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A B S T R A C T

Protein malnutrition is a risk factor for developing visceral leishmaniasis. Because we previously demonstrated
that protein malnutrition and infection with Leishmania infantum disrupts the splenic microarchitecture in BALB/
c mice, alters T cell-subsets and increases splenic parasite load, we hypothesize that splenic microenvironment is
precociously compromised in infected animals that suffered a preceding malnutrition. To evaluate this, we
characterized the abundance of proteins secreted in the splenic interstitial fluid (IF) using an iTRAQ-based
quantitative proteomics approach. In addition, local levels of pro-inflammatory and proliferation molecules were
analyzed. Whereas well-nourished infected animals showed increased IL-1β and IL-2 levels, malnourished-in-
fected mice displayed significant reduction of these cytokines. Remarkably, a two-weeks infection with L. in-
fantum already modified protein abundance in the splenic IF of well-nourished mice, but malnourished animals
failed to respond to infection in the same fashion. Malnutrition induced significant reduction of chemotactic and
pro-inflammatory molecules as well as of proteins involved in nucleic acid and amino acid metabolism, in-
dicating an impaired proliferative microenvironment. Accordingly, a significant decrease in Ki67 expression was
observed, suggesting that splenocyte proliferation is compromised in malnourished animals. Together, our re-
sults show that malnutrition compromises the splenic microenvironment and alters the immune response to the
parasite in malnourished individuals.
Significance: Protein malnutrition is recognized as an important epidemiological risk factor for developing
visceral leishmaniasis (VL). Locally secreted factors present in the interstitial fluid have important roles in in-
itiating immune responses and in regulating fluid volume during inflammation. However, the regulation of
secreted factors under pathological conditions such as malnutrition and infection are widely unknown. To
analyze how protein malnutrition alters secreted proteins involved in the immune response to L. infantum in-
fection we evaluated the proteomic profile of the interstitial fluid of the spleen in malnourished BALB/c mice
infected with L. infantum. Our work revealed new elements that contribute to the understanding of the im-
munopathological events in the spleen of malnourished animals infected with L. infantum and opens new
pathways for consideration of other aspects that could improve VL treatment in malnourished individuals.
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1. Introduction

Visceral leishmaniasis (VL) in the Americas is a parasitic disease
caused by the protozoan Leishmania infantum. Annually, there are ap-
proximately 200.000–400.000 new cases of VL representing an emer-
ging problem of worldwide public health [1–3]. Manifestations of VL
can vary from asymptomatic infection to progressive fatal visceral
disease. Disease progression is dependent on both the species of Leish-
mania involved, and the genetics and immune status of the host [4]. It is
well established that protein-energy malnutrition is associated with the
increased risk and severity of infections. Malnutrition is the most
common cause of immunodeficiency worldwide and its synergism with
infections results in increasing morbidity and mortality in children
[5,6]. Malnutrition elevates susceptibility to infections as well as re-
current infections contribute to malnutrition, establishing a vicious
cycle where poverty and inequality are perpetuated. In fact, malnutri-
tion is recognized as an important epidemiological risk factor for VL
[7], and it has been implicated in the development of clinical mani-
festations and severe outcomes of VL [8–10].

During experimental infections, it was demonstrated that mal-
nourished mice infected with L. donovani present a defect in their innate
immune responses and early visceralization through functional failure
of the lymph node barrier [11–14]. Using a murine model of protein
malnutrition and infection with L. infantum, we demonstrated the de-
leterious impact of protein restriction in mice, including atrophy of
lymphoid organs, changes in cellularity and lymphocyte subpopulations
in the thymus and spleen of BALB/c mice [15]. As we have previously
shown, malnutrition induced a dysregulation in cytokine gene expres-
sion in splenocytes and reduced protein levels of IL-12 in the spleen of
infected animals. All those changes were followed by splenic micro-
architecture disorganization and precocious increase of parasite load in
the organ and lack of granuloma formation in the liver, indicating that
protein malnutrition accelerated the events commonly observed during
experimental VL in BALB/c mice [15]. Our results thus suggested that
spleen microenvironment is early compromised in infected animals that
suffered preceding protein malnutrition.

Locally secreted factors present in the interstitial fluid have im-
portant roles in initiating immune responses [16] and in regulating
fluid volume during inflammation [17]. These secreted factors may
contain molecules that are either produced locally or brought to the
organ by the circulation [18], but that are widely unknown in patho-
logical conditions. To analyze how protein malnutrition alters secreted
proteins involved in the immune response to L. infantum infection we
evaluated the proteomic profile of the interstitial fluid of the spleen in
malnourished BALB/c mice infected with L. infantum. We hypothesized
that protein malnutrition dysregulates locally secreted proteins asso-
ciated with a proper immune response to the parasite, contributing to
the early immunopathological events observed in VL in malnourished
individuals.

2. Materials and methods

2.1. Ethics statement

This study was carried out following the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health - Eighth Edition. All animal procedures were ap-
proved by the Instituto Oswaldo Cruz Animal Care and Use Committee
(License #LW-27/14).

2.2. Parasite culture

The L. infantum strain MCAN/BR/2000/CNV-FEROZ used in this
study was provided by the Collection of Leishmania of the Instituto
Oswaldo Cruz, (Coleção de Leishmania do Instituto Oswaldo Cruz,
CLIOC) (http://clioc.fiocruz.br/). CLIOC is registered in the World

Federation for Culture Collections (WFCC-WDCM 731) and is re-
cognized as a Depository Authority by the Brazilian Ministry of the
Environment (D.O.U. 05.04.2005). Parasites were cultivated at 25 °C in
Schneider's medium containing 10% fetal bovine serum (FBS) and were
collected at the stationary phase by centrifugation at 1800g for 5min.
The parasites were then washed twice in PBS, pH 7.2.

2.3. Mice, feeding protocol and experimental infection

BALB/c model of malnutrition used here was previously described
[15]. Briefly, three weeks old, male BALB/c mice (n=48) were housed
three per cage and maintained in a 12/12 h light/dark cycle at a con-
stant temperature in a specific pathogen–free area of the mouse facility
of the Instituto Oswaldo Cruz (IOC-FIOCRUZ). Animals were fed a diet
containing 14% protein (MP Biomedicals, Inc., USA, Catalog No.
960258) during one week of pre-adaptation period. After that period,
mice were randomly divided into two groups: 24 animals were fed a
14% protein diet (13,79 g crude protein per 100 g food pellets; control
protein, CP) and 24 animals were fed a 4% protein diet (4,59 g crude
protein per 100 g food pellets; low protein, LP) (MP Biomedicals, Inc.,
USA, Catalog No 960254). Each diet provides 3.7 kcal/g, therefore diets
are isocaloric, meaning that additional carbohydrate calories replaced
the caloric protein deficiency in the 4% protein diet. The animals had
free access to water and food during the experimental course. Food
rations per cage were daily weighed and feed consumption was calcu-
lated according to previous descriptions [19]. After 7 days of diet, each
group was divided into two subgroups; one was infected intravenously
(tail vein) with 1× 107 parasites, whereas the other group received
saline solution, resulting in the following four experimental groups:
animals fed 14% protein diet (CP), animals fed 4% protein diet (LP),
animals fed 14% protein diet and infected (CPi), and animals fed 4%
protein diet and infected (LPi). The diets were maintained after infec-
tion. Infection was allowed to proceed during 14 days because after this
period, body weight loss in animals fed the 4% diet would exceed the
ethical limits permitted by the license. Body weight was measured
every third day during the total experimental course (21 days). The
animals were euthanized after 14 days post-infection. Euthanasia was
conducted according to the protocol approved, with intraperitoneal
anesthesia using a solution of 10mg/kg xylazine −200mg/kg keta-
mine. When anaesthetized, the animals were exposed to carbon dioxide
gas. Blood was collected by cardiac puncture, and the sera were sepa-
rated and stored at −20 °C. The spleen, and liver were quickly re-
moved, weighed, and subsequently processed for parasite culture, in-
terstitial fluid (IF) extraction and cell isolation. Splenocyte, absolute
and relative, numbers were obtained by counting in a hemocytometer.

2.4. Isolation of interstitial fluid from the spleen

Splenocyte suspension was obtained by injection of PBS and gentle
washes of the respective organs with sterile needle syringes. Intact cells
were pelleted by centrifugation and supernatants were recovered for
Luminex and proteomic analyses; these supernatants are considered as
enriched interstitial fluid (IF) [18].

2.5. Parasite load, hormone and cytokine levels

Parasite load was determined by qPCR in the liver and spleen of
BALB/c mice infected with L. infantum following previously described
protocols [15]. Using specific enzyme-linked immunosorbent assays,
systemic total IGF1 and leptin levels were measured in serum (Abcam
Cambridge, UK; Cat.# ab100695 and Cat.# ab100718, respectively)
according to the procedures provided by the manufacturer. For corti-
costerone measurement, blood was collected during the nadir (08:00 h)
of the circadian rhythm as described previously [20,21] and serum was
stored at −80 °C until use. Corticosterone levels were quantified by
radioimmunoassay following manufacturer's guidelines (MP
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Biomedicals, Solon, USA), using a gamma counter (ICN Isomedic 4/600
HE; ICN Biomedicals Inc., Costa Mesa, USA). Cytokine levels of IL1a,
IL1b, IL2, IFNg, IL10 and IL17 were measured in interstitial fluid of the
spleen using Luminex technology [22,23]. The fluorescence levels of
each molecule were measured and the data were analyzed using the
software supplied by the manufacturer (Invitrogen). A series of re-
combinant cytokines applied in concentrations ranging from 51 to
8000 pg/mL were used to establish standard curves and assay sensi-
tivity. Levels were expressed in pg/mL.

2.6. ITRAQ labelling

The collected fluids were concentrated to a final volume of 100 uL
using Amicon Centrifugal Filters 3K (Millipore) and denaturated using
0.1% of Rapigest (Waters). In order to (i) increase the accuracy of the
data [24], (ii) normalize for the expected proteome heterogeneity, and
(iii) adjust the study within a single multiplex experiment, pools of
samples from different mice were used instead of individual samples.
Equal amounts of fluid samples from three animals within each ex-
perimental condition were mixed to produce one sample pool (Fig. 1).
Three sample pools of each group (P1, P2, P3) were used for a total of
nine different animals in each experimental condition. Therefore, three
biological replicates and two technical replicates for each treatment
were incorporated into the multiplex iTRAQ design.

Pooled samples were digested with mass spectrometry grade lysyl
endopeptidase (LEP, Wako) and sequencing grade modified trypsin
(Promega, Madison, WI, USA). Briefly, 100 μg of each sample pool was
reduced with tris(2-carboxyethyl)-phosphine (TCEP) 20mM at 60 °C for
30min, alkylated with iodoacetamide (IAA) 20mM in triethylammo-
nium bicarbonate (TEAB) 50mM pH 8,5) at 25 °C for 30min. Then, LEP
was added at a protein-enzyme ratio of 1:100 at 37 °C for 4 h, followed
by trypsin digestion at a protein-enzyme ratio of 1:50 at 37 °C over-
night. After trypsin digestion, Rapigest was precipitated with 10%
formic acid (1% final concentration). Samples were centrifuged for
30min at 20,800g to remove insoluble material. Prior to labeling by
iTRAQ, the peptides were desalted using Spin Column C18 (Harvard
Apparatus, USA) according to the manufacturer's protocol. The peptides
were dried by vacuum centrifugation and reconstituted in 30 μL of
50mM TEAB and labeled with iTRAQ 4-plex (Reagents iTRAQ
Applications 4-plex Kit; AB Sciex, Framingham, MA, USA) according to

the manufacturer's protocol and mixed.
Peptide samples from each group were individually labeled with the

iTRAQ tags as follows: iTRAQ114 for sample pools of animals fed 14%
protein diet (P1, P2 and P3 from CP group); iTRAQ115 for sample pools
of animals fed 4% protein diet (P1, P2 and P3 from LP group);
iTRAQ116 for sample pools of animals fed 14% protein diet and in-
fected (P1, P2 and P3 from CPi group); and iTRAQ117 for sample pools
of animals fed 4% protein diet and infected (P1, P2 and P3 from LPi
group). Peptides were labeled at room temperature for 2 h, mixed and
dried in a SpeedVac. Labeled peptides were mixed to obtain three
samples as follows: Pool 1-P1 from each experimental group (P1 from
CP, LP, CPi and LPi); Pool 2-P2 from each experimental group (P2 of
CP, LP, CPi and LPi); and Pool 3-P3 from each experimental group (P3
of CP, LP, CPi and LPi). Each final sample contains the four markers that
identify each experimental condition (Fig. 1).

Each sample was fractionated by strong cation exchange using
Macro Spin Columns (Harvard Apparatus, USA). The two resulting
fractions, one unretained on the ion exchange column and the other
eluted with 350mM KCl (in 10mM diluent KH2PO4, 25% ACN pH 3.0),
were dried in a vacuum centrifugation system and further desalted
using Spin Column C18 (Harvard Apparatus, USA).

2.7. LC-MS/MS

Tagged and desalted fractions were subjected to nanochromato-
graphy coupled to mass spectrometry in tandem (nLC-MS/MS) in the
mass spectrometry facility of the Carlos Chagas Institute - Paraná
Fiocruz (PDTIS-RPT02H). The nanochromatography system used was
the Easy NLC-1000 (Thermo Fisher Scientific). Injections were made in
duplicate. Peptides were loaded onto a reverse phase column (30 cm
length and 75 μm inner diameter) packed in house with stationary
phase ReprosilPur C18 Acqua (1.9 μm diameter beads, Dr. Maisch) at a
flowrate of 500 nL/min. Peptides were eluted at a flowrate of 250 nL/
min applying a gradient of 5–40% of buffer B (5% DMSO, 0.1% formic
acid in acetonitrile) for 180min. Buffer A was 5% DMSO in 0.1% formic
acid.

Spectra were acquired in the LTQ Orbitrap XL-ETD mass spectro-
meter (Thermo Fisher Scientific). The analysis mode used was data
dependent acquisition (DDA), automatically switching between the
acquisition of the full scan MS and MS/MS with dynamic exclusion of
90s. The initial scan MS (m/z 300–2000) was performed in the system
with a resolution of 60,000 at 100m/z. The five most intense ions with
2+ and 3+ charge were isolated, one at a time, and fragmented by
high energy collision dissociation (HCD) using normalized collision
energy of 45 and 30ms of activation time. All scan functions of the mass
spectrometer and the gradients of solvents in the nLC were controlled
by Xcalibur 2.0 software (Thermo Fisher Scientific).

2.8. Protein identification and quantification

Protein identification was performed with PatternLab for
Proteomics version 3.2.0.3 (http://patternlabforproteomics.org/) using
the Comet PSM as search engine [25]. Mus musculus protein sequences
were download from UniProt database in February 2017 (http://www.
uniprot.org/) with ~87.000 entries. For estimation of false discovery
rate (FDR), we subsequently generated a target-decoy database in-
cluding the sequences of common mass spectra contaminants using the
PatternLab's Search Database Generator [26]. A cutoff score was es-
tablished for accept a FDR of 1% based on the marked decoys from the
database. The search parameters were tryptic and semi-tryptic peptide
candidates, three missed cleavages, fixed modification of cysteine car-
bamidomethylation, fixed iTRAQ (+144.1 Da) at the N-terminal and
variable iTRAQ modification (+144.1 Da) in lysine (K) side chain with
a 40 ppm mass tolerance of the precursor.

Validation of the peptide-spectrum matches (PSM) was done using
Search Engine Processor (SEPro) integrated in the PatternLab for

Fig. 1. Experimental workflow for the identification and quantification of
the splenic interstitial fluid proteins. Interstitial fluid samples from three
animals were pooled in each group, totalizing three pools and nine animals by
group. After, pools were labeled using iTRAQ technology and further mixed and
analyzed by LC-MS/MS.
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proteomics [26]. Briefly, the identifications were grouped by charge
state (+2 and +3) and then by tryptic status (fully tryptic, semi-
tryptic), resulting in distinct subgroups. For each result, the Comet
XCorr, DeltaCN and ZScore values were used to generate a Bayesian
discriminator. Additionally, a minimum sequence length of 6 amino
acid residues was required. Similar proteins, which represent a se-
quence in another sequence (fragment), were eliminated. The results
were processed to accept only sequences with< 5 ppm of variation at
protein level and two or more independent evidence of the presence of
the protein in the sample (e.g. identifying a peptide with a different
charge state; the modified version of the unmodified peptide; or two
different peptides for the same protein).

Relative quantification was made using the ‘Isobaric Analyzer’
module of PatternLab. The SEPro file previously created in the SEPro
module was used to produce a report of quantified peptides. We specify
the YADA [27] output directory in the ‘Isobaric Analyzer’ module to
discard multiplexed spectra that could interfere with the iTRAQ quan-
titation. Channel Signal normalization was used. This normalization
adds up the signals of all spectra for each channel (i.e., isobaric
marker), and the normalized values for each spectrum are obtained by
dividing each reporter ion signal by the corresponding channel's sum
[28]. We correct the purity of the isobaric labels checking in the ‘Apply
purity correction’ box. After generating the report, we made a paired
comparison analysis in the same module between the CP group and
each of the other groups (LP, CPi or LPi), accepting at least 2 unique
peptides per protein, 0.3 of “peptide Log Fold Change Cutoff” and 0.05 of
“Peptide p-value Cutoff” for the t-paired test or p binomial value. Finally,
corrected p-value was calculated according to the Benjamin–Hochberg
procedure [28]. The final report of quantification was exported to Mi-
crosoft Excel and manually cured, accepting differentially expressed
proteins with a Fold change ≥1.5 and q≤ 0.05.

Ontological classification on cellular component, molecular func-
tion, and biological process was made through Gene Ontology database
(http://geneontology.org/) using the Gene Ontology Explorer tool
(GOEx) from the PatternLab [27]. Interactome network analysis was
mapped to KEGG pathways using the web-accessible program IIS- In-
tegrated Interactome system (http://www.lge.ibi.unicamp.br/lnbio/
IIS/) [29]. The enriched biological processes of the Gene Ontology
database were calculated in each network using the hypergeometric
distribution [29]. The interaction network was viewed using Cytoscape
version 2.8.3 (http://www.cytoscape.org/).

2.9. Signal peptide, alternative secretion pathway and exosomal origin
prediction

SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) was
used to predict the N-terminal signal peptide contained in classically
secreted proteins [30], while SecretomeP 2.0 server (http://www.cbs.
dtu.dk/services/SecretomeP/) was used to predict non-classical i.e. not
signal peptide triggered protein secretion [31] from our identified
proteins. The proteins positively predicted by one of the servers was
considered as secreted.

2.10. Immunohistochemistry

Paraffin embedded spleen fragments were cut into 3–5 μm thick
sections and mounted on microscope silanized slides (Dako Cytomation,
CA, USA). Slides were treated sequentially with xylol, ethanol and
further citrate buffer at 95 °C for 30min followed by treatment with
peroxidase blocking reagent (Dako) and 0.4% BSA for blocking en-
dogenous peroxidase and nonspecific staining, respectively. Slides were
incubated with anti-Ki67 (Ki67), anti-ferritin heavy chain (FTH1), anti-
glutathione S-transferase Pi (GSTP1), or anti-translationally-controlled
tumor protein (TPT1) primary antibodies (Abcam). After, slides were
incubated with secondary biotinylated anti-IgG antibody and further
with streptavidin-biotin-peroxidase complex. Reaction was revealed

using a commercial kit (AEC, Invitrogen). After visualization at optical
microscopy, reaction was interrupted with water and slides were em-
bedded in faramount aquous mounting medium. Percentage of labeled
area was quantified using the program ImageJ (NIH, USA). Labelling
was evaluated under optical microscopy and quantified at five fields at
100× and additional five fields at 400×. Results are expressed in
percentage of positive area.

2.11. Statistics

Statistical analysis was performed using GraphPad Prism 6.0 soft-
ware. A Two-way analysis of variance (ANOVA) was used, in con-
junction with Bonferroni post-hoc test, to analyze differences among
treatments. According to this analysis, significant differences (p< .05)
due to diet, infection or an interaction between diet and infection are
denoted with a, b, or c at each figure. The data are presented as the
mean ± SEM.

3. Results

3.1. Malnutrition increases circulant levels of corticosterone and decreased
IGF1 and leptin levels in both non-infected and infected mice

To characterize hormone levels in our malnourished model, we
analyzed the abundance of IGF1 and leptin which are considered mal-
nutrition markers; in addition, levels of corticosterone, a known stress
marker was also evaluated. In agreement with our previous report [32],
after a 21-day period of low protein diet feeding, IGF1 and leptin serum
levels in malnourished groups (LP and LPi) were significantly lower
than those from the well-nourished (CP) group (p < .0001 and
p < .0005, respectively, Fig. 2A and B). In contrast, corticosterone
levels were significantly increased in malnourished animals
(p < .0001, Fig. 2C). Well-nourished animals infected with L. infantum
(CPi) did not show any significant change in its hormonal levels. In
agreement with our previous reports, parasite load was significantly
increased in the spleen of LPi animals (Fig. 2D) whereas the parasite
load in the liver was similar between the CPi and LPi mice.

3.2. Protein malnutrition decreases L. infantum-induced proinflammatory
cytokines in the splenic interstitial fluid of mice

To evaluate the profile of cytokines secreted into the splenic mi-
croenvironment of malnourished animals infected with L. infantum, the
interstitial fluid was collected and cytokines were measured by
Luminex. Remarkably, whereas infection induced a significant increase
in IL-1β and IL-2 (p < .05) in well-nourished animals, malnutrition
induced a significant reduction in IL-1α (p < .0001), IL-1β
(p < .0006) and IL-2 (p < .0004) protein levels in the splenic inter-
stitial fluid of infected animals (Fig. 3). Other cytokines such as IFN-γ,
IL-10, and IL-17 were not detected in those samples.

3.3. Splenic interstitial fluid exhibits proteins secreted via classic or
alternative pathways

As protein malnutrition altered abundance of pro-inflammatory
molecules in the splenic IF of animals infected with L. infantum, we
hypothesized that the crucial role of the splenic microenvironment in
the immune response to the parasite is altered by a malnutrition pre-
condition. Therefore, to gain deeper insights in the effects of protein
malnutrition in the immune response to L. infantum infection in the
spleen, we applied iTRAQ labeling coupled with LC-MS/MS to quanti-
tatively analyze the differences in protein abundance in the splenic
microenvironment.

A total of 3.593 peptides identified in the splenic interstitial fluid
were assigned to 344 proteins at 1% FDR (Supplementary Table 1).
From these proteins, 91% (313/344) were identified with two peptides
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at least, whereas 9% (31/344) were identified with one peptide. These
proteins were included in our analysis since there was more than one
evidence of their presence in the samples, including two or more
spectra and two or more charge state. Bona fide secreted proteins were
identified in the splenic IF including albumin, hemoglobin, sero-
transferrin, ferritin, complement C3 and peptidases, among others
(Supplementary Table 1). SignalP and SecretomeP were used to predict
the presence of signal peptide for secretion via classic pathway or se-
cretion via alternative pathways, respectively. A total of 290 (84%)
proteins were identified as secreted by classic or alternative pathways
(Supplementary Table 1) and 54 (16%) did not have any prediction.
Interestingly, most of the proteins secreted by alternative pathways
(290/344) were secreted via exosomes (251/344). From the 54 proteins
with no prediction, 45 were previously reported as secreted via exo-
somes according to exocarta, and 9 did not have any prediction, in-
dicating that a total of 86% (296/344) are reported as exosomal pro-
teins (Fig. 4A, Supplementary Table 1).

3.4. Malnutrition modifies protein abundance in the splenic interstitial fluid

Compared to CP mice, the abundance of 67 proteins from the LP
mice was significantly changed, 44 of them were diminished whereas
23 were increased (Fig. 4B, Supplementary Table 2). Analysis of the
functional interactions between differentially abundant proteins in LP
animals revealed that the abundance of proteins involved in mRNA
processing (SF1, NHP2L1 and ALYREF) is mainly increased by mal-
nutrition, at the same time that proteins involved in negative regulation
of gene expression (MIF, CDC42) are significantly decreased in LP mice
(Supplementary Fig. 1). Although some proteins could not be assigned
to any functional cluster, we identified proteins that were drastically
affected by malnutrition including proteins involved in negative reg-
ulation of protein synthesis and protein homeostasis such as Glyci-
ne–tRNA ligase and 26S proteasome non-ATPase regulatory subunit 2
that were 7- and 6-fold decreased, respectively, in LP animals (Sup-
plementary Table 2). In addition, the abundance of proteins related to
heme metabolism such as hemoglobin subunit alpha (HBA) and ferritin
heavy chain (FTH1) was decreased (3-fold) and increased (3-fold), re-
spectively, in LP animals.

Fig. 2. Hormonal levels and parasite load in malnourished BALB/c mice infected withL.infantum. Total IGF1 (Insulin-like growth factor 1) (A), leptin (B) and
corticosterone (C) serum levels were analyzed in the experimental groups (n=6 each group). IGF1 and leptin were measured by commercial ELISA assays whereas
corticosterone was measured by radioimmunoassay. Statistical differences due to diet (a) were determined by two-way ANOVA with Bonferroni post-hoc test: IGF1
p < .0001; leptin p < .0005; corticosterone p < .0001. Parasite load was measured by qPCR using the TaqMan® system in the liver and spleen of CPi and LPi
animals (D). Statistical differences were determined with Student's t-test (p < .01). n=4–8 animals each group. CP: animals fed 14% protein diet; LP: animals fed
4% protein diet, CPi: animals fed 14% protein diet and infected; LPi: animals fed 4% protein diet and infected.

Fig. 3. Splenic interstitial fluid cytokine profile in malnourished mice infected withL.infantum. Levels of secreted cytokines were quantified by Luminex in the
splenic interstitial fluid obtained at the final day of the experiment. Values are expressed in pg/mL ± SEM. Statistical differences due to diet (a), infection (b) or an
interaction between diet and infection (c) were determined by two-way ANOVA with Bonferroni post-hoc test. CP: animals fed 14% protein diet; LP: animals fed 4%
protein diet, CPi: animals fed 14% protein diet and infected; LPi: animals fed 4% protein diet and infected. n= 4–5 animals each group.
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In LPi mice, the abundance of 74 proteins significantly changed
with 47 decreased and 27 increased (Table 1, Fig. 4B). Interestingly 25
of 47 decreased proteins had their abundance also diminished in LP
mice and only 10 of the 27 increased in LPi mice exhibited the same
trend of abundance in LP animals (Supplementary Tables 2 and 3).
Similar to LP mice, network analysis revealed that LPi animals ex-
hibited decreased abundance of proteins involved in protein home-
ostasis represented by a clear cluster named protein folding (PPIA, CCT4,
HSPA8, Fig. 5). In addition, LPi mice exhibited significant decrease of
proteins involved in negative regulation of apoptotic process (MIF, ALB,
ANXA1, EIF5B, Fig. 5). Remarkably, the alpha-hemoglobin-stabilizing
protein (AHSP), a protein involved in erythropoiesis and protection
against hemoglobin aggregation was drastically decreased in LP (18-
fold) and LPi (35-fold) mice (Table 1 and Supplementary Table 2). In-
terestingly, malnutrition induced a dual abundance trend in proteins
involved in response to oxidative stress leading to both increase and de-
crease of protein abundance of this family in LPi mice (PRDX2,
ALDH1A1, ATOX1 and CA3, Fig. 5). In LPi mice, similar to LP group,
proteins involved in porphyrin and heme synthesis presented low
abundance in malnourished infected animals. The porphobilinogen
deaminase (HMBS), an enzyme involved in the heme biosynthesis
presented a 10-fold reduction whereas hemoglobin subunit alpha
(HBA), an oxygen transporter, and dihydropteridine reductase (QDPR),
an enzyme that catalyze tetra-hydrobiopterine (BH4) regeneration and
production of nitric oxide [33] presented ~2-fold reduction in com-
parison to well-nourished non-infected animals. In contrast, ferritin
(FTH), a protein that stores iron in a soluble, non-toxic form, was de-
tected in higher abundance in the splenic IF of LPi mice (~3.5-fold
increased abundance) (Table 1).

To validate proteomic results, we analyzed protein levels of three
differentially abundant proteins (FTH1, GSTP1 and TPT1) using an

immunohistochemical approach. In agreement with the relative quan-
tification obtained by mass spectrometry, malnutrition induced a sig-
nificative increase in the FTH1 (p < .0001) in the spleen of mal-
nourished animals, showing 13 and 12-fold increase for LP and LPi,
respectively, related to CP mice. In addition, immunohistochemical
analysis of TPT1 (p < .05) abundance in LP and LPi mice showed an
increase of 1.5-fold and 2.2-fold, respectively. In turn, GSTP1 showed
increased expression in the spleen of infected animals, particularly in
the LPi group, with an increase of 1.9-fold (p= .0002) when compared
to the CP group (Fig. 6).

3.5. After just two weeks of infection with L. infantum, the abundance of
proteins in the splenic interstitial fluid is already modified

Remarkably, well-nourished animals infected with L. infantum (CPi)
display significant changes in splenic IF protein abundance compared to
CP mice, despite that our experimental course of infection was very
short (14 days). The abundance of 13 proteins was reduced while the
abundance of eight proteins were increased. Important 5-fold increase
in the abundance of Complement C3 (C3) protein, 2-fold rise in Copper
transport protein ATOX1 (ATOX1), Carbonic anhydrase 1 (CA1) and
Superoxide dismutase (SOD1) were observed in well-nourished infected
animals (Table 2). Interestingly, the abundance of these proteins was
not augmented in LPi animals, and even more, in the case of CA1, the
abundance was significantly diminished in LPi mice (Table 1). On the
other hand, Plastin-2 (LCP1), Prostaglandin E synthase 3 (PTGES3),
Macrophage migration inhibitory factor (MIF), Protein disulfide-iso-
merase (P4HB) and Neutrophilic granule protein (NGP) exhibited near
2-fold decrease in abundance in CPi animals (Table 2). Remarkably,
MIF was even more reduced in LPi mice, showing 4.5-fold reduction in
these animals.

Fig. 4. Proteomics analysis of splenic interstitial fluid. (A)
Percentage of secreted and exosomal proteins identified in the
splenic IF of BALB/c mice. (B) Percentages of differentially
abundant proteins identified in the splenic IF of LP, CPi, or LPi
animals relative to CP mice. LP: animals fed 4% protein diet;
CPi: animals fed 14% protein diet and infected; LPi: animals
fed 4% protein diet and infected; Sa: alternative secretion
(exosomal and others); Sp: Signal peptide of secretion.
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3.6. Proteins involved in catalytic activity, binding and biosynthetic process
are mainly affected by malnutrition

The functions of the differentially abundant proteins were anno-
tated according to the main gene ontology classification into biological
process or molecular function categories. According to biological pro-
cess, proteins associated with carbohydrate metabolism, developmental
process and localization categories were upregulated in malnourished
infected animals whereas proteins involved with biosynthetic process,
and localization categories displayed reduced abundance in those ani-
mals (Fig. 7). Regarding molecular function, proteins involved in
binding and catalytic activity were found both increased or decreased in
malnourished infected mice, in addition, these animals presented in-
creased abundance in proteins involved in metallochaperone activity and
decreased levels of proteins involved in structural molecule activity
(Fig. 7).

3.7. Malnutrition reduces protein levels of molecules involved in pro-
inflammatory and chemotactic responses in the splenic microenvironment of
animals infected with L. infantum

Remarkably, splenic IF from LPi mice revealed decreased abun-
dance of proteins involved in immune responses including chemotactic
and pro-inflammatory molecules such as the macrophage migration
inhibitory factor (MIF), CXCL7, interferon-stimulated gene 15 (ISG15 -
also denominated ubiquitin-like protein ISG15), and retinal dehy-
drogenase 1 (ALDH1A1) (Table 1). Interestingly, we observed a 2-fold
decrease of MIF in CPi and LP animals and a 4.5-fold reduction in LPi
mice. In addition, ISG15 abundance decreased 1.8-fold and 1.6-fold in
LP and LPi, respectively while CXCL7 and ALDH1A1 showed a 1.7-fold
and 3-fold reduction only in LPi animals.

3.8. Malnutrition drastically affects carbohydrate and nucleic acid
metabolism in the spleen resulting in an impaired proliferative
microenvironment

Our dataset also shows that the levels of proteins involved in nucleic

Fig. 5. Functional interaction network among differentially abundant proteins identified in the thymic IF of LPi mice according to biological process
categories. Proteins with differential abundance in the LPi group relative to the CP group were clustered according to the biological process enriched with p < .05.
The proteins represented in the central circles did not present clusters with significant enrichment in the biological process. Network was built using the IIS
(Integrated interactome system) platform and viewed in Cytoscape software version 2.8.3.
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Table 1
Proteins identified in the splenic interstitial fluid of malnourished BALB/c mice infected with L. infantum (LPi) that are differentially abundant in relation to control
mice (CP). I = increased, D = decreased.

Prot ID Daltons Sequence
Count

Spectral
Count

Avg Log
Fold

Fold
Change

Stouffer
Pvalue

Description Gene name Abundance (I or
D)

Q64727 116,626.3 27 162 0.46 1.584 1.13E-11 Vinculin Vcl D
Q01853 89,247.71 12 76 0.512 1.668 1.15E-11 Transitional endoplasmic reticulum ATPase Vcp D
P40142 67,569.57 12 71 0.841 2.318 6.97E-14 Transketolase Tkt D
P07759 46,831.98 7 36 0.636 1.888 1.04E-08 Serine protease inhibitor A3K Serpina3k D
Q93092 37,345.36 7 35 0.525 1.690 9.91E-06 Transaldolase Taldo1 D
P00920 28,996.49 5 36 1.38 3.975 2.54E-07 Carbonic anhydrase 2 Ca2 D
P99027 11,625.82 4 30 0.693 1.999 1.67E-05 60S acidic ribosomal protein P2 Rplp2 D
Q61171 21,747.05 4 29 0.579 1.784 5.92E-04 Peroxiredoxin-2 Prdx2 D
P60766 21,227.01 4 24 0.627 1.872 3.41E-06 Cell division control protein 42 homolog Cdc42 D
Q9CQ60 27,219.37 4 21 0.441 1.554 1.81E-05 6-phosphogluconolactonase Pgls D
P28665 165,174.5 4 18 1.409 4.091 1.08E-05 Murinoglobulin-1 Mug1 D
P08249 35,570.75 4 17 0.84 2.316 1.69E-05 Malate dehydrogenase, mitochondrial Mdh2 D
Q9CWJ9 64,159.11 4 14 0.567 1.763 1.89E-05 Bifunctional purine biosynthesis protein PURH Atic D
P60335 37,455.93 3 18 1.375 3.955 0.0380 Poly(rC)-binding protein 1 Pcbp1 D
P27546 117,339 3 17 0.67 1.954 0.0004 Microtubule-associated protein 4 Map4 D
P07724 68,629.7 3 8 0.816 2.261 0.0146 Serum albumin Alb D
P13634 28,295.16 2 17 1.84 6.296 0.0005 Carbonic anhydrase 1 Ca1 D
Q6LD55 11,293.81 2 14 0.493 1.637 0.0006 APOAII Apoa2 D
P16015 29,329.63 2 10 0.582 1.789 0.0016 Carbonic anhydrase 3 Ca3 D
P63017 70,809.2 2 9 0.42 1.523 0.0031 Heat shock cognate 71 kDa protein Hspa8 D
Q61753 56,531.11 2 7 0.738 2.092 0.0006 D-3-phosphoglycerate dehydrogenase Phgdh D
P01942 15,057.75 2 6 0.549 1.731 0.0024 Hemoglobin subunit alpha Hba D
P26040 69,345.62 2 4 0.538 1.712 0.0024 Ezrin Ezr D
Q5SUR0 144,519.8 1 7 0.695 2.003 0.0100 Phosphoribosylformylglycinamidine synthase Pfas D
P62830 14,838.05 1 7 0.641 1.898 0.0100 60S ribosomal protein L23 Rpl23 D
P61161 44,714.22 1 6 1.209 3.350 0.0100 Actin-related protein 2 Actr2 D
Q8BVI4 25,535.77 1 6 0.485 1.624 0.0100 Dihydropteridine reductase Qdpr D
P58252 95,234.88 1 5 1.378 3.967 0.0100 Elongation factor 2 Eef2 D
Q9EQI5 12,225.46 1 5 0.506 1.658 0.0100 Chemokine (C-X-C motif) ligand 7, isoform CRA_b Ppbp D
P10107 38,691.96 1 5 0.447 1.563 0.0136 Annexin A1 Anxa1 D
Q9CY02 11,806.86 1 4 3.565 35.339 0.0100 Alpha-hemoglobin-stabilizing protein Ahsp D
Q63918 46,717.37 1 4 0.41 1.506 0.0100 Serum deprivation-response protein Sdpr D
P22907 39,301.68 1 3 2.348 10.464 0.0137 Porphobilinogen deaminase Hmbs D
P63242 16,803.39 1 3 1.393 4.027 0.0498 Eukaryotic translation initiation factor 5A-1 Eif5a D
P24549 54,414.83 1 3 1.094 2.986 0.0100 Retinal dehydrogenase 1 Aldh1a1 D
P55264 40,105.48 1 3 0.906 2.474 0.0269 Adenosine kinase Adk D
P97855 51,778.88 1 3 0.706 2.025 0.0100 Ras GTPase-activating protein-binding protein 1 G3 bp1 D
Q9DB15 21,676.82 1 3 0.677 1.968 0.0317 39S ribosomal protein L12, mitochondrial Mrpl12 D
P17742 17,941.84 1 3 0.552 1.736 0.0118 Peptidyl-prolyl cis-trans isomerase A Ppia D
Q64339 17,868.25 1 3 0.459 1.582 0.0100 Ubiquitin-like protein ISG15 Isg15 D
P34884 12,478.17 1 2 1.508 4.517 0.0289 Macrophage migration inhibitory factor Mif D
Q9JKR6 111,094.2 1 2 1.214 3.367 0.0339 Hypoxia up-regulated protein 1 Hyou1 D
P28656 45,298.9 1 2 0.98 2.664 0.0339 Nucleosome assembly protein 1-like 1 Nap1l1 D
P80315 58,011.72 1 2 0.79 2.203 0.0327 T-complex protein 1 subunit delta Cct4 D
Q3TIP0 100,136.7 1 2 0.725 2.064 0.0100 26S proteasome non-ATPase regulatory subunit 2 Psmd2 D
Q9DBR1 108,600.2 1 2 0.662 1.938 0.0100 5′-3′ exoribonuclease 2 Xrn2 D
Q61233 70,086.78 1 2 0.628 1.873 0.0212 Plastin-2 Lcp1 D
P14152 36,470.07 9 57 −0.446 1.562 0.0004 Malate dehydrogenase, cytoplasmic Mdh1 I
P63101 27,735.73 9 52 −0.615 1.849 1.02E-08 14–3-3 protein zeta/delta Ywhaz I
Q6IRU2 28,432.42 8 54 −0.652 1.919 1.64E-08 Tropomyosin alpha-4 chain Tpm4 I
O88569 37,361.71 7 44 −0.845 2.328 5.38E-09 Heterogeneous nuclear ribonucleoproteins A2/B1 Hnrnpa2b1 I
P17751 32,153.25 6 34 −0.424 1.528 1.07E-05 Triosephosphate isomerase Tpi1 I
P37804 22,543.37 5 34 −0.41 1.506 2.26E-06 Transgelin Tagln I
Q3THE6 20,664.39 5 29 −1.239 3.452 7.40E-07 Ferritin fth I
O08997 7315.65 4 23 −1.162 3.196 1.43E-05 Copper transport protein ATOX1 Atox1 I
Q61599 22,818.48 4 23 −0.547 1.728 6.50E-05 Rho GDP-dissociation inhibitor 2 Arhgdib I
O08553 62,220.58 3 17 −0.412 1.509 0.0004 Dihydropyrimidinase-related protein 2 Dpysl2 I
P19157 23,576.1 3 15 −0.48 1.616 0.0003 Glutathione S-transferase P 1 Gstp1 I
O35744 44,412.14 3 13 −1.02 2.773 0.0015 Chitinase-like protein 3 Chil3 I
P10649 25,935.05 2 16 −0.614 1.847 0.0008 Glutathione S-transferase Mu 1 Gstm1 I
Q99LX0 19,990.37 2 15 −0.916 2.499 0.0005 Protein DJ-1 Park7 I
P63028 19,431.54 2 11 −0.793 2.210 0.0011 Translationally-controlled tumor protein Tpt1 I
Q61823 51,651.98 2 9 −0.554 1.740 0.0040 Programmed cell death protein 4 Pdcd4 I
P11031 14,400.41 2 7 −0.499 1.647 0.0016 Activated RNA polymerase II transcriptional

coactivator p15
Sub1 I

O08583 26,905.6 1 13 −0.502 1.652 0.0100 THO complex subunit 4 Alyref I
Q9WTP6 26,433.69 1 9 −0.527 1.693 0.0100 Adenylate kinase 2, mitochondrial Ak2 I
P62774 12,834.61 1 5 −0.753 2.123 0.0100 Myotrophin Ak2 I
P09528 21,035.25 1 4 −1.636 5.134 0.0100 Ferritin heavy chain Fth1 I
Q4KML4 9006.8 1 4 −0.575 1.777 0.0100 Costars family protein ABRACL Abracl I
P29699 37,283.67 1 4 −0.563 1.756 0.0209 Alpha-2-HS-glycoprotein Ahsg I
Q8QZT1 44,769.33 1 4 −0.554 1.740 0.0190 Acetyl-CoA acetyltransferase, mitochondrial Acat1 I

(continued on next page)
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acid metabolism are significantly diminished in malnourished infected
animals. Splenic IF from LPi mice exhibited low abundance of proteins
involved in the pentose phosphate pathway (PPP) such as transaldolase
(TALDO), transketolase (TKT) and 6-phosphogluconolactonase (PGLS)
(Fig. 8A). In addition, the levels of proteins associated with purine and
porphyrins biosynthesis named phosphoribosylformylglycinamidine

synthase (PFAS) and bifunctional purine biosynthesis protein PURH
(ATIC), which are essential cofactors for amino acid metabolism, were
also diminished, reinforcing that malnourished animals suffer a defect
in the production of nucleic acids. Consequently, such a defect could
affect the proliferative capabilities of splenocytes. To address such hy-
pothesis, we analyzed the expression of Ki67, a common marker of cell

Table 1 (continued)

Prot ID Daltons Sequence
Count

Spectral
Count

Avg Log
Fold

Fold
Change

Stouffer
Pvalue

Description Gene name Abundance (I or
D)

Q8K1I7 50,031.76 1 3 −0.591 1.805 0.0100 WAS/WASL-interacting protein family member 1 Wipf1 I
Q91V76 34,955.33 1 2 −2.176 8.810 0.0349 Ester hydrolase C11orf54 homolog I
P56391 10,046.87 1 2 −1.136 3.114 0.0100 Cytochrome c oxidase subunit 6B1 Cox6b1 I

Fig. 6. Immunohistochemical analysis of FTH1, TPT1 and GSTP1 abundance in spleen of malnourished mice infected with L. infantum. Protein levels were
detected using commercial primary antibodies followed by incubation with secondary biotinylated anti-IgG antibody and further with streptavidin-biotin-peroxidase
complex. Reaction was revealed using a commercial kit. (A) Representative images of FTH1 (ferritin heavy chain), TPT1 (Translationally-controlled tumor protein)
and GSTP1 (Glutathione S-transferase P 1) labeling in spleen samples of each experimental group. Bar= 50 μm. (B) Quantification of FTH1, TPT1 and GSTP1
abundance in the spleen. Values are expressed in mean ± SEM of percentage of positive area. Statistical differences due to diet (a) or infection (b) were determined
by two-way ANOVA with Bonferroni post-hoc test: FTH1 p < .0001; TPT1 a= p < .05, b= p < .005; GSTP1 a= p < .05, b= p < .001. CP: animals fed 14%
protein diet; LP: animals fed 4% protein diet, CPi: animals fed 14% protein diet and infected; LPi: animals fed 4% protein diet and infected; n=4–5 animals per
group.
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proliferation, by immunohistochemical labelling. Analysis of the per-
centage of Ki67+ area revealed that malnourished animals (LP and LPi)
exhibited a significant decrease in the area labeled for Ki67 (p= .001)
(Fig. 8B and C), confirming a defect in cell proliferation in the splenic
microenvironment of those animals.

4. Discussion

During protein malnutrition, the spleen is drastically affected and its
condition is still worsened when infected with L. infantum, resulting in
severe cellular and molecular alterations and lack of parasite control
[15]. In previous work we showed that spleen of LPi animal exhibited
severe structural disorganization. Independently, malnutrition or L.
infantum infection increased the risk of having a moderate to highly
disorganized tissue. Notably, combination of these two factors

significantly increased such probability (Odds ratio, OR=105.0), in-
dicating a deleterious synergic effect of those conditions for the archi-
tecture of the organ [15]. Confirming previous works [32], such al-
terations are followed by a significative decrease of systemic IGF1 and
leptin two known markers of malnutrition, and an increased parasite
load in the spleen [15,32], suggesting that malnutrition accelerates and
worsens pathological events observed in VL.

In the present work, we showed a significant dysregulation of the
abundance of cytokines involved in the immune response to L. infantum
infection. Malnutrition promotes a significant reduction of IL-1α, IL-1β,
and IL-2 in the splenic IF from infected animals. These results are in
agreement with our previous report showing that IL-12 levels were
undetectable in LPi mice [15]. On the other hand, well-nourished ani-
mals infected with L. infantum showed increased IL-1β levels. Accord-
ingly, it has been shown that human monocyte-derived macrophages

Table 2
Proteins identified in the splenic interstitial fluid of well-nourished BALB/c mice infected with L. infantum (CPi) that are differentially abundant in relation to control
mice (CP). I = increased, D = decreased.

Prot ID Daltons Sequence
Count

Spectral
Count

Avg Log
Fold

Fold
Change

Stouffer
Pvalue

Description Gene name Abundance (I or
D)

Q8K1I7 50,031.76 1 2 0.454 1.575 0.0261 WAS/WASL-interacting protein family
member 1

Wipf1 D

Q61233 70,086.78 1 2 0.53 1.699 0.0100 Plastin-2 Lcp1 D
Q9R0Q7 18,691.41 1 2 0.673 1.960 0.0143 Prostaglandin E synthase 3 Ptges3 D
P34884 12,478.17 1 2 0.703 2.020 0.0236 Macrophage migration inhibitory factor Mif D
P62082 22,095.25 1 4 0.416 1.516 0.0100 40S ribosomal protein S7 Rps7 D
E9PV24 87,357.31 1 7 0.48 1.616 0.0374 Fibrinogen alpha chain Fga D
P19157 23,576.1 1 7 0.852 2.344 0.0170 Glutathione S-transferase P 1 Gstp1 D
Q9CR35 27,785.79 1 13 0.466 1.594 0.0100 Chymotrypsinogen B Ctrb1 D
P09103 57,004.76 2 5 0.407 1.502 0.0175 Protein disulfide-isomerase P4hb D
O08692 19,301.58 2 10 0.867 2.380 0.0040 Neutrophilic granule protein Ngp D
P99027 11,625.82 2 11 0.626 1.870 0.0037 60S acidic ribosomal protein P2 Rplp2 D
P62830 14,838.05 2 14 0.597 1.817 0.0005 60S ribosomal protein L23 Rpl23 D
P17563 52,462.35 3 9 0.459 1.582 0.0002 Selenium-binding protein 1 Selenbp1 D
Q8CIN4 57,875.77 1 2 −0.6 1.822 0.0100 Serine/threonine-protein kinase PAK 2 Pak2 I
P01027 186,347.6 1 2 −1.727 5.624 0.0358 Complement C3 C3 I
Q8C2D1 57,348.11 1 4 −1.003 2.726 0.0499 Putative uncharacterized protein Hars I
P13634 28,295.16 1 5 −0.72 2.054 0.0207 Carbonic anhydrase 1 Ca1 I
Q6ZWZ6 14,487.47 1 14 −0.468 1.597 0.0100 40S ribosomal protein S12 Rps12 I
Q91X72 51,267.17 2 4 −0.541 1.718 0.0012 Hemopexin Hpx I
O08997 7315.65 2 17 −0.775 2.171 0.0028 Copper transport protein ATOX1 Atox1 I
P08228 15,914.79 3 33 −0.672 1.958 0.0019 Superoxide dismutase [Cu-Zn] Sod1 I

Fig. 7. Functional annotation of the differentially abundant proteins identified in the splenic interstitial fluid. Biological process and molecular function
assigned to the differentially expressed proteins as annotated in the Gene Ontology database. CP: animals fed a diet of 14% in protein; LP: animals fed a 4% protein
diet; CPi: animals fed a diet of 14% in protein and infected; LPi: animals fed a 4% protein diet and infected.
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challenged with L. infantum increased IL-1β gene expression [34]. Re-
markably, in our model such response in infected animals is abrogated
by a precondition of malnutrition. In addition, reduction of IL-1α and
IL-1β levels has been observed in other murine models of malnutrition
and has been related with the reduction of CD14, toll-like receptors
TLR4 and TLR2 and NLRP3 receptors [35,36]. Decrease in IL-1α and IL-
1β levels may affect the beginning of inflammatory process by inter-
fering with the recruitment of different myeloid cells and activation of
macrophages [35,37]. Additionally, IL-1β is required for T cell-depen-
dent antibody production [38], and activation of antigen-specific T cells
[39]. Thus, our results suggest that the recruitment and activation of
myeloid and lymphoid cells for controlling parasite infection in the
spleen is compromised by malnutrition.

Moreover, similarly to the infection with L. donovani [40], we ob-
served an increase in IL-2 levels in well-nourished animals infected with
L. infantum; however malnourished infected animals display a sig-
nificant reduction of this cytokine. IL-2 has a crucial role for stimulating
T cell proliferation and regulatory T cells (Treg)-mediated responses
[41,42]. Accordingly, we observed a significant reduction in cells pro-
liferating and that had recently proliferated, based on Ki67 expression,
in the spleen of malnourished animals infected with L. infantum. To-
gether, our results suggest that malnutrition has a deleterious effect on
splenic immune responses to L. infantum infection, affecting different
processes of the splenic pro-inflammatory response including recruit-
ment and activation of macrophages and neutrophils as well as cell
proliferation and potentially activation of T cells.

Our quantitative proteomics data of the splenic interstitial fluid
revealed that global soluble molecules in the splenic microenvironment
suffered deleterious changes by malnutrition and reinforces the idea
that cell migration and immune response to L. infantum infection are
compromised by malnutrition pre-condition. In fact, proteins such MIF
that is decreased by infection of L. infantum, suffered a more drastic
reduction when animals are previously malnourished. In addition, the
significant increasing of the complement C3 in response to infection in
well-nourished animals was abrogated in malnourished ones. Thus, our
data show that splenic response to L. infantum, in terms of soluble
molecules, is different from that observed when there is a malnutrition
precondition and such precondition eclipses and worsens the response
to parasite.

The macrophage migration inhibitory factor (MIF) is a pro-in-
flammatory molecule produced and secreted by macrophages and T
cells [43,44], their secretion is tightly regulated by stress and immune
stimuli, including inflammatory cytokines and glucocorticoids [44]. In
fact, low abundance of MIF in our dataset is associated with the in-
crease of corticosterone levels in malnourished infected mice. MIF in-
duces production of inflammatory cytokines such as TNF-α, IFN-γ, IL-
1β, IL-12, IL-6 and IL-8, among others [44] and promotes the migration
and recruitment of immune cells by inducing the expression of CCL2, I-
CAM-1 and V-CAM-1 [44,45]. The detection of low levels of MIF due to
malnutrition can be directly related with a reduced pro-inflammatory
response to L. infantum infection, including decreased levels of IL-1β.
Indeed, MIF also plays a critical role mediating host resistance to

Fig. 8. Analysis of proliferation parameters in the
spleen of malnourished mice infected with L.
infantum. (A) Proteins of the pentose phosphate
pathway (PPP) associated with cell proliferation. The
graphical representation of the PPP shows in green
the enzymes that exhibited decreased abundance in
the interstitial fluid of malnourished mice infected
with L. infantum. Numbers indicate the fold change
in LPi mice when compared to CP animals. PFAS:
Phosphoribosylformylglycinamidine synthase; ATIC:
Bifunctional purine biosynthesis protein PURH. (B)
Representative images of Ki67 labeling in the spleen
of each experimental groups. Bar= 25 μm. Ki67 ex-
pression, a marker of recent proliferation, was de-
tected by immunohistochemical analysis in the
spleen of malnourished mice infected with L. in-
fantum. (C) Quantification of Ki67 abundance in the
spleen. Values are expressed in mean ± SEM of
percentage of positive area. Statistical differences
due to diet (a) or infection (b) were determined by
two-way ANOVA with Bonferroni post-hoc test. CP:
animals fed 14% protein diet; LP: animals fed 4%
protein diet, CPi: animals fed 14% protein diet and
infected; LPi: animals fed 4% protein diet and in-
fected; n= 4–5 animals per group. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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leishmaniasis. In vitro, both recombinant murine and human MIF can
activate macrophages to kill L. major [46] and L. donovani [44]. Here
we observed that independently, malnutrition or L. infantum infection
induces a reduction of MIF in the spleen and the synergism of these
conditions reduces even more the abundance of this factor. Thus, MIF
would be a new element in the increased susceptibility to L. infantum
infection during protein malnutrition, and its low abundance in the
splenic IF would have a deleterious impact for parasite control. Other
proteins associated with pro-inflammatory response that were reduced
by malnutrition in infected animals were CXCL7, ISG15 and ALDH1A1.
As CXCL7 and ISG15 are chemoattractant and activators of neutrophils,
NK cell, monocytes and macrophages [47,48], it would be possible to
suggest that reduced levels of these proteins negatively impact the re-
cruitment of those cells to the spleen, favoring parasite surviving and
proliferation in the organ. In addition, deficiency of ALDH1A1, a crucial
enzyme for retinal reduction to retinol (Vitamin A), is associated with
suppression of pro-inflammatory cytokines in mice [49], contributing to
deleterious immune response in LPi animals.

Additionally, the splenic IF of malnourished animals display altered
levels of proteins involved in metabolic and homeostatic processes as
well as proteins involved in cell adhesion and signaling. The splenic IF
of LPi mice exhibited low abundance of proteins involved in the pentose
phosphate pathway (PPP) and proteins associated with biosynthesis of
porphyrins, purines and cofactors essentials for amino acid metabolism.
Enzymes such as TALDO and TKT that participate in the non-oxidative
branch of PPP and catalyze reversible transfer of keto-groups to various
aldose acceptors, were diminished in LP and LPi mice. Those enzymes
interconvert carbohydrate-phosphates of three to seven carbon-atoms
in length providing ribose-5-phosphate for nucleic acid synthesis and
NADPH for lipid biosynthesis [50]. Deficiencies in TALDO have various
clinical manifestations including liver dysfunction, hepatosplenome-
galy, anemia, thrombocytopenia, and dysmorphic features [51].

In addition, PGLS participates in the oxidative branch of PPP hy-
drolyzing 6-phosphogluconolactone to 6-phosphogluconate. Absence of
these three key enzymes of the PPP suggests that nucleic acid bio-
synthesis and likely NADPH production could be altered in LP and LPi
animals. Indeed, we detect diminished levels of phosphor-
ibosylformylglycinamidine synthase (PFAS) and bifunctional purine
biosynthesis protein PURH (ATIC). These enzymes participate in the
purine biosynthesis which reinforces the hypothesis of deleterious
production of nucleic acids during protein malnutrition. Consequently,
a defective production of nucleic acids could affect mRNA synthesis and
proliferative capabilities in splenocytes. Accordingly, we observed de-
fects in splenic cell proliferation in malnourished infected animals. In
agreement, we previously demonstrated that protein malnutrition lead
to drastic splenocyte depletion and to a precocious increase in the
splenic parasite load in malnourished animals [15,32]. Thus, our
findings point out that protein malnutrition induces the reduction of
key proteins for the nucleic acid synthesis and NADPH production in
the spleen. This decrease may impact the parasite control and the
abilities of lymphocytes to expand and respond to antigens in the organ.
In other words, protein malnutrition could be increasing the suscept-
ibility to develop L. infantum infection by modulating the proteins as-
sociated with PPP and nucleic acid biosynthesis.

In our study, malnourished infected animals also showed upregu-
lation of proteins associated with detoxification and anti-oxidative re-
sponse. It is known that the nutritional status modifies the oxidant/
antioxidant balance and that poor consumption of amino acids may
lead to oxidative stress [52,53]. Nevertheless, other studies reported a
decreased anti-oxidant status in malnourished children [54–59]. The
decreased anti-oxidant capacity in malnourished children was attrib-
uted to increased generation of ROS and depletion of some anti-oxi-
dants [60]. However, here we detected high abundance of the anti-
oxidant proteins glutathione S-transferase P 1 (GSTP1), glutathione S-
transferase Mu 1 (GSTM1), copper transport protein ATOX1 (ATOX1),
and protein deglycase DJ-1 (PARK7) in protein malnourished and

infected animals.
GSTP1 and GSTM1 participate in the detoxification of xenobiotics

and inactivation of some secondary metabolites during oxidative stress
[61]. Interestingly, their expression is upregulated in response to oxi-
dative stress [61]. The Copper transport protein ATOX1 has a role in
trafficking and storage of copper, modulation of transcription, and
antioxidant defense [62] and their regeneration is coupled to the glu-
tathione metabolism [63]. PARK7 plays an important role in cell pro-
tection against oxidative stress and cell death acting as oxidative stress
sensor, redox-sensitive chaperone and protease and their loss increases
oxidative stress in different tissues [64,65]. Overall, the high abun-
dance of anti-oxidant proteins in LPi animals suggests the activation of
mechanisms of defense in response to oxidative stress induced by
malnutrition. However, we unknown if this response is actually effec-
tive. It is widely recognized that anti-oxidant mechanisms frequently
needs the regeneration of anti-oxidant molecules involving the use of
NADPH [66]. As the major source of NADPH in animals is obtained in
the PPP, we hypothesize that NADPH production is limited in LPi mice
once we observed a significant reduction of three key enzymes of PPP in
these animals. Therefore, although antioxidant mechanism can be ac-
tivated in LPi mice, the possibility of regeneration of this kind of mo-
lecules could be restricted by the NADPH availability, leading to in-
creased oxidative stress. To clarify this point, further assays are needed
to determine the oxidative/antioxidative balance during protein mal-
nutrition and L. infantum infection.

The porphyrin biosynthesis involves HMBS, an enzyme that parti-
cipate in the production of the heme molecule. Mutation of Hmbs gene
can lead to accumulation of different kinds of porphyrins at a toxic level
and lead to pathological conditions such as porphyria [67]. Decreased
abundance of HMBS can lead to defective heme biosynthesis affecting
many central proteins that participate in the iron and oxygen trans-
portation, such as cytochromes, hemoglobin, and myoglobin. In fact,
we observed a significant reduction of hemoglobin subunit alpha (HBA)
in LPi mice. In addition, we found that ferritin heavy chain (FTH1) was
detected in a higher abundance in the splenic IF of protein mal-
nourished and infected animals. Ferritin stores the iron in a soluble non-
toxic form. More than 80% of bioavailable iron in mammals is con-
tained within the tetrapyrrole ring of heme, since free iron has im-
portant cytotoxic effects through the production of free radicals [68]. In
our model, deleterious heme porphyrin metabolism can lead to an in-
crease in iron quelation by FTH1, in order to avoid cytotoxic effects
mediated by free iron in LPi animals. This result is in agreement with
the increased abundance of anti-oxidant proteins in LPi animals and
would be part of a mechanism to rescue, potentially, the redox home-
ostasis in the splenic microenvironment. Such observations, however,
should be further evaluated.

5. Conclusions

In summary, analysis of soluble molecules in the spleen micro-
environment allowed to identify relevant alterations in carbohydrate
and nucleic acid metabolism as well as in immune response in mal-
nourished mice infected with L. infantum. It is worthy to highlight that
the significant changes in proteins of PPP and purine biosynthesis as
well as of response to oxidative stress, have direct implications in
splenic cell proliferation and induce an unbalanced oxidative status in
the spleen of L. infantum-infected malnourished mice. Those alterations
are accompanied by reduced levels of pro-inflammatory and chemo-
tactic molecules such as IL-1α, IL-1β and IL-2, MIF, CXCL7, ISG15 and
ALDH1A1, among others. Together, our results reinforce the idea that
establishment of splenic infection in malnourished animals is associated
with a reduced pro-inflammatory response resulting from low protein
ingest, which is probably associated with an increase in circulating
levels of the anti-inflammatory glucocorticoid hormone. Moreover,
analysis of the splenic IF added new information of splenic fluid phase
functions and regulation. Our work revealed new elements that
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contribute to the understanding of the immunopathological events in
the spleen of malnourished animals infected with L. infantum and opens
new pathways for consideration of other aspects that could improve VL
treatment in malnourished individuals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.103492.
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