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Visceral leishmaniasis (VL) is a vector-borne infectious disease that can be potentially fatal
if left untreated. In Brazil, it is caused by Leishmania infantum parasites. Blood
transcriptomics allows us to assess the molecular mechanisms involved in the
immunopathological processes of several clinical conditions, namely, parasitic diseases.
Here, we performed mRNA sequencing of peripheral blood from patients with visceral
leishmaniasis during the active phase of the disease and six months after successful
treatment, when the patients were considered clinically cured. To strengthen the study,
the RNA-seq data analysis included two other non-diseased groups composed of healthy
uninfected volunteers and asymptomatic individuals. We identified thousands of
differentially expressed genes between VL patients and non-diseased groups. Overall,
pathway analysis corroborated the importance of signaling involving interferons,
chemokines, Toll-like receptors and the neutrophil response. Cellular deconvolution of
gene expression profiles was able to discriminate cellular subtypes, highlighting the
contribution of plasma cells and NK cells in the course of the disease. Beyond the
biological processes involved in the immunopathology of VL revealed by the expression of
protein coding genes (PCGs), we observed a significant participation of long noncoding
RNAs (IncRNAs) in our blood transcriptome dataset. Genome-wide analysis of INcRNAs
expression in VL has never been performed. INCBRNAs have been considered key
regulators of disease progression, mainly in cancers; however, their pattern regulation
may also help to understand the complexity and heterogeneity of host immune responses
elicited by L. infantum infections in humans. Among our findings, we identified INCRNAs
such as IL21-AS1, MIR4435-2HG and LINC01501 and coexpressed INncRNA/MRNA
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pairs such as CA3-AS1/CA1, GASAL1/IFNG and LINC0O1127/IL1R1-IL1R2. Thus, for the
first time, we present an integrated analysis of PCGs and IncRNAs by exploring the
INcBRNA-MRNA coexpression profile of VL to provide insights into the regulatory gene
network involved in the development of this inflammatory and infectious disease.

Keywords: blood transcriptomics, human visceral leishmaniasis, Leishmania infantum (syn. Leishmania chagasi),
mRNA sequencing (mMRNA-seq), long noncoding RNA-mRNA coexpression

INTRODUCTION

Leishmania protozoans cause a group of diseases known as
leishmaniases. The diseases are characterized by a wide range
of clinical manifestations depending on the infecting Leishmania
species, which are classified as cutaneous, mucocutaneous or
visceral forms. This dixenous and dimorphic parasite is
transmitted to humans through bites from infected sand flies
(1). Infections by Leishmania infantum can lead to the most
severe form of disease, visceral leishmaniasis (VL), which can be
lethal if untreated or misdiagnosed (2). Human cases in Brazil
account for approximately 95% of reported VL cases in the
Americas, with a mortality rate of 7.2% (3). It is also classified as
a zoonotic disease with dogs and wild animals as reservoirs.
Antileishmanial treatment is administered only parenterally and
triggers many toxicity effects, and currently, there is no vaccine
against VL. The control of the vector and the surveillance of
reservoirs of L. infantum have been the measures adopted by the
Brazilian public health policies to control and prevent the disease
(4). Patients susceptible to VL go through a minimum period of
remission of six months, and recidivism has been more
frequently observed in recent years. Primarily, children are
more often affected, but the incidence in adults has
significantly increased (5). However, as observed for other
infectious diseases, most infected people do not become sick or
even develop any symptoms, likely due to the diverse factors
influencing the complexity of the host/parasite interface.

Most mechanistic knowledge about Leishmania infections
arises from experimental animal models and eventually from
human infections. Leishmania parasites are able to infect
multiple cell types, of which mononuclear phagocytes are the
main cells for intracellular replication. By establishing a long-
term infection, the parasites are capable of escape from
microbicidal and immune mechanisms. CD4" Thl cells and
IFN-y production are crucial to control Leishmania infections,
but other CD4" T cell subtypes and CD8" T cells have been
shown to be important in the adaptive immune response (6, 7).
Displaying a variety of Leishmania species, hosts and infection
scenarios, the combinations of host/pathogen interactions reach
a diversity of host responses to be investigated. In this context,
studies aiming to uncover the molecular mechanisms underlying
the different outcomes of L. infantum human infections are
still scarce.

Blood transcriptomics represents an accessible and powerful
approach to address the molecular immune mechanisms elicited
by inflammatory conditions (8) and to foster the understanding
of the heterogeneity of many human infectious diseases. In this

regard, blood transcriptomes of human VL caused by L.
donovani have been explored by others in India (9), with a
focus on amphotericin B treatment. Another blood
transcriptomics study using patients from Africa also focused
on treatment efficacy assessment, but in VL patients coinfected
with HIV (10). Of interest for VL occurrence in Brazil, a
pioneering study performed by Gardinassi et al. with VL
patients infected with L. infantum revealed molecular
immunological signatures according to the outcome of
infection and disease state, such as asymptomatic infection,
active infection and during VL remission between two to five
months after treatment with pentavalent antimonial (11). These
studies found that the IFN-y response circuit was enriched in
active VL (as expected), pathways related to the activation of T
lymphocytes via MHC class 1, type I interferon signaling and B
cells (11). Adriaensen et al. showed that IL-10 integrated a 4-gene
pre-post transcriptional signature to discriminate treatment
outcomes (10).

All these blood transcriptomics studies were dedicated to
defining transcriptional signatures of protein-coding genes
(PCGs). Another type of gene, as important as PCGs, is those
classified as long noncoding RNAs (IncRNAs) owing to their key
roles in several molecular processes, such as gene regulation
(namely, posttranscriptional and posttranslational mechanisms),
genome integrity, cellular structural functions and interference
in signaling pathways (12). None of these previous transcriptome
studies in VL have focused on IncRNAs. Long noncoding RNAs
are broadly expressed in health and disease states, and their
specific or altered expression profiles indicate their potential as
biomarkers and targets for novel therapies. Most IncRNA
functions and relevance came from studies with tumors, but
their central role in hematopoiesis and immunity is quite
prominent (13, 14).

This type of transcript is larger than 200 nucleotides, and like
mRNA, it is spliced, capped at the 5" end and polyadenylated at
the 3’ end (15), ie., it can be captured not only by total RNA
sequencing but also by mRNA sequencing. From this
perspective, we performed an integrated analysis of IncRNAs
and mRNAs (PCGs) in the blood transcriptomes of human VL
caused by L. infantum obtained by mRNA sequencing. To
produce robust findings and overcome potential host genetics
factors, we compared transcriptional data of the same patients in
two defined states, during active VL and after six months of being
treated, when they were considered clinically cured. In addition,
we compared the gene expression profiles of active VL to two
other non-diseased profiles, asymptomatic individuals and
healthy uninfected volunteers. First, we provided an overview
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of this new blood transcriptome in VL depicting the most
enriched biological pathways and the featured landscape of
expressed IncRNAs. Then, we proceeded to the differential
expression analysis to define gene subsets to be further focused
on in IncRNA-mRNA coexpression analysis. We provided an
expression profile of IncRNAs induced in VL during L. infantum
infection associated with coexpressed protein coding genes,
uncovering important insights into the transcriptional response
of this parasitic infectious disease. Several IncRNAs were
identified as key players in human L. infantum infections, and
their potential as blood biomarkers for VL is discussed.

MATERIAL AND METHODS
Patients and Healthy Uninfected Subjects

Twenty-nine individuals were enrolled in the study and
categorized into four groups: visceral leishmaniasis patients with
active disease (PDO), cured VL patients (PD180; VL patients from
the PDO group 180 days after treatment), asymptomatic
individuals (A) and healthy uninfected controls (C),

as summarized in Figure 1 and Table 1. The individuals
enrolled in this study are from Sergipe state, located at the
Northeast region of Brazil, that is not endemic for Malaria. All
procedures were performed in accordance with the guidelines of
the Brazilian Human Research Ethics Evaluation System (CEP/
CONEP) and were approved by the Ethics Committee of the
Federal University of Sergipe (CAAE: 04587312.2.0000.0058). All
subjects or their legal guardians signed an informed consent form
prior to the study.

Diseased patients (PD0O samples) were characterized by the
presence of fever, weight loss, hepatosplenomegaly, and low
leukocyte and platelet counts. VL diagnosis in the PD0 group was
confirmed by direct observation of Leishmania in bone marrow
aspirate or positive culture in Novy-MacNeal-Nicolle (NNN)
medium plus a positive rK39 serological test (Kalazar Detect
Rapid Test, InBios International Inc., Seattle, WA). All VL
patients were negative for hepatitis B and C viruses and HIV, and
also for bacterial infections or other parasites. The patients were
treated with conventional drug therapies used for visceral
leishmaniasis, according to the national guidelines of the Brazilian
Ministry of Health: meglumine antimonate (Glucantime®) and/or

29 Subjects

;

/ ~ Leishmania infantum

|fstens, Treatment

blue). Image diagrammed in Inkscape (https://inkscape.org/).

TABLE 1 | General information of the groups analyzed in this study.

AR

— AR EARAEL

9 Healthy Controls (C)

0 Q@ g 0 00 oo
9 Asymptomatics (A)

11 Visceral Leishmaniasis (PDO0)

SISISISINY.
TIERREREREE

11 Treated (PD180)

FIGURE 1 | Diagram depicting the groups used in this work to perform RNA-seq data analyses of blood transcriptomes from VL patients (PDO, in red) compared to
nondiseased groups, treated (PD180 in green, cured patients), asymptomatic subjects IgG* for Leishmania infantum (A, in yellow) and healthy/control subjects (C, in

Group N° Women Men

N° Age®© Drug therapy? N° Age”© Drug therapy
PDO? (VL) 11 6 14.5 (01/561) Glucantime + AmBisome (n = 2); 5 24 (10/44) Glucantime + AmBisome (n = 2);
PD1807 (cured VL) 1 6 14.5 (01/51) AmBisome (n = 3) 5 24 (10/44) AmBisome (n = 2); Glucantime (n = 1)
Asymptomatic 9 3 12 (03/30) - 6 21 (06/42) -
Healthy Control 9 4 25.5 (24/27) - 5 23 (11/29) -

“Same patients before (diseased) and after treatment (cured).

PAges are expressed as the mean values (in years) and minimum and maximum values in parentheses (min/max).
°Age variance among groups was not statistically significant (Kruskal-Wallis test, p-value = 0.5157).

9Not available for one patient.
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liposomal amphotericin B (AmBisome®). In the follow-up
appointment, after 180 days of VL treatment, the patients were
considered clinically cured, comprising the PD180 group (totaling
22 paired samples, n = 11 in each time point). Healthy individuals
who presented normal hematologic indices and neither clinical
signs nor symptoms of VL but positive reactions to leishmanial
antigens (Montenegro Skin test and rK39 serological test) were
considered asymptomatic (n = 9), ie., they were infected by L.
infantum but without development of the disease. Parasite
visualization tests were not performed in the PD180 group or
asymptomatic individuals. Healthy individuals with negative tests
for leishmanial antigens comprised the control group (n = 9).

Blood Sample Collection and

RNA lIsolation

Peripheral blood samples were collected using BD Vacutainer®
tubes for hematologic tests and PAXgene Blood RNA tubes for
RNA isolation. Total RNA was extracted from whole blood with
the PAXgene Blood RNA Kit followed by globin mRNA
depletion using the GLOBINclear " Human Kit to enrich the
samples for RNA from leukocytes. RNA samples were checked
for purity by absorbance measurements (nm) of the 260/280 and
260/230 ratios using a NamoDropTM 1000 Spectrophotometer
and quantified using a QubitTM 3.0 Fluorometer with a QubitTM
RNA HS Assay Kit. Assessment of RNA quality was obtained
with RIN values >7.0 (RNA Integrity Number) with an Agilent
2100 Bioanalyzer using a Bioanalyzer RNA 6000 Nano assay.

mMRNA Sequencing (mMRNA-seq)

mRNA-seq data were generated in Illumina sequencing
technology at the Genomics Center of the Laboratory of
Animal Biotechnology, ESALQ, University of Sao Paulo,
Piracicaba, Brazil, following the workflow recommended by the
instructions of the manufacturer. Polyadenylated cDNA libraries
were prepared with 300 g of RNA depleted from globin mRNAs
using the TruSeq® Stranded RNA Sample Preparation Kit.
Paired-end sequencing was performed using a HiSeq SBS V4
kit (2 x 100 and 2 x 125 reads) in a HiSeq 2500 sequencer,
yielding approximately 71 million reads for each mRNA-
seq library.

RNA-seq Data Analysis

Raw fastq files were checked for quality control using FastQC
(16). Nllumina sequencing adaptors were trimmed, and low-
quality reads (Phred score lower than 20, Q20) were filtered
out using Trimmomatic (17). Read mapping was performed with
STAR aligner (18) using the human genome reference assembly
GRCh38.p38 (provided by The Genome Reference Consortium)
annotated by the Ensembl database (19). Concordant
uniquely mapped reads were used for downstream analyses.
Quantification of reads to gene features used the —quantMode
GeneCounts function from STAR. Read counts were used for
differential expression analyses with the edgeR package in R (20),
applying a quasi-likelihood F test (glmQLFTest function) with
batch effect correction. A threshold false discovery rate lower
than 0.05 (FDR <0.05) and a cutoff of 2-fold regulation (-1<
log2-fold-change >+1) were used to fill the differentially

expressed gene (DEG) list for each possible comparison
between groups. TPM (transcripts per kilobase million) values
were obtained by dividing read counts by the mean length of
each gene in kilobases achieved by GTFtools to obtain the reads
per kilobase (RPK) (21) and then dividing the RPK values by the
sum of all RPK values in millions in a sample. Gene annotations
were retrieved from Ensembl using the biomaRt R package (22).

Modular gene coexpression analyses were performed with the
CEMiTool R package (23) using embedded functions for gene set
enrichment analysis (GSEA) and overrepresentation analysis
(ORA) with pathways from the Reactome database (24). The
sample heterogeneity of gene expression profiles was assessed by
the Molecular Degree of Perturbation (MDP) R package (25). Cell
type composition based on blood RNA-seq data was predicted by
CIBERSORT (26), a cellular deconvolution method. Long
noncoding RNA (IncRNA) gene annotation was performed
using the Ensembl BioMart (https://www.ensembl.org/biomart/
martview/) (27) and the LNCipedia database (https://Incipedia.
org/) (28). The functional genomics public repositories
GEO/NCBI (29) and ArrayExpress/EMBL-EBI (30) were used to
search other Leishmania-related transcriptomes, and three blood
transcriptomics studies published elsewhere were selected for
comparative analyses of detected differentially expressed long
noncoding RNAs (DE IncRNAs): GSE77528 (11), GSE125993
(9) and PRJNA595895 (10).

Prioritized DEGs for IncRNA-mRNA coexpression analysis
were obtained by overlapping the DEG lists using a Venn
diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/).
The proportions of IncRNAs and mRNAs in the DEG results
were calculated by the chi-square test using the chisq.test
function in R and plotted with the corrplot R package (31).
Pearson’s correlation implemented in R base functions was used
to find coexpressed pairs of DE IncRNA-mRNA based on
prioritized DEG lists encompassed by 147 IncRNAs and 1,263
protein coding genes (PCG, mRNA molecules) that were
differentially expressed; only coexpressed pairs with resulting
correlation coefficients of —0.8< r >0.8 were used for downstream
analysis regarding IncRNAs. Network analysis of IncRNA-
mRNA pairs was performed using igraph (32) and ggnetwork
R packages (33). Hub genes were identified by betweenness and
centrality measures. Subcellular localization of IncRNAs was
retrieved from the LncSLdb database (34) and/or predicted
using the LncLocator webtool (35). Interactions of IncRNAs
with other molecules were searched or predicted with
RNAInter (36). In the case of interaction with miRNAs,
mRNAs targeted by miRNAs were searched using the miRDB
database (37).

Statistical Analysis for the Demographic
and Clinical Parameters

Statistical analysis of demographic (Table 1) and hematological
(Table 2) data of the twenty-nine individuals was performed
using GraphPad Prism v5.02 software. Each measured parameter
was preliminarily assessed for normality using D’Agostino &
Pearson and Shapiro-Wilk tests. Student T test was used to
compare two groups, if the data follow normal distribution.
Mann-Whitney U test was used to compare two groups, if the
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TABLE 2 | Hematological data of the groups analyzed in this study.

Parameter PDO—VL diseased PD180—VL cured Asymptomatic Control p-value for comparisons*
(mean = SD) (mean = SD) (mean = SD) (mean = SD)

RBC (10%mm?®) 3.47 £0.35 5.11 +0.68 5.16 + 0.537 4.61+0.37 <0.001° (1, 2 and 3)
Hemoglobin (g/dl) 7.98 = 1.01 122+ 3.6 13.95 £ 2.128 13.283 £ 0.25 <0.01% (1, 2 and 3)
Hematocrit (%) 26.55 + 5.58 406 +5.4 42511 £4.9 39.85 + 1.59 <0.01° (1,2 and 3)

Platelets (10%/mm?) 148.18 + 81.63 239.9 + 57.1 277.44 + 144,53 253.75 + 73.67 <0.05% (1 and 2)

WBC (10%/mm?)
Neutrophils (10%/mm?)
Eosinophils (10%/mm?)
Basophils (10%/mm?)

Lymphocytes (10%/mm®)

Monocytes (10%/mm?)

3,500.1 + 1,948.8
1,329.6 + 1,318.7
51.00 + 123.84
10.10 £ 21.76
1,644.70 + 861.50
360.20 + 186.72

7,114.5 +1,0561.2
3,224.9 + 753.3
676.9 + 531.2
98.8 + 100.2
2,643.4 + 956.2
470.5 + 186.6

6,421.1 +1,423.7
3,286.7 + 423.5
332.8 + 175.98
84.8 £ 43.4
2,273.9 + 1,256.8
4452 + 215.09

6,260 + 1161.2
3,422.5 + 258.505
213.2 £ 144
87 + 40.4
2,065 + 626.5
473.5 +141.7

<0.05% (1, 2 and 3)
<0.01° (1, 2 and 3)
<0.01” (1 and 2)
<0.001° (1, 2 and 3)
<0.01% (1)

NS?

*Comparisons: 1 = PD180 vs PDO; 2 = Asymptomatic (A) vs PDO; 3 = Control (C) vs PDO; 4 = A vs PD180; 5 =A vs C; 6 = C vs PD180.

p-value calculated by t-Test (paired t-test for PD180 vs PDO).
Pp-value calculated by Mann-Whitney test (Wilcoxon signed rank test for PD180 vs PDO).
NS, non-significant.

data followed non-Gaussian distribution. To compare the paired
groups, PD0 and PD180, paired T-test and Wilcoxon signed rank
test were used for data with normal and non-Gaussian
distribution, respectively. Age variance in multiple groups was
tested using Kruskall-Wallis followed by Dunn’s post-test for
non-Gaussian distribution. P-values lower than 0.05 were
considered for statistical significance.

RESULTS AND DISCUSSION

Features of the Polyadenylated
Transcriptome of Blood From Visceral
Leishmaniasis Patients

We generated and analyzed bulk RNA-seq data of whole blood
samples collected from 11 patients with active VL (“P-DO0”
abbreviations) and six months after the treatment, when these
individuals were considered clinically cured (“P-D180”
abbreviations). To gather insights into not only the
immunopathophysiology of the disease but also the molecular
mechanisms involved in L. infantum infection, we enrolled nine
asymptomatic individuals (positive for anti-L. infantum, “A”
abbreviations) and nine healthy subjects as control individuals
(“C” abbreviations). Our analyses consisted of a total of 40 RNA-
seq libraries depleted from globin and poly(A)+ selected mRNA,
yielding an average of 4 Gb and 24 million paired-end mapped
reads per library. The main characteristics of the analyzed groups
and the clinical laboratory data for VL patients are displayed in
Tables 1 and 2, respectively.

After filtering out genes with low expression (cpm <2; N <3)
from the dataset, a total of 14,247 genes remained to be further
analyzed. A multidimensional scaling (MDS) plot of the gene
dataset was built to visualize the similarity across the 29
individuals represented by 40 samples. As shown in Figure 2A,
there was clear segregation between active VL (PDO group) and
VL-free (PD180, A and C groups) individuals. Apart from P27
patient, all VL patients presented noticeably distinct gene
expression patterns when considered clinically cured of the
disease (PD180 group), which clustered together with other
VL-free groups, asymptomatic (A) and healthy uninfected

controls (C). Despite being within the same cluster, patients
with active VL presented dissimilarities among them, reflecting
the multifaceted nature of the disease. The heterogeneity of these
blood transcriptomes was also assessed by molecular degree of
perturbation (MDP) scores (25), in which PD0 samples
presented the highest scores as expected, but it is also
interesting to note that among VL-free groups, asymptomatic
and cured patients presented distinct scores from healthy
uninfected people (Figure 2B).

For an overview of the system-level functionality of all genes
expressed in blood during the development of visceral
leishmaniasis, we performed modular gene coexpression
analysis using CEMiTool (23). Eleven different coexpressed
modules were identified in the Gene Set Enrichment Analysis
(GSEA), out of which 10 presented at least four significantly
enriched pathways in the Over Representation Analysis (ORA).
In the GSEA plot (Figure 2C, right panel), the activity of
each module is displayed for all studied groups. Among the
modules enriched across all groups, we depicted the modules
M2, M5 and M6 with high Normalized Enrichment Scores (NES)
that were only active in the VL group (PDO), which presented
enriched pathways related mainly to “O2/CO2 exchange
in erythrocytes”, “Interferon Signaling” and “Cell Cycle
Checkpoints”, respectively. The crucial role of IFN- 7 signaling
in leishmaniasis (38) and the key roles of type I interferons
in protozoan infections, including Leishmania, have been
increasingly established in recent years (39). Modules M1 and
M8 were related mainly to the pathways “neutrophil
degranulation” and “Toll-like receptor cascades”, respectively,
and presented a low NES (activity) in active VL (Figure 2C, right
panel). Neutrophils are massively recruited upon Leishmania
infections, but the parasite efficiently evades neutrophil killing
(40). They also influence the different forms of leishmaniasis, but
they have been reported to play either protective or harmful roles
during infection, depending on Leishmania-infecting species
(41). The neutrophil response to infection outcomes seems to
depend on their recruitment phase and tissue environment (42).
Toll-like receptors (TLRs) are another innate immune branch
acting in Leishmania infections, with multiple TLRs being
activated simultaneously, and the interplay among them may
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lower activity, respectively, based on the ranked expression level.

influence the final outcome of infection (43). In an experimental
model of L. infantum infection, TLR2 was shown to be important
in promoting a protective immune response and effector
mechanism of neutrophils (44). In addition, the TLR4 and
IEN-I pathways play significant roles in preventing chronic
inflammatory processes and immunopathology during L.
infantum infection (45). All significantly enriched pathways
elicited in VL are visualized in Presentation 1 within
each module.

Next, we proceeded to differential expression analysis to
identify genes (DEGs) that were significantly regulated. The
lists of DEGs (cutoft: FDR <0.05 and log2-fold-change + 1) for
pairwise comparisons can be found in Supplementary Table 1.
As observed by others (9, 11), no DEG was found between
asymptomatic and healthy control individuals considering the
post hoc test at FDR<0.05. Considering that both groups basically
include healthy and VL-free individuals, it is coherent do not
finding difference statically significant between them. We
focused on comparisons of the three non-diseased groups, A,
C and PD180, against the active VL group, PDO0. The
comparisons presented an average of 1,680 DEGs each, with
many hundreds of up- or downregulated genes (Figures 3A-C).
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FIGURE 2 | Overview of the blood transcriptomes of this study. A total of 14,247 genes were expressed across the four groups, which encompassed 40 samples
from 29 subjects. (A) Multidimensional scaling (MDS) plot and (B) molecular degree of perturbation (MDP) plot of all expressed genes in the four groups; (C) most

significantly enriched pathways retrieved from the Reactome database for each module. The gene ratio for each pathway is displayed in parentheses. Colors in the
Reactome enrichment graph refer to module activity in VL patients (PDO group) as represented by the GSEA plot (heatmap in the right panel) displaying the module
activity for each group. Color intensity is proportional to NES (normalized enrichment score). The graded scale side bar (NES) from red to blue indicates higher and

All three comparisons presented some dozens of highly regulated
genes (—3< log2-fold-change >3) with very statistically significant
FDR values (FDR <0.0001), as can be observed at the superior
corners of the volcano plots. Among many DEGs, we highlighted
PRSS33 (serine protease 33), which was upregulated in the
nondiseased groups (i.e., downregulated during active VL) at
least 32-fold. PRSS33, also known as EOS, was primarily
identified as expressed predominantly by macrophages, and
also in peripheral leukocytes, and was detected in many
organs, such as spleen, intestine, lung and brain (46). More
recently, it was found that the production of PRSS33 by
leukocytes is attributed specifically to eosinophils, which
present constitutive expression at the mRNA level and cell
surface expression at the protein level rather than being
secreted (47). Interestingly, the gene expression pattern of
PRSS33 along with IL10, SLFN14, and HRH4 was identified as
a transcriptional signature to assess the treatment efficacy of
visceral leishmaniasis in HIV patients (10). Here, the eosinophil
count in VL patients was significantly decreased during
L. infantum infection (Table 2); interestingly, the eosinophil
gene signature was only detected in asymptomatic individuals
(Figure 4B). The important role of eosinophils during
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FIGURE 3 | Differential expression analysis comparing VL patients to nondiseased patients identified hundreds of differentially expressed genes (DEGs). Volcano
plots highlighting genes significantly regulated (FDR <0.05, horizontal threshold line set on y-axis) in the comparisons C vs. PDO (A), A vs. PDO (B) and PDO vs.
PD180 (C). Vertical lines at -1 and +1 on the x-axis indicate the expression level criteria of fold decrease or increase, respectively, applied to DEGs that were further
analyzed (all genes colored in blue or red); (D) Venn diagram displaying the number of exclusive DEGs for each comparison, as well as the number of shared DEGs
among them. Dashed squares indicate the DEG lists used as subsets of prioritized genes in the mMRNA-INCRNA coexpression profile analysis; (E) Heatmap of 1,045
DEGs shared among the three comparisons (suggested to be the gene signature of VL disease status), depicting the clustering of samples in two major groups: VL
patients (PDO labels, in red), the very consistent cluster on the right side and a heterogeneous cluster encompassing the nondiseased groups (C, A and PD180
labels, in blue, yellow and green, respectively) split into minor clusters. Z scores of cpm read counts were used, and a graded color scale from red to blue indicates
whether the level of gene expression was above or below the mean (i.e., up- or downregulation).
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Leishmania infection has become increasingly evident since
many studies have demonstrated that eosinophils are able to
control parasite load and interact with innate and adaptive
immune responses, mainly by shaping macrophage responses
(48-50). Another interesting DEG is interferon alpha inducible
protein 27 (IFI27), which was highly downregulated in the non-
diseased groups (i.e., upregulated during active VL) by an
average of 64-fold. IFI27 (also known as ISG12) is a gene
highly induced by type 1 interferon with pro-apoptotic effects
(51) and antiviral activity (52, 53) and a potential biomarker
identified through transcriptomics in some cancers, such as
pancreatic adenocarcinoma (54).

A Venn diagram of these three comparisons (Figure 3D)
displayed the number of shared or exclusive DEGs. Considering
all intersections, when the redundancy was filtered out, we
identified 2,427 unique DEGs. The central overlap presented 461
upregulated and 584 downregulated genes, which represents the
“disease” gene set, because regardless of the non-disease group,
these genes were significantly regulated in the disease group. An
unsupervised clustering of this disease status gene signature (1,045
DEGs) showed the substantial grouping of PDO0 patient samples
(Figure 3E). In addition, we depicted the exclusive gene sets of
PD180 vs. PDO and A vs. PDO comparisons, and the intersection
between them, which accounted for 40 up- and 44 downregulated
genes and may reveal genes related to a “molecular footprint” of the
L. infantum infection because both cured patients and
asymptomatic individuals had already been infected (unrelated
to whether they became sick or not). The exclusive gene set of
PD180 vs. PD0O may indicate genes associated with “molecular
scarring” triggered by immunopathological mechanisms of the

disease. Last, the exclusive gene set of A vs. PD0O comparison (73
up- and 120 downregulated genes) might uncover genes related to
infection control and resistance mechanisms, which abrogate the
development of visceral leishmaniasis. To assign these signatures
regarding “molecular footprint”, “molecular scarring” and
“controlling of infection” is difficult due to the individual sample
heterogeneity in non-diseased groups (as observed in Figure 2B
and Supplementary Figure 1 for individual samples) but is still a
valid assumption since the groups PD180 (cured) and
Asymptomatic (A) groups presented higher molecular
perturbation scores than the healthy control group, as assessed
by the MDP tool (Supplementary Figure 1).

Furthermore, to assess the composition of cellular subtypes of
leukocytes in VL, we applied the CIBERSORT method for
deconvolution analysis of blood transcriptomes (Figure 4). In
addition to standard subtypes observed in blood count data
(Table 2), the leukocyte gene signature matrix was able to
discriminate natural killer (NK) cells, and subsets of T and B
cells. Through data reuse, we also compared our cellular profile
with the composition of another study in VL with the blood
transcriptome obtained by microarray (11) (Supplementary
Figure 2). The cell proportions in whole blood RNA-seq data
of VL patients (PD0) showed variations mainly in neutrophils,
macrophages, monocytes, NK cells, T lymphocytes and plasma
cells (Figure 4A). When compared to the study of Gardinassi
et al. (Supplementary Figure 2), in general, similarities in
alteration tendency between both transcriptomes regarding
cellular composition but also unmatched alterations for some
cell subtypes were observed. In addition to the composition, the
proportions of most cell types (irrespective of which group) were
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FIGURE 4 | Cellular deconvolution of blood transcriptomes in human visceral leishmaniasis using the CIBERSORT method: (A) Leukocyte proportions inferred from
gene expression profiles of blood samples. Plots by cell type displaying the relative cell proportions for eosinophils (B), neutrophils (C), plasma cells (D), activated
memory CD4 cells (E), CD8 T cells (F), monocytes (G), activated NK (H) cells and resting NK cells (l). Groups were classified as active VL (PDO) and VL-free (PD180,
A and C groups), in which the PD180 subjects were treated and considered clinically cured after 180 days of disease follow-up (PDO and PD180 are paired groups,
n = 11); A asymptomatic (n = 9); C: healthy uninfected controls (n = 9). The differences between cell proportions were evaluated by Wilcoxon with Holm’s correction.
*P < 0.05, P < 0.01, and **P < 0.001.
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different between the two datasets, such as neutrophils, plasma
cells (both higher in this study) and monocytes (lower in this
study). The profiles for neutrophils, plasma cells, activated
memory CD4 T cells and CD8 T cells presented similar
tendencies in both studies (Figures 4C-F), whereas the profile
for monocytes presented the opposite behavior; here, it was
increased in VL, but in Gardinassi et al., diseased patients
presented a reduction in monocytes (Figure 4G). However, the
variation in the number of monocytes before (PD0) and after
treatment (PD180) was not significant, as shown in Table 2. This
increase checked through CIBERSORT is related to the gene
expression profile signed by monocytes. For NK cells, the profile
presented complementary findings for activated (Figure 4H) and
resting (Figure 41I) states between both studies, but both studies
presented higher proportions of NK cells in active VL than in
posttreatment, asymptomatic and control groups (Figure 4A).
NK cells are able to recognize and are activated by Leishmania
lipophosphoglycan (LPG), which is a dominant promastigote-
specific surface glycoconjugate (55), via TLR-2 (56), but recently,
it has been reported that human NK cells cannot be
straightforwardly activated by Leishmania promastigotes and
require monocyte-derived signals, such as transpresentation of
IL-18, for their activation (57).

Long Noncoding RNA (IncRNA) Expression
in Blood Upon L. infantum Infection
Several processed IncRNAs are capped and polyadenylated (15).
Due to this feature, poly-A selection as a strategy of enrichment
used in our RNA-seq was able to reveal the set of IncRNAs
expressed in the blood of visceral leishmaniasis patients.
Therefore, we also addressed the analysis of long noncoding
RNAs, which is completely new in the VL transcriptomics field.
From the total of 14,247 expressed genes, we identified 1,147
transcripts annotated as IncRNAs, according to gene biotype
annotations in BioMart Ensembl. They were widely distributed
across human chromosomes, from 1 to 22 and X, in which
chromosomes 17 and 1 accounted for the largest numbers of
IncRNAs, 95 (~8.3%) and 94 (~8.2%), respectively (Figure 5A
and Supplementary Table 2). No IncRNA from the Y
chromosome was detected in our RNA-seq dataset. The
average gene length of the identified IncRNAs was 311,117 bp,
with 9.3% being shorter than 1,000 bp and 41% being higher than
10,000 bp (Figure 5B and Supplementary Table 2). According
to our analyses, 504 (~44%) IncRNAs were found to be expressed
as unique transcripts (one transcript count in annotated genome
version). Approximately 28% of IncRNAs had a transcript
count from 2 to 5 (28%), and one expressed IncRNA
(ENSG00000179818) presented 239 transcripts (Figure 5C and
Supplementary Table 2). We identified the class of sequence
ontology terms of 1,140 from 1,147 IncRNAs, namely, 484
(~42%) antisense, 482 (~42%) intergenic, 116 (~10%) sense
intronic, 51 (~4.5%) bidirectional, and 7 (~0.6%) sense-
overlapping IncRNAs (Figure 5D and Supplementary Table 2).
Based on the 2,427 unique DEGs found in the comparisons of
nondiseased groups (A, C, and PD180) versus active VL, we
searched for IncRNA gene biotype annotations in specific gene
sets presented earlier (1,512 DEGs), focused on the central

intersection (1,045 common DEGs) and the intersections
between PD180 vs. PD0 and A vs. PDO comparisons (88 DEGs),
and their exclusive gene sets, which account for 186 and 193 DEGs,
respectively (Figure 3B). A total of 147 IncRNAs (9.7%) out
of 1,512 DEGs were found to be differentially expressed in this
dataset (Supplementary Table 3), in which 89 (60.5%) and 58
IncRNAs were up- and downregulated, respectively, in the
non-diseased groups compared to PDO patients with active VL.
Of note, the PD180 vs. PDO0 exclusive gene set, with 186 DEGs,
included 35 IncRNAs (19%), among which the expression of
30 genes significantly increased upon the clinical cure of VL,
which might suggest that the suppression of these IncRNAs is
related to the transcriptional regulation of protein-coding genes
(PCGs) involved in the immunopathology of disease.

Notably, we highlighted MALAT1 (metastasis-associated lung
adenocarcinoma transcript 1), which presented a statistically
significant 2-fold increase in cured VL patients (PD180 group,
Supplementary Table 1). MALAT1 is one of the most studied
IncRNAs, exhibiting a variety of molecular regulatory functions in
transcription and alternative splicing by binding in chromatin
regions and binding in a plethora of protein, miRNA and mRNA
molecules (58). MALAT1 has been extensively studied not only in
oncology but also in many inflammatory diseases, where it plays a
controversial role due to its action as either an oncogene or a tumor
suppressor gene depending on the type of cancer (59).
Interestingly, this controversial role of MALAT1 was also
observed in parasitic protozoan infections, where deficiency of
this IncRNA was important to enhance immunity and for clearance
of L. donovani in a VL mouse model; however, in an experimental
malaria model, Malat]™~ mice presented more severe disease (60).
In this latter cited work, the authors suggest that MALATI is a
nonredundant regulator of immunity by promoting the expression
of the Maf/IL-10 axis in effector CD4" T cells. This immune
regulator function of MALAT1 was also found in tolerized mice
with cardiac allografts by inducing tolerogenic dendritic cells and
regulatory T cells through the miRNA-155/DC-SIGN/IL10
axis (61).

Although IncRNAs have portrayed less than a tenth of the
polyadenylated transcriptome, the proportion of IncRNAs in the
DEG gene set and their regulation pattern (up- or
downregulation) were significantly associated and enriched in
the differential expression data as calculated by the chi-square
test (p-value = 0.0004, Figure 5E). The clustering of expression
data of the 147 differentially expressed IncRNAs highlights the
distinct expression pattern of selected IncRNAs in the active VL
group (PDO, Figure 6). Generally, IncRNAs are expressed at low
levels (62). Notably, some IncRNAs presented relatively high
levels of expression, such as LINC01871 and AC012368.1
(Figure 6, green heatmap), as indicated by their TPM values.
Other IncRNAs presented marked fold change regulation, such
as IL21-AS1 and AC111000.4, which presented an average 16-
fold increase (log,FC = 4) and an average 32-fold decrease
(log,FC = -5), respectively, in the PDO active VL group
compared to the non-diseased groups (Supplementary Table 3).
The most upregulated DE IncRNA in VL patients was the
completely unknown IncRNA LINCO01501 (long intergenic
nonprotein coding RNA 1501), which presented an average fold
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increase of 64x (log,FC = 6) in the PDO group (Supplementary
Table 4).

IncRNA-mRNA Coexpression Analysis

Subsequently, we integrated the profiles of protein-coding genes
(i.e., mRNAs) and long noncoding RNAs by performing
IncRNA-mRNA coexpression analysis. Pearson correlations
for the IncRNA-mRNA coexpression profile encompassing
the 147 IncRNAs (89 up- and 58 downregulated) and the
1,263 (567 up- and 696 downregulated) mRNAs differentially
expressed (as numbered in Figure 5D) identified 4,901 positive
and 1,223 negative highly correlated pairs of IncRNA-mRNA
associations (Supplementary Table 5). Networks were built
using these coexpression correlations (Figure 7) to identify
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FIGURE 5 | Features of INcRNAs detected in polyadenylated RNA-seq of human visceral leishmaniasis. (A) Chromosomal distribution of IncRNAs across the 22
autosomes and the X chromosome; (B) Gene length distribution of INcRNAs; (C) Number of transcripts presented by each INcRNA,; (D) Classification of INncRNAs
according to sequence ontology terms; (E) Pearson’s chi-square test using the number of INcRNAs and protein-coding genes (PCGs) and regulation patterns (up- or
downregulated transcripts) in DEG datasets (comparisons of non-diseased groups, A, C and PD180 to PDO active VL). The size and color intensity of circles are
proportional to the contribution of the cell to the significance of the chi-square test. The standardized residuals are scaled at the sidebar, where positive and negative
values indicate positive and negative associations, respectively. Ob, observed value; Ex, expected value, x2 =12.343, df = 1, p-value = 0.0004.

hubs of IncRNAs (e.g., KDM7A-DT, USP30-AS1 and
LINCO01501) and mRNAs (e.g., NPRL3, LAG3 and E2F2). The
top 20 hubs within these networks for IncRNAs and mRNAs
were identified by flagging them with their respective gene
symbols. The top pairs of coexpressed IncRNA-mRNA
positively (e.g., AC111000.4-CCR3; AC111000.4-IL5RA) and
negatively correlated profiles (e.g., USP30-AS1-CCN3;
LINCO01501-IL1IRAP) were identified by ranking Pearson’s
correlation results (Supplementary Table 5). The main
pathways enriched by this highly correlated IncRNA-mRNA
expression profile corroborated the results found when the
whole expression profiling was analyzed (Figures 2C, D and
Presentation 1), with common Reactome enrichment results
(Supplementary Table 5).
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FIGURE 6 | Heatmap of the expression profiles of the top 20 INcRNAs
expressed in VL patients (PDO). The top selection retrieved those genes within
the dataset of 147 primarily selected DE INcRNAs (Supplementary Table 2)
based on ranking of statistical significance (FDR values) followed by fold
regulation (logoFC values). Gene expression regulation by group is represented
by the z score of the cpm read count, and the transition color scale from red
to blue indicates up- and downregulation, respectively. Gene expression level
is represented by mean FPKM values at the side (green heatmap column),
where color intensity toward dark green indicates increasing levels (highly
expressed INCRNAS).

Regulatory networks of IncRNAs act in cis- and trans-
regulation. Human genome annotation has revealed that the
vicinity of PCGs is surrounded by IncRNAs, and as we verified
by sequence ontology of expressed IncRNAs, most of them were
classified as antisense or intergenic (Figure 5D). Cis-acting
IncRNAs play gene regulation functions from their own
transcription sites, operating in PCGs at proximal distances
within the same chromosome (63). Many intergenic (lincRNA)
long noncoding RNAs are placed in topologically associated
domains (TADs), an approximately 1 Mb genomic segment
featuring chromatin interactions; cis-acting lincRNAs have been
associated with modeling the chromosomal architecture (64). To
infer potential cis-regulation, the highly correlated IncRNA-
mRNA pairs were tracked into their genomic coordinates.
IncRNAs within a 300-kb window size from the transcription
start site (TSS) of the correlated PCG were retrieved, resulting in
22 potential cis-acting IncRNAs all positively associated with their
respective mRNAs (Figure 8). The majority are located
downstream of the TSS of the PCG pair, and the five sites
upstream of the PCG pair are lincRNAs. Out of six potential
cis-acting IncRNAs upregulated in VL patients, CA3-AS1 (CA3
antisense RNA 1) presented higher fold regulation than the non-
diseased group (log,FC = 3.035, approximately 9-fold increase).
CA3-ASI has been identified as a key IncRNA in gastrointestinal
cancers (65-67). Even more differentially expressed, its correlated
PCG pair, CAl (carbonic anhydrase 1), presented a 24-fold
increase during active L. infantum infection. GO (Gene
Ontology) biological process classification for CA1 revealed that
this protein participates in the interleukin-12-mediated signaling
pathway (GO:0035722) and is involved in gene and protein
expression by JAK-STAT signaling after IL-12 stimulation
according to the Reactome database (R-has-8950505).

As shown by genomic localization mapping, most coexpressed
IncRNA-mRNA pairs were located in different chromosomes
or distally in the same chromosome, making the majority of
IncRNA networks hypothetically play a role in transcription as a
trans-acting regulation. In fact, IncRNAs that may act near their
transcription sites may also undertake regulatory functions far
from the TSS or even outside the nucleus (12, 63). Mechanisms
for the transregulation of transcription depend on interactions
of IncRNAs with proteins, DNA and other RNA molecules.
Additionally, depending on their subcellular localization,
IncRNAs may interfere with posttranscriptional and intracellular
signaling (15). Based on this framework, we proceeded to mine
data for IncRNA subcellular localization and IncRNA interactions
using the LncSLdb database (34) and the LncLocator webtool (35)
for subcellular localization and the RN Alnter database (36) for an
interaction overview of hub IncRNAs selected from coexpression
network analyses (Figure 7 and Supplementary Table 5),
and inferred cis-acting IncRNAs (Figure 8). The analysis of this
subset comprises 51 IncRNAs from the 147 DE IncRNA list
(Supplementary Table 4) detailed in our work. A piece of this
interactome is summarized in Table 3, and interactions related
to the 51 IncRNAs are available as additional material
(Supplementary Table 6).

Most of the interactors found in RNAlnter is a database
belong to microRNA (miRNA) and transcription factor

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Maruyama et al.

Long NonCoding RNAs in Visceral Leishmaniasis

a

a
AvVAY BT, AL
AN T

S\—ZHG /4

FKBP8
AC022167.3

CALLANCT008100 . R
/ ~ _AJE2F2
/ A 2
AC092718.4

KDM7A-DT

YAC012645.1
L
AC012368.1

¥,/ AC007298..
resrsdl
17y}
v

a

aydlyy

Annotation

Long non-coding RNA
a Protein coding gene

a Positive

a  Negative

Regulation
- 4 Up

v Down

Betweenness

s s 0
e /A 20000

/\ 40000

Annotation
a  Long non-coding RNA
a Protein coding gene
a Positive

a  Negative

Regulation
A Up

Ny v Down

Betweenness
a 0
/\ 20000

/\ 40000

FIGURE 7 | IncRNA-MRNA coexpression network analysis. (A) A network was built with all highly correlated INcRNA-mRNA pairs (1,870 pairs; Supplementary
Table 6) obtained for 58 INcRNAs downregulated in non-diseased groups (i.e., upregulated in VL patients—PDO); (B) A network was built with all highly correlated
INcRNA-mMRNA pairs (4,256 pairs; Supplementary Table 6) obtained for 89 IncRNAs upregulated in nondiseased groups (i.e., downregulated in VL patients—PDO).

The top 20 hubs for INcRNAs and mRNAs are flagged with gene symbols in yellow and green, respectively.

categories. Of note, 8 out of 51 IncRNAs did not present any
annotation in noncoding RNA databases (Supplementary Table
6) but reached high scores for cytoplasm/cytosol subcellular
localization prediction. Three IncRNAs of these 8 (AL157756.1,
AC100810.1, and AC007922.1) presented exclusively at least 40
highly positively coexpressed PCGs (i.e., same pattern
regulation) and three other IncRNAs presented mixed
correlations of PCG pairs, including AC111000.4, the most
downregulated IncRNA in VL patients. For those interactions
with miRNA, we searched for miRNA targets using miRDB (37)

to provide the PCGs coexpressed with the respective IncRNAs,
which in turn were retrieved from coexpression network analysis
(last column of Table 3). IncRNAs that present miRNA binding
sites can interact with miRNAs by acting as competing
endogenous RNAs (ceRNAs) or natural miRNA sponges,
building another complex layer of the transcriptional
regulatory network (68). As shown in Table 3, CA3-AS1
interacts with hsa-miR-93-5p, which in turn targets the
NEDDA4L (E3 ubiquitin-protein ligase NEDD4-like) protein
and the transcriptional repressor MXI1 (Max-interacting
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FIGURE 8 | Potential cis-acting INcRNAs inferred from highly correlated IncRNA-mRNA pairs in the genomic vicinity. A window size of 300 kb was set to consider
cis-regulation. Gene IDs on the left refer to INcRNAs, whereas gene IDs on the right refer to PCGs (mRNAs). The central column of squares indicates the position of
PCGs related to IncRNAs, and the graded color indicates the pattern regulation in PDO (logFC). Bubbles indicate the position of INcRNAs upstream (left panel) or
downstream (right panel) of the PCG. The size and color intensity of bubbles indicate the pattern regulation of INncRNAs in PDO. The blue scale indicates
downregulation, whereas the red scale indicates upregulation in VL patients (PDO).

protein 1); CA3-AS1, NEDD4L and MXI1 were upregulated
during L. infantum infection. The ceRNA regulator function of
CA3-AS1 was described elsewhere (66), where it was found to be
an anti-oncogene in gastric cancer by sponging hsa-miR-93-5p.
Interactions with miRNAs were found for the other 6 IncRNAs,
of which 5 interacted with multiple miRNAs. The upregulated
hub GASALLI (growth arrest-associated IncRNA 1) presented the
highest number of miRNA interactions and was the only
IncRNA correlated with IFNG expression. GASAL1 has been
shown to be involved in the inhibition of tumor growth in lung
cancer and may improve chronic heart failure by downregulating
the TGF-f signaling pathway (69, 70).

The upregulated IncRNAs, AL139220.2 (novel transcript) and
KDM7A-DT (KDM7A divergent transcript), were predicted to
interact with the same five transcriptional regulators that were
coexpressed with LYLI (Protein lyl-1), KLF1 (Kruppel-like factor
1), PBX1 (Pre-B-cell leukemia transcription factor 1), TAL1 (T-cell

acutelymphocytic leukemia protein 1) and MXI1 (Max-interacting
protein 1), with the latter being a repressor of target genes. PBX1 is
involved in natural killer cell differentiation (GO:0001779),
whereas LYL1 plays a role in B cell differentiation (GO:0030183).
KLF1 and TALI are transcription regulators of hemopoietic
differentiation. KDM7A-DT, also known as JHDM1D-AS1, has
been suggested to play a protective role during ROS-induced
apoptosis in periodontal ligament stem cells (71). Experimental
validation data for AL139220.2 were not found.

LYL1 and PBXI were also interactors of the downregulated
PSMA3-AS1 (PSMA3 antisense RNA 1), a IncRNA that
presented predicted interactions with 4 miRNAs, including
hsa-miR-105-5p, which targets TLR10 (downregulated in VL
patients). PSMA3-AS1 was a DE IncRNA only in the comparison
of PD180 vs. PDO (Supplementary Table 3). Recently, PSMA3-
ASI has been validated as a ceRNA involved in the malignant
phenotypes of esophageal cancer by modulating the miR-101/

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

il B10"uIsIenuUOI MMM | ABojounwiwl Ul SJenuoi

€978/ BIPIMY | €1 BWNIOA | 2202 YoIeN

TABLE 3 | Potential INcRNA subcellular localization and interactors based on highly correlated INcRNA-mRNA pairs differentially expressed during L. infantum infection.

Potential cis-acting

IncRNA

PCG (mRNA) pair in

Number of PCGs

Subcellular

Number and type of interaction®®

Coexpressed PCG pairs”

chromosome coexpressed (total; localization®
vicinity positive; negative)”
1 AL139220.2°% 1 SLCBA9 128; 128; 0 CytosolC2 4 miRNA: hsa-miR-107, hsa-miR-103a-3p, hsa-let-7c-5p, hsa-let-  mIRNA targets: CARM1, ANK1, IFIT1B, TRIM10, PSMF1, FRMD4A,
7b-5p TAL1, TSPAN5, SERF2, XK, CDC34, RBM38, BCL2L1, PBX1,
IGF2BP2
5TF LYL1, KLF1, PBX1, MXI1, TAL1
1 CA3-AS1 1 CA1 22;22;0 - 1 miRNA: hsa-miR-93-5p miRNA targets: NEDD4 L, MXI1
1TF MXI1
1 AC130456.3 1 TMC5 38;38; 0 - 27TF LYL1, TAL1
1 UBR5-AS1 | RRM2B 166; 100; 66 - 5TF 1 MXD1, | BACH1, 1 E2F2, 1 FOXM1, 1t EZH2
1 AC012368.1 | PELN 269; 172; 97 - 5 TF and 1 histone 1 MXD1, | FOS, 1 E2F8, 1 E2F7, 1 EZH2, 1 CENPA (histone)
1 LINCO1127 LIL1R1 214;171; 43 - 4TF 1 MXD1, | FOS, 1 E2F7, 1 EZH2
1IL1R2 1 DNA 1 NUF2
1 AC107959.3 1 TNFRSF10C 214;160; 54 - 5 TF and 1 histone | MXD1, | FOS, 1 E2F8, t E2F7, 1 EZH2, 1 CENPA (histone)
Potential trans-acting
IncRNA Top coexpressed PCG  Number of PCGs coexpressed Subcellular Number and type of interaction®® Coexpressed PCG pairs’
pairs? (total; positive; negative)b localization®
1 FAM225A 1C2 16; 16; O Nucleus/Cytoplasm®! 1 miRNA: hsa-miR-1-3p miRNA target: UBE2L6
1 FBXO6 Cytosol
1 PSME2
1t KDM7A-DT 1 UBB 164;152; 2 - 5TF 1 LYLT, 1 KLF1, 1 PBX1, 1 MXI1, 1 TAL1
1 STMP1
1 RBM38
1 IL21-AS1 1 FABPS 117; 47,70 Cytoplasm® 27TF | TLES, 1 EZH2
1 CDKN2A
1 CTLA4
1 AC092718.4 1 CDCA3 87;78;9 - 4 TF and 1 histone 1 E2F2, 1 FOXM1, 1 MYBL2, 1t EZH2, CENPA (histone)
1 NCAPH
1 IRS2
1 MIR4435-2HG 1 H2AJ, 49; 33; 16 - 6 miRNAs: hsa-miR-6754-5p, hsa-miR-128-3p, hsa-miR-1185-5p, mIRNA targets: | ZFP28, | PDE3B, | ATP2B1, | HDACY, | EPHA4,
1 PTMS, hsa-miR-105-5p, hsa-miR-103b, hsa-miR-1-3p, 1 MOB3B, | ZNF677, | TCTN1, | MAP3K1, 1 POMP, 1 E2F2, 1
| HDAC9 EMC3
1TF 1 BATF
1 GASAL1 | EEPDT1, 38; 5; 33 CytosolC2 7 miRNAs: hsa-miR-93-5p, hsa-miR-519d-3p, hsa-miR-20b-5p, miRNA targets: | TMCCS, | SORL1 e | OLIG1
| ADGRES, hsa-miR-20a-5p, hsa-miR-17-5p, hsa-miR-106b-5p, hsa-miR-
1 IFNG 106a-5p
1 AC004069.1 1 DNAJA4, 65; 53; 12 Cytosol®', Ribosome 2 miRNAs: hsa-miR-10b-5p, hsa-miR-10a-5p miRNA targets: | BAZ2B, t NEDD4 L, 1 ARHGEF12
| ST3GAL6 !, Nucleus®' 1TF 1 MXD1
Cytoplasm®?
| PSMA3-AS1 1 ZNF439 44;19; 25 - 4 miRNAs: hsa-miR-106b-5p, hsa-miR-106a-5p, hsa-miR-101-3p, mMIRNA targets: | ZBTB18, | ZFP28, | PKN2, | TP53INP1, |
1 PSMF1 hsa-miR-105-5p ZFYVE16, | VOPKMT, | TMEM®G5, | ZNF677, | TLR10, 1t TGFB1I1,

AIncRNA hub in network analysis (Figure 7).
PNumbers were extracted from the expression correlation results available in Supplementary Table 4.
CHighlighted results from data mining in the LncSLdb Database (c1) or prediction by the LncLocator tool (c2). For in silico prediction, only scores higher than 0.7 (ranging from O to 1) were considered.

9Highlighted results from data mining in RNAInter Database. Interactions of IncRNAs with microRNAs (miRNAS), transcription factors (TFs), RNA binding proteins (RBPs), DNA and histone modifications; when IncRNAs exhibited interactions with miRNAS, targeted

PCGs were listed.

Al IncRNAs displayed here present at least 35 histone modification results.
'PCGs were extracted from the expression correlation results available in Supplementary Table 4.
9PCGs with the highest correlation coefficients according to the results available in Supplementary Table 4.

Up or down arrows indiicate the expression regulation pattern in VL patients (PDO group).
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EZH2 axis (72). EZH2 (enhancer of zeste 2 polycomb repressive
complex 2 subunit) is a histone methyltransferase and is another
transcriptional repressor found as an interactor of our IncRNA
network. In addition, PSMA3-AS1 has been discovered to
sponge miR-409-3p and is considered an oncogenic IncRNA
involved in the aggressive phenotype of non—small cell lung
carcinoma (73).

Other coexpressed transcription factors commonly found as
interactors of IncRNAs were the downregulated transcriptional
repressor MXD1 (Max dimerization protein 1) and the E2F
family of activators and repressors, whose coexpressed genes
(E2F2, E2F7 and E2F8) were all upregulated in VL patients. The
activity of E2F members is critical for transcriptional machinery
throughout the cell cycle and cytokinesis (74). E2F2 is one of the
transcription activators signed as a gene signature of the Thl
immune response (75). Finally, we highlight the upregulated
IncRNA MIR4435-2HG, which was predicted to interact with 6
miRNAs, and BATF (basic leucine zipper ATF-like transcription
factor), a transcription regulator that controls the differentiation
of lymphocytes, specifically on switch isotypes in B cells and
Th17 cells, follicular T-helper (TfH) cells, and CD8" dendritic
cells by interacting with members of the interferon-regulatory
factor (IRF) family (76). Moreover, BATF plays an essential role
during hematopoiesis and the homeostasis of effector functions
of innate lymphoid cells (ILCs) (77), which are innate
counterparts of T cells and are predominantly situated at the
mucosal barriers (78). To the best of our knowledge, this study is
the first to infer a IncRNA-TF interaction between BATF and
MIR4435-2HG within a transcriptional network regulation of a
human infectious disease. Furthermore, MIR4435-2HG bound
to EZH2 and promoted hepatocellular carcinoma progression
via EZH2-mediated epigenetic silencing of p21 and E-cadherin
expression (79). MIR4435-2HG IncRNA has been extensively
studied in recent years, with 41 related articles in PubMed
(https://www.ncbinlm.nih.gov/gene/541471), in which 34 of
them have shown experimental validation of its role in tumor
progression and as a prognostic biomarker in different types of
cancer. It is also known as AGD2, LINC00978, MIR4435-1HG,
MORRBID and IncRNA-AWPPH and acts as a ceRNA by
sponging many other miRNAs (not listed in Table 3), such as
miR-296-5p, which was identified to be part of the Akt2/SNAI1
signaling pathway involved in the development of oral squamous
cell carcinoma triggered by Fusobacterium nucleatum
infection (80).

Among the hub IncRNAs featured in our work, some of them
have been shown to be stable and detectable in blood plasma
samples and circulating exosomes elsewhere, such as MALAT1,
MIR4435-2HG, and PSMA3-AS1 (81-83), which may promptly
favor their potential as blood biomarkers. For other IncRNAs,
such as IL21-AS1, AC111000.4, CA3-AS1, GASALI, and
LINC01501, no literature associated with plasma or circulating
exosomes was found. However, since this study was not designed
for diagnosis purpose, future studies should be performed to
evaluate these IncRNAs as new avenue to be explored in VL. The
significance of IncRNAs as master regulators of many biological
processes in health and diseases is well established, and their
application as biomarkers for disease progression has been

rapidly increased in cancer biology but is still incipient in
parasitic diseases. Furthermore, IncRNAs have been found in
body fluids, freely or inside exosomes (84). Detecting eligible
IncRNAs in plasma and/or serum is a promising noninvasive and
affordable method for prognosis, and many studies with tumors
have shown its value in either complementary diagnosis or
aggressiveness prediction (84, 85).

CONCLUDING REMARKS

For the first time, an integrated analysis of IncRNAs and protein-
coding genes (mRNAs) was performed in human visceral
leishmaniasis using blood transcriptomics. Blood
transcriptomes obtained by mRNA-seq allowed us to surpass
the typical analyses comprising gene pathways and protein
networks, adding an extra and important layer to this big
picture captured by transcriptomics, the long noncoding RNA
profile. From a comprehensive analysis, we highlighted IncRNAs
such as MALATI, CA3-AS1, GASAL1, PSMA3-AS1, MIR4435-
2HG, IL21-AS1, AC111000.4, and LINCO01501, with these last
three being the most regulated IncRNAs compared active VL to
the VL-free groups. Moreover, by comparing VL patients before
and after a six-month follow-up, this study suggests there is a
potential for use IncRNAs in plasma and/or serum as marker for
monitoring disease remission. Focusing on a set of differentially
expressed genes, the IncRNA-mRNA coexpression profile
presented here was able to provide valuable and insightful data
to help unravel the complexity of host/parasite interactions in
human visceral leishmaniasis caused by L. infantum infection.
We believe that our study will be useful to guide future studies for
searching IncRNAs as biomarkers, new targets for drugs or drug
repurposing and new therapies to control this neglected disease.

DATA AVAILABILITY STATEMENT

Metadata and fastq files from the RNA sequencing experiment were
deposited in the functional 582 genomics repository, ArrayExpress
from EMBL-EBI, under accession number E-MTAB-11047 583
(available at: http://www.ebi.ac.uk/arrayexpress/E-MTAB-11047/).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Brazilian Human Research Ethics Evaluation
System (CEP/CONEP; CAAE: 04587312.2.0000.0058). Written
informed consent to participate in this study was provided by
own parcipants if in adult age or by the legal guardian/next of kin
of the participants if under 18 years of age.

AUTHOR CONTRIBUTIONS

Conceived the study: RPA and JSS. Supervised the study: SRM,
RPA, HN, and JSS. Designed the experiments: SRM, RPA, and

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://www.ncbi.nlm.nih.gov/gene/541471
http://www.ebi.ac.uk/arrayexpress/E-MTAB-11047/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Maruyama et al.

Long NonCoding RNAs in Visceral Leishmaniasis

JSS. Generated clinical samples and management of clinical data:
RPA, ARJ, EVM, and AMS. Performed the experiments: SRM
and GP. Analyzed data: SRM, CAF, AERO, LAR, NTT, VC, and
HN. Performed statistical data analysis: SRM, CAF, and AERO.
Contributed reagents/material/analysis tools: SRM, ARJ, RPA,
and JSS. Sketched figures and tables: SRM, LAR, NTT, CAF, and
AERO. Wrote the manuscript: SRM. All authors listed have
made a substantial, direct, and intellectual contribution to the
work and approved it for publication.

FUNDING

This work was supported by grants from the Fundagdo de
Amparo a Pesquisa do Estado de Sido Paulo (FAPESP
agreements 2016/20258-0 (Young Investigator Award to SM),
2018/14933-2 (HN), and 2013/08216-2 (Center for Research in
Inflammatory Diseases); the Coordenag¢io de Aperfeicoamento
de Pessoal de Nivel Superior—Brasil (CAPES) grant no.
23038.005304/2011-01 and Finance code 001; the Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq)
grant no. 552721/2011-5 (RPA); fellowship/grant no. 307741/
2017-6 to AJ. SM and AO received fellowships from the FAPESP
(2017/16328-6 and 2019/22579-7, respectively). LR received a
scholarship from the FAPESP (2018/26799-9 and 2020/14011-
8), and NT received scholarships from the FAPESP (2021/12464-
8) and the CNPq (133661/2020-2).

ACKNOWLEDGMENTS

We thank Iran Malavazi, Anderson Ferreira Cunha and Felipe
Roberti Teixeira for their generous and continuing support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
784463/full#supplementary-material

Presentation 1 | CEMiTool html report with results for coexpression modules of
RNA-seq analysis of blood in human visceral leishmaniasis caused by L. infantum
infection.

REFERENCES

1. WHO. What Is Leishmaniasis?. WHO. Available at: http://www.who.int/
leishmaniasis/disease/en/ (Accessed August 24, 2018).

2. Hajj R, Hajj H, Khalifeh I Fatal Visceral Leishmaniasis Caused by Leishmania
Infantum, Lebanon. Emerg Infect Dis (2018) 24:906-7. doi: 10.3201/eid2405.180019

3. Alvar ], Vélez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Boer M Den,
the WHO Leishmaniasis Control Team. Leishmaniasis Worldwide and
Global Estimates of Its Incidence. PloS One (2012) 7:¢35671. doi: 10.1371/
journal.pone.0035671

4. Serafim TD, Iniguez E, Oliveira F. Leishmania Infantum. Trends Parasitol
(2020) 36:80-1. doi: 10.1016/j.pt.2019.10.006

Supplementary Figure 1 | Heterogeneity of samples analyzed using the
Molecular Degree of Perturbation (MDP) tool. (A) Molecular perturbation scores
plotted for each sample based on 14,247 genes expressed across the four groups.
DEGs shared among all comparisons of VL patients to nondiseased groups (as
numbers in (Figure 3), central overlap); (B-D) Boxplots representing MDP scores
by group quantified based on three subsets of DEGs, where the first was
composed of 84 DEGs shared between A vs. PDO and PD180 vs. PDO
comparisons (b), the second was composed of 186 DEGs exclusive for PD180 vs.
PDO comparison (c) and the third was composed of 193 DEGs exclusive for A vs.
PDO comparison.

Supplementary Figure 2 | Cellular deconvolution of blood transcriptomes in
human visceral leishmaniasis using the CIBERSORT method. (A) Leukocyte
proportions inferred from gene expression profiles of blood samples from
Gardinassi et al., 2016 (microarray). (B) Plots by cell type displaying the relative cell
proportions for neutrophils, eosinophils, plasma cells, memory CD4 cell plasma
cells, CD8 T cells, monocytes, activated NK cells and resting NK cells. In the study
of Gardinassi et al., groups were classified as CTRL (healthy uninfected controls, n=
15), DTH (asymptomatic patients, n= 14), TRT (patients at 2-5 months after
treatment, considered under remission of the disease; n= 8) and VL (diseased
patients, n= 8).

Supplementary Table 1 | Excel spreadsheets with results for differential
expression analysis for pairwise comparisons between nondiseased groups PD180
(cured VL patients, 180 days after treatment), A (asymptomatic subjects) and C
(healthy controls) against PDO (active VL patients). Only differentially expressed
genes (DEGs) at FDR <0.05 with -1< log2-fold-change > +1 (twofold decrease or
increase) were included for further analysis.

Supplementary Table 2 | Annotation of 1,147 INcRNAs expressed in RNA-seq in
this work. The main features were retrieved from the GRCh38.p13 human genome
version using the BioMart Ensembl LNCipedia database.

Supplementary Table 3 | Annotation of 147 selected differentially expressed
(DE) IncRNAs in RNA-seq in this work. The main features were retrieved from the
GRCh38.p13 human genome version using the BioMart Ensembl, LNCipedia and
Expression Atlas databases.

Supplementary Table 4 | Top50 IncRNAs selected from 147 DE IncRNAs
(Supplementary Table 3 spreadsheet) ranked by statistical significance (FDR
values) followed by fold regulation (log,FC values) in VL patients compared to
nondiseased groups.

Supplementary Table 5 | Highly correlated pairs of INCRNA-mRNA retrieved by
Pearson’s correlation using log(cpm) read count for 147 DE IncRNAs and 1,263 DE
mRNAs from all samples. The cutoff for the correlation coefficient was -0.8 <r>0.8;
all results presented a p value < 6e™'°. Hubs from networks and Reactome
pathways are also tabulated herein.

Supplementary Table 6 | Catalog of INcRNA subcellular location and interaction
partners searched for INcRNAs featuring hubs in network analysis (Figure 7) and
predicted as cis-acting INcRNAs (Figure 8). Data mining was performed using the
LncSLdb and RNA Inter databases and the LnclLocator prediction tool.

5. Lima ID, Lima ALM, Mendes-Aguiar C de O, Coutinho JFV, Wilson ME,
Pearson RD, et al. Changing Demographics of Visceral Leishmaniasis in
Northeast Brazil: Lessons for the Future. PloS Negl Trop Dis (2018) 12:
€0006164. doi: 10.1371/journal.pntd.0006164

6. Kaye P, Scott P. Leishmaniasis: Complexity at the Host-Pathogen Interface.
Nat Rev Micro (2011) 9:604-15. doi: 10.1038/nrmicro2608

7. Conceigao-Silva F, Morgado FN. Leishmania Spp-Host Interaction: There Is
Always an Onset, But Is There an End? Front Cell Infect Microbiol (2019)
9:330. doi: 10.3389/fcimb.2019.00330

8. Chaussabel D, Pascual V, Banchereau J. Assessing the Human Immune
System Through Blood Transcriptomics. BMC Biol (2010) 8:84.
doi: 10.1186/1741-7007-8-84

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://www.frontiersin.org/articles/10.3389/fimmu.2022.784463/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.784463/full#supplementary-material
http://www.who.int/leishmaniasis/disease/en/
http://www.who.int/leishmaniasis/disease/en/
https://doi.org/10.3201/eid2405.180019
https://doi.org/10.1371/journal.pone.0035671
https://doi.org/10.1371/journal.pone.0035671
https://doi.org/10.1016/j.pt.2019.10.006
https://doi.org/10.1371/journal.pntd.0006164
https://doi.org/10.1038/nrmicro2608
https://doi.org/10.3389/fcimb.2019.00330
https://doi.org/10.1186/1741-7007-8-84
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Maruyama et al.

Long NonCoding RNAs in Visceral Leishmaniasis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Fakiola M, Singh OP, Syn G, Singh T, Singh B, Chakravarty J, et al.

Transcriptional Blood Signatures for Active and Amphotericin B Treated
Visceral Leishmaniasis in India. PloS Negl Trop Dis (2019) 13:¢0007673.
doi: 10.1371/journal.pntd.0007673

Adriaensen W, Cuypers B, Cordero CF, Mengasha B, Blesson S, Cnops L, et al.
Griensven ] Van. Host Transcriptomic Signature as Alternative Test-of-Cure
in Visceral Leishmaniasis Patients Co-Infected With HIV. EBioMedicine
(2020) 55:102748. doi: 10.1016/j.ebiom.2020.102748

Gardinassi LG, Garcia GR, Costa CHN, Silva VC, Santos IKF de M. Blood
Transcriptional Profiling Reveals Immunological Signatures of Distinct States
of Infection of Humans With Leishmania Infantum. PloS Negl Trop Dis (2016)
10:¢0005123. doi: 10.1371/journal.pntd.0005123

Statello L, Guo C-J, Chen L-L, Huarte M. Gene Regulation by Long Non-
Coding RNAs and Its Biological Functions. Nat Rev Mol Cell Biol (2021)
22:96-118. doi: 10.1038/s41580-020-00315-9

Satpathy AT, Chang HY. Long Noncoding RNA in Hematopoiesis and
Immunity. Immunity (2015) 42:792-804. doi: 10.1016/j.immuni.2015.05.004
Liischer-Dias T, Conceigao IM, Schuch V, Maracaja-Coutinho V, Amaral PP,
Nakaya HI. Long Non-Coding RNAs Associated With Infection and Vaccine-
Induced Immunity. Essays Biochem (2021) 65(4):657-69. doi: 10.1042/
EBC20200072

Pinkney HR, Wright BM, Diermeier SD. The IncRNA Toolkit: Databases and
In Silico Tools for IncRNA Analysis. Non-Coding RNA (2020) 6:49.
doi: 10.3390/ncrna6040049

Babraham Institute software SA. FastQC. Available at: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/.

Bolger AM, Lohse M, Usadel B. Trimmomatic: A Flexible Trimmer for
Mlumina Sequence Data. Bioinformatics (2014) 30:2114-20. doi: 10.1093/
bioinformatics/btul70

Dobin A, Gingeras TR. Mapping RNA-Seq Reads With STAR. Curr Protoc
Bioinf (2015) 51:11.14.1-19. doi: 10.1002/0471250953.bi1114s51

Howe KL, Achuthan P, Allen ], Allen J, Alvarez-Jarreta J, Amode MR, et al.
Ensembl 2021. Nucleic Acids Res (2021) 49:D884-91. doi: 10.1093/nar/
gkaa942

Robinson MD, McCarthy DJ, Smyth GK. Edger: A Bioconductor Package for
Differential Expression Analysis of Digital Gene Expression Data.
Bioinformatics (2010) 26:139-40. doi: 10.1093/bioinformatics/btp616

Li H-D. GTFtools: A Python Package for Analyzing Various Modes of Gene
Models. bioRxiv (2018). doi: 10.1101/263517

Durinck S, Spellman PT, Birney E, Huber W. Mapping Identifiers for the
Integration of Genomic Datasets With the R/Bioconductor Package biomaRt.
Nat Protoc (2009) 4:1184-91. doi: 10.1038/nprot.2009.97

Russo PST, Ferreira GR, Cardozo LE, Biirger MC, Arias-Carrasco R,
Maruyama SR, et al. CEMiTool: A Bioconductor Package for Performing
Comprehensive Modular Co-Expression Analyses. BMC Bioinf (2018) 19:56.
doi: 10.1186/s12859-018-2053-1

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, et al. The
Reactome Pathway Knowledgebase. Nucleic Acids Res (2020) 48:D498-503.
doi: 10.1093/nar/gkz1031

Gongalves ANA, Lever M, Russo PST, Gomes-Correia B, Urbanski AH,
Pollara G, et al. Assessing the Impact of Sample Heterogeneity on
Transcriptome Analysis of Human Diseases Using MDP Webtool. Front
Genet (2019) 10:971. doi: 10.3389/fgene.2019.00971

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
Enumeration of Cell Subsets From Tissue Expression Profiles. Nat Meth
(2015) 12:453-7. doi: 10.1038/nmeth.3337

Kinsella RJ, Kdhdri A, Haider S, Zamora ], Proctor G, Spudich G, et al.
Ensembl BioMarts: A Hub for Data Retrieval Across Taxonomic Space.
Database (2011) 2011:bar030. doi: 10.1093/database/bar030

Volders P-J, Anckaert J, Verheggen K, Nuytens J, Martens L, Mestdagh P,
et al. LNCipedia 5: Towards a Reference Set of Human Long Non-Coding
RNAs. Nucleic Acids Res (2019) 47:D135-9. doi: 10.1093/nar/gky1031
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

Athar A, Fillgrabe A, George N, Igbal H, Huerta L, Ali A, et al. ArrayExpress
Update — From Bulk to Single-Cell Expression Data. Nucleic Acids Res (2019)
47:D711-5. doi: 10.1093/nar/gky964

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wei T, Simko V. R Package “Corrplot”: Visualization of a Correlation Matrix.
(Version 0.90), Https://Github.Com/Taiyun/Corrplot (2021). Available at:
https://github.com/taiyun/corrplot.

Csardi G, Nepusz T. The Igraph Software Package for Complex Network
Research (2006). Available at: https://igraph.org.

Briatte F, Bojanowski M, Canouil M, Charlop-Powers Z, Fisher J, Johnson K,
et al. Ggnetwork: Geometries to Plot Networks With “Ggplot2” (2021).
Available at: https://cran.r-project.org/web/packages/ggnetwork/index.html.
Wen X, Gao L, Guo X, Li X, Huang X, Wang Y, et al. Lncsldb: A Resource for
Long Non-Coding RNA Subcellular Localization. Database (2018) 2018:
bay085. doi: 10.1093/database/bay085

Cao Z, Pan X, Yang Y, Huang Y, Shen H-B. The Lnclocator: A Subcellular
Localization Predictor for Long Non-Coding RNAs Based on a Stacked
Ensemble Classifier. Bioinformatics (2018) 34:2185-94. doi: 10.1093/
bioinformatics/bty085

Lin Y, Liu T, Cui T, Wang Z, Zhang Y, Tan P, et al. RNAlInter in 2020: RNA
Interactome Repository With Increased Coverage and Annotation. Nucleic
Acids Res (2020) 48:D189-97. doi: 10.1093/nar/gkz804

Chen Y, Wang X. miRDB: An Online Database for Prediction of Functional
microRNA Targets. Nucleic Acids Res (2020) 48:D127-31. doi: 10.1093/nar/
gkz757

Mirzaei A, Maleki M, Masoumi E, Maspi N. A Historical Review of the Role of
Cytokines Involved in Leishmaniasis. Cytokine (2021) 145:155297.
doi: 10.1016/j.cyt0.2020.155297

Silva-Barrios S, Stiger S. Protozoan Parasites and Type I [FNs. Front Immunol
(2017) 8:14. doi: 10.3389/fimmu.2017.00014

Regli IB, Passelli K, Hurrell BP, Tacchini-Cottier F. Survival Mechanisms
Used by Some Leishmania Species to Escape Neutrophil Killing. Front
Immunol (2017) 8:1558. doi: 10.3389/fimmu.2017.01558

Hurrell BP, Regli IB, Tacchini-Cottier F. Different Leishmania Species Drive
Distinct Neutrophil Functions. Trends Parasitol (2016) 32:392-401.
doi: 10.1016/j.pt.2016.02.003

Ribeiro-Gomes F, Sacks D. The Influence of Early Neutrophil-Leishmania
Interactions on the Host Immune Response to Infection. Front Cell Infect
Microbiol (2012) 2:59. doi: 10.3389/fcimb.2012.00059

Chauhan P, Shukla D, Chattopadhyay D, Saha B. Redundant and Regulatory
Roles for Toll-Like Receptors in Leishmania Infection. Clin Exp Immunol
(2017) 190:167-86. doi: 10.1111/cei.13014

Sacramento LA, Costa D L], Lima DFMH, Sampaio PA, Almeida RP, Cunha
FQ, et al. Toll-Like Receptor 2 Is Required for Inflammatory Process
Development During Leishmania Infantum Infection. Front Microbiol
(2017) 8:262. doi: 10.3389/fmicb.2017.00262

Sacramento LA, Benevides L, Maruyama SR, Tavares L, Fukutani KF,
Francozo M, et al. TLR4 Abrogates the Thl Immune Response Through
IRF1 and IFN- to Prevent Immunopathology During L. Infantum Infection.
PloS Pathog (2020) 16:¢1008435. doi: 10.1371/journal.ppat.1008435

Chen C, Darrow AL, Qi J, D’andrea MR, Andrade-Gordon P. A Novel Serine
Protease Predominately Expressed in Macrophages. Biochem ] (2003) 374:97—
107. doi: 10.1042/bj20030242

Toyama S, Naoko O, Matsuda A, Saito H, Nakae S, Karasuyama H, et al. A
Novel Protease, PRSS33 (Serine Protease 33), Is Specifically and Constitutively
Expressed in Eosinophils. J Allergy Clin Immunol (2017) 139:AB163.
doi: 10.1016/j.jaci.2016.12.535

Rodriguez NE, Wilson ME. Eosinophils and Mast Cells in Leishmaniasis.
Immunol Res (2014) 59:129-41. doi: 10.1007/s12026-014-8536-x

Lee SH, Chaves MM, Kamenyeva O, Gazzinelli-Guimaraes PH, Kang B, Pessenda
G, et al. M2-Like, Dermal Macrophages Are Maintained via IL-4/CCL24-
mediated Cooperative Interaction With Eosinophils in Cutaneous
Leishmaniasis. Sci Immunol (2020) 5:eaaz4415. doi: 10.1126/sciimmunol.aaz4415
da Silva Marques P, da Fonseca-Martins AM, Carneiro MPD, Amorim NRT,
de Pao CRR, Canetti C, et al. Eosinophils Increase Macrophage Ability to
Control Intracellular Leishmania Amazonensis Infection via PGD2 Paracrine
Activity In Vitro. Cell Immunol (2021) 363:104316. doi: 10.1016/
j.cellimm.2021.104316

Gytz H, Hansen MF, Skovbjerg S, Kristensen ACM, Horlyck S, Jensen MB,
et al. Apoptotic Properties of the Type 1 Interferon Induced Family of Human
Mitochondrial Membrane ISG12 Proteins. Biol Cell (2017) 109:94-112.
doi: 10.1111/boc.201600034

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://doi.org/10.1371/journal.pntd.0007673
https://doi.org/10.1016/j.ebiom.2020.102748
https://doi.org/10.1371/journal.pntd.0005123
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1016/j.immuni.2015.05.004
https://doi.org/10.1042/EBC20200072
https://doi.org/10.1042/EBC20200072
https://doi.org/10.3390/ncrna6040049
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1002/0471250953.bi1114s51
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1101/263517
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1186/s12859-018-2053-1
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.3389/fgene.2019.00971
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1093/database/bar030
https://doi.org/10.1093/nar/gky1031
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/nar/gky964
https://github.com/taiyun/corrplot
https://igraph.org
https://cran.r-project.org/web/packages/ggnetwork/index.html
https://doi.org/10.1093/database/bay085
https://doi.org/10.1093/bioinformatics/bty085
https://doi.org/10.1093/bioinformatics/bty085
https://doi.org/10.1093/nar/gkz804
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1016/j.cyto.2020.155297
https://doi.org/10.3389/fimmu.2017.00014
https://doi.org/10.3389/fimmu.2017.01558
https://doi.org/10.1016/j.pt.2016.02.003
https://doi.org/10.3389/fcimb.2012.00059
https://doi.org/10.1111/cei.13014
https://doi.org/10.3389/fmicb.2017.00262
https://doi.org/10.1371/journal.ppat.1008435
https://doi.org/10.1042/bj20030242
https://doi.org/10.1016/j.jaci.2016.12.535
https://doi.org/10.1007/s12026-014-8536-x
https://doi.org/10.1126/sciimmunol.aaz4415
https://doi.org/10.1016/j.cellimm.2021.104316
https://doi.org/10.1016/j.cellimm.2021.104316
https://doi.org/10.1111/boc.201600034
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Maruyama et al.

Long NonCoding RNAs in Visceral Leishmaniasis

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ullah H, Sajid M, Yan K, Feng J, He M, Shereen MA, et al. Antiviral Activity of
Interferon Alpha-Inducible Protein 27 Against Hepatitis B Virus Gene
Expression and Replication. Front Microbiol (2021) 12:656353. doi: 10.3389/
fmicb.2021.656353

Brochado-Kith O, Martinez I, Berenguer J, Gonzélez-Garcia J, Salgiiero S,
Sepulveda-Crespo D, et al. HCV Cure With Direct-Acting Antivirals
Improves Liver and Immunological Markers in HIV/HCV-Coinfected
Patients. Front Immunol (2021) 12:723196. doi: 10.3389/fimmu.2021.723196
Khatri I, Bhasin MK. A Transcriptomics-Based Meta-Analysis Combined
With Machine Learning Identifies a Secretory Biomarker Panel for Diagnosis
of Pancreatic Adenocarcinoma. Front Genet (2020) 11:572284. doi: 10.3389/
fgene.2020.572284

Forestier C-L, Gao Q, Boons G-J. Leishmania Lipophosphoglycan: How to
Establish Structure-Activity Relationships for This Highly Complex and
Multifunctional Glycoconjugate? Front Cell Infect Microbiol (2015) 4:193.
doi: 10.3389/fcimb.2014.00193

Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N, Kobeh LG,
et al. Leishmania Lipophosphoglycan (LPG) Activates NK Cells Through
Toll-Like Receptor-2. Mol Biochem Parasitol (2003) 130:65-74. doi: 10.1016/
S0166-6851(03)00160-9

Messlinger H, Sebald H, Heger L, Dudziak D, Bogdan C, Schleicher U.
Monocyte-Derived Signals Activate Human Natural Killer Cells in Response
to Leishmania Parasites. Front Immunol (2018) 9:24. doi: 10.3389/
fimmu.2018.00024

Arun G, Aggarwal D, Spector DL. MALAT1 Long Non-Coding RNA:
Functional Implications. Non-Coding RNA (2020) 6:22. doi: 10.3390/
ncrna6020022

Chen Q, Zhu C, Jin Y. The Oncogenic and Tumor Suppressive Functions of
the Long Noncoding RNA MALAT1: An Emerging Controversy. Front Genet
(2020) 11:93. doi: 10.3389/fgene.2020.00093

Hewitson JP, West KA, James KR, Rani GF, Dey N, Romano A, et al. Malat1
Suppresses Immunity to Infection Through Promoting Expression of Maf and
IL-10 in Th Cells. J Immunol (2020) 204:2949-60. doi: 10.4049/
jimmunol.1900940

Wu J, Zhang H, Zheng Y, Jin X, Liu M, Li S, et al. The Long Noncoding RNA
MALAT1 Induces Tolerogenic Dendritic Cells and Regulatory T Cells via
Mir155/Dendritic Cell-Specific Intercellular Adhesion Molecule-3 Grabbing
Nonintegrin/IL10 Axis. Front Immunol (2018) 9:1847. doi: 10.3389/
fimmu.2018.01847

Ulitsky I, Bartel DP. lincRNAs: Genomics, Evolution, and Mechanisms. Cell
(2013) 154:26-46. doi: 10.1016/j.cell.2013.06.020

Gil N, Ulitsky I. Regulation of Gene Expression by Cis - Acting Long Non-Coding
RNAs. Nat Rev Genet (2020) 21:102-17. doi: 10.1038/s41576-019-0184-5

Tan JY, Smith AAT, Ferreira da Silva M, Matthey-Doret C, Rueedi R, Sénmez
R, et al. Cis-Acting Complex-Trait-Associated lincRNA Expression Correlates
With Modulation of Chromosomal Architecture. Cell Rep (2017) 18:2280-8.
doi: 10.1016/j.celrep.2017.02.009

Huang W, Liu Z, Li Y, Liu L, Mai G. Identification of Long Noncoding RNAs
Biomarkers for Diagnosis and Prognosis in Patients With Colon
Adenocarcinoma. ] Cell Biochem (2019) 120:4121-31. doi: 10.1002/jcb.27697
Zhang X-Y, Zhuang H-W, Wang J, Shen Y, Bu Y-Z, Guan B-G, et al. Long
Noncoding RNA CA3-AS1 Suppresses Gastric Cancer Migration and
Invasion by Sponging miR-93-5p and Targeting BTG3. Gene Ther (2020)
1-9. doi: 10.1038/s41434-020-00201-1

Wei H, Yang Z, Lin B. Overexpression of Long Non Coding RNA CA3-AS1
Suppresses Proliferation, Invasion and Promotes Apoptosis via miRNA-93/
PTEN Axis in Colorectal Cancer. Gene (2019) 687:9-15. doi: 10.1016/
j.gene.2018.11.008

Tay Y, Rinn J, Pandolfi PP. The Multilayered Complexity of ceRNA Crosstalk
and Competition. Nature (2014) 505:344-52. doi: 10.1038/nature12986
Deng H, Ouyang W, Zhang L, Xiao X, Huang Z, Zhu W. LncRNA GASLI Is
Downregulated in Chronic Heart Failure and Regulates Cardiomyocyte
Apoptosis. Cell Mol Biol Lett (2019) 24:41. doi: 10.1186/s11658-019-0165-x
Su W-Z, Yuan X. LncRNA GASL1 Inhibits Tumor Growth of Non-Small Cell
Lung Cancer by Inactivating TGF-p Pathway. Eur Rev Med Pharmacol Sci
(2018) 22:7282-8. doi: 10.26355/eurrev_201811_16264

Shi B, Shao B, Yang C, Guo Y, Fu X, Gan N. Upregulation of JHDM1D-AS1
Protects PDLSCs From H202-Induced Apoptosis by Decreasing DNAJC10

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

via Phosphorylation of Eif2o. Biochimie (2019) 165:48-56. doi: 10.1016/
j-biochi.2019.06.018

Qiu B-Q, Lin X-H, Ye X-D, Huang W, Pei X, Xiong D, et al. Long Non-Coding
RNA PSMA3-AS1 Promotes Malignant Phenotypes of Esophageal Cancer by
Modulating the miR-101/EZH2 Axis as a ceRNA. Aging (Albany NY) (2020)
12:1843-56. doi: 10.18632/aging.102716

Wang L, Wu L, Pang J. Long Noncoding RNA PSMA3-AS1 Functions as a
microRNA—-409-3p Sponge to Promote the Progression of Non—Small Cell
Lung Carcinoma by Targeting Spindlin 1. Oncol Rep (2020) 44:1550-60.
doi: 10.3892/0r.2020.7693

Kent LN, Leone G. The Broken Cycle: E2F Dysfunction in Cancer. Nat Rev
Cancer (2019) 19:326-38. doi: 10.1038/s41568-019-0143-7

Nascimento MSL, Ferreira MD, Quirino GFS, Maruyama SR, Krishnaswamy
JK, Liu D, et al. NOD2-RIP2-Mediated Signaling Helps Shape Adaptive
Immunity in Visceral Leishmaniasis. J Infect Dis (2016) 214:1647-57.
doi: 10.1093/infdis/jiw446

Murphy TL, Tussiwand R, Murphy KM. Specificity Through Cooperation:
BATEF-IRF Interactions Control Immune-Regulatory Networks. Nat Rev
Immunol (2013) 13:499-509. doi: 10.1038/nri3470

Liu Q, Kim MH, Friesen L, Kim CH. BATF Regulates Innate Lymphoid Cell
Hematopoiesis and Homeostasis. Sci Immunol (2020) 5:eaaz8154.
doi: 10.1126/sciimmunol.aaz8154

Panda SK, Colonna M. Innate Lymphoid Cells in Mucosal Immunity. Front
Immunol (2019) 10:861. doi: 10.3389/fimmu.2019.00861

Xu X, Gu J, Ding X, Ge G, Zang X, Ji R, et al. LINC00978 Promotes the
Progression of Hepatocellular Carcinoma by Regulating EZH2-Mediated
Silencing of P21 and E-Cadherin Expression. Cell Death Dis (2019) 10:752.
doi: 10.1038/541419-019-1990-6

Zhang S, Li C, Liu ], Geng F, Shi X, Li Q, et al. Fusobacterium Nucleatum
Promotes Epithelial-Mesenchymal Transiton Through Regulation of the
IncRNA MIR4435-2hg/miR-296-5p/Akt2/SNAIL Signaling Pathway. FEBS J
(2020) 287:4032-47. doi: 10.1111/febs.15233

Patamsyté V, Zukovas G, Gecys D, Zaliaduonyté D, Jakuska P, Benetis R, et al.
Long Noncoding RNAs CARMN, LUCATI1, SMILR, and MALATI in
Thoracic Aortic Aneurysm: Validation of Biomarkers in Clinical Samples.
Dis Markers (2020) 2020:8521899. doi: 10.1155/2020/8521899

Gong J, Xu X, Zhang X, Zhou Y. LncRNA MIR4435-2HG Is a Potential Early
Diagnostic Marker for Ovarian Carcinoma. Acta Biochim Biophys Sin (2019)
51:953-9. doi: 10.1093/abbs/gmz085

Xu H, Han H, Song S, Yi N, Qian C, Qiu Y, et al. Exosome-Transmitted
PSMA3 and PSMA3-AS1 Promote Proteasome Inhibitor Resistance in
Multiple Myeloma. Clin Cancer Res (2019) 25:1923-35. doi: 10.1158/1078-
0432.CCR-18-2363

Wang Y-M, Trinh MP, Zheng Y, Guo K, Jimenez LA, Zhong W. Analysis of
Circulating Non-Coding RNAs in a Non-Invasive and Cost-Effective Manner.
TrAC Trends Analyt Chem (2019) 117:242-62. doi: 10.1016/j.trac.2019.07.001
Li Q, Shao Y, Zhang X, Zheng T, Miao M, Qin L, et al. Plasma Long
Noncoding RNA Protected by Exosomes as a Potential Stable Biomarker for
Gastric Cancer. Tumour Biol (2015) 36:2007-12. doi: 10.1007/s13277-014-
2807-y

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.

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.

Copyright © 2022 Maruyama, Fuzo, Oliveira, Rogerio, Takamiya, Pessenda, de Melo,
da Silva, Jesus, Carregaro, Nakaya, Almeida and da Silva. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 784463


https://doi.org/10.3389/fmicb.2021.656353
https://doi.org/10.3389/fmicb.2021.656353
https://doi.org/10.3389/fimmu.2021.723196
https://doi.org/10.3389/fgene.2020.572284
https://doi.org/10.3389/fgene.2020.572284
https://doi.org/10.3389/fcimb.2014.00193
https://doi.org/10.1016/S0166-6851(03)00160-9
https://doi.org/10.1016/S0166-6851(03)00160-9
https://doi.org/10.3389/fimmu.2018.00024
https://doi.org/10.3389/fimmu.2018.00024
https://doi.org/10.3390/ncrna6020022
https://doi.org/10.3390/ncrna6020022
https://doi.org/10.3389/fgene.2020.00093
https://doi.org/10.4049/jimmunol.1900940
https://doi.org/10.4049/jimmunol.1900940
https://doi.org/10.3389/fimmu.2018.01847
https://doi.org/10.3389/fimmu.2018.01847
https://doi.org/10.1016/j.cell.2013.06.020
https://doi.org/10.1038/s41576-019-0184-5
https://doi.org/10.1016/j.celrep.2017.02.009
https://doi.org/10.1002/jcb.27697
https://doi.org/10.1038/s41434-020-00201-1
https://doi.org/10.1016/j.gene.2018.11.008
https://doi.org/10.1016/j.gene.2018.11.008
https://doi.org/10.1038/nature12986
https://doi.org/10.1186/s11658-019-0165-x
https://doi.org/10.26355/eurrev_201811_16264
https://doi.org/10.1016/j.biochi.2019.06.018
https://doi.org/10.1016/j.biochi.2019.06.018
https://doi.org/10.18632/aging.102716
https://doi.org/10.3892/or.2020.7693
https://doi.org/10.1038/s41568-019-0143-7
https://doi.org/10.1093/infdis/jiw446
https://doi.org/10.1038/nri3470
https://doi.org/10.1126/sciimmunol.aaz8154
https://doi.org/10.3389/fimmu.2019.00861
https://doi.org/10.1038/s41419-019-1990-6
https://doi.org/10.1111/febs.15233
https://doi.org/10.1155/2020/8521899
https://doi.org/10.1093/abbs/gmz085
https://doi.org/10.1158/1078-0432.CCR-18-2363
https://doi.org/10.1158/1078-0432.CCR-18-2363
https://doi.org/10.1016/j.trac.2019.07.001
https://doi.org/10.1007/s13277-014-2807-y
https://doi.org/10.1007/s13277-014-2807-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Insight Into the Long Noncoding RNA and mRNA Coexpression Profile in the Human Blood Transcriptome Upon Leishmania infantum Infection
	Introduction
	Material and Methods
	Patients and Healthy Uninfected Subjects
	Blood Sample Collection and RNA Isolation
	mRNA Sequencing (mRNA-seq)
	RNA-seq Data Analysis
	Statistical Analysis for the Demographic and Clinical Parameters

	Results and Discussion
	Features of the Polyadenylated Transcriptome of Blood From Visceral Leishmaniasis Patients
	Long Noncoding RNA (lncRNA) Expression in Blood Upon L. infantum Infection
	lncRNA–mRNA Coexpression Analysis

	Concluding Remarks
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


