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Cathelicidin-deficient mice exhibit increased survival
and upregulation of key inflammatory response genes
following cecal ligation and puncture
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Abstract

Antimicrobial peptides possess a myriad of molecular proper-
ties including bacterial killing and the regulation of many
aspects of innate immunity. Cathelicidins are a group of anti-
microbial peptides widely investigated by the scientific com-
munity. Many studies have focused on the bactericidal and
pro-inflammatory roles of cathelicidins. Because the role of
endogenous cathelicidin expression remains obscure in deep-
seated systemic infections, we induced sepsis in cathelicidin
knockout and wild-type (WT) mice by cecal ligation and
puncture, performing transcriptome screening by DNA micro-
array in conjunction with other immunologic assays.
Cathelicidin-deficient mice showed increased survival com-
pared to WT mice in this established experimental model of
polymicrobial sepsis, in association with upregulation of cer-
tain key inflammatory response genes. Therefore,
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cathelicidins can exert both pro- and anti-inflammatory
activities depending on the disease and cellular context.

Key messages

* The role of cathelicidin in a CLP model is investigated
using cathelicidin-KO mice.

* Cathelicidin-KO mice show an enhanced immune re-
sponse and improved survival rates.

* An anti-inflammatory effect of cathelicidin is likely to be
detrimental for CLP.

+ Cathelicidin-KO mice show upregulation of genes associ-
ated with increased plasma levels of pro-inflammatory Ils.

* Cathelicidins appear to have both pro- and anti-
inflammatory properties.

Keywords Sepsis - Cathelicidin - Inflammation - Gene
expression

Introduction

Cathelicidins are antimicrobial peptides (AMPs) that possess
critical roles in mammalian innate immune defense against
invasive bacteria, viruses, and fungal infection. Cathelicidin-
related peptides are highly heterogeneous but are character-
ized by a conserved region (cathelin domain) [1].

While some mammals express multiple cathelicidins, just a
single member of this AMP family is found in humans and
mice [2]. Human cathelicidin (LL-37) and murine cathelicidin
(CRAMP) closely resemble one another in size, architecture of
encoding genes, proteolytic processing from inactive precursor
to mature peptide, amphipathic oc-helical structure, overall cat-
ionic charge, tissue and cellular distribution of expression, and
spectrum and mechanism of antimicrobial activity [3].
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Cathelicidins were originally identified in neutrophils [4, 5] but
have since been found in many other immune and epithelial cell
types including macrophages and keratinocytes [6, 7].

A study of bacterial skin infection in CRAMP-deficient
mice was the first to demonstrate an essential role for an
AMP in mammalian innate immunity [7], and further investi-
gations in this model have shown that cathelicidin contributes
to antibacterial defense of the gastrointestinal tract [8], urinary
tract [9], and ocular mucosa [10].

Like many AMPs, the bactericidal activities of
cathelicidins are related to their cationic nature, which pro-
motes interactions with and the destabilization of anionic bac-
terial cell walls and membranes [11]. Cathelicidins bind to
lipopolysaccharide (LPS) [12, 13] and other pathogen-
associated patterns [14], activate membrane receptors
[15-17], induce chemotaxis [18, 19], trigger the
inflammasome [20], induce apoptosis and other mechanisms
of cell death [21, 22], among other immunoregulatory and
non-immune functions [6].

A recent study from our group demonstrated that LL-37,
the human cathelicidin, is downregulated in neutrophils from
patients in septic shock when compared with severe sepsis or
patients recovering from septic shock [23]. Others have shown
that LL-37 plasma levels were downregulated when patients
with sepsis were compared with healthy controls [24]. To
contribute to the current understanding of the role of
cathelicidin in severe systemic infection, we induced sepsis
in cathelicidin-deficient mice, using the cecal ligation and
puncture (CLP) model, and compared their mortality to
wild-type controls. In this infection model, survival rates for
septic cathelicidin-deficient mice were significantly higher
when compared with those for control mice. Gene expression
profiling identified that important immune response genes and
neutrophil infiltration to the site of infection were significantly
upregulated in cathelicidin-deficient mice.

Materials and methods
Mice

CRAMP " mice in the C57BL/6 genetic background [7] and
their matched wild-type (WT) controls were purchased from
The Jackson Laboratory (ME, USA). All experiments were
performed when animals were 8—12 weeks old and protocols
followed in accordance with the University of Sdo Paulo
Faculty of Medicine Animal Facility guidelines through pro-
tocols approved by their ethics committee.

Mouse model for sepsis using cecal ligation and puncture

We induced peritonitis in mice using the model of CLP as
previously described [25]. Briefly, the cecum was perforated
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allowing the release of fecal material into the peritoneal cavity,
eventually leading to systemic infection. Animals were anes-
thetized and the cecum ligated and punctured twice with a
21G needle. To obtain a mortality curve, 12 mice from each
group underwent CLP. Mice were observed every 12 h until
death or euthanasia by day 5. Data from two independent
experiments are presented with a total number of 24 animals
per group.

RNA extraction and microarray experiments

Blood from eight CRAMP-deficient mice and eight WT mice
was collected by cardiac puncture and stored in RNAlater
(Ambion, USA), 8 h after CLP. Total RNA was isolated using
a Mouse RiboPure-Blood kit following the manufacturer’s
protocol (Ambion, Thermo Fisher, USA). RNA integrity and
concentration were assessed using the Agilent 2100
Bioanalyzer and the RNA 6000 Nano Kit (Agilent
Technologies, USA). Expression levels were evaluated using
the SurePrint G3 8x60K Mouse Gene Expression v2
Microarray (design ID G4858A-074809) and the Low Input
Quick Amp Labeling kit, following a one-color labeling pro-
tocol (Agilent Technologies, USA). This mouse gene expres-
sion microarray version covers the complete set of RefSeq
coding transcripts (NM) from the latest build as well as up-
dated long non-coding RNA (IncRNA) content (27,122
unique Entrez Genes and 4578 unique IncRNAs).

Microarray data processing and analysis

Microarrays were scanned using the SureScan Microarray
Scanner (Agilent Technologies) and images processed
using the Feature Extraction Software v12 (Agilent
Technologies) for quality control, determination of feature
intensities, and background correction. GeneSpring
(Agilent Technologies, USA) was used for data normali-
zation, transformation, and subsequent statistical analysis.
Moderated ¢ test and one-way ANOVA followed by the
Benjamini-Hochberg False Discovery Rate (FDR) correc-
tion of p values were used for the identification of differ-
entially expressed genes between CRAMP-deficient, WT,
healthy, and septic animals. Principal component analysis
(PCA) was used for global gene expression analysis, and
biological functions associated with gene expression pat-
terns explored using Gene Ontology (GO) term enrich-
ment analysis and KEGG pathway mapping through
DAVID Bioinformatics Resources 6.7 (http://david.abcc.
ncifcrf.gov). Differentially expressed genes are
represented in terms of fold-change (FC). The expression
data are deposited at the Gene Expression Omnibus (ac-
cession number GSE90727).
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Relative quantification of gene expression levels using
real-time PCR

To validate microarray gene expression results for CD14, we
used relative quantification by real-time PCR. Briefly, 1 pg of
total RNA was subjected to reverse transcription using the
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, USA) following the manufacturer’s proto-
col. Specific primer pairs (Invitrogen, Thermo Fisher
Scientific, USA) were used for the detection of Cdi4 (F:5'
CTGAAGCCTTTCTCGGAGCC3', R:5’AGCAACAG
CAACAAGCCAAG3’') and Hprt (F:5'GCCGAGGA
TTTGGAAAAAGTG3', R:5'"TGGCCTCCCATCTC
CTTCAT3’) gene expression. Final reactions contained
200 nM of primers and followed the manufacturer’s protocol
for the PowerUp™ SYBR® Green Master Mix (Thermo
Fisher Scientific, USA). PCR was carried out in a
QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher
Scientific) following the fast cycling protocol. Specificity was
determined by the detection of a single melt curve and the
comparative AACt method was used for expression analysis
[26]. Three biological replicates of each experiment were in-
cluded in this assay and the real-time PCR run in triplicate for
each experiment.

Plasma cytokines

TNF«, IL-133, IL-6, IL-10, and MCP-1 plasma levels were
measured in CRAMP-deficient mice and WT mice, both
healthy and following CLP, using the magnetic bead immu-
noassay Milliplex® and the MAGPIX® System (Merck
Millipore, USA).

Phagocytosis assay

Healthy CRAMP-deficient and WT mice were euthanized
by CO, inhalation and peritoneal lavage performed using
6 mL of RPMI medium. Peritoneal lavage fluid was then
centrifuged at 5000 rpm for 10 min and total cell counts
(mainly macrophages) determined. Escherichia coli K-12
was labeled with pHrodo Red dye® (Thermo Fisher
Scientific, USA), according to the manufacturer’s proto-
col. For phagocytosis quantification, 1 x 10> cells were
incubated with fluorescent bacteria (1:100) for 2 h at
37 °C, in a total volume of 100 pL. Samples were ana-
lyzed by flow cytometry using an EasyCyte 8HT® flow
cytometer (Guava, Hayward, CA). Phagocytosis was de-
termined based on the fluorescence intensity of cells using
the appropriate fluorescence channel. Analyses were per-
formed using Software Express Pro® Guava for a mini-
mum of 10,000 gated events.

Measurement of peritoneal cell number

To evaluate neutrophil recruitment to the peritoneal cavity, we
counted the total number of cells in the peritoneal cavity 24 h
after CLP. Briefly, mice were euthanized by CO, inhalation
and peritoneal lavage performed by injection of 1 mL of
RPMI medium. Cells were counted on a hemocytometer and
trypan blue staining used to confirm cell viability.

Apoptosis

The appearance of phosphatidylserine (PS) residues (normally
hidden within the plasma membrane) on the surface of the cell
is an early event in apoptosis and can be used to detect and
measure apoptosis. During apoptosis, PS is translocated from
the cytoplasmic face of the plasma membrane to the cell sur-
face. Annexin V has a strong, Ca®*-dependent affinity for PS
and therefore can be used as a probe for detecting apoptosis.
Briefly, peritoneal cells were collected (1-5 x 10° cells by
centrifugation) 24 h after CLP and resuspended in 500 puL of
1% binding buffer. Then, 5 uL of annexin V-FITC and 5 uL of
propidium iodide were added and results analyzed by flow
cytometry, using FITC signal detector and PI staining by the
phycoerythrin emission signal detector. Double-positive
(annexin V + propidium iodide) cells were considered necrot-
ic. Double-negative cells were considered to be live cells.

Statistical analysis

Continuous variables were analyzed by using Student’s ¢ test
or analysis of variance (ANOVA), as appropriate. Post hoc
analysis was performed using the Mann-Whitney U test.
Results are reported as the mean + standard deviation. A
p value <0.05 was considered statistically significant.

Results

A mortality curve through 5 days indicated that CRAMP-
deficient mice were more resistant to CLP (83% survival)
compared to WT mice (17% survival) (Fig. 1).
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Fig. 1 Survival curves for septic CRAMP-deficient mice (n = 24) and
septic WT mice (n = 24) with CLP. CRAMP-deficient mice exhibited
significantly decreased survival compared with WT mice (p < 0.01)
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Fig. 2 a Principal component analysis depicting global gene expression
profiles of healthy CRAMP-deficient and healthy WT mice samples. Blue
dots represent CRAMP-deficient mice and red dots represent WT mice.
The first principal component (x-axis) accounts for 83.75% of the vari-
ability in the data. b Principal component analysis depicting global gene
expression profiles of septic CRAMP-deficient and septic WT mice sam-
ples. Blue dots represent CRAMP-deficient mice and red dots represent
WT mice. The first principal component (x-axis) accounts for 85.65% of
the variability in the data. ¢ Principal component analysis depicting global

We used global gene expression profiling to identify differ-
ences in gene regulation between CRAMP-deficient and WT
mice. As an exploratory tool, PCA of whole-genome expres-
sion profiles revealed that the effect of CRAMP deficiency
created a sufficiently distinct gene expression profile com-
pared to WT animals at baseline (Fig. 2a) and after CLP-
induced sepsis (Fig. 2b) for further study. Analysis to identify
differentially expressed genes showed that healthy animals
(WT vs. CRAMP-deficient) did not differ in broad gene reg-
ulation pathways, but that CRAMP was markedly upregulated
(22-fold) in WT septic animals (FDR p value = 5.17E-09,
FC > 2), indicating that it is actively regulated during systemic
infection and thus may have an active role in the response in
mice.

To understand the distinct survival outcomes following
CLP challenge, we compared the differentially expressed
genes identified comparing septic vs. healthy CRAMP-
deficient mice (1642 transcripts, FDR p value < 0.05,
FC > 2) with the differentially expressed genes found com-
paring septic vs. healthy WT mice (1665 transcripts, FDR p
value < 0.05, FC > 2) (Fig. 2c). A total of 1299 transcripts
were regulated in a similar fashion between the two groups
(Fig. 2d). Table 1 shows the functional annotation of 980 such
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gene expression profiles of all CRAMP-deficient and WT animals. KH
CRAMP-deficient healthy animals (red dots), KS CRAMP-deficient sep-
tic animals (blue dots), WH WT healthy animals (dark red), WS WT septic
animals (gray dots). d Venn diagram illustrating the differences and sim-
ilarities in gene expression between septic CRAMP-deficient mice vs.
healthy CRAMP-deficient mice (1642 transcripts) and septic WT mice
vs. healthy WT mice (1665 transcripts). A total of 1299 transcripts were
similarly regulated in the two groups. Selected genes for this analysis had
an FC >2 and FDR-corrected p value <0.05

genes, which includes clear activation of many broad immune
response processes and inflammation-related pathways. In ad-
dition, the cytokine-cytokine receptor interaction pathway
was particularly enriched (FDR p value 6.9E—10), with 49
genes regulated similarly in WT and CRAMP-deficient ani-
mals (Cxcll, Illr2, 1lirl, Ccl3, Tnf, Ccl2, 1l6st, Csf2rb2,
Crif2, Cerl, 1118, Cxcl2, Il4ra, Ccl9, Cxcl9, Cxcr2, Ccl4,
Ccl7, Cxcll0, Ccl24, Acvrlb, Tnfrsfla, Cxcr5, lllrap, 1115,
Fas, 1l13ral, Ifngr2, Ltb, Csf2ra, Lta, 111 8rap, Ltbr, Met, Lifr,
Tnfrsfl3c, Tnfsf9, Osm, Inhba, Ccll2, Tnfrsf9, Ccr7, Ccro,
Cer5, 1120rb, Ccr3, Cx3crl, Cer2, and Il5ra).

In contrast to the large number of similarly regulated
genes between septic and healthy animals in both groups,
we found 79 genes that were significantly more
expressed, and 119 that were significantly less expressed,
when comparing the CLP sepsis response in CRAMP-
deficient mice to their WT counterparts (FDR-corrected
p value < 0.05, FC > 1.6). This smaller cohort of differ-
entially expressed genes is likely to contain key immune
response signatures underlying the robust phenotypic dif-
ference in mortality and changes in global gene expres-
sion (Figs. 1 and 2). Of note, Camp was the most upreg-
ulated gene (17-fold) in WT animals.
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Table 1 ~ Gene Ontology (GO) analysis of genes similarly regulated between CRAMP-deficient and WT mice following systemic infection. Selected
genes for this analysis showed FDR-corrected p value <0.05 and a FC >2.0

Term Count Gene symbol FDR
GO:0006955 92 ADORA3, CD8A, IL18, TIRAP, TLR2, PGLYRPI1, TLR6, C1QC, CXCLI10, 6.74E-27
immune response CFP, CIRA, NOD2, MYDSS8, CLEC4E, ILIRAP, ILI1B, FAS, CLEC4D,
LBP, LTB, LTA, RAB27A, DAF2, CIITA, ICAM]1, ILISRAP, H2-DMBI,
H2-DMB2, CLEC4N, OSM, DCLREIC, CCR7, H2-OA, CCR5, IL20RB,
PSENI, LAX1, SERPINA3G, CCR2, CX3CRI, LILRB4, H2-OB, H2-AA,
CD300LF, CLEC5A, CXCLI, ILIF9, GPRIS83, ILIRI, CCL3, SBNO2,
CCL2, TNF, C3, CXCL3, CXCL2, IL4RA, CCL9, CXCL9, PRKDC,
0AS2, CCL4, CD74, CCL7, CCL24, RNF125, SLC11A1, GP49A, BCL3,
PTX3, TCF3, DHX5S8, H60A, CR2, CFB, TLRI3, ILIRN, TNFRSFI13C,
CTLA4, H2-ABI, TNFSF9, FCGR1, CD180, FCGR3, CCL12, CD55,
FCGR2B, H2-EBI, CIRL, CD79B, CLEC7A, H2-DMA, CD14
GO:0006954 63 ADORA3, TLR2, TIRAP, TLR6, C1QC, CXCLI10, CFP, CIRA, NOD2, 2.27E-26
inflammatory response MYDSS, SAAL, ILIB, NOS2, LBP, LTA, DAF2, CIITA, NFKBIZ, SAA3,
CDI163, HIFIA, IL20RB, CCRS, CCR2, PLA2G7, KDM6B, CXCLI, CCL3,
TNF, CCL2, C3, CCRI, CXCL3, CXCL2, CXCL9, CCL4, CCL7, TRF, CCL24,
TNFRSFIA, SLC11A1, MEFV, PYCARD, FNI, CR2, CFB, SPHKI, ATRN,
TLR13, FCGRI, CD180, STAT3, FCGR3, ORMI, CCL12, CDS55, ITGB2L,
NUPRI, STABI, CIRL, CLEC7A, CDI14, ORM2
GO0:0002250 24 ICAM1, CR2, CDS8A, C3, CFB, IL18, TLR6, FCGRI, C1QC, CD74, FCGR3, 2.03E-08
adaptive immune response SLCI1IAL, CIRA, CD55, NOD2, MYDSS8, FCGR2B, CIRL, H2-AA, BCL3,
FAS, H2-DMA, DAF2, RAB27A
G0:0002526 23 CR2, ADORA3, C3, CFB, SAA3, C1QC, FCGRI, TRF, STAT3, CD163, 6.81E—08
acute inflammatory response FCGR3, CFP, ORMI, CIRA, CD55, NUPRI, SAAI, CIRL, ILIB, LBP,
ORM?2, DAF2, FNI
GO:0045087 26 CIITA, ILIRI, ILISRAP, CR2, C3, CFB, TLRI3, TLR2, TIRAP, TLR6, FCGRI, 1.15E-07
innate immune response CIQC, CD180, CFP, SLCI11Al, CIRA, CD55, NOD2, MYDSS, ILIRAP,
CIRL, LBP, CLEC7A, DHX5S8, DAF2, RAB27A
GO:0006935 26 C3ARI, CCL3, CCL2, CYSLTRI, S100A8, CXCL3, CCRI, CXCL2, S100A9, 1.77E-07
chemotaxis FPRI, CCL9, CXCR2, FPR2, CCL4, CCL7, CXCL10, CCL24, ILIB, LBP,
C5ARI, FCGR3, PROK2, CCL12, CCR7, CCR3, CX3CRI
GO0:0045321 35 GPRI183, SBNO2, ADORA3, CD8A, PRKDC, TPD52, CD74, SLC11Al, 5.97E-06
leukocyte activation CXCRS5, BCL11B, BCL1IA, MS4Al1, BCL3, FAS, LBP, TCF3, BLNK,
RAB27A, EGRI, H60A, CR2, CRIP3, FCGR3, DCLREIC, CARDII,
BCL2A1D, CD86, PSENI, FCGR2B, LAX1, CX3CRI, LCK, BANKI,
H2-DMA, LCP2
GO:0001817 26 TNF, ADORA2B, IL27RA, IL18, TLR2, TLR6, SLC11Al, IRAK3, NOD2, 3.70E-05
regulation of cytokine production MYDSS8, HMOXI, PYCARD, IL1B, BCL3, LBP, LTB, H60A, CEBPB,
SPHK1, TNFRSF13C, FCGR3, TIGIT, CARDI1, IL20RB, CLEC7A,
CDI14
GO:0002478 11 H2-OA, FCGR2B, H2-EB1, H2-AA, H2-DMBI, H2-AB1, H2-DMA, 1.02E-04
antigen processing and presentation FCGRI, CD74, H2-DMB2, FCGR3
of exogenous peptide antigen
G0:0002504 10 H2-OA, FCGR2B, H2-OB, H2-EBI, H2-AA, H2-DMBI1, H2-ABI, 1.92E-04
antigen processing and presentation H2-DMA, CD74, H2-DMB2
of peptide or polysaccharide
antigen via MHC class 11
GO:0009617 25 TNF, C5ARI1, NGP, FGR, IL27RA, HCK, TIRAP, TLR2, PGLYRPI, 0.001634157
response to bacterium NFKBIA, FCGR1, IRAK3, TNFRSFIA, SLC11A1, NOD2, MYDSS,
CCRS, STABI, IL1B, BCL3, NOS2, LBP, TCF3, IRG1, CDI14
GO0:0002764 ~ immune response- 14 TLR2, NFKBIA, THY1, BCL2A1D, NOD2, MYDS88, CD19, PSENI, 0.0019905
regulating signal transduction IL20RB, LAX1, LCK, SH2B2, CD79B, CLEC7A
GO:0060627 17 SEPTS5, ADORA3, ADORA2B, C3, CD63, SIRPA, FCGRI, FCGR3, 0.005043353
regulation of vesicle-mediated transport SLCI1IAI1, MIB1, NOD2, FCGR2B, PRAMI1, HMOXI, RAPGEF4,
CLEC7A, PTX3
GO:0045807 11 MIBI, SLC1IAI, NOD2, FCGR2B, C3, CLEC7A, PTX3, CD63, SIRFA, 0.007062817

positive regulation of endocytosis

FCGRI, FCGR3

When upregulated genes in septic CRAMP-deficient mice
were compared with septic WT mice, other differences includ-
ing sepsis markers were emphasized (Table 2). CD14, a pattern
recognition receptor of the innate immune response that

facilitates presentation of bacterial components to Toll-like re-
ceptors, was highly upregulated in septic animals, but the up-
regulation was more intense in CRAMP-deficient mice vs. WT
controls, a finding we confirmed by qPCR (Supplementary
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Fig. 1). Other genes associated with bacterial responses and
presenting with the same regulation pattern were /I-103,
Slcllal, CSarl, Lbp, and Irgl (GO:0002237 term: response
to molecule of bacterial origin, FDR p value 0.001). A similar
regulation of 11 genes associated with chemotaxis and/or leu-
kocyte migration Prok2, C5arl, S100a8, CysLTI, Ccrl,
S§100a9, Fpri, 1I-13, Cxcr2, Lbp, and Fcgr3 (Table 2)
(GO:0006935 term: chemotaxis, FDR p value 1.5E—06) was
also identified. Taken together, these differences indicate that
aspects of the innate immune response to CLP challenge are
more robust in CRAMP-deficient mice. Indeed, we found in-
creased plasma levels of IL-1(3, IL-6, and the mouse
chemoattractant peptide-1 (MCP-1) in CRAMP-deficient mice
compared to WT animals (Fig. 3), confirming that cathelicidin
deficiency can be associated with compensatory increases in
other inflammatory response pathways in this mouse model.
No significant differences were noted in serum-level tumor
necrosis factor-« or anti-inflammatory cytokine IL-10 follow-
ing CLP in CRAMP-deficient vs. WT mice.

We explored phenotypic correlates of the changes in im-
mune gene and cytokine expression. No difference was ob-
served between CRAMP-deficient and WT mice in phagocy-
tosis of E. coli bacteria (Fig. 4a). However, when the number
of cells in the peritoneum of septic animals was enumerated,
we found a significant increase in neutrophils in the peritoneal
cavity of CRAMP-deficient mice compared with WT animals
(Fig. 4b), indicating possible differences in chemotaxis.
Moreover, the percentage of apoptotic cells in the peritoneal
cavity of CRAMP-deficient mice was lower than that of WT
mice (Fig. 4c), and greater immune cell resilience in the face

Table 2
animals (WS) and matched healthy controls (WH)

of the CLP-induced sepsis may promote cytokine expression
and resistance to mortality.

Discussion

Multiresistant bacteria are an ongoing problem that compli-
cates sepsis therapy, and antibiotics that act to lyse bacterial
membranes may increase the liberation of pro-inflammatory
cell components, possibly augmenting the severity of the in-
flammatory response. Because AMPs seem not only to kill
bacteria but to neutralize pathogenic factors and regulate the
immune response, they are considered potential therapeutic
options for treating severe infections [27]. However, their
mechanisms of action, side effects, and specific outcomes
are likely to depend on the disease type and have not been
completely elucidated. Despite that, cathelicidin administra-
tion has been proposed as a potential antisepsis therapeutic
based on its LPS-binding properties and direct antimicrobial
activities [28].

Our group has shown that LL-37, the human cathelicidin, is
downregulated in septic shock and others have shown that LL-
37 is downregulated in sepsis [23, 24]. We have also previ-
ously shown that LPS- and flagellin-mediated inflammatory
responses are potentiated in vitro by cathelicidin [29]. Based
on these results, we proposed that LL-37 administration may
have unpredictable effects on the systemic inflammatory re-
sponse to severe infection and must be approached with cau-
tion [23]. In the current study, we show that CRAMP-deficient
mice experienced better survival following CLP in association

Differentially expressed genes between CRAMP-deficient septic mice (KS) and matched healthy animals (KH) and between septic WT

Gene symbol  p (corr) FC (KH vs. KS) FC (WH vs. WS) FC (K vs. W) Description

Cdl4 9.89E-16 —176.89 —98.55 1.79 Mus musculus CD14 antigen (CD14)

11b 5.14E-07 -7.96 —4.23 1.88 Mus musculus interleukin 1 beta (IL-1b)

Silcllal 3.74E-06 —7.36 —4.10 1.80 Mus musculus solute carrier family 11

Clarl 9.66E-05 —10.21 -3.33 3.07 Mus musculus complement component 5a receptor 1 (CSarl)

Lbp 7.65E-07 —29.33 -12.90 227 Mus musculus lipopolysaccharide-binding protein (Lbp)

Irgl 2.68E-10 —121.10 —35.93 3.37 Mus musculus immunoresponsive gene 1 (Irgl)

Prok2 1.64E-09 —38.93 —15.74 247 Mus musculus prokineticin 2 (Prok2)

S5100a8 1.65E-09 —12.40 —5.60 222 Mus musculus S100 calcium-binding protein A8 (calgranulin A)
(S100a8)

Cysitrl 0.001 —4.56 —2.44 1.87 Mus musculus cysteinyl leukotriene receptor 1 (Cysltrl)

Cerl 1.31E-08 —14.90 -9.29 1.60 Mus musculus chemokine (C-C motif) receptor 1 (Cerl)

S100a9 2.54E-08 —8.55 —4.22 2.02 Mus musculus S100 calcium-binding protein A9 (calgranulin B)
(S100a9)

Fprl 1.52E-11 —14.24 —8.41 1.69 Mus musculus formyl peptide receptor 1 (Fprl)

Cxcr2 3.22E-05 —542 —2.41 2.25 Mus musculus chemokine (C-X-C motif) receptor 2 (Cxcr2)

Fegr3 242E-06 —7.02 —4.22 1.66 Mus musculus Fc receptor, 1gG, low affinity III (Fegr3)

Negative numbers indicate upregulation in septic animals. K: (KH vs. KS); W: (WH vs. WS)
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Fig. 3 Cytokine levels. TNF«, IL-1f3, IL-6, IL-10, and MCP-1 plasma levels in healthy WT and CRAMP-deficient mice 8 h after CLP (n = 8 animals

per group)

with increased levels of key pro-inflammatory cytokines of
the innate immune response. It is well established that the
endotoxemia in the model of CLP, which is considered to
model peritonitis associated with ruptured appendix or gastro-
intestinal surgery, is lower than that produced by models of
direct injection of LPS or live E. coli [30].

Consistent with our results, Danka et al. observed that
CRAMP-deficient mice were more resistant to E. coli cystitis
[31] and suggested that this difference was based on the

Fig. 4 a Phagocytosis assay.

E. coli was incubated with
peritoneal macrophages from
CRAMP-deficient and WT mice
and phagocytosis was assessed by
flow cytometry. b Neutrophil
recruitment assay. Neutrophils
were obtained from CRAMP-
deficient (n = 5) and WT (n = 8)
mice by peritoneal lavage 24 h
after CLP and the number of cells
was counted. ¢ Apoptosis assay.
Cell viability of neutrophils from
the peritoneal cavity of
CRAMP-deficient and WT mice
was assessed by flow cytometry.
All experiments were performed
in triplicate

N w
o o
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5

Peritoneal cells viability (%) €

p=0.38
—

cathelicidin-induced increase of local inflammation. On the
other hand, Chromek et al. found that CRAMP protected mice
from enteric infection of the gastrointestinal tract with E. coli
O157:H7 [32]. Since several bacteria, including E. coli, have
developed resistance and evasion mechanisms to cathelicidins
and other AMPs [33-35], we believe that many different path-
ologic scenarios are possible, depending on the strain and
challenge model involved, in particular comparing mucosal
to systemic infection.
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Cirioni et al. [36] and Beaumont et al. [37] studied the role of
intravenously administered human cathelicidin on sepsis in rats
and pulmonary infection in mice, respectively, observing poten-
tial beneficial therapeutic effects. Methodological differences be-
tween this study and our present work include pharmacological
application of the human cathelicidin (LL-37) compared to our
work which studies endogenous deficiency of the cathelicidin of
the experimental animal species. Cathelicidins from different
species (rats and mice produce CRAMP) diverge in many bio-
logical activities [38], and exogenous administration at
supraphysiologic dosage could be associated with cytotoxicity
or effects on cell signaling, generating contrasting results [39].

Global gene expression analyses suggested that differences in
mortality between septic CRAMP-deficient mice and septic WT
mice could be related to immunomodulatory properties of
CRAMP or its effect on immune cell death regulation, consider-
ing distinct levels of cytokine and chemokine gene expression,
neutrophil recruitment, and differential expression of CDI14, a
key LPS receptor.

The phagocytic capacity of macrophages was evaluated
in vitro between WT and CRAMP-deficient mice and differences
were not statistically significant (Fig. 4a). Some authors have
shown that LL-37 induces phagocytosis [40]. CD14-dependent
phagocytosis by mononuclear phagocytes has been demonstrat-
ed for several bacteria [41-43] and also for apoptotic cells [44].
Our assay, however, was not able to demonstrate that macro-
phages from CRAMP-deficient mice, with higher CD14 expres-
sion, had higher phagocytic capacity when stimulated in vitro,
but further investigations are necessary to address this question in
other biological conditions.

In the context of CLP-induced sepsis, and in agreement
with gene expression results, plasma levels of the pro-
inflammatory cytokines IL-13 and IL-6 were higher in
CRAMP-deficient mice, while TNFx and IL-10 did not differ
significantly from WT animals (Fig. 3). Chemokines are crit-
ical in the immune response to infection, and MCP-1 was
higher in septic CRAMP-deficient mice (Fig. 3), paralleling
a higher number of neutrophils in the peritoneal cavity
(Fig. 4b). Taken together, these results presented in a
C57BL/6 background may contribute to the understanding
of the enhanced survival potential of CRAMP-deficient mice
following CLP and support an immunomodulatory, and in
some cases anti-inflammatory, profile associated with Camp
expression. CRAMP binding to LPS to diminish its signaling
potential or increased apoptotic macrophage cell death in WT
vs. CRAMP-deficient mice could contribute to impaired in-
flammatory response and increased mortality in the CLP
model.

Cathelicidins may have multiple mechanisms of action, not
only at the cell membrane but also in the cytoplasm [45] and at
the nuclear level [46, 47]. The full repertoire of mechanisms of
action of cathelicidins remains to be defined, even though their
dualistic function (inflammatory and anti-inflammatory),

@ Springer

depending on the disease and cellular context, is becoming man-
ifest. The comprehension of this dual role is essential for potential
clinical applications, and our work contributes to this knowledge.

Conclusion

In this study, we demonstrated that CRAMP-deficient mice with
systemic infection showed increased survival, which was associ-
ated with an upregulation of certain key genes related to immune
response and increased neutrophil infiltration to the site of infec-
tion. Further studies are necessary to investigate the role of
cathelicidins in sepsis caused by different pathogenic bacterial
strains, to clarify their multifarious roles in the response to sys-
temic infection.
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