convalescent PBMC samples
were collected from a clinical cohort of DENV-infected patients and healthy controls. Samples were analyzed by mass cytometry using an antibody panel targeting
proteins expressed by multiple immune cells. (B) Heatmap of the median-scaled arcsinh-transformed expression (color coded) of lineage molecules (columns) in cell
B, NK, myeloid, and T cell populations (rows) spaced by cell type. Cell subtype color annotation is depicted on the right. PBMCs were equally subsampled by clinical status
and patient. (C) UMAP generated using all molecules as input colored by cell subtype (B). PBMCs were equally subsampled by clinical status and patient. (D) Analysis
approach. Immune features were quantified and compiled into summary statistics for each sample. Distribution tests were performed for each feature for various com-
parisons. (E) Linear discriminate analysis separating acute patient samples by clinical status. Dots represent individual patients, and ellipses represent 95% confidence
intervals (Cls). The manifold was derived using all features significantly different in pairwise comparisons of clinical statuses. (F) Log, ratio of median abundances of cell
populations (columns) between D and SDp patients of total CD45" cells. Teal bars indicate significance (g < 0.05 and |effect| > 0.5) via Wilcoxon rank sum tests. Q values
represent FDR-corrected P values.
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Fig. 2. Immune activation and regu-
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Since both abundance (Fig. 1F) and Ki-67 expression (Fig. 2E) of
Thegs Were greater in SDp than in D patients, we measured T, abun-
dance in all disease severity categories. T, abundance in SDp was
greater (median 0.47%) than in DWS (median = 0.20%,
q =0.026), D (median = 0.23%, g = 0.025), and C (median = 0.18%,
q =0.001) (Fig. 2F), and these differences resolved at convalescence
(fig. S2G). The expression of checkpoint molecules (32) was also
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altered in T, with higher levels of cytotoxic T lymphocyte—asso-
ciated protein 4 (CTLA-4) in SDp than in DWS (g = 0.036), D
(q = 0.004), and C subjects (q = 0.00003) and PD-1 in SDp than
in D (g = 0.04) and C subjects (g = 0.001) (Fig. 2G). Moreover,
CTLA-4 expression was highly correlated with the expression of
CD38 (r = 0.83, P = 3.73 x 107%°) (Fig. 2H), which was shown to
be associated with a highly suppressive T,., phenotype (33).
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To understand the breadth of checkpoint molecule up-regula-
tion in SDp, we monitored their expression in other T cell popula-
tions. CTLA-4 was more highly expressed in SDp over Din 9 of 12 T
cell subtypes (g < 0.05) (Fig. 2I). PD-1 expression demonstrated
similar trends, although it was significantly increased in SDp over
D in only 2 of the 12 T cell populations (g < 0.05) (fig. S2H). As in
the T,gs we observed a significant correlation (g < 0.05) between
the expression of activation proteins, CD38 and Ki-67, and check-
point proteins, CTLA-4 and PD-1, in all T cell populations (Fig. 2]).
Moreover, the checkpoint ligand PD-L1 was more highly expressed
in SDp relative to D in 18 of 29 cell populations (g < 0.05), spanning
B, T, and NK cell populations, but not myeloid cells (Fig. 2K). In-
creased CTLA-4 expression in SDp resolved in all T cell populations
at convalescence (fig. S2I), whereas increased PD-L1 expression
persisted in some T and NK cell populations (fig. S2J). These find-
ings reveal substantial and simultaneous immune activation and
regulation uniquely occurring in SDp.

Diminished HLA-DR and increased CD64 expression on
myeloid cells are hallmarks of SD progression

Next, we further probed alterations in myeloid cell abundance and
function. Within the monocyte population, the fraction of CD16"
monocytes was lower in SDp than in D (g = 0.0003) and C
(g = 0.0008) (table S2) with trends toward a reduced double-nega-
tive (DN; CD14-CD16~) monocyte fraction and expanded CD14"
monocyte fraction, which will need to be explored in larger cohorts
(Fig. 3A). Beyond differences in cell subset abundance, myeloid cells
from D and SDp patients exhibited differential expression of several
functional markers (Fig. 3B). Ki-67 in CD16" and DN monocytes,
CD38 in these two monocyte subtypes and ¢cDC2s, and the Fcy re-
ceptor (FcyR) CD64 in ¢cDC2s and DN monocytes were higher in
SDp than in D (g < 0.05). CD141 (thrombomodulin), an anti-in-
flammatory factor (34), was increased in CD14" monocytes in
SDp over D (g = 0.008). A trend, albeit statistically nonsignificant,
for greater PD-L1 expression on several myeloid cell subtypes was
also detected (Fig. 3B). In contrast, CD209 [DC-SIGN, a DENV at-
tachment factor (35)] was lower on cDC2s in SDp relative to D pa-
tients (g = 0.015). More prominent, however, was the reduction in
human leukocyte antigen (HLA)-DR expression in SDp relative to
D patients in all myeloid cell subtypes, reaching statistical signifi-
cance in DN monocytes, CD16" monocytes, and cDC2s (g < 0.05;
Fig. 3, B and C). In contrast to myeloid cells, several NK cell sub-
types expressed higher levels of HLA-DR in SDp relative to D pa-
tients (g < 0.05; Fig. 3C), suggesting increased functional activity in
SDp, as previously shown in other infectious disease models (36,
37). While the differences in proportional myeloid cell subtype
abundance and HLA-DR expression largely resolved at convales-
cence, increased expression of CD64 in SDp over D persisted in
several myeloid subsets (P < 0.05; fig. S3, A to C and E).

Given the changes in expression, we then asked whether the pro-
portional abundance of cDC2s out of cDCs also differed by severity.
We found lower abundance in SDp than in DWS (g = 0.026), D
(q = 0.008), and C (g = 0.002) (Fig. 3D), with resolution at conva-
lescence (fig. S3D). The strongest pairwise correlation of cDC2 fea-
tures appeared between CD64 expression and detected IgG
(r=0.83, P = 3.73 x 10~°%; Fig. 3E). Subsampling cDC2s from dis-
tinct disease categories revealed that at the single-cell level, CD64
and IgG were more strongly correlated in DENV-infected patients
than control cells during acute infection (Fig. 3G), whereas no such
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correlation was detected in convalescent samples (fig. S3F). Since
DCs do not produce antibodies, this finding may reflect serum an-
tibodies bound by cell surface receptors (38), suggesting that CD64
expression may in part mediate the observed binding of I1gG by
myeloid cells. The detected level of other antibody isotypes was
not correlated with CD64 expression (fig. S3G), in agreement
with the known function of CD64 as an IgG-specific FcyR (39).
Similar correlations between CD64 expression and IgG detection
were observed on monocytes in acute samples (Fig. 3, F and H)
and resolved at convalescence (fig. S3H).

Together, these findings reveal that SD progression is associated
with alterations in the proportional abundance of myeloid cell pop-
ulations and diminished expression of HLA-DR concurrent with in-
creased expression of the FcyR CD64 in correlation with increased
IgG antibody levels on myeloid cells, possibly mediating ADE of in-
fection (40). Our attempts to test the latter hypothesis by measuring
viral abundance in myeloid and other candidate DENV target cells
(10, 41) were, however, unsuccessful (see Supplementary Text).
Moreover, while DENV viral load measured in patient serum via
reverse transcription quantitative polymerase chain reaction (RT-
qPCR) was comparable between distinct disease categories in our
cohort (fig. S4A and table S1.1), this finding has to be interpreted
cautiously since we did not monitor viremia over time and the
number of samples was relatively small.

Differences in the innate immune response to DENV
infection between D and SD are exaggerated in children
While some studies have shown higher fatality rates in SDp children
than adults (42), others have reported a greater mortality in adult
patients in association with various comorbidities (23). To
explore differences in immune responses between D and SDp
adults and children (under 17 years), we compared cell population
abundances and functional marker expression by distribution tests
(table S4). The abundance of cytotoxic CD56%™CD16" NK cells was
significantly lower in SDp relative to D children (P = 0.002) but not
adults (P = 0.42; Fig. 4, A and B). Moreover, the expression of the
FcyR, CD16, was lower on CD56"™CD16* NK cells in SDp children
(P =0.002), but not adults (P = 0.16), consistent with receptor shed-
ding indicative of cell activation (Fig. 4C) (43, 44). The drop in
CD56"™CD16" NK cells in SDp children was accompanied by a
proportional expansion of CD56" NK cells out of total NK cells
(P = 0.014; Fig. 4D and table S4), suggesting that NK cells may be
skewed toward a less cytotoxic, more inflammatory phenotype (36).
The fraction of CD56“™CD16" NK cells out of total NK cells was
almost sufficient to stratify the cohort by disease severity in chil-
dren, but not adults (Fig. 4D and fig. S5A). HLA-DR was more
highly expressed on CD56"™CD16" NK cells in SDp children but
not adults, further supporting increased functional activity of these
cells (Fig. 4E) (36, 37).

The abundance of CD16" monocytes was lower in SDp than in D
patients in both adults and children (Fig. 4A and fig. S5B). Never-
theless, HLA-DR was lower on CD16" and DN monocytes in chil-
dren only (Fig. 4E), despite the smaller sample size, suggesting a
greater impairment in antigen presentation in SDp children than
in SDp adults.

Plasma cell abundance appeared higher in SDp than in D in both
adults and children, but the difference was statistically significant in
adults only (Fig. 4, A and F). While this difference could, in theory,
be explained by the smaller number of pediatric samples analyzed,
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the effect size was greater in adults (1.38) than in children (0.93).
Moreover, the expression levels of Ki-67 and PD-L1 in plasma
cells were higher in SDp adults relative to D adults, but comparable
in SDp and D children (Fig. 4, A, G, and H), suggesting that the
observed differences in plasma cell responses between adults and

children may be biologically relevant.

Robinson et al., Sci. Adv. 9, eade7702 (2023) 24 March 2023

While CD8" TEMRA abundance was reduced in SDp in the
combined cohort (Fig. 1F), this difference did not reach statistical
significance in the distinct age groups (Fig. 4A and fig. S5C). Nev-
ertheless, HLA-DR and CD38 were more highly expressed in CD8"
TEMRASs in SDp children (P < 0.05), but not adults (fig. S5, D and
E), signifying greater cell activation. In contrast, neither abundance
of (Fig. 4A and fig. S5, B and F) nor expression markers (table S4) on
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CD16" monocytes and T.g, Were significantly altered between SDp
adults and children.

These findings reveal both overlapping and distinct immune re-
sponses between SDp adults and children and point to increased
plasma cell abundance and proliferation in SDp adults, yet more in-
adequate expansion of activated cytotoxic NK cells, and more
prominent CD8" TEMRA activation and reduced antigen presenta-
tion on myeloid cells in SDp children.

Immune cell composition stratifies patients by SD
categories

The 2009 WHO definition of SD includes the presence of severe
bleeding or plasma leakage, somewhat similar to the prior defini-
tions of DHF and DSS, respectively, but also OI involving the
liver, brain, and heart (WHO, 2012). To compare the host response
to DENV between these SD categories, we measured cell type abun-
dance and protein expression in patients who once progressed to SD
manifested with hemorrhages and/or vascular leak (DHE/DSS,
n = 15) and those with organ (liver) impairment (OI, n = 4) (fig.
S6 and table S5). Children and adults were similarly represented
in these two groups (fig. S6). Two patients who presented with
both DHF and OI were not included in this analysis. The abundance
of immune cell populations was markedly altered between DHF/
DSS and OI patients, with higher abundances of ¢cDCls, cDC2s,
and T, in OI yet higher abundance of plasma cells in DHF/DSS
(P < 0.05; Fig. 5A).

The abundances of cDCl1s and cDC2s in OI resembled and were
not statistically different from C (P = 0.36 and P = 0.18). cDC1 and
cDC2 abundances were, however, lower in DHF/DSS relative to C
(P=0.0001 and P = 0.000001) and comparable to the levels of D and
DWS patients (Fig. 5B). Ordering patients by total cDC abundance
nearly perfectly stratified the two SD categories (Fig. 5C). In addi-
tion, cDCls from OI samples expressed a higher Ki-67 level
(P =0.01) but lower CD64 level (P = 0.02; Fig. 5D), suggesting
that while expanded and more proliferative relative to DHF/DSS,
they may have decreased antibody binding capacity.

Beyond myeloid cells, plasma cell abundance was greater in
DHF/DSS than in OI (and C, D, and DWS) patients (P < 0.05;
Fig. 5E). The Ig isotype usage in plasma cells was also different,
with predominately IgG enrichment in DHF/DSS patients versus
an increase in IgM enrichment in OI (P = 0.04), revealing a less
class-switched, more naive humoral response in OI (Fig. 5F). In
contrast, Ty, were more abundant in OI than in DHF/DSS,
DWS, D, and C samples (P < 0.05; Fig. 5G), yet there was no signifi-
cant difference in CTLA-4 and PD-1 expression between the two SD
categories (table S5). Ol is thus skewed toward Tieg,, whereas DHF/
DSS is skewed toward plasma cells. Plotting these two features on a
biaxial plot nearly perfectly stratified the two SD categories
(Fig. 5H). Although the numbers are small, these differences in
immune cell composition and activation support that DHF/DSS
and OI may represent distinct syndromes associated with differen-
tial immunopathogenesis.

The temporal switch of innate and adaptive immune
activation and concurrent immune regulation are
dysregulated in acute SDp

To capture the temporal dynamics in the host response during acute
infection, we monitored the kinetics of immune activation and reg-
ulation in SDp and D on days 3 to 8 after fever onset (fig. S7, A and

Robinson et al., Sci. Adv. 9, eade7702 (2023) 24 March 2023

B). For each individual day, we used samples from a 3-day rolling
window (tables S1.4 and S6) to account for error in the timing of
patients’ self-reported symptom onset. We performed Wilcoxon
rank sum tests and calculated effect size between SDp and D for
each rolling day window for all features (table S6).

Given the substantial increase in immune activation seen in SDp
over D (Fig. 2E and fig. S2D), we asked whether this difference
varied throughout the course of infection. We assessed the differ-
ence in mean expression of the activation marker, CD38, by time
and cell population and found significant differences in T and
myeloid cell populations (P < 0.05; Fig. 6A). Three clusters
emerged when the data were hierarchically clustered by cell popu-
lation: populations with higher CD38 expression in SDp early in
acute infection, populations with higher CD38 in SDp late in
acute infection, and populations with similar levels of CD38 at all
time points. The first cluster consisted primarily of memory T cell
populations, whereas the second cluster was composed primarily of
myeloid populations.

To better understand these dynamics, we plotted the mean ex-
pression of CD38 in D and SDp over time in a representative cell
population from each of the first two clusters: CD8" T EM
(higher early in SDp) and CD14" monocytes (higher late in SDp)
(Fig. 6B). In CD8" T EM cells, while CD38 was continuously
more highly expressed starting on day 3 in SDp, its expression in
D patients was low early on but gradually increased to a similar
level as SDp by day 8, with the difference peaking on day 4 after
fever onset. This early CD8" T EM cell activation could be explained
in part by the higher percentage of secondary infections among SDp
(fig. S1A). In contrast, in CD14" monocytes, CD38 mean expression
was initially high in both D and SDp, yet while it steadily declined
over the course of acute infection in D, in SDp, it remained high
throughout the acute infection, with the difference peaking on
day 7. CD64 expression on myeloid cells followed similar trends
to CD38, with significantly higher expression in SDp in cDC2s
and DN monocytes at late acute time points (P < 0.05; fig. S7C).
These shifts in the kinetics of the adaptive and innate immune re-
sponses were not limited to T and myeloid cells, but also appeared
in plasma cell abundance and isotype usage, as well as the expres-
sion of the stimulatory receptor, CD69 (45), on NK cells (Fig. 6C).

Next, we monitored the kinetics of immune regulation during
the course of acute DENV infection. PD-L1 expression on NK
cells was comparable in D and SDp patients on day 3, yet in D pa-
tients, it steadily declined through day 8, whereas in SDp, its expres-
sion peaked on day 5, an intermediate time point between the first
and second clusters, before diminishing (Fig. 6C). This pattern was
conserved in nearly every immune cell population (Fig. 6D), al-
though the magnitude of PD-L1 expression varied (fig. S7D).
This temporal pattern of PD-L1 expression was perturbed only in
transitional B cells, which peaked at day 7 in D, rather than early
in infection. This antigen-inexperienced population has been
shown to be enriched for immunoregulatory cytokine production
(46), which may coincide with their unique checkpoint expression
profile. The CTLA-4 expression pattern was more similar to that of
CD38 (Fig. 6, A and E), with higher expression in Ty, CD4" T EM,
CD8" T EM, and CD8" T CM in SDp primarily at earlier time
points (P < 0.05) (Fig. 6E). This temporal coordination between
CTLA-4 and CD38 in T cells was consistent with a high degree of
correlation measured between these two markers (Fig. 2, H and J).
CTLA-4 and PD-1 expression levels in T.q were higher in SDp at
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Fig. 5. Immune cell composition stratifies patients by SD categories. (A) Log, ratio of median abundances of cell populations (columns) between patients with
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impairment; DHF/DSS, dengue hemorrhagic fever/dengue shock syndrome.

early time points (P < 0.05) before gradually decreasing, whereas in
D patients, both proteins were expressed at relatively lower levels
throughout infection (Fig. 6F). Likewise, the overall T,.; abundance
peaked early in SDp (P < 0.05), while it remained stably lower in D.

HLA-DR showed no obvious temporal patterns, yet it was signif-
icantly lower in multiple myeloid cell populations in SDp relative to
D patients throughout the disease course (P < 0.05; fig. S7E).
Moreover, the proportional abundance of CD16" and DN
monocytes, on which HLA-DR expression was lower in SDp, was
low in SDp throughout the infection, whereas in D patients, it
started high and gradually decreased (fig. S7F). The abundance of
CD56"™CD16" NK cells was also lower in SDp than in D during
acute infection (fig. S7G).

Robinson et al., Sci. Adv. 9, eade7702 (2023) 24 March 2023

On the basis of these findings, we propose a hypothetical model
in which D is characterized by early activation of the innate immune
response predominated by expansion of CD16" monocytes, which,
along with other myeloid cells, present antigen adequately via HLA-
DR expression, as well as increased DENV target cell killing via cy-
totoxic NK cells. This response then wanes as the adaptive immune
system becomes increasingly stimulated, with minimal activation of
regulatory signals. In contrast, in SDp, there is rapid expansion of
IgG-producing plasma cells (more pronounced in adults) and
memory T cell activation (more pronounced in children). More-
over, a more activated T,.; population emerges concurrently with
inadequate expansion of CD16" monocytes and reduced antigen
presentation capacity in myeloid cells (particularly in children) as
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well as skewing of NK cell responses from cytotoxic to proinflam-
matory (particularly in children). Together, this uncoordinated
immune response is ineffective in controlling viral spread and at
the same time increases proinflammatory signals causing tissue
injury and leading to worse prognosis (Fig. 7). Since based solely
on expression patterns, this model requires further functional

validation.

DISCUSSION

The pathogenesis of SD remains poorly understood. Here, we com-
prehensively characterized the human immune response to DENV
infection at single-cell resolution. Leveraging the clinical diversity of
the Colombia dengue cohort to capture real-world heterogeneity re-
vealed unique and overlapping responses between various disease

categories and age groups during the course of natural infection.

Previous studies using similar approaches to monitor natural
DENYV infection have uncovered increased type I IFN responses
(47), up-regulation of activation markers including CD38 and
CD169 on myeloid cells (48), and temporal shifts in B and T cell
phenotypes (49). However, these studies either did not include
SD patients, combined SD with D patients in comparison with con-
trols, or studied focused elements of the immune response. Several
features of our cohort and workflow have provided a unique
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opportunity to probe SD pathogenesis. First, our study included
22 SD patients, 19 of whom were enrolled before progression to
SD and 3 after progression to SD yet within 5 days of symptom
onset, enabling monitoring of the host response early in the
course of SD. Second, enrolling adults and children enabled identi-
fication of age-dependent and independent determinants in the

host response to DENV. Third, comparing SDp manifesting with
OI to those with DHF/DSS has shone light on this previously un-
studied aspect, defining these conditions as likely immunologically
distinct syndromes. Moreover, comparing D and SDp to DWS pa-

tients, a population that has been understudied to date, revealed that
the phenotypes of DWS patients largely overlap with those of D
rather than SDp. Beyond clinical heterogeneity, we captured
immune heterogeneity using an antibody panel that enabled clus-
tering of a diverse array of cell subtypes. Last, applying this analysis

to longitudinal patient samples collected during the disease course

infection.
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and at convalescence facilitated a comprehensive profiling of both
the magnitude and kinetics of the immune responses to DENV

Our findings revealed greater and more rapid activation of a
memory response in SDp than D patients. A prominent expansion
of proliferating IgG-secreting plasma cells, as previously described
(14, 50), was measured early in the course of SDp, whereas the mag-
nitude of this response was lower and its kinetics was slower in D

Fig. 7. Proposed hypothetical model for differential immune responses between uncomplicated and SD patients. Schematic of the kinetics and magnitude of cell
subtype abundance and protein marker expression during acute D and SD infections. Most prominent differences in innate and adaptive immune responses are shown.
Prominent differences in immune responses between adults and children and SDp with DHF/DSS and Ol are also depicted. Black titles depict findings detected in the

current study; gray titles depict predicted phenotypes that require further functi
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patients. Similarly, SDp, particularly children, demonstrated in-
creased CD38 and HLA-DR expression on CD8" T EM and/or
TEMRA cells, suggesting more robust activation of mature T cell
responses. These findings support the original antigenic sin
theory in which preexisting memory B and T cells generated from
a prior heterotypic DENV infection skew the early immune re-
sponse upon secondary infection toward a less specific yet more
proinflammatory phenotype leading to disease progression (51).

Monocyte subsets from SDp expressed higher levels of CD38,
whose binding to CD31 on platelets and endothelial cells has
been shown to facilitate adhesion and migration across the endothe-
lial barrier (33), suggesting a possible role in promoting inflamma-
tion and/or vascular leakage. Concurrent with increased
inflammatory signals, our findings provide evidence for impaired
antigen presentation by myeloid cells in SDp. While CD16" mono-
cyte abundance in D was maintained at similar levels to controls, in
SDp, despite increased Ki-67 expression, their abundance was lower
than in D. This inadequate expansion of cells with antiviral func-
tions suggests potential impairments in scavenging infected cells,
neutrophil recruitment, and patrolling, leading to reduced viral
clearance and antigen presentation in SDp (52, 53). Notably, non-
classical monocytes demonstrated reduced abundance in SDp and
distinct transcriptomic signatures in DENV-infected individuals in
an Indian dengue cohort, highlighting the generalizability of these
findings across diverse genetic backgrounds (54). The lower expres-
sion of HLA-DR on CD16" (and DN monocytes and cDC2s) in SDp
provides additional evidence for impaired antigen presentation by
these myeloid cell subtypes.

Since CD16 (type III FcyR) facilitates phagocytosis and is impli-
cated in ADE of DENV infection (40), the drop in CD16" monocyte
abundance may also reflect infection-induced cell death. The
reduced proportional abundance of cDC2s (out of cDCs) in SDp
suggests possible target cell killing or apoptosis and DENV en-
hancement in ¢cDC2s. CD64 (high-affinity type I FcyR) was more
highly expressed in SDp, particularly on cDC2s, and its expression
level was highly correlated with detected IgG on these cells, suggest-
ing a role in ADE. This finding appeared specific to CD64, as the
expression of CD32, another activating FcyR implicated in ADE
(30, 55, 56), was comparable across severity categories. It is also
tempting to speculate that the lower expression of the DENV co-re-
ceptor CD209 on c¢DC2s resulted from virus-receptor complex in-
ternalization. These findings agree with prior knowledge that
c¢DC2s, but not ¢cDCls, are permissive to infection with other envel-
oped, endocytic viruses (57). Our findings propose candidate spe-
cific cell types and receptors that drive ADE of infection.
Nevertheless, since our attempts to detect viral proteins via mass
cytometry were unsuccessful, we were unable to identify DENV
target cells and explore functional differences between infected
and bystander cells. It is likely that high viral titers combined
with viral components shed into plasma made the detection of gen-
uinely infected dengue cells indistinguishable from the background
milieu (fig. $4D).

Our findings reveal a marked expansion of T, displaying sig-
nificantly higher levels of the effector molecules CTLA-4, PD-1, and
CD38 in SDp versus D. Somewhat surprising at an early disease
stage, this T, expansion may be driven in part by the rapid activa-
tion of myeloid and plasma cells. The higher expression of CD141,
an anti-inflammatory factor typically expressed on cDCls, on
CD14" monocytes in SDp may enhance this Ty response. CD141
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expression on circulating monocytes was shown to induce T, re-
sponses in other disease models (58, 59). HLA-DR"" CD14* mono-
cytes, a regulatory myeloid cell subtype that trended toward
expansion in SDp, may also promote T,., expansion, as shown in
other viral infections (60, 61).

Tieqs were previously reported to expand in D patients relative to
healthy controls (62, 63), yet their role in disease progression re-
mained unclear. Whereas a previous study demonstrated a protec-
tive effect via inhibition of vasoactive cytokines (62), another
showed no correlation between disease severity and a less suppres-
sive Tyeg phenotype (63). Our findings suggest a more suppressive
phenotype associated with SD (33). We observed similar findings in
other T cell populations, indicating a globally inhibited T cell re-
sponse, which may be associated with SD progression. The lower
expression of HLA-DR on myeloid subtypes in SDp provides addi-
tional evidence for the association of SD with suppressed T cell
stimulation via impaired antigen presentation.

On one hand, a suppressive T, response could be detrimental
early in the disease course by inhibiting protective antiviral respons-
es via apoptosis of antigen-specific T cells concurrent with inhibi-
tion of T, cell death (64, 65), thereby extending uncontrolled viral
replication and enhancing pathology. Increased expression of
CTLA-4 and PD-L1 on T cells has been associated with Ebola
virus disease fatality (66), and polymorphisms in the CTLA-4
gene are associated with SD progression (67). On the other hand,
suppression of proinflammatory signals may protect from cytokine
storm and/or tissue injury. T,.g activation peaked early in SDp and
started to gradually decline before the onset of SD, suggesting that it
may provide some protection. Moreover, the greater abundance of
Tregs in SDp presenting with OI than DHF/DSS also suggests that
Tregs may protect from cytokine storm.

While most immune alterations in SDp largely resolved at con-
valescence, among the few that persisted were higher expression of
PD-1 on Ty and EM CD4" T cells and PD-L1 on NK cells. Sus-
tained checkpoint protein expression may enhance immune regula-
tion upon subsequent infection (68) and/or represent a preexisting
immune set point altering dengue severity.

SD diagnosis based on the more recent 2009 WHO criteria in-
cludes evidence for OI, in addition to plasma leakage and bleeding
(DHE/DSS) (2). Nevertheless, in part because of the limited number
of SD cases, no prior studies have compared these conditions, and it
remained unknown whether they represented a continuous disease
spectrum or distinct syndromes with differing pathogenic mecha-
nisms. We provide evidence that while largely overlapping, some
differential responses between SDp presenting with DHF/DSS or
OI exist. First, the abundance of cDC2s, which expressed higher
CD64 in correlation with detected IgG and expressed lower
CD209, was greater in OI than in DHF/DSS. It is tempting to spec-
ulate that cDC2s serve as Trojan horses for DENV, facilitating dis-
semination to organs and tissue injury. The expansion of Tieg, in
SDp was also driven by OI SDp, further supporting the hypothesis
that reduced DENV clearance facilitating dissemination plays a role
in this SD phenotype. Beyond viral dissemination, it was shown that
CD8 T cell responses are implicated in liver injury in the setting of
DENV infection (69). Intriguingly, cDCls, which stimulate such
CD8" T cell responses, were expanded in OI but not in DHF/DSS
SDp. In contrast, plasma cell abundance and IgG usage were more
prominent in DHF/DSS than in OI, suggesting that ADE and/or
another mechanism, such as complement activation in response
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to immune complex formation, may promote secretion of vasoac-
tive products, leading to bleeding and/or shock (70, 71). Production
of vasoactive cytokines may be further augmented by the reduced
Treg expansion in DHF/DSS patients, in contrast to OI SDp (62).
It will be important to monitor these responses in a larger
number of SDp and in infections involving other organs
beyond liver.

Evidence for NK cell activation in SDp was detected in the com-
bined cohort, with SDp showing higher expression of Ki-67 and
CD38, and in agreement with a former study, CD69, an activating
receptor that contributes to sustained NK cell cytotoxicity, prolifer-
ation, and tumor necrosis factor—a (TNF-a) and adhesion molecule
production (45, 72). Nevertheless, comparing children and adult
NK cell responses highlighted additional findings. On one hand,
CD56"™CD16" NK cells, which have known cytotoxic functions,
showed evidence of increased activation in SDp children relative
to SDp adults. First, the expression level of CD16 in SDp children
was lower than in SDp adults. Since CD16 has been shown to be
shed by metalloproteinases upon NK cell activation, thereby in-
creasing NK cell survival and cytotoxicity via serial engagement
of target cells (73), this finding suggests that these cells are activated.
Thus, the predicted impact of this finding on clearance of DENV-
infected cells is unclear. Second, CD56™CD16" NK cells in SDp
children but not in adults expressed higher HLA-DR. HLA-DR ex-
pression on NK cells has been implicated in other disease models
not only in proliferation, degranulation, and IFN-y production
but also in antigen presentation and activation of T cell responses
(36, 37). It is tempting to speculate that NK cells are activated, at
least in part, to compensate for the lack of adequate T cell responses,
thereby promoting viral clearance and protection.

On the other hand, it appears that in SDp, and particularly SDp
children, such compensation may not be sufficient/effective, since
the abundance of the CD56%™CD16" NK cell population was
reduced relative to D patients. This finding uncovers a potential re-
duction not only in NK cell-mediated killing of virally infected cells
but also in NK cell homing to tissues (74-76). The concurrent ex-
pansion of cytokine-producing CD56" NK cells suggests that en-
hanced proinflammatory responses in SDp children relative to
adults may further increase vascular permeability, more commonly
reported in children (20).

Beyond altered NK cell responses, SDp children demonstrated
greater reduction in HLA-DR expression on myeloid cell popula-
tions than SDp adults and a trend toward reduction of CD16"*
monocytes, suggesting a greater impairment in antigen presentation
and possibly other monocyte functions. Moreover, CD8" TEMRA
in SDp children, but not in SDp adults, expressed higher levels of
HLA-DR. While there was no difference in checkpoint molecule ex-
pression on this cell type between disease severity categories, the in-
crease in CD38 expression detected in children may suggest a more
activated CD8" T cell response. In contrast, SDp adults showed a
more prominent expansion of proliferating plasma cells expressing
high levels of PD-L1 than SDp children. Together, these findings
provide evidence that suppressed innate immune responses in-
volved in cell killing and antigen presentation impairing viral clear-
ance and increased activation of CD8" TEMRAs may predominate
in SDp children, whereas plasma cell expansion predominates in
SDp adults. While prior exposure to DENV was similar between
SDp adults and children (73 versus 57%, respectively), it is possible
that differences in the number of prior infections and/or time from
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last infection contribute to the differences in immune responses we
detect between the two age groups.

A limitation of our study is that our cohort included more SDp
females than males (16 versus 6). Since female gender and pregnan-
cy are reported risk factors for SD progression (22, 77), monitoring
these responses in a gender-balanced cohort is important. We were
also motivated to compare the immune response in SDp who had
no prior exposure to DENV (primary infection), where ADE is un-
likely to play a role, with secondarily infected SDp. Nevertheless, the
number of definitive primary SDp was low (n = 2). Moreover,
genetic background plays a role in SD pathogenesis, as evidenced
by the lower incidence of SD progression in Africa (78). Therefore,
probing the generalizability of our findings in other cohorts and
identifying cell-specific generalizable signatures, as those we have
recently identified in bulk samples (7, 8), is also important. The
lack of monitoring DENV-specific effector cell responses is
another limitation of this study. Last, future studies are needed to
monitor the host response following the mosquito bite and
during the first 2 to 3 days of symptoms. Since difficult to capture
in natural DENV infection, inoculation studies as those previously
conducted (79, 80) would be ideal for addressing this knowl-
edge gap.

There is an urgent need for a prognostic assay to predict SD early
in the disease course to improve patient triage and help select pa-
tients for therapeutic studies. We and others have recently identified
candidate clinically usable biomarkers (7-10, 81). However, addi-
tional biomarkers are needed until a prognostic assay is available
and validated. Further studies in cohorts that include only
samples obtained before the onset of SD are required to validate
the changes in cell subtype abundance and/or marker expression
that we identified as candidate predictive biomarkers. Such determi-
nants may also serve as potential drug targets to prevent SD or treat
it. While speculative, CD38 inhibitors (33, 82) and CTLA-4 and PD-
1 inhibitors (83) are a few examples for existing strategies that, based
on our data, may modulate immune responses to favor viral clear-
ance. Blockade of PD-1/PD-L1 interaction with a monoclonal anti-
body in PBMCs isolated from patients acutely infected with another
Flaviviridae, hepatitis C virus, restored exhausted CD8 T cell re-
sponses, leading to increased T cell proliferation and cytokine pro-
duction (84). Similar protection was observed in mice infected with
influenza virus, where blockade of PD-L1 improved CD8 T cell
function and enhanced recovery (85). Beyond further validation,
functional characterization of these candidate biomarkers and ther-
apeutic targets is required. In summary, this study provides insight
into the pathogenesis of SD in natural infection in humans at a high
resolution and proposes cellular and molecular determinants as
candidate biomarkers associated with SD and/or targets for coun-
termeasures to treat SD for further validation.

MATERIALS AND METHODS

Study population

PBMC samples were collected from individuals presenting to the
Fundacién Valle del Lili in Cali, Colombia or Centro de Atencién
y Diagnostico de Enfermedades Infecciosas (CDI) in Bucamaranga
between 2016 and 2019 with symptoms compatible with dengue, as
previously described (7). All work with human subjects was ap-
proved by the Stanford University Administrative Panel on
Human Subjects in Medical Research (protocol nos. 35460 and
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50513) and the ethics committees in biomedical research of the
Fundacién Valle del Lili (Cali/Colombia) and the CDI (Bucaraman-
ga/Colombia). All subjects, their parents, or legal guardians provid-
ed written informed consent, and subjects between 6 and 17 years of
age and older provided assent.

PBMC isolation

PBMCs were isolated using SepMate tubes (STEMCELL Technolo-
gies) according to the manufacturer’s instructions. Whole blood
was diluted 1:1 with phosphate-buffered saline (PBS) and added
to a SepMate tube, which contained 15 ml of Ficoll. Tubes were
then centrifuged for 10 min at 1200g, after which the PBMC layer
was poured off into a fresh tube and washed with PBS. Tubes were
then centrifuged at 250¢ for 10 min and resuspended in freezing
medium. Cryovials containing PBMCs were then placed in CoolCell
at —80°C for 24 hours before being transferred to liquid nitrogen for
storage. Samples were also shipped in liquid nitrogen.

Confirmation of dengue diagnosis
The confirmation of dengue diagnosis and screening for other ar-
boviruses including Zika virus and chikungunya virus was per-
formed as previously described (8). Briefly, serum samples were
screened with a qualitative, single-reaction, multiplex real-time
RT-PCR (rRT-PCR), which detects Zika, chikungunya, and
DENYV RNA (86). The DENV serotype and viral load were detected
and quantitated using a separate DENV multiplex rRT-PCR (87).
Serologic and avidity testing was performed via a multiplexed
antigen microarray containing DENV-2 whole virus particles
spotted on pGOLD slides (Nirmidas Biotech, California), as de-
scribed (8, 88). Previously defined cutoffs based on mean levels
+3 SDs were used.

Antibody conjugation and lyophilization

Antibody conjugation was performed as previously described (89).
Briefly, metal isotope-labeled antibodies used in this study were
conjugated using the MaxPar X8 antibody labeling kit per the man-
ufacturer’s instructions (Fluidigm) or purchased from Fluidigm
preconjugated. Each conjugated antibody was quality checked and
titrated to optimal staining concentration on healthy human
PBMCs. Aliquots of the optimized surface and intracellular anti-
body cocktails and live cell barcoding (LCB) cocktails (90) were ly-
ophilized to minimize batch effect, as previously described (91).
Briefly, 20 pl of 500 mM trehalose in deionized, distilled water
(DDW) was added to each aliquot, and the final volume of each
aliquot was brought to 100 pl with DDW. Aliquots were transferred
uncapped into a prechilled tube rack in a lidded cryobox (Biocision)
and placed at —80°C for 1 hour. Aliquots were transferred to a
vacuum chamber cabinet for 24 hours. Desiccated aliquots were
kept at —20°C until reconstituted for cell staining.

Mass cytometry workflow

Samples were processed in eight batches of 20 samples. For each
batch, an aliquot of a common cryopreserved PBMC sample from
a healthy donor was added for batch correction. Cryopreserved
PBMC samples where thawed at 37°C and transferred to 13 ml of
cold cell culture medium [RPMI 1640 (Gibco), 10% fetal bovine
serum, sodium heparin (20 U/ml), and benzonase (0.025 U/ml)
(Sigma-Aldrich)] and washed once (250g, 4°C). After cell counting,
up to 1.5 million cells per sample were transferred into new tubes
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and washed in cell-staining medium [CSM; PBS, 0.5% bovine serum
albumin, and 0.02% sodium azide (Sigma-Aldrich); 250g, 4°C].
Cells were stained with LCB cocktails (reconstituted in CSM) for
30 min at 25°C. Cells were washed in CSM (250g, 4°C), Fc-
blocked for 10 min (FcX, BioLegend), and stained with the
surface antibody cocktail (reconstituted in CSM) for 60 min at
25°C. Viability staining was performed by resuspending cells in
1 ml of 500 nM PdCl in PBS for 5 min. Cells were washed in
CSM (250g, 4°C) and fixed using the FoxP3/transcription factor fix-
ation buffer (eBioscience) for 1 hour at 25°C. Cells were washed in
FoxP3/transcription factor permeabilization buffer (eBioscience)
(500, 4°C) and stained with the intracellular antibody cocktail (re-
constituted in permeabilization buffer) for 1 hour at 25°C. Cells
were washed in permeabilization buffer (500¢, 4°C) and resuspend-
ed in intercalator solution [PBS, 1.6% paraformaldehyde, and 0.5
mM rhodium (Fluidigm)] overnight at 4°C. The next day, cells
were washed once in CSM and twice in DDW (500g, 4°C), filtered
through a 35-mm nylon mesh cell strainer, and resuspended in
DDW with 1x EQ four-element calibration beads (Fluidigm). Bar-
coded samples were acquired in several fcs files over the course of a
day on a CyTOF2 mass cytometer (Fluidigm) using a Super Sampler
injection system (Victorian Airship).

Data preprocessing

Fcs files from the mass cytometer were bead-normalized within
each batch (92) using the R package, premessa, except for batch 6,
which lacked sufficient bead events. Files were uploaded to
cellengine.com, and leukocytes were gated as barium® DNA"
bead™ viability” and CD45" (fig. S1B) (93). Fcs files were download-
ed and compensated with the R package, CATALYST (94). Files
from batch 6 were 99th percentile normalized to account for sensi-
tivity drift over time without bead normalization. Within each
batch, CD3 was quantile normalized across files to account for an-
tibody degradation over the course of acquisition (fig. S1C). Files
within each batch were then concatenated and debarcoded using
premessa. Fcs files with <1000 events were removed from down-
stream analysis. Fcs files were transformed with hyperbolic arcsin
function using a cofactor of 5.

Batch correction was performed using the control sample in-
cluded with each batch. For each protein channel, the median ex-
pression value was determined for all controls. The difference in
medians was subtracted from all events to shift the distributions
downward to have identical medians. Negative values that were in-
troduced by this process were reset to the absolute value of a
random normal distribution centered at zero to align with the
noise floor for each channel. The resulting distributions were then
99th percentile normalized downward. The transforms applied to
each batch control sample were then applied to all samples from
that batch. This approach retained biological heterogeneity while
accommodating batch correction for a range of distributions and
batch effect manifestations (fig. S1D).

Clustering

Clustering was used to organize cells into known immune cell
subsets rather than to find novel phenotypes. In this way, expression
of activation molecules, checkpoint molecules, etc. that were not
used for clustering could be compared between clinical groups
without introducing bias. We used a supervised hierarchical cluster-
ing method that parallels manual gating, as previously described
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(95). Briefly, cells were overclustered using the FlowSOM package
(96), and clusters were manually assigned to cell type (T, B, NK,
and myeloid) (Fig. 1B, panels). For each cell type, cells were reclus-
tered with FlowSOM using only markers specific to that cell type
(e.g., CD4 was used to cluster T cells, but not B cells). Clusters
were then manually assigned to cell subtype (Fig. 1C, colors) and
cell population (Fig. 1B, rows) based on known expression patterns
(89, 93, 95, 97).

Feature set generation

For each sample, summary statistics were derived, which were used
for various comparisons. Samples with <3000 cells were removed
from downstream analyses due to sampling bias. The proportions
of cell populations out of total leukocytes and the proportion of
cell populations out of cell subtypes were calculated. For B cells,
the proportion of isotype usage and ratios of isotype usage were
also calculated for each cell population. For each cell population,
the mean expression of markers relevant to that cell type was quan-
tified (e.g., CTLA-4 was quantified on T cells but not myeloid cells).
Mean expression was chosen as changes in the mean are sensitive to
both a shift in protein copy number and a shift in the percent of
positive cells. Percent positive was not used as a feature due to
high correlation with the mean.

Dimensionality reduction

The LDA (Fig. 1E) was generated with the MASS package using all
features significantly different between any pairwise comparison of
acute clinical status samples. The manifold was trained to separate
samples by clinical status. The UMAP (Fig. 1C) was generated using
the uwot package with min_dist = 0.7 and n_neighbors = 15, with all
proteins as input and an equal subsampling of patients and clinical
statuses. UMAP coordinates were initialized with LDA coordinates,
trained to separate cell subtype (25).

Statistical analyses

All pairwise comparisons between samples used the Wilcoxon rank
sum test for all features. For comparisons between acute samples,
multiple hypothesis correction was performed using FDR. Features
were only considered significantly different if g < 0.05 and
|leffect| > 0.5. For comparisons between convalescent samples, time
points, children, adults, and SD subtypes, multiple hypothesis cor-
rection was not used because of small sample sizes. To maintain
statistical rigor, the effect size requirement was increased, so fea-
tures were only considered significant if P < 0.05 and |effect| > 1.0.
For correlation analysis, the Pearson method was used and with
multiple hypothesis correction using FDR when multiple correla-
tions were calculated.
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