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Introduction

Summary

Previous studies demonstrated that the CXCL12 peptide analogue CTCE-
0214 (CTCE) has beneficial effects in experimental sepsis induced by cae-
cal ligation and puncture (CLP). We examined the hypothesis that CTCE
recruits neutrophils (polymorphonuclear leucocytes; PMN) to the site of
infection, enhances PMN function and improves survival of mice in CLP-
induced sepsis with antibiotic treatment. Mice with sepsis (n = 15) were
administered imipenem (25 mg/kg) and CTCE (10 mg/kg) subcutaneously
versus vehicle control at designated intervals post-CLP. CTCE treatment
increased PMN recruitment in CLP-induced sepsis, as evidenced by
increased PMN in blood, by 2-4 &+ 0-6 fold at 18 hr, 2:9 &+ 0-6 fold at
24 hr, and in peritoneal fluid by 2-0 = 0-2 fold at 24 hr versus vehicle
control. CTCE treatment reduced bacterial invasion in blood [colony-
forming units (CFU) decreased 77 + 11%], peritoneal fluid (CFU
decreased 78 £ 9%) and lung (CFU decreased 79 + 8% versus CLP vehi-
cle). The improved PMN recruitment and bacterial clearance correlated
with reduced mortality with CTCE treatment (20% versus 67% vehicle
controls). In vitro studies support the notion that CTCE augments PMN
function by enhancing phagocytic activity (1-25 £ 0-02 fold), increasing
intracellular production of reactive oxygen species (32 £ 4%) and
improving bacterial killing (CFU decreased 27 + 3%). These composite
findings support the hypothesis that specific CXCL12 analogues with
ancillary antibiotic treatment are beneficial in experimental sepsis, in part,
by augmenting PMN recruitment and function.

Keywords: CTCE-0214; neutrophils; sepsis.

Hence there is a critical need for more effective therapeu-
tic strategies to prevent the progression of severe sepsis.

Severe sepsis is a syndrome in response to an acute sys-
temic infection characterized by dysregulated inflamma-
tion and multiple organ system failure." Sepsis is a major
cause of death in intensive care units and severe sepsis
has emerged as a dominant and rapidly growing cause of
serious illness among older Americans, with survivors suf-
fering substantial long-term morbidity and mortality.”

Polymorphonuclear leucocytes (PMN) are first-respon-
der innate immune cells essential for host defence against
invasive or opportunistic bacterial pathogens and for sur-
vival of polymicrobial sepsis. Mature PMN eradicate
pathogens through phagocytosis and microbial killing.’
There is substantial evidence demonstrating that sepsis
impairs immune function by inducing defects in innate

Abbreviations: ATCC, American Type Culture Collection; BM, bone marrow; CFU, colony-forming units; CM-H,DCFDA,
5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetylester; CLP, caecal ligation and puncture; CTCE, CTCE-
0214; CXCR4, chemokine CXC receptor 4; LPS, lipopolysaccharide; PMN, polymorphonuclear leucocytes; ROS, reactive oxygen

species; SDF, stromal cell-derived factor
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immunity.* In particular, PMN function can become
defective during severe sepsis, characterized by failure of
migration to the site of infection and inadequate antimi-
crobial responses. These latter changes in PMN function
are directly correlated with increases in sepsis-mediated
morbidity and mortality.”®

A large pool of mature neutrophils is retained in the
bone marrow.” During sepsis, neutrophils are rapidly
mobilized from bone marrow (BM) into peripheral blood
followed by migration to sites of infection. Although mul-
tiple cellular phenotypes are recruited from BM during
sepsis, most cells are mature neutrophils.”® Mature PMN
are recruited by chemokines to the nidus of infection.®’
A critical chemokine in sepsis is CXCL12, also referred to
stromal cell-derived factor-1o.'® CXCL12 belongs to the
CXC chemokine family and is a multifunctional cytokine
secreted by several tissues.'' The natural receptor for
CXCLI12 in PMN is chemokine CXC receptor 4 (CXCR4),
which was reported to have multiple biological functions
when triggered, such as cell chemotaxis, proliferation,
survival and cell differentiation.'>'? Studies have demon-
strated that CXCL12 can activate anti-inflammatory sig-
nalling pathways and suppress inflammation.'* Recently
Delano et al.'’ demonstrated that recruitment of neu-
trophils from BM is independent of Toll-like receptor 4,
MyD88, Toll/interleukin-1 receptor domain-containing
adaptor inducing interferon-f, interferon/ARa/fi or
CXCR2 signalling in caecal ligation and puncture (CLP)
sepsis. In contrast, blocking CXCL12 in sepsis inhibited
the release of neutrophils from BM. The BM retention
induced by CXCLI12 blockade prevented blood and peri-
toneal neutrophil accumulation, allowed significant bacte-
rial invasion and increased lethality. The investigators
concluded that CXCL12 signalling during sepsis is
critical for neutrophil BM egress, bacterial killing and
host survival.

CTCE-0214 (CTCE) is a peptide analogue of CXCL12,
which has been modified to improve plasma stability."
Previous studies demonstrate that CTCE significantly
decreased plasma tumour necrosis factor-o levels in the
models of lipopolysaccharide (LPS)-induced shock and
zymosan-induced multiple organ dysfunction syndromes
and CTCE also suppressed the mortality in severe septic
shock induced by CLP.'® These results show that CTCE
may have the beneficial effect of controlling inflammation
in sepsis and the systemic inflammatory response.

In the present study, we examined the effect of CTCE
on mortality and bacterial load in severe sepsis induced
by CLP in mice with antibiotic therapy. As PMN are key
cells in the innate immune response, and play an impor-
tant role in defence against bacterial infection and sepsis,
the effect of CTCE on PMN distribution and function
was investigated. These composite data may in part
explain the potential mechanism by which CTCE regu-
lates PMN function in polymicrobial sepsis.
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Materials and methods

Materials

CTCE-0214 (CTCE, Chemokine Therapeutics Corpora-
tion, Vancouver, BC, Canada) is a peptide analogue of
CXCL12, which links the N-terminal region (residue
1-14), and the C-terminal region (residue 55-67) of
CXCL12 by a four-glycine linker.'® This analogue is cyc-
lized between amino acid residues at positions 20 and 24.
Two Cys were replaced with Ala and Phe to improve
plasma stability. Cell culture reagents and fetal bovine
serum were products of American Type Culture Collection
(ATCC; Manassas, VA) and Invitrogen (Carlsbad, CA).
The reactive oxygen species (ROS) detection reagents kit
was purchased from Invitrogen. MiScript Primer Assay
and miScript SYBR Green PCR kit were purchased from
Qiagen (Valencia, CA).

Mice

Male CD-1 mice aged 7-8 weeks were used in all the
experiments. Investigations conformed to the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health and commenced with the
approval of the Institutional Animal Care and Use
Committee.

MPRO cell culture and differentiation to neutrophils

The mouse promyelocyte cell line (MPRO) was obtained
from the ATCC and maintained in Iscove’s modified
Dulbecco’s medium (ATCC) with 20% horse serum
(Invitrogen), 2% penicillin and streptomycin, and 10 ng/
ml granulocyte-macrophage colony-stimulating factor
(R&D Systems, Minneapolis, MN) at 37° with 5% CO,.
To induce the differentiation of MPRO cells into neu-
trophils, the growth medium was supplemented with all-
trans-retinoic acid (3 pug/ml; Sigma, St Louis, MO) for
3 days. The culture medium was replenished every day to
obtain 1 x 10° cells/ml. As all-trans-retinoic acid is
unstable, cells were treated with all-frans-retinoic acid
daily for 3 days. For bacterial killing experiments, neu-
trophils were harvested on day 4.

For bacterial killing, neutrophils (1x 10° cells/ml) were
serum starved and treated with LPS (ultra-pure LPS from
Escherichia coli O111:B4, List, 1 pg/ml) or CTCE (10 pg/
ml) or combined LPS and CTCE for 6 hr and incubated
with E. coli K12.

Caecal ligation and puncture

The CLP was performed in CD-1 mice as previously
described.'” Specifically, mice were anaesthetized with iso-
flurane and a midline incision was made below the
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diaphragm to expose the caecum. The caecum was ligated
at the colon juncture with a 5-0 silk ligature suture with-
out interrupting intestinal continuity and punctured twice
with a 22-gauge needle. The caecum was returned to the
abdomen, and the incision was closed in layers with a 5-0
silk ligature suture and wound clips. After the procedure,
the animals were fluid resuscitated with 1-0 ml sterile sal-
ine injected subcutaneously. Sham operations were per-
formed the same as CLP except for the ligation and
puncture of the caecum.

For the survival study, CD-1 mice (n = 15/group) were
subjected CLP or sham operation. The antibiotic imipe-
nem (25 mg/kg) was administrated by subcutaneous
injection at 6, 24 and 48 hr post CLP. CTCE (10 mg/kg)
was administrated by injection subcutaneously at 2, 6, 24
and 48 hr post CLP. Survival was monitored for a total
of 7 days.

For bacterial load and PMN numbers in BM, periph-
eral blood and peritoneal fluid, CD-1 mice (three to five
per group) were subjected to sham treatment or CLP.
Imipenem (25 mg/kg) was administrated by subcutaneous
injection at 6 hr post CLP. CTCE (10 mg/kg) was admin-
istered by injection subcutaneously at 2 and 6 hr post
CLP. Mice were killed at 12, 18 and 24 hr for PMN in
BM and peripheral blood and at 24 hr for PMN in peri-
toneal fluid and bacterial load.

Bacterial load

To determine the bacterial load in the peritoneum, the
peritoneal cavity was lavaged with 5 ml sterile PBS and
diluted with sterile PBS. To determine the bacterial load
in the blood, 100 pl blood was collected and diluted
with sterile PBS. To determine the pulmonary bacterial
load, the lungs were harvested and equal amounts of
wet tissue were homogenized and diluted with PBS. One
hundred microlitres of each dilution was then plated
on chocolate agar plates (Fisher Scientific, Pittsburgh,
PA) and incubated at 37° for 24 hr under aerobic
conditions. Colony-forming units (CFU) were counted.
Results were expressed as CFU per millilitre or gram of
wet tissue.

Flow cytometry analysis of mouse PMN in vivo

PMN in BM, peritoneal cavity and peripheral blood were
determined as described previously.'® Briefly, BM cells
were collected by flushing both femurs. The peritoneal
cavity was lavaged with 5 ml sterile PBS and mouse blood
was diluted in 10 ml PBS and cells were isolated by cen-
trifugation. Red blood cells were removed by adding red
blood cell lysis buffer (eBioscience, San Diego, CA) for
2 min at room temperature. Cells were labelled by incu-
bation for 30 min on ice in staining buffer with the fol-
lowing antibodies: Phycoerythrin-conjugated anti-mouse
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Gr-1 antibody and FITC-conjugated anti-mouse-CD11b
(eBioscience). After being washed, the samples were anal-
ysed on a FACS Calibur flow cytometer (BD Biosciences,
San Jose, CA). Data were analysed with CeLLQUEST Pro
software (BD Biosciences).

Phagocytosis measurement

Phagocytic activity of peritoneal neutrophils was analy-
sed using fluorescein-conjugated E. coli followed by flow
cytometry. Briefly, CD-1 mice were injected with 5 ml
of 1% oyster glycogen in sterile PBS to recruit PMN to
the peritoneal cavity. After 4 hr, the peritoneal cells
were lavaged and harvested using 10 ml PBS. Cells
(1 x 10° cells) were treated with CTCE (0-01-1000 ng/
ml) for 1 hr and incubated with Alexa Fluor 488-conju-
gated E. coli (K12, approximately 1-2 x 107 particles;
Invitrogen) for 30 min. Cells were washed three times
and phycoerythrin-conjugated Gr-1" PMN containing
FITC-conjugated E. coli were determined by flow cytom-
etry.

Measurement of reactive oxygen species

Intracellular ROS was detected using 5-(and-6)-chlorom-
ethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetylester
(CM-H,DCFDA; Invitrogen). Briefly, neutrophils (100 pl/
well, 1 x 10° cells/ml) were incubated with 10 pm CM-
H,DCFDA in pre-warmed Hanks’ balanced salt solution
buffer for 30 min at 37°. Then, the cells were washed and
incubated in the same buffer for 30 min at 37°. Trypan
Blue (final concentration is 0-0025% weight/volume) was
added to quench extracellularly bound dye. The increased
fluorescence of cells was detected by multi-mode micro-
plate reader (BioTek, Winooski, VT)

Bacterial killing

Escherichia coli (K12 ER2267; New England BioLabs
(Ipswich, MA)) were cultured in Lysogeny broth (Fisher
Scientific) overnight at 37°. The culture was centrifuged
at 2000 g for 5 min to pellet the E. coli, then washed
twice and resuspended in PBS with 10% fetal bovine
serum (Invitrogen). The final concentration of the bacte-
rial suspension was adjusted to 1 x 10 CFU/ml. The
suspension was incubated for 20 min at 37° with shaking.
Neutrophils were diluted to 1 x 107 cells/ml and mixed
with the prepared E. coli. The mixture (1 ml) was added
to a new tube and 1 ml ice cold PBS was added to stop
killing. The mixture was centrifuged at 100 g for 5 min
and marked as time 0. The rest were rotated at room
temperature for 30 min. The suspension was centrifuged
at 100 g for 5 min and was collected and diluted
1 : 1000. The bacteria in the supernatant were spread on
an Lysogeny broth plate and counted.
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Statistical analysis

Data are expressed as the mean + SE of the mean. Statis-
tical significance was determined by analysis of variance
with Fisher’s probable least-squares difference test or Stu-
dent’s t-test using GRAPHPAD Prism software (La Jolla, CA).
A P < 0-05 value was considered statistically significant.

Results

CECT improves survival in CLP-induced sepsis

We have previously demonstrated that in vivo CTCE sig-
nificantly (albeit modestly) improved survival without
antibiotics in a model of severe sepsis induced by
CLP." To test the potential beneficial effects of CTCE
in severe septic shock and treatment with antibiotics,
Imipenem was administered subcutaneously at 6, 24 and
48 hr post CLP at the same time intervals as CTCE
administration. CTCE significantly reduced mortality
induced by CLP in mice treated with antibiotics, from
67% in CLP control to 20% in CTCE-treated mice at
7 days P < 0-05 (Fig. 1).

CTCE improves bacterial clearance in peritoneal fluid,
blood and lung in CLP-induced sepsis

Mortality from late sepsis is associated with bacterial
overgrowth due to an impaired phagocytic capacity of
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Figure 1. Effects of CTCE-0214 (CTCE) on survival in mice with
sepsis induced by caecal ligation and puncture (CLP). CD-1 mice
were subjected to CLP and received antibiotics as described in Mate-
rials and methods. CTCE (10 mg/kg) or vehicle PBS was adminis-
tered by injection subcutaneously at 2, 6, 24 and 48 hr after CLP.
Mortality was monitored every 24 hr until 168 hr; n = 15/group.
Statistical analyses were performed using the log-rank (Mantel-Cox)
test with GrapHPAD Prism software. P < 0-05 compared with the PBS

group.
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macrophages and PMN. To determine whether treatment
with CTCE improves survival in mice with sepsis by
increasing bacterial clearance in vivo, bacterial CFU from
different tissues were determined. Bacteria were detected
in blood, peritoneal fluid and lung in CLP-induced mice
with or without CTCE treatment. Treatment with CTCE
significantly decreased the CFU in blood by 77 %+ 11%,
peritoneal fluid by 78 £ 9% and lung by 79 £ 8%,
respectively (versus CLP vehicle, P < 0-05, Fig. 2).

CTCE enhances blood and peritoneal PMN
recruitment in CLP-induced sepsis

To investigate the effect of CTCE on PMN mobilization
from bone marrow to the peripheral circulation, the
numbers of PMN (CD11b" GR-1" cells) in bone mar-
row, blood and peritoneal fluid were counted using flow
cytometry. The total number of leucocytes in bone mar-
row and blood were also counted. CTCE-treated septic
mice were not significantly different from CLP mice
(data not shown). At serial time points from 12, 18 and
24 hr after CLP, the percentage of PMN in the bone
marrow was significantly decreased in CLP mice com-
pared with sham controls. CTCE-treated septic mice
were not significantly different from CLP mice (Fig. 3a).
There was an increase of PMN in blood at 12 hr fol-
lowed by a neutropenia at 18 and 24 hr after CLP.
CTCE treatment significantly attenuated the neutropenia
at 18 hr (24 & 0-6 fold) and 24 hr (29 & 0-6 fold)
after CLP (Fig. 3b). The number of PMN in peritoneal
fluid was increased after CLP. Treatment with CTCE
greatly augmented peritoneal PMN  recruitment
2:0 + 0-2 fold compared with the CLP group P < 0-05
(Fig. 3c¢).

CTCE enhances the phagocytic function of PMN

We next determined bacterial phagocytic capacity of
PMN in vitro. Phagocytic activity of PMN isolated from
peritoneal lavage was significantly sustained when the
concentration of CTCE was higher than 1 ng/ml
(1-25 £ 0-02 fold, P < 0-05, Fig. 4). These results suggest
that CTCE may promote clearance of bacteria in the peri-
toneum in part by enhancing the phagocytic capacity of
PMN.

CTCE increases ROS production and bacterial killing
activity of PMN in vitro

Activated PMN generate ROS to promote the capability of
bacterial clearance. We examined whether treatment with
CTCE could affect the production of ROS and its bacterial
killing activity. PMN were differentiated from the mouse
promyelocyte cell line (MPRO). CTCE (10 and 1 pg/ml)
significantly increased the production of ROS (27 £ 5%

© 2014 John Wiley & Sons Ltd, Immunology, 144, 405-411
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Figure 4. Effects of CTCE-0214 (CTCE) on peritoneal polymorpho-
nuclear leucocyte (PMN) phagocytosis. Peritoneal PMN, recruited by
oyster glycogen, were incubated with FITC-labelled Escherichia coli.
Flow cytometry was used to determine the mean fluorescence
(FITC*) of Gr-1" PMN. All values are expressed as mean =+ SE
(n=15). *P < 0-05 compared with basal values.

and 32 =+ 4%, respectively, P < 0-05, Fig. 5a) in neutroph-
ils. Correspondingly, CTCE significantly increased PMN
bacteria killing capability as the number of bacteria in
CTCE (10 pg/ml) treated PMN was significantly reduced
by 27 £+ 3%, P <0-05 (Fig. 5b). Similar results were
observed when cells were stimulated with LPS, but there
were no further decreases when treated with CTCE together
with LPS (Fig. 5b).

© 2014 John Wiley & Sons Ltd, Immunology, 144, 405-411

clearance in peritoneal fluid, peripheral blood and lung
with a > 77% reduction in CFU compared with vehicle-
treated septic mice. In vitro studies revealed that CTCE
improved PMN function by enhancing phagocytic activ-
ity, increasing intracellular production of ROS and
improving bacterial killing. The increased intracellular
ROS production may contribute more to bacterial killing
than enhancing phagocytic activity.

During severe sepsis, PMN function was substantially
dysregulated, resulting in impaired directed migration of
PMN to infectious foci and inadequate antimicrobial
responses of PMN.> Oxidant production is one of the
antimicrobial mechanisms employed by PMN to reduce
infection. A recent study has demonstrated that oxidant
production by PMN was temporally impaired in septic
mice.'® Likewise, microarray analysis of PMN collected
form patients with sepsis within 24 hr demonstrates that
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Figure 5. Effects of CTCE-0214 (CTCE) on the intracellular production of reactive oxygen species (ROS) and bacterial killing activity of poly-
morphonuclear leucocytes (PMN). (a) Neutrophils (1 x 10° cells/ml) were serum starved and stimulated with PMA (10 pum) or CTCE (10, 1,
0-1 pg/ml) for 6 hr in Iscove’s modified Dulbecco’s medium without serum. PMN (100 pl/well) were transferred in 96-well plates and loaded

with H,DCFDA for 30 min. Intracellular ROS production was determined by measuring mean fluorescence. PMA was used as a positive control.
(b) Neutrophils (1 x 107 cells/ml) were treated with lipopolysaccharide (LPS; 1 pg/ml), CTCE (10 pg/ml) or a combination of LPS (1 pg/ml)
and CTCE (10 pg/ml) for 6 hr. Escherichia coli (K12 ER2267, 1 x 107 colony-forming units/ml) were mixed with neutrophils for 30 min. The
percentage of bacterial number was determined by comparing bacterial number left in the supernatant with initial bacterial number (the time 0

tube). Data are expressed as mean + SE (n = 5). *P < 0-05 compared with control.

the expression of genes required for oxidant production
(e.g. NADPH oxidase) was suppressed.'”” Another study
examining PMN function in patients with sepsis versus
healthy controls found that reduced phagocytic activity of
neutrophils within the first 24 hr after admission was a
negative predictor for survival.’® Hence agents such as
CTCE, which improve function of PMN through enhanc-
ing recruitment, phagocytosis and bactericidal activity,
may have a favourable impact on the survival of patients
with severe sepsis.

Previous studies show that CTCE recruits PMN and
haematopoietic progenitor cells into peripheral blood*'
and is beneficial in CLP-induced sepsis.'® We demon-
strated that CTCE promoted recruitment of PMN to the
nidus of infection and improved PMN function in CLP-
induced sepsis. This conclusion was supported by
increased numbers of PMN in blood and peritoneal fluid
and reduced bacterial load in peritoneal fluid, blood and
lung in the septic mice. In addition, in vitro studies sup-
port the notion that CTCE enhanced PMN function by
enhancing phagocytic activity, increasing ROS production
and bacterial killing ability by PMN and enhancing clear-
ance of local bacteria.

CXCLI12 has been reported as a chemoattractant for
lymphocytes and mononuclear cells from the bloodstream
to the site of inflammation.*” Studies also demonstrated
that CXCL12 promotes natural killer cell migration into
tissues.”> A more recent study highlighted the importance
of the CXCLI12 axis for both neutrophil mobilization
from the bone marrow and neutrophil recruitment to
peripheral sites of infection in sepsis.'” The results dem-
onstrated that CXCLI12 blockade prevents the release of
neutrophils from the bone marrow during sepsis, result-
ing in a failure to increase blood and peritoneal neutro-
phil counts and a fivefold increase in peritoneal bacteria
CFU during sepsis. This failure to clear bacteria led to a
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40% increase in sepsis mortality in anti-CXCLI12-treated
mice'® Consistent with previous reports, our present
study demonstrated that, as a peptide analogue of
CXCL12, CTCE enhanced neutrophil mobilization and
improved survival after severe polymicrobial sepsis.

In summary, combined treatment with CTCE and anti-
biotics significantly reduced mortality of septic mice
induced by CLP. This beneficial effect on survival may be
mediated through enhancing recruitment and improving
function of PMN.
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