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INFECTIOUS DISEASES

Evolution of inflammation and immunity in a dengue
virus 1 human infection model

Adam T. Waickman'-2%, Joseph Q. Lu'-2, HengSheng Fang', Mitchell J. Waldran', Chad Gebo’,
Jeffrey R. Currier3, Lisa Ware?, Liesbeth Van Wesenbeeck?, Nathalie Verpoorten?, Oliver Lenz?,
Lotke Tambuyzer?, Guillermo Herrera-Taracena®, Marnix Van Loock? Timothy P. Endy’,
Stephen J. Thomas'-2

Dengue virus (DENV) infections are major causes of morbidity and mortality throughout the tropics and sub-
tropics. More than 400 million infections are estimated to occur every year, resulting in nearly 100 million symp-
tomatic infections and more than 20,000 deaths. Early immune response kinetics to infection remain unclear, in
large part due to the variable incubation period exhibited by the DENVs after introduction into a susceptible
host. To fill this knowledge gap, we performed a comprehensive virologic and immunologic analysis of individ-
uals experimentally infected with the underattenuated DENV-1 strain 45AZ5. This analysis captured both the
kinetics and composition of the innate, humoral, and cellularimmune responses elicited by experimental DENV-
1 infection, as well as virologic and clinical features. We observed a robust DENV-specific immunoglobulin A
(IgA) antibody response that manifested between the appearance of DENV-specific IgM and IgG in all chal-
lenged individuals, as well as the presence of a non-neutralizing/NS1-specific antibody response that was
delayed relative to the appearance of DENV virion-specific humoral immunity. RNA sequencing analysis re-
vealed discrete and temporally restricted gene modules that correlated with acute viremia and the induction
of adaptive immunity. Our analysis provides a detailed description, in time and space, of the evolving matrix of
DENV-elicited human inflammation and immunity and reveals several previously unappreciated immunological
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aspects of primary DENV-1 infection that can inform countermeasure development and evaluation.

INTRODUCTION

Dengue is caused by infection with any of the four dengue virus
(DENV) serotypes (DENV-1 to DENV-4). The viruses are trans-
mitted when an infected female Aedes mosquito takes a blood
meal from a susceptible, nonimmune host (1). Each year, an esti-
mated 400 million people, most living in tropical and subtropical
regions, are thought to be infected, and about 100 million infections
manifest with a range of clinical phenotypes (2, 3). About 500,000
dengue cases require hospitalization, and up to 20,000 people
succumb to the disease every year (4). Dengue is expected to
become a worsening global public health challenge because the
main drivers of DENV transmission are projected to continue
and/or accelerate over the next several decades (e.g., climate
change, travel, population growth, poverty, and urbanization). It
is estimated that by 2080, more than 6 billion people will live at
daily risk of a DENV infection (5). A number of vaccines have
been under development (6-9), but the single dengue vaccine cur-
rently available is limited to people 9 years of age and older and only
for individuals who have preexisting dengue immunity (10-12). Al-
though several promising candidates are in early-stage clinical de-
velopment (13), there is no anti-DENV antiviral currently available
for prophylaxis or as a therapeutic treatment. Despite more than a
century of basic science research, countermeasure development
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efforts, and attempts at vector control, dengue remains a largely un-
checked public health burden.

Development of dengue countermeasures (i.e., drugs, vaccines,
diagnostics, and vector control tools) has been hindered by funda-
mental gaps in our understanding of DENV transmission, patho-
genesis, and anti-DENV immune responses. These knowledge
gaps include understanding who is at risk of DENV exposure,
why some infected people become ill and others do not, and what
environmental and/or genetic factors increase infection risk. Ad-
dressing these knowledge gaps is critical to support countermeasure
development efforts. Studying wild-type infections to answer these
questions has been challenging for several reasons including the fol-
lowing: (i) the extreme difficulty of capturing people in the first few
days after infection and before symptoms develop, (ii) the issue of
many people living in dengue-endemic regions have preexisting
DENYV or non-DENV flavivirus immunity from past infections or
vaccinations, and (iii) the difficulty of collecting blood samples at a
frequency that allows for detailed kinetic analyses. For these
reasons, our group has collaboratively developed an experimental
dengue human infection model (DHIM) (14).

A DHIM has the potential to be a powerful tool for studying
human host responses to DENV infection. Individuals with
known preexisting flavivirus immune profiles are infected with a
highly characterized and underattenuated DENV strain manufac-
tured under good manufacturing practices and administered in a
controlled clinical environment. The participants are intensely fol-
lowed through the measurement of clinical, clinical laboratory, vi-
rologic, and immunologic responses over time. Experimental
human infection with the DENVs have been documented since
1902 and have greatly contributed to our foundational
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understanding of DENV transmission, virology, and immunology
(15-25). More recent studies have characterized the clinical and
functional immune profiles after DENV-1 or DENV-2 infection,
explored the early transcriptional features of attenuated DENV-2
infection, and described the cellular immune responses after infec-
tion (9, 14, 26-28). However, to date, no study has comprehensively
and longitudinally sought to assess and integrate the virologic and
immunologic parameters associated with a primary DENV infec-
tion in a flavivirus-naive individual.

To this end, our team set out to thoroughly characterize the clin-
ical, immunologic, and virologic features of a primary DENV-1 in-
fection in flavivirus-naive adults with fine temporal resolution. This
analysis captured both the kinetics and composition of the innate,
humoral, and cellular immune response elicited by experimental
DENV-1 infection and the virologic and clinical features of
infection.

RESULTS

Study overview and clinical outcome of DENV-1 infection
This study was conducted to characterize the longitudinal virologic
and immunologic profile associated with a primary DENV-1 infec-
tion in flavivirus-naive adults. To this end, nine participants (table
S1) were enrolled to receive a single subcutaneous inoculation of 0.5
ml of a suspension [6.5 x 10* plaque-forming units (PFU)/ml] of
the underattenuated DENV-1 strain 45AZ5 (14). This virus strain
originated from a Chinese patient with mild dengue fever living
on the island of Nauru (western Pacific) in 1974 and was subse-
quently serially passaged in a diploid fetal rhesus lung cell line
(FRhL) and mutagenized with 5-azacytidine to facilitate the accu-
mulation of attenuating mutations (29, 30).
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Participants in this study were evaluated daily for the first 14 days
after inoculation and then every other day until 28 days after virus
inoculation, with additional visits on days 90 and 180 after inocu-
lation. All nine enrolled participants completed the study per pro-
tocol and were included in the subsequent virologic and
immunologic analyses.

Within 7 days after inoculation, five of nine participants report-
ed at least one solicited local adverse event (AE) (injection site
symptom). The five participants reporting solicited local AEs de-
scribed mild (grade 1) reactions including bruising, discomfort, er-
ythema, and injection site hemorrhage. No related unsolicited local
AEs were reported. Within 28 days after inoculation, all nine partic-
ipants reported at least one solicited systemic AE including head-
ache, rash, fever, eye pain, weakness, and myalgia (Table 1 and
table S2). Most participants (eight of nine) had at least one labora-
tory abnormality between study days 1 and 181, most of which were
mild or moderate, and all were reported within 28 days after inoc-
ulation or 7 days after hospitalization, whichever was later (Table 1,
fig. S1, and table S3). At least one severe laboratory abnormality was
reported by three of the nine participants. One potentially life-
threatening AE was observed (low serum glucose) but failed to cor-
relate with the clinical presentation at the time of the routine follow-
up visit and returned to normal levels by the following day. The ab-
normality was subsequently assessed by the principal investigator as
unrelated to the viral challenge. As with previous studies, all partic-
ipants who became ill were managed with oral fluids, acetamino-
phen, and an antinausea medication if required. No intravenous
access was required.

All study participants developed detectable RNAemia and
viremia as assessed by quantitative reverse transcription polymerase
chain reaction (qQRT-PCR) and Vero cell-based plaque assay,
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Fig. 1. Kinetics of DENV-1 infection in 45AZ5-challenged individuals. (A) DENV-1 RNA content in serum as assessed by qRT-PCR. (B) Infectious DENV-1 content in
serum as assessed Vero cell plaque assay. (C) NS1 protein content in serum as assessed by ELISA. (D) Comparison of RNAemia and NS1 antigenemia onset in all study

participants. **P < 0.01, paired t test. The line indicates group median.

Waickman et al., Sci. Transl. Med. 14, eabo5019 (2022) 26 October 2022

20f13



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Table 1. DHIM performance parameters. ALT, alanine transaminase; AST,
aspartate transaminase.

Participants experiencing: All participants

(N =9) n/M (%)

Measurable RNAemia of 3 to 11 days duration 9/9 (100)
Fever measured at least two times in 24 hours 5/9 (55.6)
but not lasting more than 72 hours

At least one of the following symptoms 9/9 (100)
At least two of the following symptoms 8/9 (88.9)
Fever and at least one of the following 5/9 (55.6)
symptoms

Fever and at least two of the following 4/9 (44.4)

symptoms

Liver function tests (ALT and AST), maximum
grade 1 or 2

Thrombocytopenia, maximum grade 1 or 2 1/9 (11.1)

respectively, with a largely uniform viral kinetics pattern (Fig. 1, A
and B, and fig. S2). The incubation period (time from infection to
detectable RNAemia) ranged from 6 to 11 days, with RN Aemia per-
sisting for a mean of 8 days. Peak viral load ranged from 7.46 x 10°
to 8.33 x 107 genome equivalents (GE)/ml or 1.3 x 10* to 6.8 x 10*
PFU/ml of serum. In addition to circulating virus, DENV NS1 anti-
genemia was detected as early as day 7 after inoculation (range of 7
to 13 days), with NSI1 antigenemia persisting for a mean of 13 days
across all study participants (Fig. 1C). When compared to RNAemia
as quantified by qRT-PCR, the levels of NS1 serum antigenemia ex-
hibited more variability between participants and appeared, on
average, 2 days later than viral RNA (Fig. 1D).

Kinetics and specificity of DENV-1-elicited humoral
immunity

Having established the kinetics of DENV-1 RN Aemia, viremia, and
antigenemia after 45AZ5 infection, we next assessed the induction
of DENV-1-specific humoral immunity. Although induction of im-
munoglobulin M (IgM) or IgG isotype antibodies is most common-
ly used for serological confirmation of DENV infection and for
monitoring durable antiviral immunity, we included IgA in our
analysis given our previous observation that primary DENV infec-
tion is associated with a substantial IgA response and may have an
association with disease severity (31, 32). Using a previously de-
scribed virion-capture enzyme-linked immunosorbent assay
(ELISA), we observed a robust but transient DENV-1-specific
IgM and IgA response in all participants, with IgM and IgA sero-
conversion occurring on average by postinfection days 14 and 16,
respectively (Fig. 2, A and B). All participants still exhibited detect-
able anti-DENV-1 IgM titers at day 90 after DENV-1 challenge,
whereas only three of nine participants maintained an IgA titer.
DENV-1-specific IgG seroconversion occurred later than IgM or
IgA in all participants, with detectable DENV-1-specific IgG
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appearing on average by day 19 after infection and remaining
stable out to 90 days after infection (Fig. 2, A and B).

In light of the robust NS1 antigenemia observed after 45AZ5 in-
fection, we additionally assessed the kinetics and magnitude of anti-
NS1-specific humoral immunity. Similar to our observations with
the DENV-1 virion capture assay, DENV-1 NS1-specific IgM/IgA
responses after 45AZ5 infection were transient, whereas IgG levels
persisted and remained elevated out to day 90 after infection
(Fig. 2C). Although not statistically significant, a DENV-1 NS1-
specific IgM/IgA response occurred earlier (on average on days 19
and 20, respectively) when compared to IgG responses, which ap-
peared by day 23 on average (Fig. 2D). When comparing DENV
virion specific with DENV-1 NSI1-specific humoral immune re-
sponse, antivirion immunity tended to appear earlier (average sero-
conversion was between days 14 and 19 for the antivirion response
versus days 19 and 23 for the anti-NS1 response) (Fig. 2, B and D),
thus resembling the pattern observed for the appearance of DENV-
1 virions and NS1 antigen.

NS1 is predominantly secreted as a hexamer by flavivirus-infect-
ed cells, but the protein can also be found on the cellular plasma
membrane in a dimeric configuration (33, 34). The biological func-
tion of surface-restricted NSI is unclear, but the antigen can facili-
tate opsonization of infected cells by NS1-reactive antibodies,
thereby allowing NK cells, monocytes, and other phagocytic cells
to recognize and clear infected cells via Fc receptor-mediated
mechanisms such as antibody-dependent cellular cytotoxicity and
antibody-dependent cellular phagocytosis (35, 36). To measure
the abundance of opsonizing NS1-specific antibodies, we used a
CEM.NKR cell line that was engineered to stably express DENV-1
NSI1 (fig. S3) and quantified the abundance of anti-NS1-opsonizing
antibodies using flow cytometry. As was observed for the antihexa-
metric NS1 antibody titers, induction of opsonizing anti-NS1 IgM
and IgA isotype antibodies was transient after inoculation, with IgG
isotype responses appearing later and persisting through day 90
after infection (Fig. 2E). The average day of opsonizing anti-NS1
seroconversion was day 18 (IgM), day 20 (IgA), and day 21 (IgG)
(Fig. 2F), further emphasizing the delayed kinetics of anti-NS1 im-
munity relative to virion-specific humoral immunity.

Kinetics and specificity of DENV-1—elicited cellular
immunity

To define the magnitude and specificity of DENV-1-elicited cellu-
lar immunity after 45AZ5 infection, peripheral blood mononuclear
cells (PBMCs) collected from all study participants on study days 0,
28, and 90 were stimulated with overlapping peptide pools spanning
the E, NS1, NS3, and NS5 proteins of DENV-1 and analyzed in an
interferon-y (IFN-y) enzyme-linked immunosorbent spot
(ELISpot) assay (table S4). As has been described after natural
DENYV infection or inoculation with a live attenuated vaccine
product (37, 38), infection with 45AZ5 resulted in the generation
of DENV-1-specific cellular immunity, as assessed by IFN-y
ELISpot, by 28 days after infection, which remained elevated out
to day 90 after infection (Fig. 3A and fig. S4). DENV-1 NS3 was
the dominant antigen recognized on days 28 and 90 after infection
(Fig. 3, B and C, and fig. S4), followed in magnitude by E, NS5,
and NS1.
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Fig. 2. Kinetics and characteristics of DENV-1 specific humoral immunity after 45AZ5 infection. (A) Antibody end point titers using virion-capture ELISA. (B) Day of
DENV virion—specific seroconversion by antibody isotype. *P < 0.05 and **P < 0.01, paired one-way analysis of variance (ANOVA) with correction for multiple comparisons.
(C) Antibody end point titers using NS1 protein ELISA. (D) Day of anti-NS1 seroconversion by antibody isotype. ns, not significant. (E) Opsonizing anti-NS1 antibody
staining using NS1-expressing CEM.NKF cells. MFI, mean fluorescence intensity. (F) Day of opsonizing anti-NS1 seroconversion by antibody isotype

Transcriptional analysis of DENV-elicited inflammation

The marked serologic and cellular immune responses elicited by
45A75 infection led us to better define the early kinetic profile of
DENV-1-elicited inflammation. Previous studies have examined
the transcriptional profile associated with acute natural DENV in-
fection and have identified conserved gene signatures that correlate
with disease severity (39). However, the inability of these studies to
precisely define the day of DENV infection means that the timing
and nature of the earliest transcriptional response to DENV infec-
tion are unclear.

To address this, we performed RNA sequencing (RNAseq) anal-
ysis on whole blood collected on study days 0, 8, 10, 14, and 28 from
all nine study participants. These study days were selected on the
basis of previous single-cell RNAseq (scRNAseq) analysis of a
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select number of participants enrolled in a separate DENV-1 exper-
imental infection study, which demonstrated that these days would
likely capture both the early innate/inflammatory signatures associ-
ated with acute DENV infection and the subsequent activation and
expansion of DENV-reactive lymphocytes (26).

Consistent with our previously published results, only modest
and inconsistent transcriptional perturbations from baseline were
observed across study participants on day 8 after infection.
However, a marked transcriptional shift away from the preinfection
profile was observed on days 10 and 14 after infection, with all par-
ticipants demonstrating a return to baseline by day 28 after infection
(Fig. 4A). No statistically significant differentially expressed genes
(DEGs) were observed on days 8 and 28 relative to day
0. However, 112 genes (110 up-regulated and 2 down-regulated)
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Fig. 3. Kinetics and specificity of DENV-1-elicited cellular immunity. (A) Total DENV-1-specific cellular immunity as assessed by IFN-y ELISpot. Sum of background-
subtracted E, NS1, NS3, and NS5 reactivity at each indicated time point. *P < 0.05 and **P < 0.01, paired one-way ANOVA with correction for multiple comparisons. (B)
Antigen-specific breakdown of day 28 DENV-1-specific cellular immunity. (C) Antigen-specific breakdown of day 90 DENV-1-specific cellular immunity. Dashed line

indicates 50 SFC/10° PBMCs.

were observed to be differentially expressed on day 10 after infection
(Fig. 4B and tables S5 and S6), whereas 177 genes (151 up-regulated
and 26 down-regulated) were differentially expressed on day 14 rel-
ative to preinfection (Fig. 4C and tables S7 and S8).

The DEGs observed on day 10 after infection included many ca-
nonical IFN-stimulated and antiviral gene products (MXI1, IFITI,
PARPY, and IFI44), whereas the day 14 DEG additionally included
genes associated with lymphocyte proliferation and antibody pro-
duction and functionalization (MKI67, TYMS, JCHAIN, and
C1QC) (tables S9 and S10). There was a significant overlap
between the DEG observed on days 10 and 14 after 45AZ5 infection,
mostly restricted to gene products associated with type I TFN signal-
ing and response to viral ligands (table S11). Consistent with the
clinical profile associated with 45AZ5 experimental infection,
there was no overlap between the DEGs captured in this study
and a previously published gene set curated to identify participants
with an increased risk of progressing to severe dengue (Fig. 4D)
(39). Gene Ontogeny (GO) analysis performed on the DEGs iden-
tified on days 10 and 14 after infection indicated that most of the
gene products differentially expressed on day 10 after 45AZ5 infec-
tion corresponded to pathways associated with acute/innate
immune responses to viral infection (Fig. 4E), whereas those
genes differentially expressed on day 14 after infection also included
terms associated with lymphocyte activation and the induction of
an adaptive immune response (Fig. 4E).

Kinetic DENV-elicited inflammation and lymphocyte
activation
Having identified DEG on days 10 and 14 after DENV-1 infection,
we next sought to better describe the functional kinetics of DENV-
1-elicited inflammation and DENV-specific immunity using these
transcriptional profiles. The day 14 DEG contained gene products
that corresponded to both type I IFN signaling and virus sensing
(IFI27, IF144L, and GBP1), as well as genes associated with lympho-
cyte activation and proliferation (MKI67, TYMS, JCHAIN,
and MZB1).

Leveraging the functional heterogeneity of the transcriptional
profile observed on day 14 after 45AZ5 challenge, we endeavored
to reduce the dimensionality of the RNAseq dataset in such a way
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that allowed for the unbiased identification of biologically relevant
metrics of infection. Accordingly, the expression of the genes high-
lighted as being differently expressed on day 14 was assessed across
all time points in all samples, and the resulting expression matrix
subjected to unsupervised/hierarchical clustering to identify
groups of genes that exhibited coordinated expression across all
time points and samples.

Using this approach, three distinct gene modules were identified
within the aggregated dataset (Fig. 5A and table S12). Gene module
1 identified in this analysis consisted of gene products associated
with cellular proliferation and lymphocyte activation (Fig. 5, A
and B, and tables S12 and S13), whereas gene module 2 preferential-
ly contained genes associated with type I/II IFN signaling, virus
sensing, and defense responses to viruses (Fig. 5, A and B, and
tables S12 and S14). Gene module 3 consisted of genes that were
suppressed on day 14 relative to day 0 after infection but do not
appear to fall into any biologically consistent category (table S12).

To better visualize the expression kinetics of the genes contained
within the two modules highlighted in this analysis, we calculated a
module 1 and module 2 score for every sample. The module score
was defined as the sum of the normalized abundance transcripts per
million (TPM) of the genes contained within a module in a given
sample. The expression of genes found in module 1 or module 2 was
exclusive across the time points captured in this analysis, with the
expression of the inflammation-associated module 2 preceding the
expression of the lymphocyte-associated module 1 in all partici-
pants (Fig. 5, C and D). The preferential expression of module 2
genes on days 8 and 10 after infection corresponds to the window
of viremia observed in this study, whereas the expression of module
1 genes reflects the anticipated timing of B cell activation after
primary DENV-1 infection.

To further confirm that module 1 expression corresponds to B
cell activation, we leveraged the fact that activated/antibody-secret-
ing B cells contain ~1000x the number of Ig transcripts as resting
naive/memory B cells. We assembled and annotated the unique im-
munoglobulin heavy chain (IGH) clones contained within our un-
enriched/untargeted RNAseq libraries. This analysis indicated that
the number of unique antibody clones captured in our data was sig-
nificantly elevated on day 14 relative to all other time points
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Fig. 4. Kinetics and composition of DENV-1-elicited inflammation. (A) Principal components (PC) analysis plot of RNAseq analysis of whole blood obtained on days 0,
8, 10, 14, and 28 after DENV-1 infection. Points are colored by sample collection day. (B) Volcano plot showing differential gene expression day 0 versus day 10 post-
infection, with select statically and biologically significant genes highlighted. Genes with a log, fold change of >2 and an adjusted P value of <0.01 were considered
significant. (C) Volcano plot showing differential gene expression day 0 versus day 14 postinfection, with select statically and biologically significant genes highlighted.
Genes with a log, fold change of >2 and an adjusted P value of <0.01 were considered significant. (D) Overlap of Differentially expressed genes (DEGs) observed on days
10 and 14 and relationship to genes previously described to correlate with a progression to severe dengue. (E) Gene Ontology (GO) analysis of gene differentially ex-
pressed on days 10 and 14 relative to day 0 after DENV-1 infection. Highlighted are the 10 most statistically significant GO terms observed in the DEG sets from both days
10 and 14 postinfection, the 5 most significant GO terms observed only on day 10, and the 5 most significant GO terms observed only on day 14

(Fig. 5E). Not all participants exhibited a module 1 and IGH clone
peak on day 14, suggesting either that these participants did not ex-
perience a significant adaptive response to DENV-1 infection or
that the peak of lymphocyte activation occurred outside of our anal-
ysis window. In their totality, these data demonstrate the presence of
temporally distinct and dynamic gene modules that evolve after
DENV-1 infection and can be used to infer the magnitude of in-
flammation and timing after DENV-1 infection.
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Evolution of DENV-elicited immunity and correlation
between virologic and immunologic features of DENV-1
infection

To add context to the virologic and immunologic parameter cap-
tured in this analysis and to explore potential causal relationships
with clinically relevant end points, we next examined the relative
timing and correlative relationships between the individual compo-
nents captured in this analysis. We selected 11 virologic and immu-
nologic parameters and calculated the probability of observing a
positive signal for a given feature within a 4- to 5-day window
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Fig. 5. Identification, characterization, and timing of DENV-1-elicited inflammation and lymphocyte activation. (A) Identification of coordinated gene modules
among genes differentially express on day 14 versus day 0, with select biologically significant genes highlighted. (B) Gene ontology (GO) analysis of the genes found in
module 1 and module 2. The 10 most statistically significant GO terms are highlighted for each module. (C) Kinetics of module 2 expression across all nine study par-
ticipants and five time points. (D) Kinetics of module 1 expression across all nine study participants and five time points. (E) Identification and quantification of unique IGH
clones across all nine study participants and five time points from the unenriched RNAseq data using MiXCR.

between 0 and 30 days after DENV-1 infection (Fig. 6A). Placed in
context, the delayed appearance of NSI antigen relative to DENV
viral RNA is mirrored by a corresponding delay in the appearance
of NS1-specific antibodies relative to virion-specific antibodies.
However, a conserved progression of IgM, IgA, and IgG seroconver-
sion is observed for antibodies targeting both viral antigens. The
probability of observing the inflammation-associated RNAseq-
derived gene module 2 coincides with the appearance of viral
RNA and is immediately followed by the appearance of the lympho-
cyte activation—associated gene module 1, the time of DENV
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virion—specific seroconversion. The inflammation-associated gene
module 2 can be detected before the window during which fever
was observed in study participants.

The day of RNAemia onset correlated notably with the appear-
ance of NSI antigenemia and the day of RNAseq-defined inflam-
mation (Fig. 6B). Furthermore, the onset of RNAemia correlated
with the timing of IgM and IgA seroconversion, but less well with
the appearance of either DENV virion or NS1-specific IgG. The
only immunologic parameter that inversely correlated with the
magnitude of DENV RNAemia and the abundance of NSI
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Fig. 6. Summary and correlation of DENV-elicited inflammation and immuni-
ty. (A) Aggregate summary of the timing of DENV proliferation and immune re-
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quantified in this study. Point size and color indicate strength and direction of cor-
relation. Point size and color indicates strength and direction of correlation. Empty
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antigen was the abundance of NS1 opsonizing IgA antibody, al-
though the clinical relevance of this observation is unclear. In its
totality, these data suggest that the kinetics of DENV-1-elicited in-
flammation and immunity in this human challenge model are
largely driven by the timing of RN Aemia, but that the absolute
abundance of viral antigen does not necessary directly correlate
with the magnitude of the subsequent DENV-specific immune
response.

DISCUSSION

In this study, we characterized the clinical, immunologic, and viro-
logic features of primary DENV-1 infection in flavivirus-naive
adults. This analysis captured both the kinetics and composition
of the innate, humoral, and cellular immune responses elicited by
experimental DENV-1 infection, as well as the virologic and clinical
features of DENV-1 infection in nine individuals inoculated with
the underattenuated DENV-1 strain 45AZ5. The induction of
both DENV virion—specific humoral immunity and anti-NS1-spe-
cific immunity was monitored, along with the induction and
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antigen specificity of DENV-specific cellular immunity. Further-
more, extensive RNAseq analysis was performed on whole blood
collected from study participants throughout the course of
DENV-1 infection.

Several notable immunological features of primary DENV-1 in-
fection are revealed in this analysis, most notably the robust IgA re-
sponse targeting both DENV virions and DENV NS1. The presence
of DENV- and NS1-specific serum IgA has previously been de-
scribed after both natural primary and secondary DENV infection
(32, 40-42), but the kinetics and relative magnitude of these re-
sponses were previously unclear. The timing of IgA seroconversion
is notable, because the fact that it appears between IgM and IgG se-
roconversion makes the developmental origin of the IgA-secreting
B cells somewhat ambiguous. Our previous analysis of B cells circu-
lating after natural DENV infection demonstrated that Igs expressed
by DENV-elicited/IgA-expressing plasmablasts were heavily hyper-
mutated (32). This suggests that these IgA class-switched cells may
be derived from previously activated and hypermutated memory B
cells even after primary DENYV infections. The putative memory B
cell origin of the DENV-reactive IgA is strengthened by the kinetics
of IgA seroconversion observed in our study, as the appearance of
DENV-reactive IgA only lags IgM seroconversion by a few days and
precedes the appearance of DENV-specific IgG.

Although IgA-biased immune responses have canonically been
associated with mucosal pathogen infection, more recent analyses
have shown a key IgA component after infection with other nonmu-
cosal pathogens (such as malaria) and after mRNA vaccination (43,
44). This raises the possibility that a cross-reactive IgA response is
an intrinsic feature of any immune response and may draw upon the
clonal diversity represented in the normally mucosal-restricted
immune system to speed antibody secretion upon the introduction
of a new nonmucosal pathogen. Furthermore, the transient nature
of circulating DENV-specific IgA isotype antibodies observed in
our study has several interesting epidemiological implications.
The presence of DENV/NS1-specific IgA may be a more temporally
sensitive indication of recent DENV infection than IgM or
IgG alone.

Dissecting the transcriptional profile associated with acute
DENYV infection and identifying transcriptional signatures that cor-
relate with clinical outcome of infection has been a longstanding
goal in the dengue community (26, 27, 39). Hanley et al. (27) pro-
vided insight into the kinetics of the inflammatory transcriptional
program elicited by infection with the National Institutes of Health
(NIH) rDEN2A30 strain and additionally identified preinfection
transcriptional signatures that correlated with the clinical outcomes
of infection, including the development of rash after infection.
However, note that the DENV-1 45AZ5 DENV-1 strain used in
our study generated 100- to 1000-fold higher levels of viremia
than the rDEN2A30 strain and resulted in a broader range of
dengue-like symptoms, including fever. Accordingly, the more
robust clinical response to 45AZ5 infection appears to be accompa-
nied by a quantitatively and qualitatively more vigorous inflamma-
tory response than is observed after rDEN2A30 infection. When
coupled with the extensive sampling performed in our analysis,
the reactogenicity and immunogenicity of 45AZ5 allowed for the
identification, characterization, and head-to-head comparison of
the innate/inflammatory response to acute DENV infection and
the subsequent adaptive immune response. The extensive
RNAseq analysis performed in this study allowed for the
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identification and characterization of discrete gene modules that
track with acute viral-elicited inflammation and the onset of adap-
tive immunity after infection. Although preliminary, this high-res-
olution map of the immunologic trajectory of uncomplicated/mild
dengue may allow for more accurate and unbiased assessment of the
clinical trajectory of patients experiencing natural dengue.

The DHIM tool was designed to recapitulate the human natural
infection experience and allow the early interrogation of potential
countermeasures before advancing to field trials. Although partici-
pants do experience dengue-like symptoms, clinical laboratory ab-
normalities, viral replication, and immune responses consistent
with natural infection, it is important to note a few dissimilarities.
It is unclear what viral dose a mosquito delivers to a susceptible host
during the feeding process. In our trial, we deliver a consistent and
standardized dose that may or may not reflect what is delivered in
nature. The mosquito proboscis probes a relatively superficial ana-
tomic space in the skin as it searches for blood-filled capillaries. In
the DHIM, we use a needle to deliver the virus into the subcutane-
ous space, a method that may produce a different antigen-process-
ing pathway than what occurs in nature. Mosquitoes deliver wild-
type viruses; in the DHIM, we use viruses that have been attenuated
through cell passage or chemical exposure, and in the DHIM, we do
not mix the virus with mosquito saliva before injection, which is
different than the natural feeding process. Future DHIM iterations
may address these differences.

In conclusion, we have demonstrated the ability to safely and
consistently experimentally infect people with an underattenuated
DENYV strain and generated a mild dengue-like illness manifesting
with clinical signs and symptoms, clinical laboratory abnormalities,
and virologic and immunologic immune responses consistent with
natural DENV infections. The immune response to this underatte-
nuated DENV appears to be consistently most robust between days
10 and 14 after infection, suggesting that these days may warrant
additional/focused analysis in the future. These studies not only
provide insights into previously underappreciated immune re-
sponses but also underscore the potential value of the DHIM tool
in supporting anti-dengue countermeasure development.

MATERIALS AND METHODS

Study design

The DHIM and associated analysis were approved by the State Uni-
versity of New York Upstate Medical University (SUNY-UMU) and
the Department of Defense’s Human Research Protection Office.
This phase 1, open-label study (ClinicalTrials.gov identifier:
NCT03869060) is an expansion of a previous study evaluating a
dengue 1 live virus human infection (DENV-1-LVHC) model
(ClinicalTrials.gov identifier: NCT02372175) (14). The study was
conducted between March 2019 and February 2021 at the SUNY-
UMU in Syracuse, NY. Participants were recruited from the Syra-
cuse, NY area and neighboring cities via Institutional Review
Board—approved posters, email, radio advertisements, social
media outlets, word of mouth, site database, and a recruit-
ing agency.

Nine participants received a single subcutaneous inoculation of
3.25 x 10 PFU of the 45AZ5 DENV-1 infection strain virus man-
ufactured at the Walter Reed Army Institute of Research (WRAIR)
Pilot Bioproduction Facility, Silver Spring, MD (U.S. Food and
Drug Administration Investigational New Drug 16332). All
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participants were prescreened to ensure the absence of preexisting
flavivirus using the Euroimmun dengue, West Nile, and Zika IgG
ELISA kits (Libeck, Germany). The 45AZ5 DENV-1 infection
strain used in this study was generated by a serial passage of the pa-
rental Nauru/West Pac/1974 DENV-1 isolate through diploid FRhL
in the presence of 5-azacytidine, followed by plaque cloning and
secondary amplification in FRhL cells (30, 45). Quantitative
DENV-1-specific RT-PCR was performed using previously pub-
lished techniques (46). Serum NS1 antigen levels were quantified
using a Euroimmun dengue NS1 ELISA kit (Liibeck, Germany).
For samples that were over the limit of quantification of the assay
at the recommend dilution, samples were rerun at a 1:4 to 1:100 di-
lutions. All data points were graphed on the basis of standard curve
accounting for the dilution factor, with an upper extinction coeffi-
cient of 5000 relative unit (RU)/ml. The day of NS1 antigenemia
onset was defined as the day at which there was a detectable NS1
titer that persisted for more thanlday.

DENV-1 virion-capture ELISA

DENV-1-reactive serum IgM/IgA/IgG levels were assessed using a
flavivirus-capture ELISA protocol. In short, 96-well Nunc MaxSorp
flat-bottom plates were coated with flavivirus group-reactive mouse
monoclonal antibody 4G2 (2 pg/ml) (Envigo Bioproducts Inc.)
diluted in borate saline buffer. Plates were washed and blocked
with 0.25% bovine serum albumin and 1% normal goat serum in
phosphate-buffered saline (PBS) after overnight incubation.
DENV-1 (strain Nauru/West Pac/1974) was captured for 2 hours,
followed by extensive washing. Serum samples were fourfold serially
diluted and plated in duplicate and incubated for 1 hour at room
temperature on the captured virus. DENV-specific IgM/IgG/IgA
levels were quantified using anti-human IgM horseradish peroxi-
dase (HRP) (SeraCare, 5220-0328), anti-human IgG HRP (South-
ernBiotech, 2044-0), and anti-human IgA HRP (BioLegend,
411,002). Secondary antibody binding was quantified using the
TMB Microwell Peroxidase Substrate System (KPL, catalog no.
50-76-00) and Synergy HT plate reader. DENV-1 (strains Nauru/
West Pac/1974) was propagated in Vero cells and purified by ultra-
centrifugation through a 30% sucrose solution. End point titers
were determined as the reciprocal of the final dilution at which
the optical density (OD) was greater than 3x of a control flavivi-
rus-naive serum. The day of seroconversion was defined as the
day at which a participant’s end point titer exceeded that of their
respective day 0 sample.

Anti-NS1 ELISA

To quantify DENV-1 NS1-reactive serum IgM/IgA/IgG antibodies
levels, 96-well Nunc MaxSorp flat-bottom plates were coated with
DENV-1 NSI protein (2 pug/ml) (Native Antigen) diluted in carbon-
ate/bicarbonate buffer and incubated overnight at 4°C. Serum
samples were fourfold serially diluted, plated, and incubated for 2
hours at room temperature. DENV-1 NS1-specific IgM/IgG/IgA
levels were quantified using anti-human IgM HRP (SeraCare,
5220-0328), anti-human IgG HRP (SouthernBiotech, 2044-0),
and anti-human IgA HRP (BioLegend, 411,002). Secondary anti-
body binding was quantified using the TMB Microwell Peroxidase
Substrate System (KPL, catalog no. 50-76-00) and Synergy HT plate
reader. End point titers were determined as the reciprocal of the
final dilution at which the OD was greater than 2x of a control fla-
vivirus-naive serum. The day of seroconversion was defined as the
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day at which a participant’s end point titer exceeded that of their
respective day 0 sample.

Anti-NS1 opsonization assay

DENV-1 NS1 expressing CEM.NKR® cells (fig. S3) were stained with
a 1:500 dilution of heat-inactivated serum diluted in PBS at room
temperature for 30 min. Cells were extensively washed and then
stained with goat anti-human IgA AF647 (2050-31, SouthernBio-
tech), goat anti-human IgG AF467 (2040-31, SouthernBiotech),
or goat anti-human IgM AF647 (2020-31, SouthernBiotech). Flow
cytometry analysis was performed on a BD LSR II instrument, and
data were analyzed using FlowJo v10.2 software (Treestar). Reported
mean fluorescence intensity (MFI) values are background-subtract-
ed, with the background defined as the signal observed staining
DENV-1 NSl-expressing CEM.NK® cells in the absence of
serum. The day of seroconversion was defined as the day at which
a participant’s background-subtracted NS1-specific MFI increased
by at least 2x over their respective day 0 value.

IFN-y ELISpot

Cryopreserved PBMCs were thawed, washed twice, and placed in
RPMI 1640 (Corning, Tewksbury, MA, USA) supplemented with
10% heat-inactivated fetal calf serum (Corning, 35-010-CV), L-glu-
tamine (Lonza, Basel, Switzerland), and penicillin/streptomycin
(Gibco, Waltham, MA, USA). Cellular viability was assessed by
trypan blue exclusion, and cells were resuspended at a concentration
of 5 x 10°/ml and rested overnight at 37°C. After resting, viable
PBMCs were washed, counted, and resuspended at a concentration
of 1 x 105/ml in complete cell culture medium. Next, 100 pl of this
cell suspension was mixed with 100 pl of the individual peptide
pools listed in table S4 and diluted to a final concentration 1 pg/
ml per peptide [dimethyl sulfoxide (DMSO) concentration of
0.5%] in complete cell culture media. This cell and peptide
mixture was loaded onto a 96-well polyvinylidene difluoride plate
coated with anti-IFN-y (3420-2HW-Plus, Mabtech, Nacka,
Sweden) and cultured overnight. Controls for each participant in-
cluded 0.5% DMSO alone (negative) and anti-CD3 (positive). After
overnight incubation, the ELISpot plates were washed and stained
with anti-IFN-y-biotin followed by streptavidin-conjugated HRP
(3420-2HW-Plus, Mabtech). Plates were developed using a TMB
substrate and read using a CTL-ImmunoSpot S6 analyzer (Cellular
Technology Limited, Shaker Heights, OH, USA). All peptide pools
were tested in duplicate, and the adjusted mean was reported as the
mean of the duplicate experimental wells after subtracting the mean
value of the negative (DMSO only) control wells. Individuals were
considered reactive to a peptide pool when the background-sub-
tracted response was >50 spot-forming cells (SFC)/10° PBMCs.
All data were normalized on the basis of the number of cells
plated per well and are presented here as SFC/10° PBMCs.

RNAseq library preparation and sequencing

Whole blood was collected from all study participants using
PAXgene RNA collection tubes (BD Biosciences) and frozen at
—20°C until analyzed. RNA was recovered from the collection
tubes using the QIAGEN PAXgene Blood RNA Isolation Kit and
sequencing libraries created using Illumina Stranded Total RNA
Prep with Ribo-Zero Plus and IDT-Ilmn RNA UD Indexes Set
A. Final library quality control (QC) and quantification were per-
formed using a Bioanalyzer (Agilent) and DNA 1000 reagents.
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Libraries were pooled at an equimolar ratio and sequenced on a
300-cycle NovaSeq 6000 instrument using v1.5 S4 reagent set.

RNAseq gene expression analysis

Raw reads from FASTQ files were mapped to the human reference
transcriptome (Ensembl, Homo sapiens, GRCh38) using Kallisto
version 0.46.2 (47). Transcript-level counts and abundance data
were imported and summarized in R (version 4.0.2) using the
TxImport package (48) and TMM normalized using the package
EdgeR (49, 50). Differential gene expression analysis was performed
using linear modeling and Bayesian statistics in the R package
Limma (51). Genes with a log, fold change of >2 and a Benjami-
ni-Hochberg adjusted P value of <0.01 were considered significant.
Gene Ontology (GO) analysis was performed using the gprofiler2
package (52). Gene module scores were calculated by summing
the TMM normalized abundance (TPM) of the genes highlighted
as belonging to either module 1 or module 2 for all samples.
Gene module expression was considered positive when the
module score for a given subject exceed 2x the day 0 score.

B cell receptor clonotype identification and annotation

Raw FASTAQ files were filtered to contain only pair-end reads and to
remove any Illumina adaptor contamination and low-quality reads
using Trimmomatic (v0.39) (53). Pair-end reads were subsequently
analyzed using MiXCR (v3.0.3) using the RNAseq/nontargeted
genomic analysis pipeline (54, 55).

Statistical analysis

All statistical analyses other than RNAseq gene expression analysis
was performed using GraphPad Prism 9 Software (GraphPad Soft-
ware, La Jolla, CA). A P value of < 0.05 was considered significant.
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Abstract

One-sentence summary: This study provides a high-resolution analysis of the virologic and immunologic
features of primary dengue in flavivirus naive individuals.

Editors's Summary
A human model of dengue virus infection

Dengue virus (DENV) infections have a marked impact on morbidity and mortality in subtropical and tropical
regions with endemic disease. Immune response vary widely to different DENV serotypes and are not well
understood. Waickman et al. used a DENV human infection model to characterize virologic and immunologic
features of early infection to better understand these early responses to an attenuated DENV-1 strain. They
detected a notable DENV-specific IgA Ab response between characteristic IgM and IgG responses, and an
NS1-specific Ab response was detected after the appearance of DENV virion—specific Abs. They also charac-
terized transcriptional profiles that correlated with acute viremia and initiation of adaptive immune responses.
These findings provide detailed immunological data during early DENV infection in humans that has the
potential to improve the development of therapeutic and vaccine-based approaches.
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