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Dengue virus (DENV) infection manifests as a febrile illness with three distinct
phases: early acute, late acute, and convalescent. Dengue can result in clinical
manifestations with different degrees of severity, dengue fever, dengue
hemorrhagic fever, and dengue shock syndrome. Interferons (IFNs) are antiviral
cytokines central to the anti-DENV immune response. Notably, the distinct global
signature of type |, II, and Il interferon-regulated genes (the interferome) remains
uncharacterized in dengue patients to date. Therefore, we performed an in-depth
cross-study for the integrative analysis of transcriptome data related to DENV
infection. Our systems biology analysis shows that the anti-dengue immune
response is characterized by the modulation of numerous interferon-regulated
genes (IRGs) enriching, for instance, cytokine-mediated signaling (e.g., type | and Il
IFNs) and chemotaxis, which is then followed by a transcriptional wave of genes
associated with cell cycle, also regulated by the IFN cascade. The adjunct analysis
of disease stratification potential, followed by a transcriptional meta-analysis of the
interferome, indicated genes such as IFI27,1SG15, and CYBRDI as potential suitable
biomarkers of disease severity. Thus, this study characterizes the landscape of the
interferome signature in DENV infection, indicating that interferome dynamics are
a crucial and central part of the anti-dengue immune response.
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GRAPHICAL ABSTRACT

1 Introduction

Human arboviruses, such as the dengue, Zika, and chikungunya
viruses, have frequently emerged or re-emerged worldwide in recent
decades, and they are among the most epidemiologically essential
viruses (1). Dengue virus (DENV) is the most prevalent among
these (it affects a stunning 390 million individuals annually), and
DENV is considered endemic in more than 100 countries (2).
Surprisingly, despite its high prevalence and substantial global
health impact, it is still characterized as a neglected tropical disease.

Four different DENV serotypes (DENV1-4) are transmitted by
the vector Aedes aegypti and Aedes albopictus mosquitoes (3). The
course of dengue infection can be divided into phases. The acute
phase is characterized by high fever with abrupt onset, lasting
between 2 to 7 days, which is characterized by multiple
symptoms, such as malaise, myalgia, arthralgia, rash, retro-orbital
pain, and headache (3, 4).

The acute phase can be classified into two stages: 1) Early acute
(day 0 to 3 from symptom onset) and 2) Late acute or defervescence
(day 4 to end of acute phase) (5). The critical stage during

Abbreviations: AUC, area under the curve; BP, biological process; DEA,
differential expression analysis; DENV, dengue virus; DF, dengue fever; DEG,
differentially expressed gene; DHF, dengue hemorrhagic fever; DSS, dengue shock
syndrome; FC, fold change; GO, gene ontology; IFN, interferon; IFNAR,
Interferon-o/P receptor; IL-27, interleukin-27; IRF9, transcription 1 (STAT1)-
STAT2-IFN-regulatory factor 9; IRG, interferon-regulated gene; ISRE, IFN-
stimulated response elements; MDAS5, melanoma differentiation-associated
protein 5; OOB, out-of-bag; PCA, principal component analysis; PRR, pattern
recognition receptor; RF, random forest; ROC, receiver operating characteristic;
RLR, RIG-I-like receptor; RIG-I, retinoic acid-inducible gene I; TAM, Tyro3,

AXL, and MerTK; TIM, T cell/transmembrane, immunoglobulin, and mucin.
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defervescence is characterized by increased capillary permeability
and plasma leakage. This event may lead to severe shock, organ
impairment, and bleeding. If the patient survives, the convalescent
phase follows, where leaked fluids are reabsorbed and homeostasis
is reestablished (4).

Moreover, dengue can be clinically classified by disease severity:
1) dengue fever (DF), characterized by fever and two or more
dengue symptoms; 2) dengue hemorrhagic fever (DHF), marked by
increased vascular permeability, plasma leakage, bleeding, and
thrombocytopenia (3, 4); and 3) dengue shock syndrome (DSS),
when DHF symptoms are aggravated with severe plasma leakage
and circulatory compromise (6).

The DENV infection typically presents as a self-limiting febrile
disease, indicating a central role of the immune system in
controlling disease (7). Antigen-presenting cells can recognize
viruses via pattern recognition receptors (PRRs), triggering the
production of pro-inflammatory cytokines and phagocytic/
microbicidal activity (8). This represents an initial step in
controlling the virus spreading, followed by activation of the
adaptive immune response (8, 9).

One key mechanism of the anti-viral immune response is the
production of interferons (IFNs) by various cell types. IFNs are
rapidly induced cytokines that respond strongly to DENV (10, 11).
There are three families of IFNs: type I (mainly represented by IFN-
o and IFN-B), type II (IFN-y), and type III (IFN-A1-4). IFNs are
central mediators of innate and adaptive immunity as well as
immune homeostasis.

For instance, interferon-alpha/beta (IFN-0/f)-binding to their
receptor (IFNAR) triggers the activation of multiple downstream
signaling pathways, including the canonical STAT1-STAT2-IFN-
regulatory factor 9 (IRF9) signaling complex (12), which then binds
to the IFN-stimulated response elements (ISREs) in gene
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promoters, leading to the induction of a large number of IFN-
stimulated genes (ISGs).

Individual transcriptome studies of DENV-infected patients
revealed that different IFN-associated genes are elicited in response
to DENV infection (5, 6, 13-15) and that several of them are essential
to promote a protective anti-viral reaction (5, 6), corroborated by
linear and mechanistic approaches (16-18). In turn, DENV proteins
antagonize IFN signaling (19, 20), underscoring the importance of
these molecules in the response to DENV.

A comprehensive analysis of the IFN signature in the context of
dengue infection has not been conducted yet. Here, we performed
an integrative analysis of multiple studies of dengue patients’
transcriptomes, considering the disease phases and severities, to
characterize the dengue interferome [i.e., types I, II, and III
interferon-regulated genes (IRGs)] (Figure 1).

2 Materials and methods
2.1 Data curation

We systematically searched the GEO database to collect publicly
available gene expression data (https://www.ncbi.nlm.nih.gov/gds).
Our search query (“dengue virus’[MeSH Terms] OR “dengue
virus”[All Fields] OR “DENV”[AIl Fields] OR “dengue”[MeSH
Terms] OR “dengue”[All Fields]) AND “Homo sapiens”[Organism]
AND (Expression profiling by high throughput sequencing[DataSet
Type] OR Expression profiling by array[DataSet Type]) resulted in
93 series as of 17 of August of 2021 (Figure 2A; All results in
Table S1).

10.3389/fimmu.2023.1243516

The inclusion criteria included: (1) Homo sapiens microarray or
RNAseq expression data, (2) natural dengue infection, (3) blood or
PBMC samples, (4) availability of convalescent-phase samples, and
(5) at least one group with ten or more samples. The exclusion
criteria included (1) in vitro samples, (2) cohorts with only infants
and/or children, and (3) results from vaccine or drug trials. We
included in our analysis seven datasets: GSE25001 (6, 21),
GSE28405 (14, 22), GSE28988 (23), GSE28991 (24), GSE43777 (5,
25), GSE40628 (13, 26), and GSE51808 (15, 27).

The samples were categorized into three groups according to
time after symptom onset: 1) Early acute (0-3 days), 2) Late acute
(4-8 days), and 3) Convalescent (=14 days). For dataset GSE43777,
the late acute phase comprised days 4-10 from disease onset. When
applicable, samples were also classified according to disease severity
as: 1) Dengue fever (DF), 2) Dengue hemorrhagic fever (DHF), and
3) Dengue shock syndrome (DSS), as determined by the authors
when samples were collected. Information about the included series
is provided in Table 1.

2.2 Differential expression analysis

The identification of differentially expressed genes (DEGs)
was performed with the GEO2R web tool (https://
www.ncbi.nlm.nih.gov/geo/geo2r/) (28), applying statistical tests
from the limma R package (29). All groups were compared to the
convalescent. The DEGs were determined following the cutoffs of
log2 fold-change (FC) > 1 (upregulated) or < -1 (downregulated)
and adjusted p-value < 0.05, using R 4.0.5. DEGs and respective log2
FC are displayed in Table S2.

1. Data collection

Differentially
Expressed Genes

7 selected datasets

Sample classification by:

Common
Interferome

IFN-regulated
genes (IRGs)

GSE25001 (A) GSE43777 (E) GEO2R
GSE28405 (B) | GSE40628 (F) | ————— > — ————*
GSE28988 (C) | GSE51808 (G) Differential Interferome IRGs present
GSE28991 (D) Expression database across datasets
3 - Analysis
Phase EVEnEY I 1 m
( . A
2. Interferome analysis
Characterization by Phase Classification by Severity
Hierarchical Functional Principal Component
Overlap clustering enrichment Analysis Random Forsse
2 ' o] —
4 L ———
71 ——
' T
K g ==
——
—
—

Genes shared Identification of Characterization of Stratification by disease Classifying genes by
between gene clusters clusters with GO phase and severity disease severity
datasets related to phases Biological Processes

N J

FIGURE 1

Workflow summary. Schematic overview of the data collection and analyses performed to characterize the interferome in dengue infection across
disease phases and severity degrees. Figure created with Inkscape. IFN, interferon;, GO, Gene Ontology.
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FIGURE 2

Data curation flow chart and differential expression of total genes and interferon-regulated genes across disease phases and disease severity degrees
of dengue infection. (A) Steps of systematic search and assessment of datasets. Details of datasets and applied inclusion/exclusion criteria are
available in Table S1. (B) Barplot showing the number of up- and downregulated DEGs and IFN-regulated DEGs for each cohort comparison and
dataset as denoted by letters (A, GSE25001; B, GSE28405; C, GSE28988; D, GSE28991; E, GSE43777; F, GSE40628; F, GSE51808) (Table S3). The
sample size of each cohort is indicated by a whole number in front of the group name. DF, Dengue fever, DHF, Dengue hemorrhagic fever; DSS,

Dengue shock syndrome; DEG, differentially expressed gene; IFN, interferon.

2.3 Interferome analysis

To specifically analyze the IFN network, we employed the
Interferome database V2.01 (http://www.interferome.org/
interferome/home.jspx) (30), which holds information about IFN-
regulated genes (IRGs) expression after treatment with IFNs in
various experimental systems. The DEGs were submitted to the
database to identify IRGs and the specific regulating IFN type. The
results summary and IRGs list are in Tables S3, S4.
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2.4 Data integration and
hierarchical clustering

The overlap of the IFN-regulated DEGs between datasets both
by IEN type and disease phase were retrieved and represented with
Circos (http://circos.ca/) (31) and UpSet plots generated with the
web tool Intervene (https://asntech.shinyapps.io/intervene/) (32).
The data used to create the plots are provided in Tables S5, S6. For
each combination of IFN type and disease phase or severity, the

frontiersin.org


http://www.interferome.org/interferome/home.jspx
http://www.interferome.org/interferome/home.jspx
http://circos.ca/
https://asntech.shinyapps.io/intervene/
https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul s1213U044

S0

640°UISIoNUOY

TABLE 1 Study and sample information of included series.

Sample size
GEO acces- Early Late Sample DENV sero-
Study sion acute acute Acute Acute Acute Convalescent origin Platform Country types Ref.
(0-3 (4-8 DF DHF DSS (= 14 days)
days) days)*
A GSE25001 53 100 - - 47 34 ‘Whole blood Tllumina HumanRef-8 v2 BeadChip Vietnam 1, 2, unknown (6, 21)
14,
B GSE28405 31 31 - - - 31 Whole blood Sentrix HumanRef-8 Expression BeadChip | Singapore 1,2,3 (22)
Ilumina H Ref-8 v3.0 i
C GSE28988 114 9% - - - 9% Whole blood uming Humaniel-e vo.0 expression Unknown Unknown 23)
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Datasets, sample origin, and number of samples by disease phase and/or severity. Annotations: * 4-10 days in GSE43777.
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genes shared by all the datasets considered were selected (Table S7).
The heatmaps of the log2 fold-change of these shared genes across
disease phases or severities were generated with the web tool
Morpheus (https://software.broadinstitute.org/morpheus/) (33).
The hierarchical clustering method utilized was Euclidean
distance complete linkage. The data used to create the heatmaps
are provided in Tables S8, S9.

2.5 Functional enrichment

Functional enrichment analysis based on the clusters of
common genes was performed with the web tool EnrichR
(https://maayanlab.cloud/Enrichr/) (34). The resulting enriched
Gene Ontology (GO) Biological Processes (BPs) were filtered by
adjusted p-value < 0.05, as well as combined scores and categories
befitting the analyzed cell types. When many results from EnrichR
were redundant or closely related terms, these were also filtered with
Revigo (http://revigo.irb.hr/) (35). The most relevant BPs were
represented with an alluvial plot generated with R package
ggalluvial (36). The functional enrichment analysis according to
disease phase and IFN type was conducted with R 4.0.5 and the
ClusterProfiler (37) R package. The results were filtered by adjusted
p-value < 0.05 and presented as dot plots and networks. The results
from the functional enrichment analysis by cluster are available in
Table S10 and by disease phase and IFN type in Table S11.

2.6 Principal component analysis

Datasets A and E, which had the largest number of samples per
phase and severity group (i.e., DSS and DHF, respectively), were
selected to analyze the power of the interferome to discriminate the
disease severities. The expression values were processed on the
ExpressAnalyst web tool (https://www.expressanalyst.ca/) (38), and
log2 normalized when applicable. For each disease phase, the IRGs
previously identified as commonalities were selected. As of dataset
E, four samples (GSM1071100, GSM1071104, GSM1071105,
GSM1071108) identified as outliers in the PCA were removed
from further analyses. Principal Component Analyses (PCA) by
singular value decomposition (39, 40) were performed with the
log2-transformed expression values of the intersection genes (Table
$12) utilizing R 4.0.5 and packages factoextra (41), ggplot2 (42), and
ggExtra (43).

2.7 Ranking of severity-classifying genes

The samples from datasets A and E were grouped by disease
severity for each phase. The log2-transformed expression values of
the commonalities used in the respective PCAs were applied in the
random forest (RF), a machine learning algorithm, which uses the
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combination of multiple tree classifiers (44) to identify classifiers of
dengue severity, using R 4.1.3 and package randomForest (45) (data
used in RF available in Table S13). For cross-validation, 75% of the
data was set for training and 25% for testing. A heatmap for each
dataset depicting the fold change of the top 10 severity-classifying
genes across disease phases was plotted using Morpheus (33) (data
available in Table S14).

2.8 Transcriptional meta-analysis and
gene annotation

The meta-significant genes were obtained by the Fisher p-value
combination method using the ExpressAnalyst web tool (https://
www.expressanalyst.ca/) (38) (results in Table S15). We used the
late acute phase samples from datasets A and E to perform a meta-
analysis. Briefly, the log2-transformed expression values were
adjusted for batch effect with the combat function from R
package sva (46) with R 4.1.3, and the differential expression
analyses compared the severe dengue (DSS and DHF) samples
with the non-severe dengue (non-DSS and DF) samples. We used
Fisher’s method to obtain combined p-values for information
integration, as recently described (47). A box plot was generated
using the Robust Multi-array Average (RMA)-normalized and
mean-summarized expression of the putative biomarkers for
predicting severe dengue clinical outcome (IFI27, ISG15, and
CYBRDI) genes from dataset G (GSE51808) (data available in
Table S16). Wilcoxon’s test was applied to evaluate the statistical
significance between acute DF or acute DHF and convalescent
groups. The gene functions were retrieved from the NCBI Gene
database (https://www.ncbi.nlm.nih.gov/gene/) (48) and UniProt
Knowledgebase (https://www.uniprot.org/) (49) (Table S17).

3 Results

3.1 The interferome signature is a
hallmark feature of the anti-dengue
immune response

We performed a comprehensive multi-study analysis of dengue
cohorts to characterize the interferome signature induced by DENV
infection according to the disease phase. We obtained seven datasets
of dengue fever transcriptomes according to our inclusion criteria of
(1) Homo sapiens microarray or RNAseq expression data, (2)
natural dengue infection, (3) blood or PBMC samples, (4)
availability of convalescent-phase samples, and (5) at least one
group with ten or more samples; and exclusion criteria of (1) in
vitro samples, (2) cohorts with only infants and/or children, and (3)
results from vaccine or drug trials. All these datasets were generated
through microarray technology (GSE25001 (6, 21) (A), GSE28405
(14, 22) (B), GSE28988 (23) (C), GSE28991 (24) (D), GSE43777 (5,
25) (E), GSE40628 (13, 26) (F), and GSE51808 (15, 27)
(G) (Table 1).
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We compared the gene expression profiles of the different
disease phases (early or late acute phases in contrast with the
convalescent phase; datasets A-E) and severities (DF, DHF, or DSS
acute phase in contrast with the convalescent phase; datasets A, E-G)
through differential expression analyses (DEAs). Following, we
identified the interferon-regulated genes (IRGs), as summarized in
Figure 2B and Table S3. These results show that most DEGs induced
by DENV are regulated by IFNs (On average 72% [minimum: 55%,
maximum: 82%)]), including a mix of downregulated and upregulated
genes. These data confirm the well-established pivotal role of IFNs
and the cascade of IFN-associated genes transcribed during the anti-
dengue immune response.

Early acute phase

Late acute phase

e s

FIGURE 3

Commonalities and uniquenesses of interferon-regulated genes across studies by disease phase and IFN type. (A, C), Circos plots representing IRGs
regulated by IFN types |, II, or lll that are shared across datasets in the early acute (A) or late acute (C) disease phases (Table S5). Colors represent the
dataset [magenta, dataset A (GSE25001); yellow, dataset B (GSE28405); green, dataset C (GSE28988); blue, dataset D (GSE28991); orange, dataset E
(GSE43777)], from lighter to darker indicating genes regulated by IFN types I, Il or lll, respectively. (B, D), UpSet plots of the number of IRGs shared
between datasets in the early acute (B) or late acute (D) disease phases. Bars are colored according to the regulating IFN type and indicate the
number of genes shared in the dataset intersections denoted by connected black dots. Boxes highlight genes common to all datasets
(commonalities), totalizing 173 unique genes after duplicate removal, which are further analyzed. A list of genes and complete intersections is
available in Tables S6, S7, respectively. IRG, interferon-regulated gene; IFN, interferon.
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3.2 Consistent IFN type | and Il interferome
signature during different dengue phases

We next analyzed the overlap between dengue’s early and late
acute phases, identifying the transcriptional intersections between
studies A to E. The investigation of common IRGs found 173
common DEGs between the datasets during early and late acute
phases (Figures 3A, C, respectively, Table S5), thus revealing a
substantial overlap between genes regulated by IFN type I and type
II. In contrast, only a few IFN type IIl-regulated genes were
identified. Intriguingly, the distinct difference in the number of
IFN type Ill-regulated genes may be attributed to the limited

B
200 192
IFN type |
M IFN type Il
1504 M IFN type lIl
1004 94
48
504
- 15 : 14
10 0 2 1
o] m |
A
B
C
D
E
173 unique genes
D > further analysed
100
IFN type |
76 M IFN type Il
75 M IFN type IlI
60
50
50 4
23
25
3 10
1 0 I 0 0 0 0
I
A
B
C
D
E

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Usuda et al.

experimental data available for IFN type III, which has been only
recently characterized (50), resulting in fewer annotated genes on
the database. In contrast, types I and II IFNs have been studied
extensively (51).

We found a distinct interferome signature across the datasets
during early and late acute phases (Figures 3B, D). This indicates
that several IRGs are consistently modulated during the anti-DENV
immune response. In the early acute phase, 92, 94, and 20 genes
were found to be regulated by type I, II, and III IFNs, respectively,
across the five datasets (commonalities). Likewise, in the late acute
phase, 48, 76, and 1 gene(s) were found to be regulated by type L, II,
and III IFNs, respectively. These commonalities in interferome
signatures across datasets suggest a conserved response to DENV
infection. A comprehensive list of these genes is provided in Table
S6, and their intersection in Table S7.

3.3 Interferome clusterization at the early
and late acute dengue phases

We characterized the interferome expression patterns across the
transcriptome datasets from dengue patients at acute phases
(datasets A-E) with an unsupervised hierarchical clustering
analysis (Figure 4 and Table S8). The IRG expression pattern
segregated patients at early acute from those at late acute phases.
To further investigate whether the IRG expression pattern could
also stratify the patients by disease severity, we analyzed samples
from DF, DHF, and DSS patients. However, we found that the
differences in the expression pattern of IRGs were not strong
enough to segregate by disease severity (Figure S1 and Table S9).

Next, we characterized the clusters through gene ontology (GO)
analysis to identify distinct biological processes (BPs) that are
enriched by the differential expression signatures found in our
gene sets (Figure 4 and Table S10). Namely, cluster 1, composed
of strongly upregulated genes CCL8 and CCL2 during the early
acute phase; cluster 2, comprising downregulated genes at early and
late acute phases; cluster 3, including genes more upregulated in the
early acute phase; and cluster 4, consisting of genes more
upregulated in the late acute phase. Cluster 1 enriched BPs were
related to the migration and chemotaxis of lymphocytes,
granulocytes, and mononuclear cells. Cluster 2 included genes
involved in phagocytosis, cellular response to catecholamine
stimulus, and anion homeostasis. Cluster 3 exhibited genes
enriching several processes related to the response to the virus
(e.g., positive regulation of RIG-I signaling pathway, regulation of
viral genome replication) and IFN-related processes (e.g., ISG15-
protein conjugation, regulation of type I IFN production). Cluster 4
comprises genes enriching several cell cycle-associated processes
such as phase transition, checkpoint, and DNA replication.

To assess whether GO differences depended on the particular
IEN type, we further conducted a functional enrichment analysis of
the 173 common IRGs by IEN type and disease phase (Table S11).
In the early acute phase (Figure 5), genes regulated by IFN types I
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and II robustly overlapped (86 in 100 genes). Hence, we joined these
genes and carried out the enrichment analysis. For the three IFN
types, we found a predominance of BPs related to host regulation
and defense against the virus, analogous to the enrichment results of
cluster 3. In the late acute phase (Figure 6), considering that only
one common gene was regulated by IFN type III, we performed the
enrichment analysis only for types I and II. We found several cell
cycle-associated BPs during the late acute phase, as seen in cluster 4
(Figure 4). Hence, these findings indicate a phase-specific
interferome signature.

3.4 Anti-DENV interferome stratifies
patients according to disease phase
and severity

We further examined a possible stratification power of the anti-
DENV interferome with principal component analysis (PCA),
considering disease phases and severities. The PCA of IRGs
indicated that they stratify DF, DHF, non-DSS, and DSS dengue
patients at early and late acute phases from their counterparts in
convalescence (Figures 7A-D and Table S12). In the late acute
phase, the interferome signature could differentiate DF patients
from DHF patients and partially distinguish non-DSS from DSS
patients. However, for the IRGs identified in the early acute phase,
there was only minimal differentiation power based on disease
severity. This fact implies that the interferome signature at the later
stage of DENV infection may play a distinct role compared to early
dengue stages.

To better understand the interferome’s stratification power for
dengue patients according to disease severity, we next applied
random forest (RF), a machine learning algorithm, to identify
classifiers of dengue severity (Table S13). In agreement with the
PCA results, RF analysis of DF versus DHF late acute groups
indicated an out-of-bag (OOB) error rate of 27.78% and area
under the curve (AUC) of the receiver operating characteristic
(ROC) curves of 0.952 (Figures 8A, B). Thus, IRGs are strong
classifiers of DHF at the late phase. However, we did not find solid
classifiers for DSS or the early acute phase. For dataset A,
comparing non-DSS and DSS late acute groups, the OOB error
rate was high for the non-DSS group (group 1), and the AUC of the
ROC curves was 0.833 (Figures S2). When we performed RF with
early acute samples from dataset E and dataset A, the OOB error
rate was 31.58% and 33.33%, with AUC of 0.583 and 0.622,
respectively (Figure S3).

The top ten IRGs classifying dengue severity (DF and DHF;
Figure 8C) were SULF2, ISG15, NMEI, CYBRDI, GINS2, GAS6,
UBE2T, RNASE1, and MKI67, in decrescent order. We evaluated the
expression patterns of these top 10 genes through DEAs within each
disease phase, comparing disease severities (Figure 8D and Table
S14). Only IFI27 and ISG15 were significantly differentially expressed
between DHF and DF samples in the late acute phase. To further
investigate whether these ten genes could also classify by disease
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severity, including DSS, we performed a meta-analysis with the late
acute samples of datasets A and E. We found 872 meta-significant
genes (Table S15). Of the top ten ranked genes, IFI27, ISG15, and
CYBRDI were also identified among the meta-significant genes. To
further validate these genes as putative biomarkers for predicting

Frontiers in Immunology

severe dengue clinical outcome classification across disease phases,
we analyzed their expression on an independent cohort (dataset G).
The acute and convalescent phases were significantly different, while
there was no difference between the convalescent and healthy control
samples (Figure S4 and Table S16).
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Functional gene enrichment characterization of the early acute phase interferome. (A, C), Dot plots of the top 15 BPs enriched by the early acute
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4 Discussion

The interferome is a highly complex ancient molecular system
(already present in jawed vertebrates) (52), which plays a crucial
and central part in the anti-DENV immune response and many
other viral infections. Upon virus recognition by PRRs, the IFN
system is rapidly triggered within hours from infection, initiating
IFN production and a cascade of signaling pathways (53), and as
shown here, the transcription of an array of IRGs. In this context,
this study comprehensively characterizes the dengue interferome
signature in patients, encompassing different datasets, disease
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phases, and severities. The IFNs are among the oldest known
cytokines (51) and the results presented here indicate that the
interferome can still be explored in more detail in DENV-infected
patients to provide new contextual information that may benefit
these patients and result in improved treatment strategies. Our
findings align with previous studies highlighting the significant role
of IFN responses in the immune response to DENV infection (54—
56). Indeed, we consistently observed a functional enrichment of
several IFN-related functions during the acute disease phase. Thus,
our integrative systems biology analysis based on seven
independent datasets confirms the consistency of prior individual
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studies, such as those reported by Sun et al. (5), characterized by
cytokine-mediated signaling (e.g., type I IFN) and chemotaxis,
which is followed by a transcriptional wave of genes associated
with the cell cycle.

Our current study emphasizes the predominance of IFN-
regulated genes among DEGs, characterizing the interferome
signature as an evident hallmark of the acute response to DENV.
This finding agrees with the observation of high levels of type I IFN
during acute dengue infection with concomitant CD4+ and CD8+ T

Frontiers in Immunology

cell activation at symptom onset (57). It is already well established
that the first powerful wave of type I IFNs may be an early attempt
of the host to protect itself against the initiation and development of
more advanced disease by employing an early acute phase.
Meanwhile, the enrichment of cycle-associated BPs at the late
acute phase might represent the simultaneous occurrence of
leukocyte proliferation to fight against the infection, together with
the manipulation of the cell cycle by the DENV (58, 59) through
distinct mechanisms that remain to be explored further in future
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Interferon-regulated genes stratification capacity by disease phase and severity. (A, B), Principal component analysis (PCA) biplots of the log2-
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studies. Moreover, our work demonstrates that IRGs are still
differentially expressed in the late acute phase. As a result, as
IFNs may still be detected, they may also play a regulatory role in
this phase of the disease. Genes upregulated at the late acute phase
enriched BPs mostly related to mitosis and cell cycle, which was also
reported by Sun et al. (5), suggesting this may represent a recovery
of the immune cells after viremia has decreased. Thus, indicating a
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long-lasting cascade effect of the interferome in the anti-DENV
immune response.

Clinical investigations of dengue patients have assessed varying
timeframes of IFN kinetics and levels during infection, e.g., higher
IFN-a levels were identified in the period comprising the early acute
phase (0 to 3 days after fever onset) (54, 60), but also throughout the
acute phase (57). IFN-y was also reported to be elevated in the early
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forest models by number of trees. (B), Receiver operating characteristic (ROC) curve of the generated classifying models. The red line corresponds
to group 1 (late acute DF), blue line corresponds to group 2 (late acute DHF). (C), Bar plot of the top ten severity classifying genes ranked by the
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across datasets A to E in the late acute phase are available in Table S13. (D), Bubble heatmap of the log2FC of IRGs resulting from the DHF vs. DF
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acute phase (57), although peaking around defervescence (61).
Likewise, in the early acute phase, we observed the enrichment of
BPs primarily related to antiviral defense mechanisms. These BPs
included regulating typical viral processes, replication, life cycle,
and signaling pathways of RLRs, as well as inflammatory cytokines.
These results are consistent with the well-established functions of
IFNs in innate immunity. Therefore, our integrative findings from
different patient datasets confirm the consistency of the molecular
dynamics of the early acute phase of dengue infection, when the
viremia, innate immune responses, and IFN responses peak (52).
The observed cell-cycle-related effects of the distinct anti-
DENV interferome signature should be investigated further. They
may be explained by the fact that IFNs have been reported to
negatively regulate the proliferation and differentiation of cell types,
such as innate lymphoid type 2 cells and dendritic cells (53), as
means of controlling the infection by hampering the viral
replication and enhancing the elimination of infected cells (52).
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On the other hand, both IFN-o and IFN-y have also been reported
to enhance immune proliferation (62, 63). These apparently
contradicting effects illustrate how the IFN system is highly
pleiotropic, presenting extensive functions and effects (62, 64).
The stratification and classification analyses (PCA and random
forest) results demonstrate eftective discrimination between disease
severities based on the interferome signature only in the late acute
phase, indicating that the interferome has a more prominent role at
this stage. The late acute phase is critical, wherein the disease course
is defined as severe or non-severe dengue (4). So far, identifying
early-stage biomarkers to classify which patients will progress to
severe dengue is still an unsolved challenge. The random forest
algorithm identified the top ten ranking genes (IFI27, SULF2,
ISG15, NMEI, CYBRDI, GINS2, GAS6, UBE2T, RNASE1, MKI67)
for differentiation of DHF and DF in the late acute phase. Among
them, IFI27, ISG15, and CYBRDI were also meta-significant genes.
We confirmed in an independent dataset that these putative
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biomarkers are differentially expressed during acute infection for
both DF and DHF and return to baseline expression upon disease
resolution. Further, IFI27 and ISGI5 were significantly upregulated
in the DHF late acute phase and have previously been associated
with dengue severity by Zanini et al. (65).

Mechanistically, IFI27 (interferon alpha inducible protein 27) is
involved in type-I interferon-induced apoptosis (49) and was recently
identified as a key ISG in DENV infection, using similar approaches
(66). In addition, IFI127 was predominantly upregulated across disease
phases in DHF and DSS, being a putative late-stage biological
indicator for severe dengue. In turn, ISG15 encodes a ubiquitin-like
protein with an antiviral activity that can induce NK cell proliferation,
act as a chemotactic factor for neutrophils, and induce IFN-y (49).
ISG15 was upregulated in DHF but downregulated in DSS,
representing a potential molecule differentiating patients between
the two severities in the late acute phase. On the other hand,
CYBRDI encodes a plasma membrane reductase that reduces
extracellular Fe>* into Fe’*, expressed in monocytes and neutrophils
(49, 67). It is a meta-significant gene, downregulated in DHF but
upregulated in DSS. CYBRDI can potentially be a classifier between
DHF and DSS in the late acute phase, and to the best of our
knowledge, it has not been previously associated with dengue. GAS6
encodes a ligand for tyrosine-protein kinase receptors, which has been
shown to bind to TAM receptors, inhibiting inflammatory innate
immune response. DENV exploits the apoptotic clearance function of
TIM and TAM receptors, mediated by Gas6, to gain entry into cells
(68). This fact highlights the interplay between GAS6 and DENV
infection, emphasizing the involvement of GAS6 in modulating
immune responses and facilitating viral entry. As this gene was
upregulated in the DHF group, this enhanced viral entry may be
related to the increased disease severity.

Our work has some limitations. For instance, the molecular
signatures identified in this study must be investigated in
longitudinal studies and verified further at the protein level. As
with all transcriptomic data, it does not necessarily reflect in
expressed proteins or functional effects, and possible biomarkers
are only putative, with further clinical studies necessary to evaluate
their applicability. Another limitation is that some samples included
children and infants, whose immune response differs from that of
adults (69). As expected, most severe dengue (DHF and DSS) samples
were secondary infection cases (70). However, no information
allowed us to consistently identify the samples regarding either
reinfection or DENV serotype, which can affect the response to
infection (71). Other populational factors affecting the response to
DENV that could not be considered in this study are ethnicity,
geographic location, nutritional status, and comorbidities (72, 73), as
that information were unavailable and/or not comparable. Despite
these limitations and the cohort heterogeneity, we found consistent
molecular signatures across the studies, indicating our results are
robust and characteristic of the overall DENV infection.

5 Conclusions

Our study underscores the significant involvement of IFN-
regulated genes in the acute dengue response, as reflected by the
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distinct interferome signature during different phases of DENV
infection. Summarily, our approach focused on the expression
patterns of IRGs across disease phases and severities in dengue
patients. Of note, most DEGs induced by dengue infection were also
regulated by IFN, which corroborates the broad modulation of the
immune response by the IFN system. Moreover, this study provides
valuable insights into the qualitative and quantitative aspects of the
dengue interferome, highlighting the dynamic interplay between
IFN signaling and gene expression modulation in the context of
dengue infection. Hence, our study indicates consistent molecular
signatures of disease severity in the late acute stage that can help the
development of better classificatory methods and treatment to
reduce morbidity and mortality of dengue patients.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: GEO Datasets (https://www.ncbi.nlm.nih.gov/
gds), accession numbers GSE25001, GSE28405, GSE28988,
GSE28991, GSE43777, GSE40628, GSE51808. Codes utilized in
this manuscript are available at the following link: https://github.
com/JNUsuda/dengue_interferome.

Ethics statement

Ethical approval was not required for the study involving human
samples in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.
Ethical approval was not required for the study involving animals in
accordance with the local legislation and institutional requirements
because publicly available datasets were used in this study.

Author contributions

JU, DP, and OC-M conceived this study. JU performed the data
analysis. DF, AM, IF, VC, AA, AT-C, MH, PF, RC, GM, GC, LS, DP,
and OC-M provided scientific insights. JU, RC, GM, DP, and OC-M
wrote and revised the final version of the manuscript. DP and OC-
M supervised the work. All authors contributed to the article and
approved the submitted version.

Funding

We thank the Sao Paulo Research Foundation (FAPESP) (grants:
2021/03675-5 to JU; 2020/16246-2 to DF; 2023/03841-8 to VC; 2020/
11710-2 to DP; and 2018/18886-9 to OC-M) for financial support. We
acknowledge the Brazilian Federal Agency for Support and Evaluation
of Graduate Education (CAPES/PROEX) (grant 88887.848413/2023-
00 to AA) and the National Council for Scientific and Technological
Development (CNPq) Brazil (grants: 102430/2022-5 to LS; 309482/
2022-4 to OC-M). The contributions by GM were made possible by

frontiersin.org


https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
https://github.com/JNUsuda/dengue_interferome
https://github.com/JNUsuda/dengue_interferome
https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Usuda et al.

funding from the German Federal Ministry for Education and
Research (BMBF) and the German Research Foundation (DFG;
project EXPAND-PD; CA2816/1-1) through the Berlin Institute of
Health (BIH)-Center for Regenerative Therapies (BCRT) and the
Berlin-Brandenburg School for Regenerative Therapies (BSRT,
GSC203), respectively, and in part by the European Union’s Horizon
2020 Research and Innovation Program under grant agreements No
733006 (PACE) and 779293 (HIPGEN) and 754995 (EU-TRAIN).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Harapan H, Michie A, Sasmono RT, Imrie A. Dengue: A minireview. Viruses
(2020) 12. doi: 10.3390/v12080829

2. World Health Organization. Ending the neglect to attain the Sustainable
Development Goals: A road map for neglected tropical diseases 2021-2030. Overview
(2021). Available at: https://www.who.int/publications-detail-redirect/ WHO-UCN-
NTD-2020.01 (Accessed July 1, 2021).

3. Guzman MG, Gubler DJ, Izquierdo A, Martinez E, Halstead SB. Dengue
infection. Nat Rev Dis Primers (2016) 2:16055. doi: 10.1038/nrdp.2016.55

4. World Health Organization, Special Programme for Research and Training in
Tropical Diseases. Dengue: guidelines for diagnosis, treatment, prevention, and control.
New. Geneva: World Health Organization (2009). 147 p.

5. Sun P, Garcia J, Comach G, Vahey MT, Wang Z, Forshey BM, et al. Sequential
waves of gene expression in patients with clinically defined dengue illnesses reveal
subtle disease phases and predict disease severity. PloS Negl Trop Dis (2013) 7:2298.
doi: 10.1371/journal.pntd.0002298

6. Hoang LT, Lynn DJ, Henn M, Birren BW, Lennon NJ, Le PT, et al. The early
whole-blood transcriptional signature of dengue virus and features associated with
progression to dengue shock syndrome in Vietnamese children and young adults. J
Virol (2010) 84:12982-94. doi: 10.1128/JV1.01224-10

7. Simmons CP, Farrar JJ, van Vinh Chau N, Wills B. Dengue. New Engl ] Med
(2012) 366:1423-32. doi: 10.1056/NEJMral110265

8. Kawai T, Akira S. Innate immune recognition of viral infection. Nat Immunol
(2006) 7:131-7. doi: 10.1038/ni1303

9. Mesev EV, LeDesma RA, Ploss A. Decoding type I and III interferon signalling
during viral infection. Nat Microbiol (2019) 4:914-24. doi: 10.1038/s41564-019-0421-x

10. Ngono AE, Shresta S. Immune response to dengue and zika. Annu Rev Immunol
(2018) 36:279-308. doi: 10.1146/annurev-immunol-042617-053142

11. Levy DE, Marié IJ, Durbin JE. Induction and function of type I and III interferon
in response to viral infection. Curr Opin Virol (2011) 1:476-86. doi: 10.1016/
j.coviro.2011.11.001

12. Katze MG, He Y, Gale M. Viruses and interferon: a fight for supremacy. Nat Rev
Immunol (2002) 2:675-87. doi: 10.1038/nri888

13. Simmons CP, Popper S, Dolocek C, Chau TNB, Griffiths M, Dung NTP, et al.
Patterns of host genome—Wide gene transcript abundance in the peripheral blood of
patients with acute dengue hemorrhagic fever. J Infect Dis (2007) 195:1097-107.
doi: 10.1086/512162

14. Tolfvenstam T, Lindblom A, Schreiber MJ, Ling L, Chow A, Ooi EE, et al.
Characterization of early host responses in adults with dengue disease. BMC Infect Dis
(2011) 11:209. doi: 10.1186/1471-2334-11-209

15. Kwissa M, Nakaya HI, Onlamoon N, Wrammert ], Villinger F, Perng GC, et al.
Dengue virus infection induces expansion of a CD14+CD16+ Monocyte population
that stimulates plasmablast differentiation. Cell Host Microbe (2014) 16:115-27.
doi: 10.1016/j.chom.2014.06.001

16. Elong Ngono A, Chen H-W, Tang WW, Joo Y, King K, Weiskopf D, et al.
Protective role of cross-reactive CD8 T cells against dengue virus infection.
EBioMedicine (2016) 13:284-93. doi: 10.1016/j.ebiom.2016.10.006

17. Hsu Y-L, Shi S-F, Wu W-L, Ho L-J, Lai J-H. Protective roles of interferon-
induced protein with tetratricopeptide repeats 3 (IFIT3) in dengue virus infection of

Frontiers in Immunology

10.3389/fimmu.2023.1243516

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1243516/
full#supplementary-material

human lung epithelial cells. PloS One (2013) 8:¢79518. doi: 10.1371/
journal.pone.0079518

18. Perry ST, Buck MD, Lada SM, Schindler C, Shresta S. STAT2 mediates innate
immunity to dengue virus in the absence of STAT1 via the type I interferon receptor.
PloS Pathog (2011) 7:e1001297. doi: 10.1371/journal.ppat.1001297

19. Jones M, Davidson A, Hibbert L, Gruenwald P, Schlaak J, Ball S, et al. Dengue
virus inhibits alpha interferon signaling by reducing STAT2 expression. J Virol (2005)
79:5414-20. doi: 10.1128/JV1.79.9.5414-5420.2005

20. Mufoz-Jordan JL, Sanchez-Burgos GG, Laurent-Rolle M, Garcia-Sastre A.
Inhibition of interferon signaling by dengue virus. Proc Natl Acad Sci U.S.A. (2003)
100:14333-8. doi: 10.1073/pnas.2335168100

21. Hoang LT, Lynn DJ, Henn M, Birren BW, Lennon NJ, Le PT, et al. Whole blood
gene expression in Vietnamese dengue patients. GEO accession GSE25001 (2010). GEO
Accession Display. Available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE25001 (Accessed March 22, 2023).

22. Ling L, Tolfvenstam T, Lindblom A, Hibberd ML. Genome-wide gene expression
analysis of human whole-blood samples in in response to dengue disease. GEO accession
GSE28405 (2011). GEO Accession Display. Available at: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi (Accessed March 22, 2023).

23. Naim AN, Tolfvenstam T, Lindblom A, Hibberd ML. Global transcriptional
assessment of consecutive samples from patients with dengue infection with association to
dengue virus IgG serostatus. GEO accession GSE28988 (2014). GEO Accession Display.
Available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28988
(Accessed March 22, 2023).

24. Naim AN, Tolfvenstam T, Fink K, Hibberd ML. Genome-wide gene expression
analysis of human whole-blood samples during acute dengue disease and early
convalescence. GEO accession GSE28991 (2014). GEO Accession Display. Available
at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28991 (Accessed March
22, 2023).

25. Sun P, Garcia J, Comach G, Vahey MT, Wang Z, Forshey BM, et al. Sequential
waves of gene expression in patients with clinically defined Dengue illnesses reveal subtle
disease phases and predict disease severity. GEO accession GSE43777 (2013). GEO
Accession Display. Available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE43777 (Accessed March 22, 2023).

26. Popper S. Dengue patients whole blood. GEO accession GSE40628 (2012). GEO
Accession Display. Available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE40628 (Accessed March 22, 2023).

27. Nakaya HI, Kwissa M, Pulendran B. Systems biological analysis of immunity to
dengue. GEO accession GSE51808 (2014). GEO Accession Display. Available at: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51808 (Accessed March 22, 2023).

28. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids Res
(2013) 41:D991-5. doi: 10.1093/nar/gks1193

29. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

30. Rusinova I, Forster S, Yu S, Kannan A, Masse M, Cumming H, et al.
INTERFEROME v2.0: an updated database of annotated interferon-regulated genes.
Nucleic Acids Res (2013) 41:D1040-6. doi: 10.1093/nar/gks1215

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1243516/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1243516/full#supplementary-material
https://doi.org/10.3390/v12080829
https://www.who.int/publications-detail-redirect/WHO-UCN-NTD-2020.01
https://www.who.int/publications-detail-redirect/WHO-UCN-NTD-2020.01
https://doi.org/10.1038/nrdp.2016.55
https://doi.org/10.1371/journal.pntd.0002298
https://doi.org/10.1128/JVI.01224-10
https://doi.org/10.1056/NEJMra1110265
https://doi.org/10.1038/ni1303
https://doi.org/10.1038/s41564-019-0421-x
https://doi.org/10.1146/annurev-immunol-042617-053142
https://doi.org/10.1016/j.coviro.2011.11.001
https://doi.org/10.1016/j.coviro.2011.11.001
https://doi.org/10.1038/nri888
https://doi.org/10.1086/512162
https://doi.org/10.1186/1471-2334-11-209
https://doi.org/10.1016/j.chom.2014.06.001
https://doi.org/10.1016/j.ebiom.2016.10.006
https://doi.org/10.1371/journal.pone.0079518
https://doi.org/10.1371/journal.pone.0079518
https://doi.org/10.1371/journal.ppat.1001297
https://doi.org/10.1128/JVI.79.9.5414-5420.2005
https://doi.org/10.1073/pnas.2335168100
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25001
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25001
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28988
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28991
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43777
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43777
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40628
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40628
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51808
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51808
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gks1215
https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Usuda et al.

31. Krzywinski MI, Schein JE, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: An information aesthetic for comparative genomics. Genome Res (2009) 19,
1639-1645. doi: 10.1101/gr.092759.109

32. Khan A, Mathelier A. Intervene: a tool for intersection and visualization of
multiple gene or genomic region sets. BMC Bioinf (2017) 18:287. doi: 10.1186/512859-
017-1708-7

33. Gould J. Morpheus (2022). Available at: https://software broadinstitute.org/
morpheus.

34. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinf
(2013) 14:128. doi: 10.1186/1471-2105-14-128

35. Supek F, Bo$njak M, Skunca N, Smuc T. REVIGO summarizes and visualizes
long lists of gene ontology terms. PloS One (2011) 6:¢21800. doi: 10.1371/
journal.pone.0021800

36. Brunson JC. ggalluvial: layered grammar for alluvial plots. J Open Source Softw
(2020) 5:2017. doi: 10.21105/joss.02017

37. Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS: A ] Integr Biol (2012) 16:284-7.
doi: 10.1089/0mi.2011.0118

38. Zhou G, Soufan O, Ewald ], Hancock REW, Basu N, Xia J. NetworkAnalyst 3.0: a
visual analytics platform for comprehensive gene expression profiling and meta-
analysis. Nucleic Acids Res (2019) 47:W234-41. doi: 10.1093/nar/gkz240

39. Ringnér M. What is principal component analysis? Nat Biotechnol (2008)
26:303-4. doi: 10.1038/nbt0308-303

40. Trendafilov N, Gallo M. PCA and other dimensionality-reduction techniques. In:
Tierney RJ, Rizvi F, Ercikan K, editors. International Encyclopedia of Education (Fourth
Edition). Oxford: Elsevier (2023). p. 590-9. doi: 10.1016/B978-0-12-818630-5.10014-4

41. Kassambara A, Mundt F. factoextra: Extract and Visualize the Results of
Multivariate Data Analyses (2020). Available at: https://CRAN.R-project.org/
package=factoextra.

42. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer-
Verlag (2016). Available at: https://ggplot2.tidyverse.org.

43. Attali D, Baker C. ggExtra: Add Marginal Histograms to “ggplot2”, and More
“ggplot2” Enhancements (2022). Available at: https://CRAN.R-project.org/package=ggExtra.

44, Breiman L. Random forests. Mach Learn (2001) 45:5-32. doi: 10.1023/
A:1010933404324

45. Liaw A, Wiener M. Classification and regression by randomForest. R News
(2002) 2:18-22.

46. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for
removing batch effects and other unwanted variation in high-throughput experiments.
Bioinformatics (2012) 28:882-3. doi: 10.1093/bioinformatics/bts034

47. Prado CA de S, Fonseca DLM, Singh Y, Filgueiras IS, Baiocchi GC, Plaga DR,
et al. Integrative systems immunology uncovers molecular networks of the cell cycle
that stratify COVID-19 severity. ] Med Virol (2023) 95:e28450. doi: 10.1002/jmv.28450

48. Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, et al. Database
resources of the national center for biotechnology information. Nucleic Acids Res
(2021) 50:D20-6. doi: 10.1093/nar/gkab1112

49. The UniProt Consortium. UniProt: the universal protein knowledgebase in
2021. Nucleic Acids Res (2021) 49:D480-9. doi: 10.1093/nar/gkaal100

50. Ank N, West H, Bartholdy C, Eriksson K, Thomsen AR, Paludan SR. Lambda
Interferon (IFN-A), a type III IFN, is induced by viruses and IFNs and displays potent
antiviral activity against select virus infections in vivo. J Virol (2006) 80:4501-9.
doi: 10.1128/JV1.80.9.4501-4509.2006

51. Vilcek J. Novel interferons. Nat Immunol (2003) 4:8-9. doi: 10.1038/ni0103-8

52. Stetson DB, Medzhitov R. Type I interferons in host defense. Immunity (2006)
25:373-81. doi: 10.1016/j.immuni.2006.08.007

53. Lee AJ, Ashkar AA. The dual nature of type I and type II interferons. Front
Immunol (2018) 9:2061. doi: 10.3389/fimmu.2018.02061

54. De La Cruz Hernandez SI, Puerta-Guardo H, Flores-Aguilar H, Gonzalez-
Mateos S, Lopez-Martinez I, Ortiz-Navarrete V, et al. A strong interferon response

Frontiers in Immunology

16

10.3389/fimmu.2023.1243516

correlates with a milder dengue clinical condition. J Clin Virol (2014) 60:196-9.
doi: 10.1016/j.jcv.2014.04.002

55. Shresta S, Kyle JL, Snider HM, Basavapatna M, Beatty PR, Harris E. Interferon-
dependent immunity is essential for resistance to primary dengue virus infection in
mice, whereas T- and B-cell-dependent immunity are less critical. J Virol (2004)
78:2701-10. doi: 10.1128/JV1.78.6.2701-2710.2004

56. Mufoz-Jordan JL. Subversion of interferon by dengue virus. Curr Top Microbiol
Immunol (2010) 338:35-44. doi: 10.1007/978-3-642-02215-9_3

57. Becquart P, Wauquier N, Nkoghe D, Ndjoyi-Mbiguino A, Padilla C, Souris M,
et al. Acute dengue virus 2 infection in Gabonese patients is associated with an early
innate immune response, including strong interferon alpha production. BMC Infect Dis
(2010) 10:356. doi: 10.1186/1471-2334-10-356

58. Chong MK, Ng ML. Significance of cell cycle manipulation in the establishment
of dengue virus and west Nile virus infection. Int ] Infect Dis (2008) 12:e168.
doi: 10.1016/j.ijid.2008.05.418

59. Murgue B, Cassar O, Guigon M, Chungue E. Dengue virus inhibits human
hematopoietic progenitor growth in vitro. J Infect Dis (1997) 175:1497-501.
doi: 10.1086/516486

60. Kurane I, Innis BL, Nimmannitya S, Nisalak A, Meager A, Ennis FA. High levels
of interferon alpha in the sera of children with dengue virus infection. Am J Trop Med
Hyg (1993) 48:222-9. doi: 10.4269/ajtmh.1993.48.222

61. Green S, Vaughn DW, Kalayanarooj S, Nimmannitya S, Suntayakorn S, Nisalak
A, et al. Early immune activation in acute dengue illness is related to development of
plasma leakage and disease severity. J Infect Dis (1999) 179:755-62. doi: 10.1086/
314680

62. Sun S, Zhang X, Tough D, Sprent J. Multiple effects of immunostimulatory DNA
on T cells and the role of type I interferons. Springer Semin Immunopathol (2000)
22:77-84. doi: 10.1007/s002810000028

63. Becker S. Interferon-y accelerates immune proliferation via its effect on
monocyte HLA-DR expression. Cell Immunol (1985) 91:301-7. doi: 10.1016/0008-
8749(85)90053-X

64. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, et al. A
diverse range of gene products are effectors of the type I interferon antiviral response.
Nature (2011) 472:481-5. doi: 10.1038/nature09907

65. Zanini F, Robinson ML, Croote D, Sahoo MK, Sanz AM, Ortiz-Lasso E, et al.
Virus-inclusive single-cell RNA sequencing reveals the molecular signature of
progression to severe dengue. Proc Natl Acad Sci U.S.A. (2018) 115:E12363-9.
doi: 10.1073/pnas.1813819115

66. Jiang C, He C, Kan J, Guan H, Zhou T, Yang Y. Integrative bulk and single-cell
transcriptome profiling analysis reveals IFI27 as a novel interferon-stimulated gene in
dengue. ] Med Virol (2023) 95:28706. doi: 10.1002/jmv.28706

67. Monaco G, Lee B, Xu W, Mustafah S, Hwang YY, Carré C, et al. RNA-seq
signatures NorMalized by mRNA abundance allow absolute deconvolution of human
immune cell types. Cell Rep (2019) 26:1627-1640.¢7. doi: 10.1016/j.celrep.2019.01.041

68. Meertens L, Carnec X, Lecoin MP, Ramdasi R, Guivel-Benhassine F, Lew E, et al.
The TIM and TAM families of phosphatidylserine receptors mediate dengue virus
entry. Cell Host Microbe (2012) 12:544-57. doi: 10.1016/j.chom.2012.08.009

69. Jain A, Chaturvedi UC. Dengue in infants: an overview. FEMS Immunol Med
Microbiol (2010) 59:119-30. doi: 10.1111/j.1574-695X.2010.00670.x

70. Soo K-M, Khalid B, Ching S-M, Chee H-Y. Meta-analysis of dengue severity
during infection by different dengue virus serotypes in primary and secondary
infections. PloS One (2016) 11:¢0154760. doi: 10.1371/journal.pone.0154760

71. Fialho LG, Torrentes-Carvalho A, Cunha RV, Faria N, Gandini M, Cipitelli M,
et al. Induced nitric oxide synthase (iNOS) and indoleamine 2,3-dioxygenase (IDO)
detection in circulating monocyte subsets from Brazilian patients with Dengue-4 virus.
Virol Rep (2017) 7:9-19. doi: 10.1016/j.virep.2017.02.001

72. Carabali M, Hernandez LM, Arauz M], Villar LA, Ridde V. Why are people with
dengue dying? A scoping review of determinants for dengue mortality. BMC Infect Dis
(2015) 15:301. doi: 10.1186/s12879-015-1058-x

73. Te H, Sriburin P, Rattanamahaphoom J, Sittikul P, Hattasingh W, Chatchen S,
et al. Association between nutritional status and dengue severity in Thai children and
adolescents. PloS Negl Trop Dis (2022) 16:¢0010398. doi: 10.1371/journal.pntd.0010398

frontiersin.org


https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1186/s12859-017-1708-7
https://doi.org/10.1186/s12859-017-1708-7
https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.21105/joss.02017
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/nar/gkz240
https://doi.org/10.1038/nbt0308-303
https://doi.org/10.1016/B978-0-12-818630-5.10014-4
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=ggExtra
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1002/jmv.28450
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1128/JVI.80.9.4501-4509.2006
https://doi.org/10.1038/ni0103-8
https://doi.org/10.1016/j.immuni.2006.08.007
https://doi.org/10.3389/fimmu.2018.02061
https://doi.org/10.1016/j.jcv.2014.04.002
https://doi.org/10.1128/JVI.78.6.2701-2710.2004
https://doi.org/10.1007/978-3-642-02215-9_3
https://doi.org/10.1186/1471-2334-10-356
https://doi.org/10.1016/j.ijid.2008.05.418
https://doi.org/10.1086/516486
https://doi.org/10.4269/ajtmh.1993.48.222
https://doi.org/10.1086/314680
https://doi.org/10.1086/314680
https://doi.org/10.1007/s002810000028
https://doi.org/10.1016/0008-8749(85)90053-X
https://doi.org/10.1016/0008-8749(85)90053-X
https://doi.org/10.1038/nature09907
https://doi.org/10.1073/pnas.1813819115
https://doi.org/10.1002/jmv.28706
https://doi.org/10.1016/j.celrep.2019.01.041
https://doi.org/10.1016/j.chom.2012.08.009
https://doi.org/10.1111/j.1574-695X.2010.00670.x
https://doi.org/10.1371/journal.pone.0154760
https://doi.org/10.1016/j.virep.2017.02.001
https://doi.org/10.1186/s12879-015-1058-x
https://doi.org/10.1371/journal.pntd.0010398
https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Interferome signature dynamics during the anti-dengue immune response: a systems biology characterization
	1 Introduction
	2 Materials and methods
	2.1 Data curation
	2.2 Differential expression analysis
	2.3 Interferome analysis
	2.4 Data integration and hierarchical clustering
	2.5 Functional enrichment
	2.6 Principal component analysis
	2.7 Ranking of severity-classifying genes
	2.8 Transcriptional meta-analysis and gene annotation

	3 Results
	3.1 The interferome signature is a hallmark feature of the anti-dengue immune response
	3.2 Consistent IFN type I and II interferome signature during different dengue phases
	3.3 Interferome clusterization at the early and late acute dengue phases
	3.4 Anti-DENV interferome stratifies patients according to disease phase and severity

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


