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Abstract
Objective  This study aimed to investigate the effects of FK506 on experimental sepsis immunopathology. It investigated 
the effect of FK506 on leukocyte recruitment to the site of infection, systemic cytokine production, and organ injury in mice 
with sepsis.
Methods  Using a murine cecal ligation and puncture (CLP) peritonitis model, the experiments were performed with wild-
type (WT) mice and mice deficient in the gene Nfat1 (Nfat1−/−) in the C57BL/6 background. Animals were treated with 
2.0 mg/kg of FK506, subcutaneously, 1 h before the sepsis model, twice a day (12 h/12 h). The number of bacteria colony 
forming units (CFU) was manually counted. The number of neutrophils in the lungs was estimated by the myeloperoxidase 
(MPO) assay. The expression of CXCR2 in neutrophils was determined using flow cytometry analysis. The expression of 
inflammatory cytokines in macrophage was determined using ELISA. The direct effect of FK506 on CXCR2 internalization 
was evaluated using HEK-293T cells after CXCL2 stimulation by the BRET method.
Results  FK506 treatment potentiated the failure of neutrophil migration into the peritoneal cavity, resulting in bacteremia 
and an exacerbated systemic inflammatory response, which led to higher organ damage and mortality rates. Failed neutrophil 
migration was associated with elevated CXCL2 chemokine plasma levels and lower expression of the CXCR2 receptor on 
circulating neutrophils compared with non-treated CLP-induced septic mice. FK506 did not directly affect CXCL2-induced 
CXCR2 internalization by transfected HEK-293 cells or mice neutrophils, despite increasing CXCL2 release by LPS-treated 
macrophages. Finally, the CLP-induced response of Nfat1−/− mice was similar to those observed in the Nfat1+/+ genotype, 
suggesting that the FK506 effect is not dependent on the NFAT1 pathway.
Conclusion  Our data indicate that the increased susceptibility to infection of FK506-treated mice is associated with failed 
neutrophil migration due to the reduced membrane availability of CXCR2 receptors in response to exacerbated levels of 
circulating CXCL2.

Keywords  FK506 · Tacrolimus · Sepsis · CXCR2 · Neutrophil migration · CXCL2

Introduction

Sepsis is defined as “a life-threatening organ dysfunction 
caused by a dysregulated host response to infection” [1]. 
Immunocompromised hosts with defects in innate or adap-
tive immune responses, such as neutropenic and transplant 
patients, elderly populations, and HIV-positive individu-
als, are more susceptible to conventional and opportun-
istic pathogens [2]. It is well known that solid organ and 
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hematopoietic cell transplant recipients show higher suscep-
tibility to opportunistic pathogens and are more vulnerable 
to developing severe infections [3–5]. One of the main fac-
tors that contribute to this inherent feature of transplanted 
patients is the use of immunosuppressive drugs, such as 
the calcineurin inhibitors cyclosporin A and tacrolimus 
(FK506), to prevent graft-versus-host disease (GvHD) and 
organ rejection.

Calcineurin is a serine-threonine phosphatase activated 
by the calcium (Ca2+) calmodulin complex, and it is known 
to be an activator of the nuclear factor of activated T cells 
(NFAT) family members [6]. The immunosuppressive drug 
FK506 first binds to FK506-binding protein 12 (FKBP12) 
and complexes with calcineurin, suppressing its phosphatase 
activity and consequently NFAT activation [7–9]. Although 
NFAT is a pharmacological target of FK506 in regulating 
T cell-mediated responses, the FKBP12/calcineurin/NFAT 
axis affects a wide range of cellular responses [10–15]. Fur-
thermore, in addition to NFAT, calcineurin can act on other 
intracellular targets, including fork head transcription factors 
(FOXO), myocyte-specific enhancer factor 2 (MEF2), and 
transcription factor EB (TFEB), which are important to most 
cells and systems [6]. Additionally, the FK506-mediated dis-
placement of FKBP12 from the endoplasmic reticulum has 
been studied as a modifier of intracellular calcium balance, 
which is associated with FK506 side effects in the cardio-
vascular system [16]. Nevertheless, the immunosuppressive 
effects of FK506 on innate immunity, especially in systemic 
infectious conditions, such as sepsis, are still poorly under-
stood and conflicting.

Neutrophils and macrophages are vital cells of the innate 
immune system that participate in the local control of infec-
tion during the acute events that precede sepsis, preventing 
bacterial spread into the bloodstream [17]. When the infec-
tious process begins, the recognition of bacterial components 
by resident tissue cells, mainly macrophages, culminates in 
the release of the chemotactic mediators that contribute to 
the recruitment and activation of circulating neutrophils 
toward the site of infection. Subsequently, pathogens are 
killed by different neutrophil bactericidal mechanisms, 
including phagocytosis, proteinase degranulation, reactive 
oxygen and nitrogen species release, and neutrophil extracel-
lular traps (NETs) [18]. In severe CLP-induced sepsis, our 
group demonstrated that neutrophil migration is impaired, 
which results in deficient control of infection, leading to 
increased bacteremia, worsened multiorgan dysfunction, 
and death [19–21]. Mechanistically, we demonstrated that 
the impairment of neutrophil migration toward infectious 
foci is a consequence of GRK2-dependent CXCR2 receptor 
internalization, which could be induced by ligands, such as 
TLR agonists and chemokines [22, 24]. Here, we show that 
FK506 can affect the innate immune system, exacerbating 
the release of chemokines by macrophages, which impairs 

neutrophil migration to the infectious site and consequently 
controls bacterial growth in polymicrobial peritonitis.

Materials and methods

Animals

The experiments were performed using wild-type (WT) 
mice and mice deficient in the gene Nfat1 (Nfat1−/−) in the 
C57BL/6 background at 8–10 weeks of age. Animals were 
housed in temperature-controlled rooms (22–25 °C) and 
given water and food ad libitum at the animal facility in 
the Department of Pharmacology, School of Medicine of 
Ribeirão Preto, University of São Paulo, Brazil. We per-
formed all experiments according to the guidelines of the 
Animal Welfare Committee of the School of Medicine of 
Ribeirão Preto, University of São Paulo (animal protocol 
number: 002/2013-1).

FK506 treatment

Animals treated with FK506 (Prograf, Astelllas Pharma) 
received dosages of 0.7, 2.0 or 6.0 mg/kg, subcutaneously, 
1 h before the sepsis model, twice a day (12 h/12 h). In 
the survival rate experiments, treatment was extended for 
3 days. In some survival experiments, 30 mg/kg ertapenem 
disodium (ERT) was also administered intraperitoneally 
(i.p.) 6 h after cecal ligation and puncture (CLP) surgery and 
maintained twice a day (12 h/12 h) for 3 days. Finally, in the 
biological sample collection experiments, the animals were 
anesthetized 6 or 24 h after CLP. In both groups, animals 
received the first administration of FK506 1 h before CLP; 
in the group in which the collection was performed at 24 h, 
the animals received a second dose 12 h after CLP.

Cecal ligation and puncture

After mice were exposed to isoflurane anesthesia by a vapor-
izer (Dräger-Vapor®/2000) (2% for induction and 1% for 
maintenance), an incision of approximately 1 cm was care-
fully made in the anterior abdomen to allow cecal exposure. 
The ileocecal junction was then ligated with cotton thread to 
prevent the retrograde flow of cecal content. Two punctures 
with 21 G or 18 G gage needles were made in the cecum of 
the animals for induction of stimuli. Then, the cecum was 
repositioned in the abdomen, the incision was sutured, and 
1 mL of sterile saline was administered subcutaneously to 
prevent acute distributive shock. For the survival analysis, 
the number of CLP survivor mice was recorded every 24 h 
for 10 days and expressed as a percentage of survival (%).
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Blood bacteria count

Immediately after euthanasia, heparinized blood was col-
lected by cardiac puncture and seeded (undiluted and diluted 
1:1000) under sterile conditions on Petri plates containing 
Mueller Hinton agar (Difco Laboratories, Detroit, USA). 
The culture plates were incubated for 24 h at 37 °C, and 
then the number of colony forming units (CFU) was manu-
ally counted.

Myeloperoxidase assay

The number of neutrophils in the lungs was estimated by the 
myeloperoxidase (MPO) assay. After euthanasia, the ani-
mals were perfused with PBS, and the left pulmonary lobe 
was collected and immersed in buffer solution (0.1 M NaCl; 
0.02 M NaPO4; 0.012 M NaEDTA; pH 4.7). The tissue was 
macerated using a homogenizer (Polytron®, Polytron PT 
3100, USA) at 13,000 rpm, the red blood cells were lysed 
in 0.2% NaCl solution, and the leukocytes in 0.05 M NaPO4 
solution with 0.5% H-TaB. The MPO reaction proceeded 
by adding TMB substrate and was stopped with 2 N H2SO4 
solution. The absorbance was measured at 450 nm in a spec-
trophotometer (Spectra Max-250, Molecular Devices), and 
the results are expressed as the number of neutrophils/mg 
of tissue. The absorbance of the samples was associated 
with the number of neutrophils from a curve made with a 
known number of peritoneal neutrophils obtained by the car-
rageenan stimulus.

Flow cytometry analysis

Blood was collected, and the red blood cells were lysed. 
The remaining leukocytes were resuspended at a final count 
of 5.0 × 104 cells/100 μL in FACS buffer (1 × PBS, 20 mM 
glucose and 0.5% BSA). For Fc receptor blocking, the sam-
ples were incubated with 10 μL of rabbit serum for 40 min at 
4 °C. Then, the cells were incubated with PerCP-conjugated 
monoclonal anti-Ly6G (1:200; BD Biosciences) and PE-
conjugated anti-CXCR2 (1:50; R&D Systems) antibodies 
for 30 min at 4 °C. Subsequently, the cells were washed 
with 2 mL of FACS buffer and resuspended in 200 μL of 
1% PBS-Formol. Fluorescence was analyzed on a FACSort 
device (Becton Dickinson, San Jose, CA, USA) using the 
program Lysis II or WinMDI 2.8.

Cytokine

The dosages of CXCL1, CXCL2, and IL-6 were determined 
using ELISA kits (R&D System), and the organ injury 
biochemical markers were measured by commercial kits 
(Labtest Brazil) according to the manufacturer’s instruc-
tions. The readings were performed in a spectrophotometer 

(Spectra Max-250, Molecular Devices, Sunnyvale, CA, 
USA).

Killing assay

The C57BL/6  J mice were subcutaneously treated with 
2.0 mg/kg FK506 or vehicle and, after 1 h, stimulated intra-
peritoneally with 1 mL of 3% thio-glycolate. The neutrophils 
were obtained after 6 h by peritoneal lavage with 3 mL of 
10% fetal bovine serum in RPMI medium (RPMI-SBF 10%). 
The cells were plated (5 × 105 cells/well) in 96-well plates. 
In addition to in vivo treatment, vehicle-treated WT mouse 
cells also received treatment with FK506 at concentrations 
of 0.1, 0.3 and 1.0 µM, which started 30 min before the 
bacterial co-culture. The Escherichia coli suspension was 
opsonized with WT mouse serum (10%) for 30 min at 37 °C. 
After that, the bacteria were washed and resuspended in 
RPMI-SBF 10%. The cells were incubated with E. coli at a 
ratio of 1:10 (5 × 105 cells to 5 × 106 bacteria) for 45 min at 
37 °C and 5% CO2. After incubation, the plates were cen-
trifuged (450 g, 4 °C, 10 min), and the supernatant was col-
lected to quantify the bacteria in the extracellular medium. 
To remove the bacteria in the extracellular medium, the cells 
were washed once with RPMI-SBF 10% and subsequently 
incubated with 50 µg/mL gentamicin in RPMI-SBF 10% for 
30 min. After that, the plates were centrifuged and washed. 
Then, the cells were lysed with 200 μL of 0.2% Triton X-100 
for 20 min at 4 °C for the quantification of bacteria in the 
intracellular medium. For the final calculations, wells con-
taining only bacteria in RPMI-SBF 10% were included in the 
incubation. The percentage of killing was estimated by the 
difference between the counts of the wells with only bacteria 
and the counts in the supernatants of neutrophil cultures 
added to the counts inside the cells. Bacterial measurements 
were made by culturing on plates containing Mueller Hinton 
agar (Difco Laboratories, Detroit, USA) and manual count-
ing of CFUs after incubating the plates for 24 h at 37 °C.

Macrophage cultures

Bone marrow-derived macrophages (BMDMs) were 
obtained using L929 cell-conditioned medium as a source 
of M-CSF, as previously described [25]. Briefly, bone mar-
row cells were obtained from 6- to 8-week-old mice by 
flushing both mouse femurs. After centrifugation, the cells 
were resuspended in RPMI 1640 supplemented with 20% 
L929 cell-conditioned medium, 10% FBS (Thermo Fisher, 
Waltham, MA, USA), L-glutamine (2 mM), penicillin (100 
U/mL), and fungizone (2.5 μg/mL). Bone marrow cells 
were seeded in non-treated Petri dishes (Corning, 430,591) 
and incubated at 37 °C and 5% CO2. Four days after seed-
ing, supplemented RPMI 1640 medium was added, and the 
cells were incubated for an additional three days. At the end 
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of this period, BMDMs were harvested, and 2 × 105 cells 
were plated in 96-well flat button culture dishes (Corning, 
CLS3997) and incubated with RPMI for 24 h for BMDM 
adherence. BMDMs were treated with FK506 (1  μM), 
2APB (50 μM), dantrolene (30 or medium for 30 min. Then, 
BMDMs were stimulated with LPS (3 ng/mL) for an addi-
tional 12 h at 37 °C and 5% CO2. The supernatants were then 
collected for CXCL2 quantification.

Neutrophil purification

Bone marrow (BM) mouse neutrophils were isolated by 
a Percoll (Sigma–Aldrich) density gradient, as previously 
described [26]. Briefly, two different gradients were pre-
pared in a 15 mL polystyrene tube with 3 mL each (72% 
and 65% Percoll solutions). After centrifugation at 1200 g 
for 30 min at 25 °C, the cell layer at the 72% upper interface 
was collected as the neutrophil fraction. Erythrocytes were 
removed by lysis (NH4), and the remaining neutrophil frac-
tions were washed twice in PBS. The pelleted cells were 
resuspended in 1 mL of RPMI 1640 medium (Sigma Chem-
ical Co., St Louis, USA), and the number of neutrophils 
was determined by Neubauer chamber counting and purity 
by Wright-Giemsa staining. A total of 105 BM neutrophil 
cells were plated in 96-well culture dishes and treated with 
1.0 µM FK506 or vehicle for 30 min. Afterward, neutro-
phils were incubated with 500 ng/mL CXCL2/MIP-2 for 
1 h. Then, the CXCR2 content on the surface of neutrophils 
was determined.

Bioluminescence resonance energy transfer (BRET) 
assay

The plasmid encoding the enhanced bystander BRET-based 
biosensor rGFP-CAAX was generated as previously reported 
and provided by Michel Bouvier [27]. To construct the plas-
mid encoding CXCR2 fused to RLucII (CXCR2-RLucII), 
the sequence encoding the receptor was amplified from the 
plasmid pReceiver-M51-CXCR2 (Gene Copoeia, Inc, MD, 
USA) and inserted into the N-terminus of RLucII in the 
pcDNA3.1 + GFP10-RLucII plasmid digested with Nhel and 
BamHI enzymes to remove GFP10. We verified the con-
struct by DNA sequencing. HEK-293T (human embryonic 
kidney) cells maintained in DMEM supplemented with 10% 
fetal bovine serum and 100 U/ml penicillin/streptomycin 
were transiently transfected as previously described [28, 29]. 
Briefly, cells in suspension were transiently transfected with 
the prepared plasmids utilizing 25 kDa poly-ethylenimine 
(PEI) (Polysciences, PA, EUA) at a 3:1 PEI/DNA ratio. 
Next, cells were distributed in 96-well white plates (Opti-
plate; PerkinElmer, MA, EUA) (4 × 104 cells per well) and 
maintained in culture at 37 °C with 5% CO2. BRET experi-
ments were performed 48 h after cell transfection. To assess 

CXCR2 internalization, cells transiently expressing CXCR2-
RLucII and the plasma membrane marker rGFP-CAAX were 
washed once with PBS and incubated with Tyrode’s buffer 
for 30 min at 37 °C. Cells were incubated with vehicle or 
increasing concentrations of FK506 for 30 min. Cells were 
also incubated with 1.3 µM Prolume Purple (Nanolight 
Technology, AZ, USA) for 5 min and then stimulated with 
rmCXCL2/MIP-2 (R&D Systems; Minneapolis, MN, USA) 
at a fixed concentration of 500 ng/mL. Luminescence val-
ues were monitored for 50 min by the Synergy2 (BioTek, 
VT, USA) microplate reader using the filters 410/40 nm 
and 515/20 nm to detect the emission of donor (RLucII) 
and acceptor (rGFP), respectively. To determine the BRET 
signals, we calculated the ratio of the luminescence value 
derived from the acceptor to that derived from the donor.

Statistical analysis

Statistical analyses were performed using the Prism® 5 pro-
gram (GraphPad Software Corporation, USA). For statistical 
analysis of survival curves, the Mantel–Cox log-rank test 
was used. The results were analyzed by one-way ANOVA 
followed by the Newman–Keuls test to determine the sig-
nificance between the groups. The number (n) of animals per 
experimental group is described in the figures. The results 
are expressed as the means ± standard error of the mean 
(SEM). The differences were considered significantly dif-
ferent at p < 0.05.

Results

FK506 treatment results in higher mouse 
susceptibility to CLP‑induced sepsis

It is recognized that the severity of CLP-induced sepsis is 
directly proportional to the level of bacteremia and inversely 
proportional to the number of neutrophils that migrate into 
the peritoneal cavity (primary infection site). To establish 
our model, we previously standardized CLP induction at 
2 degrees of severity and recorded survival over a 10-day 
study period. CLP with 21-gage (21G-CLP) and 18-gage 
(18G-CLP) needles result in survival rates of 60% and 0%, 
respectively. Compared to 18G-CLP, 21G-CLP results in 
lower bacteremia, assessed 24 h after induction, and higher 
neutrophil migration into the peritoneal cavity, assessed after 
6 h (data not shown). We performed the following in vivo 
protocols using the moderate 21G-CLP stimulus. Initially, 
we administered FK506 (0.7, 2.0, and 6.0 mg/kg) subcutane-
ously (s.c.) 1 h prior to CLP (21G-CLP) surgery, and then 
twice a day for 3 days. Given that the 2.0 and 6.0 mg/kg 
doses reduced the survival of CLP mice similarly (0% and 
9%, respectively) compared with the vehicle-treated group 
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(survival of 55%; Fig. 1A), we conducted all the subsequent 
in vivo experiments using the 2.0 mg/kg dose, and since 
more than 60% of the mice treated with this dose of FK606 
are expected to die between 24 and 48 h after CLP, we 
proceeded the other analysis at the 6 and 24 h time points. 
Septic mice treated with FK506 showed elevated bacte-
remia (Fig. 1B) and plasma organ damage markers, such 
as lactate dehydrogenase (LDH) (Fig. 1C), urea nitrogen 
(BUN, Fig. 1D), and creatine kinase-MB (CK-MB, marker 
of cardiac arrest; Fig. 1E), compared with vehicle-treated 
mice. Moreover, the FK506-treated group also presented an 
increase in MPO levels in the lungs (Fig. 1F), a marker used 
to evaluate the level of tissue infiltrating neutrophils. Finally, 
we observed that FK506 treatment resulted in higher plasma 
levels of IL-6 (Fig. 1G) and CXCL2 (Fig. 1H), confirming 
an exacerbated systemic inflammatory response.

FK506 induces a failure of CLP‑induced neutrophil 
migration to the peritoneal cavity

Since FK506 treatment aggravates the septic condition, we 
investigated the mechanism involved, focusing on neutrophil 
recruitment, which is considered the first line of defense 
against invading pathogens. Septic animals treated with 
FK506 showed a significant reduction in neutrophil migra-
tion to the peritoneal cavity (Fig. 2A) and a reduced expres-
sion of CXCR2 on the plasma membrane of circulating neu-
trophils (characterized as Ly6G+ cells) collected 6 and 24 h 
after sepsis induction (Fig. 2B). The FK506-induced failure 
in neutrophil migration was not a consequence of a lower 
release of inflammatory mediators at the infection site, since 
the IL-6 (Fig. 2C) and CXCL2 (Fig. 2D) levels in the peri-
toneal lavage fluid were similar to the levels in the vehicle 
group during the initial 6 h. Moreover, the levels of these 
cytokines remained elevated in the FK506-treated septic 
mice even 24 h after the surgery, in contrast with the drastic 
reduction observed in the vehicle-treated mice (Fig. 2C and 
D). Next, to investigate whether FK506 has a direct effect on 
the microbicidal activity of neutrophils, we investigated the 
killing properties of neutrophils obtained from mice treated 
with FK506 (2 mg/kg) or vehicle (control group). There was 
no change in the killing of E. coli by neutrophils isolated 
from mice treated with FK506 (2 mg/kg) or neutrophils 
treated directly with FK506 (0.1, 0.3 and 1.0 µM) (Fig. 2E). 
Finally, to confirm that FK506 administration reduces the 
ability to control bacterial dissemination, we performed a 
survival experiment using a severe CLP stimulus followed 
by antibiotic therapy. When CLP animals were treated with 
ertapenem (ERT), a broad-spectrum antimicrobial agent, we 
observed an improvement in the survival index. Interest-
ingly, in the antibiotic-treated septic mice, FK506 treatment 
did not reduce the survival rate, as shown by differences in 
the mortality index after administration of FK506 (Fig. 2F).

Effect of FK506 treatment on CXCR2 internalization 
and CXCL2 production

To explore the mechanism by which FK506 affects neutro-
phil migration to the infectious site in CLP mice, we inves-
tigated whether FK506 directly enhances CXCR2 inter-
nalization in HEK-293T cells after CXCL2 stimulation. 
Initially, as expected, CXCL2 incubation induced CXCR2 
internalization, as indicated by the decrease in ebBRET 
signals. Curiously, FK506 at concentrations ranging from 
0.01 to 30 µM was not able to induce a significant change 
in the ΔebBRET values compared to the control (Fig. 3A). 
Furthermore, when we incubated bone marrow neutrophils 
with both CXCL2 and FK506, no synergistic effects on the 
reduction of CXCR2 expression were detected, demonstrat-
ing that FK506 does not act downstream of CXCR2 activa-
tion (Fig. 3B). Next, to evaluate whether FK506 can affect 
chemokine release, we quantified the production of CXCL2 
in the supernatants of murine LPS-stimulated bone marrow-
derived macrophage (BMDM) cultures. When the FK506-
treated cells (1 µM; 30 min) were stimulated with LPS (3 ng/
mL; 12 h), higher levels of CXCL2 release were detected. 
Finally, we investigated if IP3 and ryanodine receptors (IP3R 
and RyR, respectively) are involved in FK506-induced 
CXCL2 release. It was observed that incubation with 2APB 
(50 μM), an IP3R inhibitor, but not dantrolene (30 μM), a 
RyR inhibitor, abrogated the FK506-induced CXCL2 release 
by macrophages, suggesting that this effect is dependent on 
IP3 channels (Fig. 3C). Curiously, dantrolene increased the 
CXCL2 release by LPS, increasing even more if combined 
with FK506, indicating possible opposing effects by the two 
Ca2+ channels inhibitors.

NFAT1 deficiency did not mimic the FK506 effect 
on sepsis outcome

Given that FK506 treatment of septic mice promoted a 
reduction in neutrophil migration, we investigated the par-
ticipation of the NFAT signaling pathway in sepsis develop-
ment. For this, wild-type mice (WT; Nfat1+/+) and NFAT1-
deficient mice (Nfat1−/−) were subjected to CLP surgery. 
NFAT1 deficiency did not result in a worsening of infec-
tion after CLP surgery (Fig. 4A). In addition, no differ-
ences were observed in the migration of neutrophils to the 
infectious site 6 and 24 h after sepsis induction (Fig. 4B), 
as well as no significant differences in the concentration of 
CXCL2 in the peritoneal exudates (Fig. 4C) or in circulation 
(Fig. 4D), as observed with FK506 treatment (Figs. 1 and 2). 
In vitro experiments with neutrophils isolated from Nfat1+/+ 
and Nfat1−/− mice indicated that after CXCL2 stimulation 
(30 ng/mL), Nfat1−/− neutrophils showed CXCR2 inter-
nalization similar to that of neutrophils obtained from WT 
mice (Fig. 4E). Considering that NFAT1 is described as a 
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regulator of CXCL2 expression in microglia [30], we also 
evaluated the amount of CXCL2 in the supernatants obtained 
from BMDM cultures of Nfat1+/+ and Nfat1−/− mice in 
response to LPS stimulation (3 ng/mL, 12 h). As expected, 
no additional release of CXCL2 was observed (Fig. 4F), sug-
gesting that FK506 does not operate through inhibition of 
NFAT1 activation.

Discussion

Here we demonstrated that FK506 treatment results in failed 
neutrophil migration to the primary infectious site, leading 
to higher mortality in murine polymicrobial sepsis. FK506 
alters CXCR2 expression on the surface of circulating 
neutrophils due to excessive release of CXCL2, one of the 
CXCR2 ligands. Given that Nfat1−/− mice did not present 
the same phenotype as those septic animals that received 
FK506 treatment and considering that the IP3R inhibitor 
2APB abrogated the in vitro FK506 effects, we suggest that 
FK506-mediated CXCL2 release is not dependent on NFAT 
inhibition but due to changes at the calcium trafficking via 
IP3 channels.

Immunosuppressive therapy with calcineurin inhibi-
tors has been widely associated with greater susceptibility 
to infections [31, 32]. A previous study demonstrated that 
lung transplanted subjects showed increased pulmonary 
aspergillosis infections due to immunosuppression caused 
by treatment with calcineurin inhibitors and steroids [28]. 
In the same study, FK506 administration also increased 
Aspergillus fumigatus susceptibility in hydrocortisone-
immunocompromised mice, reducing macrophage killing 
of Aspergillus fumigatus  with no significant changes in the 
neutrophil migration to the infection site [28]. In Down syn-
drome subjects, the expression of regulator of calcineurin 
1 (RCAN1), a regulatory protein of calcineurin activity, is 
increased, and this alteration has been associated with an 

immunodeficiency condition [33]. Curiously, RCAN1-defi-
cient mice intranasally infected with Pseudomonas aerugi-
nosa showed a lower survival index associated with higher 
NFAT1 nuclear translocation and systemic inflammatory 
response, the intriguing fact in this study is that the higher 
mortality and inflammatory response are associated with 
increased neutrophil migration to the lungs and decreased 
bacterial burden, locally and systemically [34]. In the pre-
sent study, CLP-induced septic mice treated with FK506 
presented high bacteremia, excessive neutrophil infiltration 
in the lungs, high plasma levels of CXCL2 and IL-6, which 
came associated with increased organ damage and mortality. 
With the systemic inflammatory response, the neutrophils 
activated in the blood stream fail in migrating to the infec-
tion site and, consequently, are not able to contribute in the 
pathogen proliferation control. On the other hand, there is 
the accumulation of neutrophils in the organs distant from 
the infection, as well as the lungs, where they contribute to 
the organ injury. The increase of neutrophils in the lung tis-
sue of animals with sepsis may be due to increased release 
of CXC chemokines via alveolar macrophages [35, 36]. 
Thus, the presence of neutrophils in the locals other than 
that of primary infection are indicative of systemic inflam-
matory response, as well as the levels of pro-inflammatory 
cytokines. In this sense, IL-6 could be considered as an 
atemporal marker in the diagnosis and prognosis of sepsis 
[37]. It was proven to be precise in the diagnoses of sepsis, 
septic shock and the mortality prediction from these con-
ditions, in accordance to the criteria proposed in the cur-
rent sepsis definition known as Sepsis 3 [38]. The same was 
observed in the studies with CLP-induced sepsis in mice [39, 
40]. The FK-506 treatment is also associated with higher 
plasma levels of IL-6 in the septic mice, and even if it could 
be just a severity marker, it was described that both FK506 
and ciclosporin A increase the IL-6 release by LPS-stimu-
lated monocytes [41].

Neutrophils are cells of the innate immune system 
essential for the immediate control of bacterial and fun-
gal infections, preventing the systemic spread of infection 
[42]. Our research group has shown that failed neutrophil 
migration in severe sepsis occurs due to reduced expres-
sion of the chemotactic receptor CXCR2 on circulating 
neutrophils [22]. CXCR2 belongs to a large family of G 
protein-coupled receptors (GPCRs), and its internalization 
occurs in a GPCR kinase 2 (GRK2)-dependent manner in 
the presence of high chemokine levels [43]. CXCR2 ligands 
cause β-arrestin recruitment and CXCR2 internalization 
in a concentration-dependent manner [44]. The FK506-
treated septic mice showed a more pronounced reduction 
in CXCR2 expression on circulating neutrophils associated 
with their impaired migration to the infectious site, resulting 
in increased cytokines in the peritoneal lavage fluid. Con-
sistent with our data, a previous study demonstrated that 

Fig. 1   FK506 treatment results in higher mouse susceptibility to 
CLP-induced sepsis. A CLP survival curves of C57BL/6J mice 
treated with FK506 (FK, 0.7, 2.0 or 6.0  mg/kg, s.c.) or saline 1  h 
before surgery and then twice a day for 3  days. The non-operated 
group (naive) was treated with saline or 6.0  mg/kg FK506. The 
number of survivors expressed as a percentage was recorded every 
24 h, and the results were analyzed by the log-rank Mantel–Cox test 
(*p < 0,05; n = 5–11). B–H FK506 (2  mg/kg) treatment started 1  h 
before CLP and then occurred twice a day after surgery until the time 
of euthanasia (6 and/or 24 h after CLP). Samples were collected for 
the following assessments: B logarithm of colony forming units per 
milliliter of blood (Log CFU/mL); C lactate dehydrogenase (LDH) 
in plasma (U/L); D blood urea nitrogen (BUN) in plasma (mg/dL); 
E creatine kinase-MB (CK-MB) in plasma (U/L); F amount of neu-
trophils per milligram of lung (103 cells/mg) determined through the 
myeloperoxidase assay; G plasma IL-6 levels (ng/mL); H plasma 
CXCL2 levels (ng/mL). The parameters were analyzed by one-way 
ANOVA followed by the Newman–Keuls test (*p < 0,05; n = 5–11)

◂
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FK506 treatment reduced CXCR2 expression on circulating 
granulocytes, as well as their migration to the infectious site, 
exacerbating E. coli urinary tract infection in female mice 
[45]. In the present study, we did not find differences in the 
E. coli killing function of neutrophils isolated from FK506-
treated mice or incubated in vitro with this drug, suggesting 
an indirect effect on this cellular property. Herein, antibiotic 
therapy abolished the FK506 effect in septic mice, confirm-
ing the deleterious effect of FK506 lies in the impairment 
of infection control. 

Although our data and those from Emal and collaborators 
[45] demonstrate that in vivo FK506 administration reduces 
CXCR2 expression on blood neutrophils under infectious 
stimuli, our in vitro data showed no significant differences 
in CXCR2 expression after FK506 incubation in CXCR2-
transfected HEK-293 cells stimulated with CXCL2 or in 
CXCL2-stimulated C57 wild type bone marrow neutrophils, 
as well as human neutrophils stimulated with IL-8 (data 
not shown) suggesting that FK506 does not lead directly 
to CXCR2 desensitization. Considering that the ability 

Fig. 2   FK506 induces a failure of CLP-induced neutrophil migra-
tion to the peritoneal cavity. FK506 (2 mg/kg) treatment started 1 h 
before CLP and was maintained twice a day until euthanasia (6 and/
or 24 h after CLP), when samples were collected for assessment of 
(A) the absolute number of neutrophils (106) per peritoneal cavity; B 
the percentage of circulating CXCR2-positive neutrophils; C levels of 
IL-6 in nanograms per milliliter (ng/mL) of peritoneal lavage fluid; 
and D CXCL2 levels in ng/mL. The cytokine and chemokine levels 
were quantified by ELISA. E In vitro E.  coli killing by FK506 (FK 
0.03, 0.1 and 0.3  µM)-treated neutrophils or neutrophils harvested 

from FK506 (2  mg/kg)-treated mice. The percentage of killing was 
determined after 45 min of co-culture between neutrophils and E. coli 
at a 1:10 ratio. F Lethal CLP (18GCLP) survival curves of mice that 
received additional ertapenem therapy (ERT, 30 mg/kg, i.p.) started 
1  h before surgery and maintained twice a day for 3  days or until 
death. In the survival curves, the number of survivors recorded every 
24  h was expressed as a percentage and analyzed by the log-rank 
Mantel–Cox test (n = 6). The other parameters were analyzed by one-
way ANOVA followed by the Newman–Keuls test compared with the 
vehicle group or as indicated in the figures (*p < 0,05; n = 5–11)
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of FK506 to induce neutrophil CXCR2 internalization is 
restricted to only in vivo models, we hypothesize that this 
effect may be due to the excessive release of CXCL2 by host 
cells. Further studies should investigate the effects of FK506 
on the expression of other chemokines and their potential to 
signalize or desensitize CXCR2 and other chemokine recep-
tors in neutrophils, or other cell types in sepsis, as well as 
other inflammatory conditions.

The ability of FK506 to inhibit calcineurin occurs after 
its binding to the FKBP proteins. In some cell types, it was 
described that FKBPs are associated with RyR and IP3R on 
the endoplasmic reticulum (ER) [16]. The dissociation of 
FKBP12 from IP3R through the binding with FK506 results 
in decreased Ca2+ release via IP3 channels [46]. However, 
this same study and other show that the combination of 
FK506 with calcineurin, on the other hand, results in the 
opening of the same channel, and its consequent ER Ca2+ 
release into the cytoplasm of smooth muscle cells [46] and 
endothelial cells [47]. Thus, FK506 has the potential to both 
stimulate and inhibit the ER Ca2+ release through IP3 chan-
nels. The RyR, in turn, has its opening probability increased 
with the displacement of FKBPs, thus increasing the ER 
Ca2+ release to the cytosol in arterial smooth muscle cells 

[48], colonic myocytes [49] and portal vein myocytes [50, 
51], in a calcineurin-independent way. These studies were 
focused on the cardiovascular system and there is still no 
evidence that supports similar pathways in macrophages. 
Interestingly, our results showed opposing effects for 2APB 
and dantrolene, IP3 and RyR inhibitors, respectively. In 
summary, LPS causes CXCL2 release by BMDMs, which 
is higher in the presence of FK506. 2APB did not induce 
changes in the LPS response, but inhibited the FK506 effect, 
suggesting that the FK506 effect is dependent on IP3 chan-
nel, probably by increasing the ER Ca2+ release. However, 
different conclusions are possible in the RyR perspective, 
increased LPS-induced CXCL2 release was observed with 
the dantrolene treatment, which is even more prominent 
in the presence of FK506. By acting on RyR, we expected 
that FK506 would increase the ER Ca2+ release, but the 
synergism observed with one RyR blocker indicates RyR 
independency. These results can postulate that inhibiting 
ER Ca2+ release in LPS-stimulated macrophages could be a 
signal to intensify the CXCL2 release.

NFAT nuclear translocation is also an event tightly asso-
ciated to CXCR2 internalization, but the repertoire of gene 
expression that NFAT regulates after CXCR2 stimulation 

Fig. 3   Effect of FK506 treatment on CXCR2 internalization and 
CXCL2 production. A Concentration-dependent effect of FK506 (log 
of molar concentration) on internalization of the CXCR2 receptor 
fused to RLucII (CXCR2-RLucII) in HEK-293T cells. Internaliza-
tion was measured by an enhanced bystander bioluminescence reso-
nance energy transfer (ebBRET) assay. ΔebBRET represents the dif-
ference between the ebBRET values of CXCL2-stimulated cells and 
the ebBRET values of cells incubated with vehicle (dashed line). The 
FK506 (Log [FK] -8 to -5.5, same as 1 × 10–8 to 3 × 10–5 molar [M]) 
treatments were given 30 min before CXCL2 (500 ng/mL) stimulus. 
ebBRET signals following CXCL2 (500  ng/mL) incubation were 
monitored for 50 min, and the graphs represent the time points of 15 

and 40 min of CXCL2 stimulation. B CXCR2 expression on FK506 
(1  μM) or medium-treated C57 wild type bone marrow neutrophils 
stimulated with CXCL2 (30  ng/mL). The results are expressed as 
the mean fluorescence intensity (MFI). C CXCL2 release by mac-
rophages stimulated with LPS (3  ng/mL, 12  h) pretreated (30  min 
before LPS) with medium, FK506 (FK, 1 × 10–6, same as 1  µM), 
2APB (50  µM), dantrolene (DAN, 30  µM), FK506 + 2APB or 
FK506 + DAN. The chemokine levels in the culture supernatants 
were quantified by ELISA and expressed as nanograms per mL (pg/
mL). The data were analyzed by one-way ANOVA followed by the 
Newman–Keuls test (*p < 0.05 compared to the control (medium) 
group, #p < 0.05 compared to the LPS group; n = 3)
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and whether this transcription factor plays a role in CXCR2 
internalization are not yet understood [52]. In our present 
study, Nfat1−/− septic mice showed no change in peritoneal 
neutrophil migration or bacteremia, indicating that NFAT1 
inhibition by FK506 may not be associated with the bio-
logical effects observed. In septic models, NFAT transcrip-
tional activity is increased in different organs, and treatment 
with A-285222, a calcineurin-independent NFAT inhibitor, 
results in a reduction in lung neutrophil sequestration and 
chemokine production [53, 54]. Similarly, in experimental 
pancreatitis, this drug also reduced neutrophil migration and 
pancreatic CXCL2 production [55]. In fact, it was demon-
strated that calcineurin-NFAT1 signaling is required for the 
CXCL2 expression in microglia [30]. Corroborating these 

findings, in our NFAT1-deficient mice subjected to CLP, 
we see a tendency of lower CXCL2 release in both perito-
neal exudate and plasma. We do believe that FK506-induced 
NFAT1 inhibition could be happening but the FK506 effects 
on the other targets, as IP3R, could be more prominent in 
defining the final balance. It is important as well consider-
ing the inhibition of other calcineurin substrates. It is dif-
ficult to compare data from experiments with cyclosporin 
A and FK506 because, in addition to different drug binding 
sites on different immunophilins, the responses triggered are 
the result of the activation of different pathways. Consist-
ent with the A-285222 findings, cyclosporin A treatment 
also reduced the release of CXCL1 and CXCL2 and con-
sequently resulted in reduced neutrophil migration in acute 

Fig. 4   NFATI deficiency did not mimic the FK506 effect on sepsis 
outcome. A–D Nfat1+/+ and Nfat1−/− mice were submitted to sham 
surgery or CLP surgery and samples were collected 6 or 24 h after for 
assessment of (A) logarithm of colony forming units per milliliter of 
blood (Log CFU/mL); (B) number (106) of neutrophils in the perito-
neal lavage fluid; and (C) CXCL2 quantification in peritoneal lavage 
fluid or in (D) plasma. E CXCR2 expression of C57 wild type bone 
marrow neutrophils stimulated in  vitro with CXCL2 (30  ng/mL). 
CXCR2 expression was expressed as the mean fluorescence inten-

sity (MFI). F CXCL2 release by BMDMs harvested from Nfat1+/+ 
and Nfat1−/− mice and stimulated (12  h) with LPS (3  ng/mL). The 
chemokine levels were expressed as nanograms per milliliter (ng/mL) 
or picograms per milliliter (pg/mL) as indicated in the panels. The 
data were analyzed by one-way ANOVA followed by the Newman–
Keuls test (*p < 0.05 compared to the control group or as indicated in 
the figure; n = 3–6 for in vivo experiments; n = 3 for in vitro experi-
ments)
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pyelonephritis [56]. On the other hand, a transcriptomic and 
bioinformatics analysis study identified the mechanisms by 
which FK506 induces nephrotoxicity, revealing that FK506 
treatment is associated with higher expression of CXCL1, 
CXCL2, CXCL3 and CXCR2 [56].We reinforce that future 
studies are essential to clarify the phenomenon observed in 
this study and, as conclusion, the FK506 treatment is asso-
ciated with higher mortality of CLP-induced septic mice 
due to a failure in the neutrophils migration to the infection 
site explained by the reduced plasma membrane expression 
of CXCR2 in response to exacerbated levels of circulating 
CXCL2.

Acknowledgements  This study was supported by the São Paulo 
Research Foundation (FAPESP) (grants: 13/08216-2) and the National 
Council of Technological and Scientific Development (CNPq–Bra-
zil). VFB and LSG hold a PhD scholarship from FAPESP (grants: 
17/18264-5 and 20/08109-5).

Author contributions  VFB, LSG, AK, and FQC designed the study. 
VFB, LSG, AK, FVSC, VVSM, DAD, FCR, AHS, GCMC, CMSS, and 
MHFL performed the mouse experiments. VFB, LSG, AK, and FQC 
wrote the manuscript. VFB, LSG, AK, FVSC, VVSM, AHS, GCMC, 
CMSS, MHFL, JPBV, TMC, CMCN, JCFAF, ASP, and FQC reviewed 
the manuscript.

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

References

	 1.	 Singer M, Deutschman CS, Seymour C, Shankar-Hari M, Annane 
D, Bauer M, et  al. The third international consensus defini-
tions for sepsis and septic shock (sepsis-3). J Am Med Assoc. 
2016;315:801–10.

	 2.	 Florescu DF, Sandkovsky U, Kalil AC. Sepsis and challenging 
infections in the immunosuppressed patient in the intensive care 
unit. Infect Dis Clin North Am. 2017;31:415–34.

	 3.	 Kalil AC, Sandkovsky U, Florescu DF. Severe infections in criti-
cally ill solid organ transplant recipients. Clin Microbiol Infect. 
2018;24:1257–63. https://​doi.​org/​10.​1016/j.​cmi.​2018.​04.​022.

	 4.	 Kalil AC, Dakroub AGFH. HIV and solid organ transplantation. 
Hopkins HIV Rep. 2003;15:5–8.

	 5.	 Syu SH, Lin YW, Lin KH, Lee LM, Hsiao CH, Wen YC. Risk 
factors for complications and graft failure in kidney transplant 
patients with sepsis. Bosn J Basic Med Sci. 2019;19:304–11.

	 6.	 Creamer TP. Calcineurin. 2020;4:1–12
	 7.	 Clipstone NA, Fiorentino DF, Crabtree GR. Molecular analysis 

of the interaction of calcineurin with drug- immunophilin com-
plexes. J Biol Chem [Internet]. Â© 1994 ASBMB. Currently pub-
lished by Elsevier Inc; originally published by American Society 
for Biochemistry and Molecular Biology. 1994;269:26431–7. 
Available from: https://​doi.​org/​10.​1016/​S0021-​9258(18)​47212-2

	 8.	 Shaw KTY, Ho AM, Raghavan A, Kim J, Jain J, Park J, et al. 
Immunosuppressive drugs prevent a rapid dephosphorylation of 
transcription factor NFAT1 in stimulated immune cells. Proc Natl 
Acad Sci USA. 1995;92:11205–9.

	 9.	 Kiani A, Rao A, Aramburu J. Manipulating immune responses 
with immunosuppressive agents that target NFAT. Immunity. 
2000;12:359–72.

	10.	 Healy JI, Dolmetsch RE, Timmerman LA, Cyster JG, Thomas 
ML, Crabtree GR, et al. Different nuclear signals are activated 
by the B cell receptor during positive versus negative signaling. 
Immunity. 1997;6:419–28.

	11.	 Hutchinson LE, McCloskey MA. FcεRI-mediated induc-
tion of nuclear factor of activated T-cells. J Biol Chem. 
1995;270:16333–8.

	12.	 Aramburu J, Azzoni L, Rao A, Perussia B. Activation and 
expression of the nuclear factors of activated T cells, NFATp 
and NFATc, in human natural killer cells: regulation upon CD16 
ligand binding. J Exp Med. 1995;182:801–10.

	13.	 Liu Z, Dronadula N, Rao GN. A novel role for nuclear factor of 
activated T cells in receptor tyrosine kinase and G protein-coupled 
receptor agonist-induced vascular smooth muscle cell motility. J 
Biol Chem. 2004;279:41218–26.

	14.	 Ichida M, Finkel T. Ras regulates NFAT3 activity in cardiac myo-
cytes. J Biol Chem. 2001;276:3524–30.

	15.	 Goodridge HS, Simmons RM, Underhill DM. Dectin-1 stimu-
lation by Candida albicans yeast or zymosan triggers NFAT 
activation in macrophages and dendritic cells. J Immunol. 
2007;178:3107–15.

	16.	 Calderon-Sanchez E, Rodriguez-Moyano M, Smani T. Immu-
nophilins and cardiovascular complications. Curr Med Chem. 
2011;18:5408–13.

	17.	 Nauseef WM, Borregaard N. Neutrophils at work. Nat Immunol. 
2014;15:602–11.

	18.	 Sônego F, Castanheira FVeS, Ferreira RG, Kanashiro A, Leite 
CAVG, Nascimento DC, et al. Paradoxical roles of the neutrophil 
in sepsis: Protective and deleterious. Front Immunol. 2016;7:1–7.

	19.	 Farias Benjamim C, Santana Silva J, Bruno Fortes Z, Apare-
cida Oliveira M, Henrique Ferreira S, Queiroz CF. Inhibition of 
leukocyte rolling by nitric oxide during sepsis leads to reduced 
migration of active microbicidal neutrophils. Infect Immun. 
2002;70:3602–10.

	20.	 Torres-Dueñas D, Benjamim CF, Ferreira SH, Cunha FQ. Fail-
ure of neutrophil migration to infectious focus and cardiovascular 
changes on sepsis in rats: effects of the inhibition of nitric oxide 
production, removal of infectious focus, and antimicrobial treat-
ment. Shock. 2006;25:267–76.

	21.	 Freitas A, Alves-Filho JC, Trevelin SC, Spiller F, Suavinha MM, 
Nascimento DC, et al. Divergent role of heme oxygenase inhibi-
tion in the pathogenesis of sepsis. Shock. 2011;35:550–9.

	22.	 Rios-Santos F, Alves-Filho JC, Souto FO, Spiller F, Freitas A, 
Lotufo CMC, et al. Down-regulation of CXCR2 on neutrophils 
in severe sepsis is mediated by inducible nitric oxide synthase-
derived nitric oxide. Am J Respir Crit Care Med. 2007;175:490–7.

	23.	 Alves-Filho JC, Freitas A, Souto FO, Spiller F, Paula-Neto H, 
Silva JS, et al. Regulation of chemokine receptor by Toll-like 
receptor 2 is critical to neutrophil migration and resistance to pol-
ymicrobial sepsis. Proc Natl Acad Sci USA. 2009;106:4018–23.

	24.	 Arraes SMA, Freitas MS, Da Silva SV, De Paula Neto HA, 
Alves-Filho JC, Martins MA, et al. Impaired neutrophil chem-
otaxis in sepsis associates with GRK expression and inhibi-
tion of actin assembly and tyrosine phosphorylation. Blood. 
2006;108:2906–13.

	25.	 Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Cor-
rigan CJ, Ying S, et al. IL-33 amplifies the polarization of alter-
natively activated macrophages that contribute to airway inflam-
mation. J Immunol. 2009;183:6469–77.

	26.	 Souto FO, Alves-Filho JC, Turato WM, Auxiliadora-Martins M, 
Basile-Filho A, Cunha FQ. Essential role of CCR2 in neutrophil 
tissue infiltration and multiple organ dysfunction in sepsis. Am J 
Respir Crit Care Med. 2011;183:234–42.

https://doi.org/10.1016/j.cmi.2018.04.022
https://doi.org/10.1016/S0021-9258(18)47212-2


214	 V. Borges et al.

1 3

	27.	 Namkung Y, Le Gouill C, Lukashova V, Kobayashi H, Hogue 
M, Khoury E, et al. Monitoring G protein-coupled receptor and 
β-arrestin trafficking in live cells using enhanced bystander BRET. 
Nat Commun. 2016;7:1–12.

	28.	 Herbst S, Shah A, Carby M, Chusney G, Kikkeri N, Dorling A, 
et al. A new and clinically relevant murine model of solid-organ 
transplant aspergillosis. DMM Dis Model Mech. 2013;6:643–51.

	29.	 Parreiras-E-Silva LT, Vargas-Pinilla P, Duarte DA, Longo D, Espi-
noza Pardo GV, Finkler AD, et al. Functional New World monkey 
oxytocin forms elicit an altered signaling profile and promotes 
parental care in rats. Proc Natl Acad Sci USA. 2017;114:9044–9.

	30.	 Shiratori M, Tozaki-Saitoh H, Yoshitake M, Tsuda M, Inoue K. 
P2X7 receptor activation induces CXCL2 production in micro-
glia through NFAT and PKC/MAPK pathways. J Neurochem. 
2010;114:810–9.

	31.	 Zelante T, Wong AYW, Mencarelli A, Foo S, Zolezzi F, Lee B, 
et al. Impaired calcineurin signaling in myeloid cells results in 
downregulation of pentraxin-3 and increased susceptibility to 
aspergillosis. Mucosal Immunol. 2017;10:470–80. https://​doi.​
org/​10.​1038/​mi.​2016.​52.

	32.	 Bendickova K, Tidu F, Fric J. Calcineurin– NFAT signalling in 
myeloid leucocytes: new prospects and pitfalls in immunosuppres-
sive therapy. EMBO Mol Med. 2017;9:990–9.

	33.	 Martin KR, Layton D, Seach N, Corlett A, Barallobre MJ, Arbonés 
ML, et al. Upregulation of RCAN1 causes down syndrome-like 
immune dysfunction. J Med Genet. 2013;50:444–54.

	34.	 Junkins RD, MacNeil AJ, Wu Z, McCormick C, Lin T-J. Regula-
tor of calcineurin 1 suppresses inflammation during respiratory 
tract infections. J Immunol. 2013;190:5178–86.

	35.	 Zhang S, Rahman M, Zhang S, Qi Z, Thorlacius H. Simvastatin 
antagonizes CD40L secretion, CXC chemokine formation, and 
pulmonary infiltration of neutrophils in abdominal sepsis. J Leu-
koc Biol. 2011;89:735–42.

	36.	 Hwaiz R, Rahman M, Syk I, Zhang E, Thorlacius H. Rac1-
dependent secretion of platelet-derived CCL5 regulates neutrophil 
recruitment via activation of alveolar macrophages in septic lung 
injury. J Leukoc Biol. 2015;97:975–84.

	37.	 Hack C, De Groot E, Felt-Bersma R, Nuijens J, Strack Van Schi-
jndel R, Eerenberg-Belmer A, et al. Increased plasma levels of 
interleukin-6 in sepsis. Blood. 1989;74:1704–10

	38.	 Song J, Park DW, Moon S, Cho HJ, Park JH, Seok H, et al. Diag-
nostic and prognostic value of interleukin-6, pentraxin 3, and 
procalcitonin levels among sepsis and septic shock patients: a 
prospective controlled study according to the sepsis-3 definitions. 
BMC Infect Dis BMC Infect Dis. 2019;19:1–11.

	39.	 Nemzek JA, Elisa I-. Six at six : interleukin-6 measured 6 H after 
the initiation of sepsis predicts mortality over 3 days. Daniel G. 
Remick,* Gerald R. Bolgos,* Javed Siddiqui,* Jungsoon Shin, † 
and. Crit Care Med. 2002;17:463–7.

	40.	 Remick DG, Bolgos G, Copeland S, Siddiqui J. Role of interleu-
kin-6 in mortality from and physiologic response to sepsis. Infect 
Immun. 2005;73:2751–7.

	41.	 Murayama K, Sawamura M, Murakami H, Tamura J, Naruse T, 
Murakami H, et al. FK506 and cyclosporin A enhance IL-6 pro-
duction in monocytes: a single-cell assay. Mediators Inflamm. 
1994;3:375–80.

	42.	 Ermert D, Zychlinsky A, Urban C. Fungal and bacterial killing by 
neutrophils. Methods Mol Biol. 2008;470:293–312.

	43.	 Zweemer AJM, Toraskar J, Heitman LH, Ijzerman AP. Bias in 
chemokine receptor signalling. Trends Immunol. 2014;35:243–52. 
https://​doi.​org/​10.​1016/j.​it.​2014.​02.​004.

	44.	 Rajagopal S, Bassoni DL, Campbell JJ, Gerard NP, Gerard 
C, Wehrman TS. Biased agonism as a mechanism for 

differential signaling by chemokine receptors. J Biol Chem. 
2013;288:35039–48.

	45.	 Emal D, Rampanelli E, Claessen N, Bemelman FJ, Leemans 
JC, Florquin S, et al. Calcineurin inhibitor tacrolimus impairs 
host immune response against urinary tract infection. Sci Rep. 
2019;9:1–11. https://​doi.​org/​10.​1038/​s41598-​018-​37482-x.

	46.	 MacMillan D, Currie S, Bradley KN, Muir TC, McCarron JG. 
In smooth muscle, FK506-binding protein modulates IP3 recep-
tor-evoked Ca2+ release by mTOR and calcineurin. J Cell Sci. 
2005;118:5443–51.

	47.	 Buckley C, Wilson C, McCarron JG. FK506 regulates Ca2+ 
release evoked by inositol 1,4,5-trisphosphate independently 
of FK-binding protein in endothelial cells. Br J Pharmacol. 
2020;177:1131–49.

	48.	 Tang WX, Chen YF, Zou AP, Campbell WB, Li PL. Role of 
FKBP12.6 in cADPR-induced activation of reconstituted ryano-
dine receptors from arterial smooth muscle. Am J Physiol Hear 
Circ Physiol. 2002;282:1304–10.

	49.	 MacMillan D, Currie S, McCarron JG. FK506-binding pro-
tein (FKBP12) regulates ryanodine receptor-evoked Ca2+ 
release in colonic but not aortic smooth muscle. Cell Calcium. 
2008;43:539–49.

	50.	 MacMillan D, McCarron JG. Regulation by FK506 and rapamy-
cin of Ca2+ release from the sarcoplasmic reticulum in vascular 
smooth muscle: the role of FK506 binding proteins and mTOR. 
Br J Pharmacol. 2009;158:1112–20.

	51.	 Leon-Aparicio D, Chavez-Reyes J, Guerrero-Hernandez A. Acti-
vation of endoplasmic reticulum calcium leak by 2-APB depends 
on the luminal calcium concentration. Cell Calcium. 2017;65:80–
90. https://​doi.​org/​10.​1016/j.​ceca.​2017.​01.​013.

	52.	 Zhang S, Zhang S, Garcia-Vaz E, Herwald H, Gomez MF, Thor-
lacius H. Streptococcal M1 protein triggers chemokine forma-
tion, neutrophil infiltration, and lung injury in an NFAT-dependent 
manner. J Leukoc Biol. 2015;97:1003–10.

	53.	 Zhang S, Luo L, Wang Y, Gomez MF, Thorlaciusa H. Nuclear fac-
tor of activated T cells regulates neutrophil recruitment, systemic 
inflammation, and T-cell dysfunction in abdominal sepsis. Infect 
Immun. 2014;82:3275–88.

	54.	 Awla D, Zetterqvist AV, Abdulla A, Camello C, Berglund LM, 
Spégel P, et al. NFATc3 regulates trypsinogen activation, neu-
trophil recruitment, and tissue damage in acute pancreatitis in 
mice. Gastroenterology. 2012;143:1352–1360.e7. https://​doi.​org/​
10.​1053/j.​gastro.​2012.​07.​098.

	55.	 Tourneur E, Ben Mkaddem S, Chassin C, Bens M, Goujon JM, 
Charles N, et al. Cyclosporine A impairs nucleotide binding oli-
gomerization domain (Nod1)-mediated innate antibacterial renal 
defenses in mice and human transplant recipients. PLoS Pathog. 
2013;9:1–16.

	56.	 Wang D, Chen X, Fu M, Xu H, Li Z. Tacrolimus increases the 
expression level of the chemokine receptor CXCR2 to promote 
renal fibrosis progression. Int J Mol Med. 2019;44:2181–8.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1038/mi.2016.52
https://doi.org/10.1038/mi.2016.52
https://doi.org/10.1016/j.it.2014.02.004
https://doi.org/10.1038/s41598-018-37482-x
https://doi.org/10.1016/j.ceca.2017.01.013
https://doi.org/10.1053/j.gastro.2012.07.098
https://doi.org/10.1053/j.gastro.2012.07.098


215FK506 impairs neutrophil migration that results in increased polymicrobial sepsis…

1 3

Authors and Affiliations

Vanessa de Fátima Borges1,2 · Leticia Selinger Galant1,2 · Alexandre Kanashiro1,2 ·  
Fernanda Vargas e Silva Castanheira1,2 · Valter Vinícius Silva Monteiro2,3 · Diego Ângelo Duarte3 · 
Filipe Camargo Rodrigues1,2 · Camila Meirelles de Souza Silva1,2 · Ayda Henriques Schneider1,2 · 
Guilherme Cesar Martelossi Cebinelli1,2 · Mikhael Haruo Fernandes de Lima1,2 · João Paulo de Biaso Viola4 · 
Thiago Mattar Cunha1,2 · Claudio Miguel da Costa Neto3 · José Carlos Farias Alves‑Filho1,2 · André Sampaio Pupo5 · 
Fernando de Queiroz Cunha1,2

1	 Department of Pharmacology, Ribeirão Preto Medical 
School, University of São Paulo, Ribeirão Preto, Brazil

2	 Center for Research in Inflammatory Diseases, CRID, 
Ribeirão Preto Medical School, University of São Paulo, 
Ribeirão Preto, Brazil

3	 Department of Biochemistry and Immunology, Ribeirão 
Preto Medical School, University of São Paulo, 
Ribeirão Preto, Brazil

4	 National Cancer Institute (INCA), Rio de Janeiro, Brazil
5	 Department of Biophysics and Pharmacology, Institute 

of Biosciences, University of São Paulo State (UNESP), 
Botucatu, São Paulo, Brazil


	FK506 impairs neutrophil migration that results in increased polymicrobial sepsis susceptibility
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Animals
	FK506 treatment
	Cecal ligation and puncture
	Blood bacteria count
	Myeloperoxidase assay
	Flow cytometry analysis
	Cytokine
	Killing assay
	Macrophage cultures
	Neutrophil purification
	Bioluminescence resonance energy transfer (BRET) assay
	Statistical analysis

	Results
	FK506 treatment results in higher mouse susceptibility to CLP-induced sepsis
	FK506 induces a failure of CLP-induced neutrophil migration to the peritoneal cavity
	Effect of FK506 treatment on CXCR2 internalization and CXCL2 production
	NFAT1 deficiency did not mimic the FK506 effect on sepsis outcome

	Discussion
	Acknowledgements 
	References




