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Isolated growth hormone (GH) deficiency (IGHD) affects approximately 1 in 4,000 to

1 in 10,000 individuals worldwide. We have previously described a large cohort of

subjects with IGHD due to a homozygous mutation in the GH releasing hormone (GHRH)

receptor gene. These subjects exhibit throughout the life very low levels of GH and

its principal mediator, the Insulin Growth Factor-I (IGF-I). The facilitating role of IGF-I

in the infection of mouse macrophages by different Leishmania strains is well-known.

Nevertheless, the role of IGF-I in Leishmania infection of human macrophages has not

been studied. This study aimed to evaluate the behavior of Leishmania infection in vitro in

macrophages from untreated IGHD subjects. To this end, blood samples were collected

from 14 IGHD individuals and 14 age and sex-matched healthy controls. Monocytes

were isolated and derived into macrophages and infected with a strain of Leishmania

amazonensis. In addition, IGF-I was added to culture medium to evaluate its effect

on the infection. Cytokines were measured in the culture supernatants. We found that

macrophages from IGHD subjects were less prone to Leishmania infection compared

to GH sufficient controls. Both inflammatory and anti-inflammatory cytokines increase

only in the supernatants of the control macrophages. Addition of IGF-I to the culture

medium increased infection rates. In conclusion, we demonstrated that IGF-I is crucial

for Leishmania infection of human macrophages.

Keywords: growth hormone deficiency, insulin growth factor-I deficiency, macrophages, leishmaniasis,
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INTRODUCTION

Growth Hormone (GH) and its peripheral effector Insulin
Growth Factor-I (IGF-I) have mitogenic and anabolic actions in
various cells, including immune cells. This observation created
an interest in understanding the role of GH in the endocrine-
immune axis (Wells, 1999). The effect of IGF-I in pathogen-
macrophage interaction has been described in Leishmania andM.
leprae infections (Reis et al., 2013; Batista-Silva et al., 2016).

Leishmania is an obligate intracellular parasite that infects
macrophages. In humans, it causes a broad clinical spectrum of
diseases, such as cutaneous, mucosal, and visceral leishmaniasis.
This diversity of manifestations depends on the parasite species,
environmental, biological, or genetic factors of the host,
particularly the immune response (Oryan and Akbari, 2016).
The model of infection using Leishmania is easy to culture and
manipulate, and has been widely used in studies that seek to
understand the immune response to intracellular infections (de
Oliveira et al., 2015; Silva et al., 2017).

Goto et al. (1998) showed that IGF-I enhanced, in vitro, the
growth of promastigotes and amastigotes in mouse macrophages
(Goto et al., 1998) and that IGF-I-pre-treated Leishmania have
enhanced infectivity (Gomes et al., 2000). Furthermore, IGF-I
increases the expression and activity of arginase I (that promotes
the parasite survival), and blocks the induction of NOS2, an
enzyme involved in nitric oxide production, essential to kill
Leishmania (Vendrame et al., 2007, 2015). In addition, recent
studies have shown that during infection, M. leprae induces
the production of IGF-I in both macrophages and Schwan
cells, an important mechanism for the survival of this pathogen
(Rodrigues et al., 2010; Batista-Silva et al., 2016). These data
suggest that IGF-I plays an important role in the survival
and proliferation of these intracellular pathogens. The use of
hormonal pathways by intracellular pathogens to evade the
immune system may be one important mechanism of these
pathogens to explain their adaptation to survive in human cells.

In Itabaianinha County, in Northeast Brazil, we identified a
large cohort of individuals with severe isolated GH deficiency
(IGHD) caused by the null homozygous (c.57 + 1 A→ G)
mutation in the growth hormone releasing hormone (GHRH)
receptor gene (GHRHR) (Salvatori et al., 1999). This is the largest
cohort of patients with IGHD described to date. This mutation
leads to a complete abolition of the GHRHR function and
consequently affects GH secretion (Souza et al., 2005), leading
to very low levels of GH and IGF-I (Aguiar-oliveira et al., 1999;
Salvatori et al., 2006). These IGHD individuals have proportional
short stature, doll face, high-pitched voices, and central obesity
(Aguiar-Oliveira and Bartke, 2018). They have relatively reduced
spleen volume (Oliveira et al., 2008), reduced total serum IgG
levels, and present smaller papule diameter after streptokinase
injection. Despite these abnormalities, they seem to have normal
immune function and do not exhibit increased frequency of
infections (Campos et al., 2016). Not surprisingly, they exhibit
normal longevity, and some reached centenarian age (Aguiar-
Oliveira et al., 2010; Aguiar-Oliveira and Bartke, 2018).

Most of the adult IGHD individuals have never been treated
with GH replacement therapy, and therefore provide a unique

model to evaluate the role of IGF-I on immune cells in a variety
of conditions. The purpose of this study was to evaluate the
behavior of Leishmania infection in vitro in macrophages of these
IGHD subjects.

MATERIALS AND METHODS

Subjects
Fourteen IGHD individuals with genotype proven homozygosis
for the C.57 + 1G > A GHRHR mutation, and 14 age
and sex-matched normal statured local controls proven to be
homozygous for the wild-type GHRHR allele were included in
this study. The Research Ethical Committee at Federal University
of Sergipe approved this study (CAAE 0152.0.107.000-07). After
signing informed consent form, the participants were submitted
to clinical examination, measurement of height, weight and
venipuncture to collect peripheral blood. Two of the IGHD
subjects had received GH therapy for 6 years, completed more
than 15 years prior to this study.

Hormones Measurements
IGF-I was measured by a solid-phase, enzyme labeled
chemiluminescent immunometric assay IMMULITE 2000
(Siemens Healthcare Diagnostics Products Ltd, Malvern, PA,
USA), with a sensitivity of 25 ng/ml. Prolactin was measured by
fluoroimmunoassay (Perkin Elmer Life and Analytical Science,
Wallac Oy Turku, Finland) with sensitivity of 1.44 ng/ml.

IGF-I and IGF-I Receptor (IGF-IR) mRNA
Expression in PBMC
Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll gradient from whole blood. Total RNA was extracted by
Trizol reagents (ThermoFisher), and 1 µg RNA was converted
into cDNA using the High Capacity cDNA Synthesis Kit
(ThermoFischer), following the manufacturers’ protocol. qPCR
was performed using Taqman probes (hs01547656_m1– IGF-I
and hs00609566_m1 – IGF-IR), in the 7500 Fast Real Time PCR
System (Applied Biosystems). Normalization was performed
using the GAPDH gene (hs99999905_m1), and relative gene
expression was represented by the 2−1Ct method (Livak and
Schmittgen, 2001).

Macrophage Infection
Macrophage cultures and infection with Leishmania were
processed according to previous publications (de Oliveira et al.,
2015; Silva et al., 2017). Briefly, PBMC were fractioned by
Ficoll-Hypaque (Histopaque R© 1077, Sigma). The monocytes
were isolated by adherence to plastic plates and maintained in
culture medium RPMI supplemented (albumin and antibiotics)
for 6 days in a humid incubator (37◦C and 5%CO²) to
differentiate into macrophages in LabTek (de Oliveira et al.,
2015). Leishmania amazonensis (LTCP 9667) were cultured in
medium supplemented with Schneider (ThermoFisher) in a dry
incubator (26◦C) and were used to infect macrophages (5:1) for
2 h in a humid incubator (37◦C and 5% CO2). Macrophages
from healthy controls (n = 6) and IGHD individuals (n =

4) were also infected with Leishmania without or with IGF-I
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addition (75 ng/ml) 2 h before infection, or infected with IGF-I
pre-treated Leishmania (50 ng/ml) for 5min and washed off with
saline supplemented with 1% albumin (ThermoFisher) (n = 4),
as previously described by Gomes et al. (2000). We measured the
number of amastigotes in 100 macrophages at 2 h of Leishmania
infection. The supernatants were collected and stored at −80◦C
and macrophages slides were stained after 2, 24, 48, and 72 h
post infection. The macrophages slides infected with IGF-I-
treatedmacrophages and Leishmania pre-treated with IGF-I were
stained 2, 24, and 48 h post infection. Slides were fixed and then
stained with Instant Prov (NEW/PROV, Paraná, Brazil). Three
blinded scientists counted the number of infected macrophages
per 100 macrophages, and the number of amastigotes per 100
infected macrophages.

Cytokine Measures
The cytokines IL-12p70, TNF-α, IFN-γ, IL-1β, IL-6, IL-
10, GM-CSF, IL-4, IL-33, and IL-27 were measured in the
macrophage supernatants previously stored at−80◦C. Cytokines
quantification was done by multiplex assay (Procarta, Thermo,
Waltham, MA USA).

Statistical Analysis
Data analyses were processed in GraphPad Prism Software
(v.4.0). Values for parametric variables were expressed as mean
(standard deviation). Variables with non-parametric distribution
(IGF-I levels) were expressed as median (interquartile range).
Gender was compared with the Fisher’s exact test. D’Agostino
and Pearson and Shapiro–Wilk normality tests were used to
verify if the groups follow a normal distribution. Student t-test
was used for comparisons between two variables with normal
distribution and Mann–Whitney U-test for those with non-
Gaussian distribution, adopting 95% as confidence interval and
significance values when p < 0.05.

RESULTS

Demographic Characteristics and Levels
of IGF-I and Prolactin, and IGF-I and IGF-I
Receptor mRNA Expression of the Study
Subjects
Clinical and demographic data, IGF-I and prolactin levels are
shown in Table 1. There were no differences in age and sex
distribution between IGHD and controls. As expected, height,
weight, and IGF-I levels were lower (p < 0.0001) in the IGHD
group than controls. Most IGF-I levels in IGHD group were
lower than the sensitivity of assay, emphasizing the severity of
IGF-I deficiency. There was no difference in prolactin levels
between the groups (Table 1). No differences in the mRNA
expression of IGF-I was observed between IGHD subjects and
controls, but higher levels of IGF-1R mRNA was found in PBMC
from IGHD subjects as compared to controls (Figure 1).

Macrophages Infection
The infection curve of L. amazonensis in macrophages from
IGHD subjects and controls demonstrate both a lower number of
infected macrophages and parasitic load (number of amastigotes

TABLE 1 | Demographic and serum levels of IGF-I and prolactin in subjects with

isolated GH deficiency due to a GHRH receptor gene mutation and controls.

Variables IGHD

(n = 14)

Control

(n = 14)

P

Age (years) Mean (SD) 40.4 (10.7) 41.3 (14.3) 0.84

Range 27–58 21–61

Male 09 (60%) 08 (50%) 0.58

Height (cm) Mean (SD) 131.8 (8.1) 168.9 (7.7) < 0.0001

Range 119–143 157–187

Weight (kg) Mean (SD) 38.5 (7.1) 73.5 (13.1) < 0.0001

Range 27.4–51.7 52.5–105

Serum IGF-I

(ng/ml)

Median

(Interquartile)

25 (0) 170 (55) < 0.0001

Range 25–52.8 104–340

Serum prolactin

(ng/ml)

Mean (SD) 15.2 (7.9) 11.8 (5.9) 0.38

Range 2.07–23.4 3.7–26.3

Age, height, weight, and prolactin were compared by the unpaired T-Test; gender by the

Fisher’s Exact Test; and IGF-I by the Mann–Whitney Test.

FIGURE 1 | mRNA expression of IGF-I and IGF-I receptor in PBMC of IGHD

and control subjects. Total RNA was extracted from PBMC of 14 IGHD

individuals and 14 controls, and qPCR was performed using Taqman probes.

Normalization was performed using the GAPDH gene, and relative gene

expression is represented by the 2−1Ct method.

per 100 infected macrophages) in IGHD group, in the early
hours of exposure to the parasite (p < 0.05) (Figure 2A).
Figure 2B is a Photomicrography of 2 h-infected macrophages
from controls subjects and IGHD subjects showing an example
of the differences between the infection in these two hosts. While
macrophage from the control subjects have many parasites inside
the cytosol, the macrophages from IGHD subjects have parasites
around the membrane and very few parasites inside the cytosol.

Cytokine Levels
The levels of cytokines in the supernatants of these cultures
revealed a significant increase in TNF-α (Figure 3A), IFN-γ
(Figure 3B), IL-10 (Figure 3C), and GM-CSF (Figure 3D) only
in the control group after 24 h of L. amazonensis infection,
with a gradual increase until 72 h post-infection, as compared
to the IGHD subjects (p < 0.05). An inverse correlation was
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FIGURE 2 | Leishmania amazonensis infection curves in human macrophages from IGHD subjects and controls. (A) Number of macrophages infected with L.

amazonensis in 100 macrophages and number of amastigotes in 100 macrophages from IGHD patients and healthy controls. (B) Photomicrography of 2 h-infected

macrophages from controls subjects and IGHD subjects.

FIGURE 3 | Cytokines produced by human macrophages from IGHD subjects and controls during in vitro Leishmania amazonensis infection. The levels of the

cytokine were measured by luminex in the culture supernatants, and correlation with infection determined in control macrophages. (A) TNF-α, (B) IFN-γ, (C) IL-10,

and (D) GM-CSF.
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observed between the levels of TNF-α (rS = 0.40, p = 0.03),
IFN-γ (rS = 0.42, p = 0.02), and GM-CSF (rS = 0.52, p =

0.002) with the parasite numbers. No correlation was observed
between the levels of IL-10 with the number of parasites.
No differences were observed in the levels of IL-12p70, IL-
1β, IL-6, IL-4, IL-33, IL-27 either during the time-points of
infection or between the two groups. Addition of IGF-I to the
macrophage cultures, or pre-treatment of the leishmania with
IGF-1 increased L. amazonensis infection in control macrophages
at 2 h of the infection (Figure 4), but not at 24 and 48 h (data not
shown). However, this treatment did not affect the infection in
macrophages from the IGHD subjects (Figure 4).

DISCUSSION

Our study shows that macrophages of IGHD individuals with
very low serum IGF-I levels present lower levels of infection
by L. amazonensis, as compared to control macrophages.
We hypothesize that IGHD subjects have reduced phagocytic
uptake of Leishmania, or possibly reduced phagocytic entry
of this parasite into the macrophages. This, together with the
demonstration that pre-treatment of Leishmania with IGF-I
increases macrophage infection of control macrophages, is the
first report of a prominent role of IGF-I in Leishmania infection
in humans. These data agree with previous studies in mouse.
In this animal, Goto et al. have shown that IGF-I may be used
by Leishmania as a growth factor (Gomes et al., 1997, 1998;
Goto et al., 1998). In addition, IGF-I increases, in vitro, the
infectivity of this parasite in mouse macrophages (Vendrame
et al., 2007, 2015), and in vivo, in experimental models of
cutaneous leishmaniasis, with strains of Leishmania mexicana
and L. amazonensis (Gomes et al., 2000).

Due to the high homology between GH and prolactin
receptors, and the possibility of a cross talk between the two
ligands and receptors (Fu et al., 1992), we decided to include
prolactin measurements in this protocol. The lack of difference
in serum prolactin in the two groups exclude any role of

this hormone in reduction of L. amazonensis uptake by the
macrophages of IGHD subjects.

IGF-IR is expressed in 97% of monocytes, 88% of B
lymphocytes and 2% of T lymphocytes (Schwartz et al., 1993;
Oberlin et al., 2009). Activation of this receptor leads to
stimulation of cell proliferation and differentiation, angiogenesis,
and apoptosis inhibition (Juul, 2003). IGF-I also promotes
increased expansion of granulocyte and macrophage colonies
(Schwartz et al., 1993). Moreover, autocrine production of IGF-
I in cells such as macrophages acting on innate immunity
indicates a role of IGF-I in modulating the immune response and
phagocytosis (Oberlin et al., 2009).

The previously published proposed mechanism to explain the
increase of parasite load by IGF-I includes the observation that
this hormone increases arginase activity and the production of
urea and L-ornithine, nutrients for parasite growth, and inhibits
the NOS2 pathway and the production of nitric oxide (NO)
(De Souza et al., 2016). It is possible that IGF-I is used as an
adaptation mechanism, developed by Leishmania to counteract
the immune system and to establish the infection. Another
finding that reinforces the hypothesis of a role of IGF-I in
favoring infection is the presence of a receptor antigenically
similar to the human IGF-I receptor (IGF-IR) alpha chain in the
promastigote forms of Leishmania (Gomes et al., 2001).

Here we demonstrate reduced uptake of Leishmania from
IGHD macrophages. Interestingly, the addition of IGF-I to
the macrophages culture media during infection, or the pre-
treatment of L. amazonensis with IGF-I, increased the parasite
load at the initial stages of infection only in the control group,
suggesting that IGF-I favors Leishmania infection. We cannot
explain why the addition of IGF-I in the macrophages from
the IGHD subjects did not have a similar effect, although we
observed a higher level of IGF-IR mRNA in PBMC from IGHD
subjects, compared to controls. More experiments will be needed
to establish if this difference in the expression of this receptor
is also confirmed on the macrophage surface. Given that the
macrophages from IGHD subjects are able to express IGF-IR,
a possible explanation is that the chronic absence of the IGF-I

FIGURE 4 | Leishmania amazonensis infection in human macrophages from IGHD subjects and controls, in the absence or presence of IGF-I. Infection of

macrophages from healthy controls (n = 6) and IGHD subjects (n = 4) without or with IGF-I addition (75 ng/ml) 2 h before infection, or infected with pre-treated

leishmania (50 ng/ml) for 5min and washed off with saline supplemented with 1% albumin (n = 4). The graphs show the number of amastigotes in 100 macrophages

at 2 h of Leishmania infection.
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stimuli in these subjects throughout their lives might decrease its
activation pathway.

The conditions that can affect the macrophages polarization
and their implication on infectious diseases remain unclear. It
is believed that this gap can be the key to understand several
infectious diseases (Sridharan et al., 2015). The production of
IGF-I and IGF-IR by the macrophages suggest an auto/paracrine
function on these cells. Furthermore, it has been shown that
IGF-I favors a M2 differentiation (Barrett et al., 2015). Recent
studies have shown thatM. leprae infection in vitro induces IGF-
I production by macrophages and Schwan cells, favoring the
establishment of the infection in these cells (Rodrigues et al.,
2010; Batista-Silva et al., 2016).

The cytokine profile showed that both inflammatory and
anti-inflammatory cytokines increases only in the control
macrophages supernatants, concomitantly with the decrease of
parasite load. Macrophages from individuals with IGHD were
not infected by Leishmania, nor did they produce any of these
cytokines in their supernatants. These data do not corroborate
the hypothesis that the IGHD subjects, who are not exposed
to the effects of IGF-I, present macrophages with increased
inflammatory and microbicidal ability. Additional studies should
be performed to clarify the mechanism of the reduced uptake of
Leishmania by the macrophages from IGHD subjects.

Our hypothesis is that individuals with IGHD have a reduced
phagocytic or non-phagocytic uptake of Leishmania. The clinical
relevance of these findings still needs to be clarified. One
limitation of this study is its descriptive nature, as we could not
identify a clear mechanism that explains our findings in IGHD
subjects. While we did not find differences in the measured
cytokines between IGHD and controls, many other additional
cytokines and other mediators, independent of IGF-I, could be
analyzed which could, in future studies, shed a light on the
molecular mechanism of the identified resistance. As the State
of Sergipe is endemic for visceral leishmaniasis, but not for
cutaneous forms, a protective role against Leishmania infection
may have reduced the frequency of the visceral endemic form
in the IGHD group. In agreement, during the 25-year follow-
up of this cohort, no case of cutaneous or visceral leishmaniasis
was recorded (Campos et al., 2016). In addition, the lower
uptake of this and possibly other intracellular infectious agents
may have contributed to the survival of individuals with IGHD
over many generations, and to the spread of this particular
mutation in this tropical area. Interestingly, Tripanosomiasis was
recorded in normal homozygous controls, but not in IGHD
subjects even if they have lived at the same address for decades
(Campos et al., 2016).

In summary, this study demonstrates that a unique population
of subjects that are genetically deficient in GH/IGF-I that present
a reduced uptake of L. amazonensis infection, confirming a role of
IGF-I in the first events of this infection in human macrophages.

These findings indicate genetic advantage of this IGHD cohort
against at least this particular pathogen, and confirm immune
benefits of this endocrine deficiency.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.

ETHICS STATEMENT

The manuscript includes human studies. The local Ethical
Committee of the Federal University of Sergipe approval was
received for the studies (CAAE 0152.0.107.000-07), and the
informed consent of all participating subjects or their legal
guardians was obtained.

AUTHOR CONTRIBUTIONS

MB, VC, and LO performed the majority of the experiments.
VC, MA-O, and RSa are endocrinologists and assisted the IGHD
individuals, helped to recruit them for this study, and discussed
the experimental design with the immunology group. MA, RSi,
and AB helped with the macrophage infection experiments.
MS helped in the Luminex experiments and statistical analysis.
NP, RC, HG, RA, and AJ helped in the experimental design.
MB and VC draft the manuscript. NP, MA-O, RSa, and AJ
revised the manuscript. AJ was also responsible for the grants
to perform this study and is the advisor of MB and LO, during
Ph.D. and Masters, respectively. MA-O is the advisor of VC,
during Ph.D.

FUNDING

This work was funded by Fundação de Apoio à
Pesquisa e à Inovação Tecnológica do Estado de
Sergipe (FAPITEC)/SE/FUNTEC/Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq, Brazil),
Grants: CNPq n◦12/2009, Process n◦ 019.203.02712/2009 (AJ).
Chamada MCTIC/CNPq N◦ 28/2018—Universal, Process
421060/2018-2 (AJ). MB’s fellowship was suported by Fundação
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES), Edital 032/2010 (AJ). LO’s fellowship was also suported
by CAPES. AJ and RA are CNPq investigators.

ACKNOWLEDGMENTS

We would like to thank the residents and endocrinologists of
Endocrinology Clinic, HU/UFS. The funders had no role in
study design, data collection and analysis, decision to publish or
manuscript preparation.

REFERENCES

Aguiar-Oliveira, M. H., and Bartke, A. (2018). Growth hormone deficiency: health
and longevity. Endocr. Rev. 40, 575–601. doi: 10.1210/er.2018-00216

Aguiar-Oliveira, M. H., Gill, M. S., Miraki-moud, F., Menezes, C. A.,
Souza, A. H. O., Martinelli, C. E., et al. (1999). Effect of severe growth
hormone (GH) deficiency due to a mutation in the GH-releasing hormone
receptor on insulin-like growth factors (IGFs), IGF-binding proteins, and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 August 2019 | Volume 9 | Article 311

https://doi.org/10.1210/er.2018-00216
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Barrios et al. Reduced Leishmania Uptake by IGHD Macrophages

ternary complex formation throughout life. J. Clin. Endocrinol. Metab. 84,
4118–4126.

Aguiar-Oliveira, M. H., Oliveira, F. T., Pereira, R. M., Oliveira, C. R. P.,
Blackford, A., Valenca, E. H., et al. (2010). Longevity in untreated congenital
growth hormone deficiency due to a homozygous mutation in the GHRH
receptor gene. J. Clin. Endocrinol. Metab. 95, 714–721. doi: 10.1210/jc.
2009-1879

Barrett, J. P., Minogue, A. M., Falvey, A., and Lynch, M. A. (2015).
Involvement of IGF-1 and Akt in M1/M2 activation state in bone marrow-
derived macrophages. Exp. Cell Res. 335, 258–268. doi: 10.1016/j.yexcr.2015.
05.015

Batista-Silva, L. R., Rodrigues, L. S., Vivarini Ade, C., Costa Fda, M., Mattos, K. A.,
Costa, M. R., et al. (2016). Mycobacterium leprae-induced Insulin-like Growth
Factor i attenuates antimicrobial mechanisms, promoting bacterial survival in
macrophages. Sci. Rep. 6:27632. doi: 10.1038/srep27632

Campos, V. C., Barrios, M. R., Salvatori, R., de Almeida, R. P., de Melo, E.
V., Nascimento, A. C., et al. (2016). Infectious diseases and immunological
responses in adult subjects with lifetime untreated, congenital GH deficiency.
Endocrine 54, 182–190. doi: 10.1007/s12020-016-1061-z

de Oliveira, F. A., Barreto, A. S., Bomfim, L. G., Leite, T. R., Dos Santos, P. L., de
Almeida, R. P., et al. (2015). Soluble CD40 ligand in sera of subjects exposed to
leishmania infantum infection reduces the parasite load in macrophages. PLoS
ONE 10:e0141265. doi: 10.1371/journal.pone.0141265

De Souza, L. D., Vendrame, C. M., De Jesus, A. R., Carvalho, M. D.,
Magalhães, A. S., Schriefer, A., et al. (2016). Insulin-like growth factor-I
serum levels and their biological effects on Leishmania isolates from different
clinical forms of American tegumentary leishmaniasis. Parasit. Vectors 9:335.
doi: 10.1186/s13071-016-1619-x

Fu, Y. K., Arkins, S., Fun, G., Cunningham, B. C., Wells, J. A., Fong, S., et al.
(1992). Growth hormone augments superoxide anion secretion of human
neutrophils by binding to the prolactin receptor. J. Clin. Invest. 89, 451–457.
doi: 10.1172/JCI115605

Gomes, C. M., Goto, H., Corbett, C. E., and Gidlund, M. (1997). Insulin-like
growth factor-1 is a growth promoting factor for Leishmania promastigotes.
Acta Trop. 64, 225–228. doi: 10.1016/S0001-706X(96)00633-X

Gomes, C. M., Goto, H., Magnanelli, A. C., Monteiro, H. P., Soares, R. P., Corbett,
C. E., et al. (2001). Characterization of the receptor for insulin-like growth
factor on Leishmania promastigotes. Exp. Parasitol. 99, 190–197.

Gomes, C. M., Goto, H., Ribeiro DaMatta, V. L., Laurenti, M. D., Gidlund, M., and
Corbett, C. E. (2000). Insulin-like growth factor (IGF)-I affects parasite growth
and host cell migration in experimental cutaneous leishmaniasis. Int. J. Exp.
Pathol. 81, 249–255. doi: 10.1046/j.1365-2613.2000.00157.x

Gomes, C. M., Monteiro, H. P., Gidlund, M., Corbett, C. E. P., and Goto, H.
(1998). Insulin-like growth factor-I induces phosphorylation in Leishmania
(Leishmania) mexicana promastigotes and amastigotes. J. Eukaryot. Microbiol.

45, 352–355. doi: 10.1111/j.1550-7408.1998.tb04548.x
Goto, H., Gomes, C. M., Corbett, C. E., Monteiro, H. P., and Gidlund, M. (1998).

Insulin-like growth factor I is a growth-promoting factor for Leishmania
promastigotes and amastigotes. Proc. Natl. Acad. Sci. U.S.A. 95, 13211–13216.
doi: 10.1073/pnas.95.22.13211

Juul, A. (2003). Serum levels of insulin-like growth factor I and its binding
proteins in health and disease. Growth Horm. IGF Res. 13, 113–70.
doi: 10.1016/S1096-6374(03)00038-8

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real- time quantitative PCR and the 2−11CT method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Oberlin, D., Fellbaum, C., and Eppler, E. (2009). Insulin-like growth factor
I messenger RNA and protein are expressed in the human lymph node
and distinctly confined to subtypes of macrophages, antigen-presenting
cells, lymphocytes and endothelial cells. Immunology 128, 342–350.
doi: 10.1111/j.1365-2567.2009.03136.x

Oliveira, C. R., Salvatori, R., Nóbrega, L. M., Carvalho, E. O., Menezes, M.,
Farias, C. T., et al. (2008). Sizes of abdominal organs in adults with severe
short stature due to severe, untreated, congenital GH deficiency caused by

a homozygous mutation in the GHRH receptor gene. Clin. Endocrinol. 69,
153–158. doi: 10.1111/j.1365-2265.2007.03148.x

Oryan, A., and Akbari, M. (2016). Worldwide risk factors in leishmaniasis. Asian
Pac. J. Trop. Med. 9, 925–932. doi: 10.1016/j.apjtm.2016.06.021

Reis, L. C., Ramos-Sanchez, E. M., and Goto, H. (2013). The interactions
and essential effects of intrinsic insulin-like growth factor-I on Leishmania
(Leishmania) major growth within macrophages. Parasite Immunol. 35,
239–244. doi: 10.1111/pim.12041

Rodrigues, L. S., da Silva Maeda, E., Moreira, M. E., Tempone, A. J., Lobato,
L. S., Ribeiro-Resende, V. T., et al. (2010). Mycobacterium leprae induces
insulin-like growth factor and promotes survival of Schwann cells upon
serum withdrawal. Cell. Microbiol. 12, 42–54. doi: 10.1111/j.1462-5822.2009.
01377.x

Salvatori, R., Hayashida, C. Y., Aguiar-Oliveira, M. H., Phillips, J. A., Souza, A. H.,
Gondo, R. G., et al. (1999). Familial dwarfism due to a novel mutation of the
growth hormone- releasing hormone receptor gene. J. Clin. Endocrinol. Metab.

84, 917–923. doi: 10.1210/jc.84.3.917
Salvatori, R., Serpa, M. G., Parmigiani, G., Britto, A. V., Oliveira, J. L., Oliveira,

C. R., et al. (2006). GH response to hypoglycemia and clonidine in the GH-
releasing hormone resistance syndrome. J. Endocrinol. Invest. 29, 805–808.
doi: 10.1007/BF03347374

Schwartz, G. N., Hudgins, W. R., and Perdue, J. F. (1993). Glycosylated insulin-
like growth factor II promoted expansion of granulocyte-macrophage colony-
forming cells in serum-deprived liquid cultures of human peripheral blood
cells. Exp. Hematol. 21, 1447–1454.

Silva, R. L., Santos, M. B., Almeida, P. L., Barros, T. S., Magalhães, L., Cazzaniga,
R. A., et al. (2017). sCD163 levels as a biomarker of disease severity
in leprosy and visceral leishmaniasis. PLoS Negl. Trop. Dis. 11:e0005486.
doi: 10.1371/journal.pntd.0005486

Souza, A. H. O., Salvatori, R., Martinelli, C. E. Jr., Carvalho, W. M. O.,
Menezes, C. A., and de A Barretto, E. S., et al. (2005). Growth or
somatotrophic hormone: new perspectives in isolated GH deficiency after
description of the mutation in the GHRH receptor gene in individuals of
Itabaianinha County, Brazil. Arq. Bras. Endocrinol. Metabol. 48, 406–413.
doi: 10.1590/S0004-27302004000300013

Sridharan, R., Cameron, A. R., Kelly, D. J., Kearney, C. J., and O’Brien,
F. J. (2015). Biomaterial based modulation of macrophage polarization:
a review and suggested design principles. Mater. Today 18, 313–325.
doi: 10.1016/j.mattod.2015.01.019

Vendrame, C. M., Carvalho, M. D., Rios, F. J., Manuli, E. R., Petitto-
Assis, F., and Goto, H. (2007). Effect of insulin-like growth factor-I
on Leishmania amazonensis promastigote arginase activation and
reciprocal inhibition of NOS2 pathway in macrophage in vitro.
Scand. J. Immunol. 66, 287–296. doi: 10.1111/j.1365-3083.2007.
01950.x

Vendrame, C. M., Carvalho, M. D., Tempone, A. G., and Goto, H. (2015). Insulin-
like growth factor-I induces arginase activity in Leishmania amazonensis

amastigote-infected macrophages through a cytokine-independent
mechanism.Mediators Inflamm. 2014:475919. doi: 10.1155/2014/475919

Wells, J. A. (1999). Advances in Protein Chemistry, Vol. 52, Cytokines (Redwood
City, CA: Academic Press).

Conflict of Interest Statement: 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.

Copyright © 2019 Barrios, Campos, Peres, de Oliveira, Cazzaniga, Santos, Aires,

Silva, Barreto, Goto, Almeida, Salvatori, Aguiar-Oliveira and Jesus. 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 Cellular and Infection Microbiology | www.frontiersin.org 7 August 2019 | Volume 9 | Article 311

https://doi.org/10.1210/jc.2009-1879
https://doi.org/10.1016/j.yexcr.2015.05.015
https://doi.org/10.1038/srep27632
https://doi.org/10.1007/s12020-016-1061-z
https://doi.org/10.1371/journal.pone.0141265
https://doi.org/10.1186/s13071-016-1619-x
https://doi.org/10.1172/JCI115605
https://doi.org/10.1016/S0001-706X(96)00633-X
https://doi.org/10.1046/j.1365-2613.2000.00157.x
https://doi.org/10.1111/j.1550-7408.1998.tb04548.x
https://doi.org/10.1073/pnas.95.22.13211
https://doi.org/10.1016/S1096-6374(03)00038-8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/j.1365-2567.2009.03136.x
https://doi.org/10.1111/j.1365-2265.2007.03148.x
https://doi.org/10.1016/j.apjtm.2016.06.021
https://doi.org/10.1111/pim.12041
https://doi.org/10.1111/j.1462-5822.2009.01377.x
https://doi.org/10.1210/jc.84.3.917
https://doi.org/10.1007/BF03347374
https://doi.org/10.1371/journal.pntd.0005486
https://doi.org/10.1590/S0004-27302004000300013
https://doi.org/10.1016/j.mattod.2015.01.019
https://doi.org/10.1111/j.1365-3083.2007.01950.x
https://doi.org/10.1155/2014/475919
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Macrophages From Subjects With Isolated GH/IGF-I Deficiency Due to a GHRH Receptor Gene Mutation Are Less Prone to Infection by Leishmania amazonensis
	Introduction
	Materials and Methods
	Subjects
	Hormones Measurements
	IGF-I and IGF-I Receptor (IGF-IR) mRNA Expression in PBMC
	Macrophage Infection
	Cytokine Measures
	Statistical Analysis

	Results
	Demographic Characteristics and Levels of IGF-I and Prolactin, and IGF-I and IGF-I Receptor mRNA Expression of the Study Subjects
	Macrophages Infection
	Cytokine Levels

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


