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Abstract

Background: Current surgical guidelines for the treatment of intra-abdominal sepsis recommend
interventional source control as the key element of therapy, alongside resuscitation and antibiotic
administration. Past trials attempted to predict the success of interventional source control to
assess whether further interventional therapy is needed. However, no predictive score could be
developed.

Materials and methods: We utilized an established murine abdominal sepsis model, the cecal
ligation and puncture (CLP), and performed a successful surgical source control intervention after
full development of sepsis, the CLP-excision (CLP/E). We then sought to evaluate the success of
the source control by characterizing circulating neutrophil phenotype and functionality 24 hours
post intervention.

Results: We showed a significant relative increase of neutrophils and a significant absolute
and relative increase of activated neutrophils in septic mice. Source control with CLP/E restored
these numbers back to baseline. Moreover, main neutrophil functions, the acidification of cell
compartments, such as lysosomes, and the production of Tumor Necrosis Factor alpha (TNF-a.),
were impaired in septic mice but restored after CLP/E intervention.

Conclusion: Neutrophil characterization by phenotyping and evaluating their functionality
indicates successful source control in septic mice and can serve as a prognostic tool. These
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findings provide a rationale for the phenotypic and functional characterization of neutrophils in
human patients with infection. Further studies will be needed to determine whether a predictive
score for the assessment of successful surgical source control can be established.
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Introduction

Despite significant international research efforts to improve sepsis treatment, the mortality
rate of sepsis remains unchanged over recent years, while case numbers continue to climb
[1]. Multiple studies indicate that abdominal infection persists as a major source of sepsis

[2].

If patients develop a complicated intraabdominal infection, characterized by localized or
diffuse peritonitis, current guidelines recommend fluid resuscitation, surgical source control
and antibiotic therapy [3]. The aim of source control intervention is to debride the source

of infection, reduce the bacterial burden and surgically correct end-organ injury to assure
physiologic functionality [4]. A prospective observational clinical study revealed that source
control in patients with severe sepsis and septic shock significantly reduces mortality,
regardless of age and major organ dysfunction [5].

Another current study defined successful sepsis intervention as the lack of evidence of
infection in the clinical chart or imaging on day 14, with no further interventions were
required [6]. In the study, roughly half of the intensive care unit (ICU) patients with an
intrabdominal infection had to undergo multiple interventions before source control was
considered successful. The same study found organ failure associated with insufficient
source control at day 14 [6]. This highlights the need for a predictive scoring system which
evaluates the success of the source control intervention. To date, studies have failed to
provide clinical or immunological scores to determine sufficient source control intervention
[6,7].

We sought to assess the effectiveness of surgical source control in an established murine
sepsis model, the cecal ligation and puncture (CLP), by conducting a surgical debridement,
peritoneal wash and the administration of proper antibiotics, a previously validated source-
control model termed CLP-excision (CLP/E) [8,9]. We characterized the phenotypic and
functional changes of circulating neutrophils to gauge the effectiveness of surgical source
control. Neutrophils are key components of the immune defense in the initial sepsis

phase [10], as they are the first to migrate to inflamed and infected tissues to eliminate
pathogens. Their maturity and functionality can be assessed by the expression of CD54
(Intracellular Adhesion Molecule-1 [ICAM-1}) and CD62L (L-Selectin) [11-13]. Further,
Toll-Like Receptor-4 (TLR4)-expressing cells have the ability to produce pro-inflammatory
cytokines, such as TNF-a, driven by pathogen-associated molecular patterns (PAMPS),
such as Lipopolysaccharide (LPS). We hypothesize that these phenotypical and functional
changes of neutrophils can be used to assess the success of the source control in murine
abdominal sepsis.
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Material and Methods

Animal models

Outbred, male CD-1 IGS mice were purchased from Charles River (Wilmington, MA,
USA). All animal experiments were performed under protocols approved by the Institutional
Animal Care and Use Committee of the University of Cincinnati (IACUC protocol no: 08—
09-19-01).

Cecal ligation and puncture and source control

We performed CLP as described previously [15] by ligating 2/3 of the cecum and puncturing
it once with an 18-Gauge needle. The mice were anesthetized using 2.5% isoflurane in
oxygen applied via face mask. The abdomen was shaved and disinfected with povidone-
iodine and alcohol. An incision was made to access the peritoneal cavity. The cecum was
ligated, punctured and replaced intraabdominally, and the incision closed in a two-layer
suture. The mice were resuscitated with 1 ml of 0.9% saline solution (Hospira, Lake

Forest, IL) subcutaneously and rested on a heating pad for one hour. For those mice

that underwent source control by CLP-excision, we disinfected the abdomen as described
above, surgically re-opened the applied sutures to access the abdomen after 3 hours. We
then completely debrided the ligated portion of the cecum, conducted a peritoneal wash
using pre-warmed 0.9% saline solution (Hospira, Lake Forest, IL), administered Imipenem /
Cilastatin (Primaxin®) (2.5mg/kg) antibiotics into the peritoneal cavity and closed the
incision in a two-layer suture and let the mice rest on the heating pad for one additional
hour. Healthy, CLP- and source-controlled CLP/E-mice were euthanized after 24 hours

and whole blood was harvested via post mortem cardiac puncture. Blood bacteria was
determined using soy tryptic agar plates (BBL™ Stacker Plate™, Becton Dickinson, MD,
USA).

Monitoring of the body core temperature post CLP intervention

An Anipill temperature-monitoring implant (Data Science International, New Brighton,
MN) was inserted into the abdomen during the CLP surgery. Core temperature was recorded
electronically every 15 minutes until the mice were euthanized.

LPS stimulation of bone marrow cells

The femur and tibia were flushed to harvest bone marrow. After counting, two million cells
of the suspension were plated per well, stimulated with 100 ng/mL LPS (Escherichia coli
0111:B4, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C at 5% CO?2 for 24
hours, before being labelled and analyzed via flow cytometry.

Labeling and characterization of neutrophils using flow cytometry

The whole blood white blood cell (WBC) count with differential was assessed using an
automated cell counter (Act10, Beckman Coulter, Brea, CA). Red blood cells were lysed
for 5 minutes with 2 mL of Ammonium-Chloride-Potassium (ACK) lysing buffer, washed,
and labeled for flow cytometry analysis. Cells were treated with Fc-receptor blockage
prior to labeling with CD16/CD32 (Mouse BD Fc Block™) (clone 2.4G2 (RUO), BD
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Pharmingen, San Jose, CA, USA) and 5% rat serum (Invitrogen, Carlsbad, CA) for 10
minutes. Subsequently, labelling antibodies were incubated for another 20 minutes. The cells
were washed and analyzed using an Attune® NxT™ Acoustic Focusing Cytometer (Thermo
Fisher Scientific, Waltham, MA).

The following fluorescent-labeled antibodies were used for surface and intracellular
labeling: Ly6G (clone: 1A-8), Ly6C (clone: AL-21), CD54 (ICAM-1) (clone: 3E2),
L-Selectin (CD62L) (clone: MEL-14) all from BD Biosciences, San Jose, CA.
Neutrophil (Ly-6G+/Ly-6C+) subsets were characterized using CD62L (L-Selectin) and
CD54 (ICAM-1). The CD54(ICAM-1)-/CD62L+ neutrophil phenotype is considered to
characterize naive neutrophils, whereas the CD54(ICAM-1)+/CD62L- neutrophils are
considered activated [11,12].

Functional assessment of neutrophils: acidification of neutrophil cell compartments
(pHrodo assay)

Particles labelled with pH-sensitive dyes (pHrodo Green Escherichia coli BioParticles
(Invitrogen, MA, USA)) were prepared according to the manufacturers protocol and
incubated with neutrophils at 37°C, 5% CO, for 1 hour. The phagocytic uptake of these
particles was then interrupted by placing the cells on ice and fixing them with 1%
paraformaldehyde (PFA). Subsequently, cells were kept on ice, washed and labelled for flow
cytometry as described above. The acidification of internal cell lysosomes was analyzed via
flow cytometry for the median fluorescent intensity (MFI).

Functional assessment of TNF-a production

For the ELISPOT functional assay, 50,000 WBC were plated on capture plates from the
manufacturer Cellular Technology Limited (Cleveland, OH). These cells were incubated
with or without 100ng / mL LPS and harvested after 24 hours. The production of TNF-a
was analyzed according to the manufacturer’s instructions. The spot number indicates how
many cells produced TNF-a and the spot size how much TNF-a was produced by each cell.

Statistical analyses

The data was statistically analyzed using GraphPad Prism 9.0 (GraphPad Software, La
Jolla, CA). To identify and remove outliers the ROUT method (Q=1%) was used, however,
no outliers were found necessary to be eliminated by that method. The groups were

tested for normality using the Shapiro-Wilk, the DAgostino and Pearson normality test.

If groups were considered normally distributed, differences were analyzed using a two tailed
Student’s t-test comparison of two groups or one-way ANOVA with Tukey post-hoc analysis
for comparisons of more than two groups. If the groups were not normally distributed,
differences were analyzed using a Mann-Whitney test to compare two groups or Kruskal-
Wallis test with Dunn’s multiple-comparison test analysis for comparisons of more than two
groups. The data is depicted in bars with the mean + standard deviation or as a box plot
covering the first, second (median), third quartile, and 5th + 95th percentile. A p-value of
<0.05 was considered statistically significant.
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Justification for time of surgical source control

Appropriate

To evaluate the effectiveness of surgical source control, we had to first determine a proper
time point at which there are overt signs of sepsis, which in murine populations includes

a significantly decreased body temperature [16]. We hypothesized that the core body
temperature of the mice dropping significantly after CLP intervention would be an indicator
of overt sepsis, and an accurate timepoint marking the onset of sepsis in which to institute
source control (CLP/E). After roughly 3 hours (180 — 210 min), we observed a significant
decrease of the core body temperature (Fig. 1) and chose this as the timepoint for source
control intervention (CLP/E). Secondly, we had to determine if the source control by CLP/E
intervention was clinically successful. As the aim of source control is to reduce the bacterial
burden [4] we hypothesized that a significant decrease in blood bacteria would be a clinical
indication for effective source control in our CLP/E model. After 24 hours, we observed

a significant reduction of the systemic bacterial burden. An approximate 3-log decrease

in blood colony forming units (CFU’s) represents a 99.9% clearance and effective source
control (Fig. 2). Survival studies have been previously conducted to verify source control,
but introduce a survivor bias into the septic group, and were not utilized in this model [9].

Source Control reduces activated neutrophils to that of healthy controls

It has been previously published that neutrophils can be divided into subtypes by
phenotyping them using the expression of CD54 (ICAM-1) and CD62L (L-Selectin),

also reflecting a changed functional behavior of these subtypes [11-13]. CD54(ICAM-1)-/
CD62L+ neutrophils can be considered naive and CD54(ICAM-1)+/CD62L- neutrophils,
activated [11-13]. We hypothesized that an ex-vivo LPS challenge would lead to an increase
of the proportion of activated neutrophils. Measuring the share of CD54(ICAM-1)+/
CD62L- from bone marrow derived neutrophils challenged by LPS at 1, 4, 24 and

48 hours revealed a significant relative increase as soon as 4 hours (Fig. 3). We

concluded that a phenotypic maturation of neutrophils, noticeable by an increased share

of CD54(ICAM-1)Nigh/CD62L!W neutrophils, can be potentially detected as early as 4 hours
and is sustained to at least 48 hours.

Neutrophil phenotype and proportions are indicators of source control

We next hypothesized that analyzing neutrophils from healthy, septic and source-controlled
mice may indicate the effectiveness of the source control. First, we observed a significant
increase of neutrophil proportions in the whole blood of septic mice. This proportion
returned to that of healthy control levels after successful source control 18 hours earlier
(Fig. 4A). In contrast, total neutrophil numbers are unchanged (Fig. 4B). The proportion
and number of the activated neutrophils significantly increased in septic mice (Fig. 4C,D).
Importantly, these increases were not observed in circulating neutrophils that had undergone
effective source control.
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Effective Source control enhances cellular functionality

The use of single biomarkers has been noted to be limited to determine the host immune
status during sepsis [19,20]. Functional immunologic assays a contribute to a better
understanding of the current immunological state of septic patients [21]. We hypothesized
that cellular functionality, in addition to phenotypic changes such as those described above,
can be utilized as an indicator of source control adequacy. Using a phagocytosis assay

that allows for neutrophil specificity, we observed a decreased functionality in neutrophils
from septic mice (Fig. 5). However, 18 hours after effective source control, neutrophil
phagocytosis was not significantly altered compared to healthy controls.

One of the critical cytokines produced by TLR-4 expressing cells is TNF-a.. We observed
no changes in spontaneous (without exogenously adding LPS) cellular TNF-a production as
measured by spot numbers and size amongst the three cohorts analyzed (Fig. 6A, 6D). In
contrast, the cellular numbers and quantity that produce TNF-a upon LPS stimulation were
significantly decreased in septic mice. However, effective source control ameliorated this
effect (Fig. 6B, 6E). Finally, due to the potential heterogeneity between immune systems,
we hypothesized that a ratio of spontaneous and LPS-driven TNF-a spot numbers or size
would be a useful read-out to determine effective source control. Here, we observed that this
ratio, using both spot numbers and size, decreased in cells from septic mice. This decrease
was mitigated analyzing cells from mice with effective source control. Altogether, cellular
functionality is decreased in septic mice. However, this blunting is reversed as soon as 18
hours after effective source control.

Discussion

Current surgical guidelines for the treatment of complicated intraabdominal infection and
abdominal sepsis recommend fluid resuscitation, surgical source control and antibiotic
therapy [3,22,23]. The need for complete debridement of necrotic tissue and infectious foci
is undisputed [3,22,23]. Inadequate source control is associated with increased mortality in
abdominal sepsis [6]. Additionally, a recent prospective, multicenter, randomized controlled
study suggested that the antibiotic therapy is less relevant than adequate source control. No
differences could be found in the outcome of short and long-term antimicrobial therapy in
patients with septic complicated intra-abdominal infection, when adequate source control
was conducted [24]. This led us to the assumption that the eradication of pathogens depends
more on the ability of the immune system to eradicate bacteria then on the supportive
antimicrobial therapy.

It is a pressing clinical challenge to develop prognostic scores to evaluate the success of
source control interventions [6,7,22]. A previous trial using clinically established scoring
systems, including the Acute Physiology and Chronic Health Evaluation (APACHE)-11
score, Simplified Acute Physiology Score (SAPS)-11, Mannheim Peritonitis Index (MPI),
Multiple Organ Dysfunction Score (MODS), Sequential Organ Failure Assessment (SOFA)
score, and the acute part of the APACHE-II score (APS) have failed to predict ongoing
infection in patients with abdominal sepsis after the initial surgical intervention [25]. Other
studies followed, but could not establish a reliable scoring system [6,26,27]. We believe the
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immunological assessment, alone or in combination with physiological markers, provides a
new rationale to conduct clinical trials to evaluate effective source control.

With this study, we sought to establish a clinically relevant murine abdominal sepsis

with an underlying rationale on when to conduct source control as well as evaluating

the effectiveness of the source control. We demonstrate that the CLP-excision (CLP/E)
intervention consisting of surgical debridement, peritoneal lavage and antibiotic therapy,
conducted upon overt display of sepsis, reduces the bacterial burden by greater than 99%,
as previously demonstrated in the literature [9]. We next sought to characterize circulating
neutrophils to examine whether changes in phenotype can indicate efficient source control
compared to septic mice without source control intervention. We observed that septic mice
have a relative increase in the number of neutrophils and an absolute and relative increase of
the activated neutrophils. Neutrophils are a major component of the innate immune system
to migrate to and eradicate bacteria in inflamed tissue [10]. Moreover, PAMPs are strong
activators of neutrophils and drive the development of sepsis [28,29]. We conclude that

the characterization of neutrophils might provide insight into the effectiveness of source
control, as concentration of PAMPs, such as LPS, drives neutrophil activation and should be
significantly decreased or eradicated after successful source control. Of note, the time from
blood collection, preparing the cells for flow cytometry, and the FACS analysis could be
accomplished in about an hour. Although more studies are necessary, such a timely assay to
determine source control efficacy may be of use to surgeons.

Neutrophils from septic mice showed a decreased ability to acidify internal cell
compartments such as lysosomes. This functionality was able to be restored after

source control. However, the time duration for this phagocytosis assay takes longer than
determining the neutrophil phenotype. We did not compare the sensitivity and accuracy of
the two different methodologies to determine if one is superior to the other, which is a
limitation of this study. In future studies, we suggest characterizing neutrophils from human
patients to determine whether these findings translate into human studies and can provide
predictive scoring systems for the evaluation of adequate source control in patients with
abdominal sepsis.

Enzyme-linked immune absorbent spot (ELISPOT) is a highly sensitive immunoassay

that measures the frequency of cytokine-secreting cells at the single-cell level. A key
advantage of ELISpot is that the assay has excellent dynamic range. ELISpot can detect

as little as 1 cytokine secreting cell in 100,000 cells or as many as several thousand

cytokine secreting cells per individual chamber well [30]. In addition to detecting the
number of cytokine secreting cells, the relative amount of cytokine that is produced by

each cell can be determined by quantitating the area of each spot. Using the TNF-a
ELISPOT, we observed significant functional defects in cells obtained from septic mice
when compared to healthy or source-controlled mice. We are currently conducting studies
in human patients to determine if the murine results can be recapitulated. If this can

be accomplished, there are existing College of American Pathologists (CAP) or Clinical
Laboratory Improvement Amendments of 1988 certified (CLIA) laboratories that are using
ELISPOT testing of functional immune responses. We can envision moving toward using an
existing infrastructure to rapidly translate these results into CAP-CLIA-accredited, Food and

J Surg Res. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Salyer et al.

Page 8

Drug Administration (FDA)-cleared diagnostic assays. It is realistic to envision a surgeon
ordering this assay, blood transported to a CAP CLIA laboratory, with results obtained
within 36 hours.

Interestingly, the functional assays reveal that the relevant neutrophil functions of
phagocytosis and acidification of internal cell compartments, such as the lysosome, is
impaired (Fig. 5). Acidification is necessary to disintegrate phagocytosed bacteria in
lysosomes. Another key cell functional of TLR-4 expressing cells is to produce TNF-a.,

a potent pro-inflammatory cytokine that promotes key anti-microbial functions. We did not
see any changes of TNF-a production in the septic mice when examining the spontaneous
production of TNF-a. (Fig. 6A,D). Yet, when circulating neutrophils are stimulated with
LPS, we do see a decrease in their capacity to produce TNF-a (Fig. 6B,E), as well as

in the ratio of challenged to spontaneous TNF-a production (Fig. 6C,F). We consider the
spontaneous production to reflect how many cells have already encountered an antigen, i.e.
PAMP, and accordingly produce TNF-a.. On the other hand, the secretion of TNF-a when
stimulated by LPS indicates the maximal capacity of the neutrophils to produce TNF-a..
Therefore, the decrease of stimulated TNF-a production can be interpreted as cellular
de-sensitization during sepsis. Altogether, our data revealed that neutrophil functionality in
abdominal sepsis can be restored when source control was performed in as early as 18 hours.

Lastly, we want to address some additional limitations of this study. In the functional
analysis of TNF-a production, we did not specifically examine the production of only
neutrophils as we used whole blood rather than isolated neutrophils. It is possible that
other cells present are responsible for a portion of the TNF-a production [14]. However,
the relative share of neutrophils in septic blood, in which we see the significant decrease
of TNF-a production, is significantly higher than in the sham or CLP/E mice (Fig. 4A).
Consequently, it can be assumed that a significant share of the impaired TNF-a production
can be attributed to neutrophils. Secondly, we chose a timely source control model. It has
yet to be examined whether neutrophil functionality can be restored if source control is
conducted at later timepoints. Additionally, this study was carried out using all male animal
subjects. This was done to homogenize our subject pool in order to better discriminate
differences between test groups, but may have implications in eventual treatment outcomes
for female subjects, and will need to be further investigated in the pre-clinical setting.

We believe that this murine model does provide a rationale to examine human patients in
clinical trials by assessing their neutrophil behavior after source control. We suggest that the
predictive value might not be limited to abdominal infections but can also be applied to other
pathophysiologic conditions in which surgical source control is key to prevent deteriorating
inflammation, conversion to a chronic state or re-infection, e.g. in bone infections.
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Highlights

Successful surgical source control in abdominal sepsis can be modeled with
the murine CLP-excision model (CLP/E).

Sepsis leads to relative increase of neutrophils in whole blood and relative and
absolute increase of activated neutrophils, both of which return to that of the
healthy control after source control (CLP/E).

Sepsis also leads to functional impairment of neutrophils (acidification of cell
compartments and TNF-a. production) from septic mice but not those mice
with source control (CLP/E).

The phenotypic and functional characterization of neutrophils in mice can
provide a rationale to develop a predictive scoring system to evaluate the
success of source control in infected human patients.
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Figure 1: Hypothermia is observed within three hours of cecal ligation and puncture.
Mice underwent surgical cecal ligation and puncture (CLP) (n=8). A temperature recording

implant was placed in the abdomen and the time was recorded electronically every 15 min as
described in the methods. The sample size = 8. The data are expressed as mean £ SD. *, p <
0.05 as compared to pre-surgical temperatures.
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Figure 2: Source control reduces systemic bacterial load
Mice underwent sham (n=5) or CLP (n=6) treatment. Source control (CLP/E) was

performed after 3 h (n=5) as described in the methods. After 24h the mice were euthanized
and CFU from whole blood was determined as described in the methods. Data are presented
as a box plot covering the first, second (median), third quartile, and 5th + 95th percentile. #
p<0.05 vs sham and CLP/E.
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Figure 3: Lipopolysaccharide stimulation of neutrophils leads to an activated phenotype within

four hours.

Bone marrow derived neutrophils were incubated for 1, 4, 24 and 48 hours in cell culture
media with or without LPS (1h: n=14, 4h: n=14, 24h: n=14, 48h: n=5). The cells were
analyzed for CD54 (ICAM-1) and CD62L (L-Selectin) as described in the methods. Data are
presented as a box plot covering the first, second (median), third quartile, and 5th + 95th

percentile. * p<0.05 vs timepoint 0 min.
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Figure 4: Changes in neutrophil proportion, numbers and phenotype indicate effective source
control.

Mice underwent sham treatment (n=36) or CLP procedure with (n=18) and without (n=33)
surgical source control (CLP/E) after 3h as described in the method section (A-D). After

24 hours post CLP intervention, whole blood analyzed by flow cytometry. Neutrophil A)
proportion and B) numbers were determined. were identified as Ly6G positive cells and their
relative and absolute number was assessed (A, B). The activated neutrophil C) proportion
and D) number were determined. Data are presented as a box plot covering the first, second
(median), third quartile, and 5th + 95th percentile. # p<0.05 vs sham and CLP/E.

J Surg Res. Author manuscript; available in PMC 2023 June 01.

1
CLP/IE



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Salyer et al.

Page 17

T 1.5+

= #

o P

go)

S 1.0-

" [E—

() ——

Qo

[

_§:° 0.5+

(&)

S

[e)

L

00 1 1 1

untouched CLP CLPI/E

Figure 5: Neutrophils from septic mice have impair phagocytosis
Mice underwent sham treatment (n=32), surgical CLP injury (n=25) or CLP injury with

subsequent surgical source control (CLP/E) after 3h (n=20). After 24h post injury, whole
blood was harvested and the cells were incubated with particles labelled with pH-sensitive
dyes, as described in the method section. The acidification of the internal cell compartments
was analyzed via flow cytometry. Increased acidification correlates with an increased
median fluorescent intensity (MFI) of the ingested pH-sensitive particles. Data are presented
as a box plot covering the first, second (median), third quartile, and 5th + 95th percentile. #
p<0.05 vs sham and CLP/E.
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Figure 6: Increased cellular generation of TNF-a production indicates effective source control
Mice were sham treated (n=23), underwent surgical CLP injury (n=19) or CLP injury

following surgical source control (CLP/E) after 3h (n=20). Whole blood was harvested after
24h post injury. Cellular TNF-a spot numbers were analyzed using ELISPOT A) (-) 100
ng / mL LPS, B) (+) 100 ng/ mL LPS, and C) as a ratio of +LPS/-LPS. Cellular TNF-a
spot size was analyzed using ELISPOT D) (=) 100 ng / mL LPS, E) (+) 100 ng / mL LPS,
and F) as a ratio of +LPS/-LPS. Data are presented as a box plot covering the first, second
(median), third quartile, and 5th + 95th percentile. # p<0.05 vs sham and CLP/E.
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