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Abstract

The disease burden of sepsis continues to increase, with intraabdominal contamination being a
significant source of infection. Sepsis is a syndrome involving both an increase in systemic
inflammation as well as a regulatory component. We have previously demonstrated that
neutrophils are significant 1L-10 producers in the abdomen during sepsis. Here, we sought to
further characterize these neutrophils and elucidate potential underlying mechanisms resulting in
IL-10 generation. Using transcriptional reporter mice, we observed that IL-10 producing
neutrophils were activated, non-apoptotic, and expressed C-X-C chemokine receptor type 4-
expressing. Further, we observed that active Signal Transducer and Activator of Transcription 1
expression was significantly increased in IL-10 producing versus non-1L-10 producing
neutrophils. During sepsis, IFN-y blockade lead to a decrease of neutrophil 1L-10 production,
while peritoneal CD4 T cells were found to be the most numerous acute producers of IFN-y.
Altogether, this report demonstrates that during sepsis, mature neutrophils can potentially dampen
local inflammation by IL-10 production and this can be orchestrated by CD4 T cells through an
IFN-y dependent manner.
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Introduction

Although the mortality rate of sepsis in recent years is unchanged, case humbers continue to
climb [1]. International studies demonstrate the abdomen as a significant source of infection
for sepsis [2]. The syndrome of sepsis is composed of a potent inflammatory reaction,
concurrent with a immune suppressive mechanisms [3]. The initial inflammatory response is
needed to decrease the host’s bacterial burden, whereas immune regulation prevents
exaggerated inflammation that can lead to early life-threatening organ dysfunction and death
[3]. Neutrophils have a crucial function in the initial phase after sepsis [4] in that they are
one of the first cells to migrate into infected compartments to eradicate pathogens. However,
this activation must be balanced, as excessive inflammation can lead to collateral damage by
uncontrolled reactive oxygen species (ROS) production by which healthy tissue gets harmed

[4].

The production of cytokine IL-10 is an important mechanism in the prevention of excessive
inflammation by suppressing both innate and adaptive immune cell functions [5]. In a
previous murine study, we demonstrated that at the site of infection, neutrophils are the
predominate cell producing IL-10 [6]. Currently, the phenotype of IL-10-producing
neutrophils remains unclear. Here, we sought to identify a receptor pattern that would lend
to better understanding of their activation state. Two adhesion molecules were utilized to
address this question. First, the upregulation of ICAM-1 can indicate maturity of a
neutrophil and is associated with enhanced effector functions such as enhanced phagocytosis
and reactive oxygen species (ROS) production [7]. Secondly, L-Selectin shedding from
neutrophil plasma membrane is considered to indicate neutrophil activation or partial
activation (priming) [8]. As we wanted to assess maturity, it is noted that L-Selectinlow/negtive
neutrophils are not considered senescent neutrophils [4,9]. A previous report has used these
two molecules and demonstrated that the L-Selectin!®’ICAM-1* subtype showed increased
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activation [10,11]. Additionally, we sought to elucidate the determinants of IL-10
generation.

Material and Methods

Animal models

We used B6(Cg)-1L10t™1-1Karp/ (VertX) mice (Jackson Laboratories, Bar Harbor, ME) in
order to assess IL-10 production. These mice express green fluorescent protein (GFP)
downstream of the 1L-10 gene, allowing for analysis by flow cytometry while maintaining
viability. The production of IL-10 is not impaired by this genetic modification [12] and the
half-life of the produced GFP is greater than 24h [13]. 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

The induction of polymicrobial sepsis was induced by cecal ligation and puncture (CLP) as
described previously [14]. Briefly, mice were anesthetized using 2.5% isoflurane in oxygen
via face mask. The abdominal area was shaved, disinfected with povidone-iodine and a 1 cm
incision was made to access the cecum. Different severities of sepsis were established by
33% ligation, 1x puncture 25-gauge needle (mild), 50% ligation, 1x puncture 25-gauge
needle (moderate) and 66% ligation, 1x puncture 22-gauge needle (severe). The cecum was
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) and placed on a
heating pad for one hour. Cells were harvested after 24h by intraperitoneal wash. To
neutralize IFN-vy ,100 pg anti-IFN-y-Ab (clone: XMG1.2, BioXCell, Lebanon, NH) was
administered intraperitoneally 24h prior to the induction of sepsis[15].

LPS stimulation of neutrophils in cell culture

Bone marrow of both femur and tibia was flushed and 2 million cells per well were
incubated at 37°C and 5% CO2 for 24h in the presence of Lipopolysaccharide (LPS)
(Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, MO, USA).

Intracellular and surface labeling of cells using flow cytometry

After harvest cells were enumerated using cell counter (Beckman Coulter, Brea, CA), 1
million cells were incubated with a cell viability dye LIVE/DEAD™ Cell Vitality Assay Kit
(Thermo Fisher Scientific, Waltham, MA), washed and afterwards labeled for flow
cytometry. All labeling included Fc-receptor blockage prior to labeling using CD16/CD32
(Mouse BD Fc Block™) (clone 2.4G2 (RUO), BD Pharmingen, San Jose, CA, USA) and
5% rat serum (Invitrogen, Carlsbad, CA). To assess apoptosis, AnnexinV was used to label
cells in Annexin V Binding Buffer BD Pharmingen, San Jose, CA, USA). After labeling,
cells were immediately analyzed using flow cytometry. For intracellular labeling of
neutrophils, cells were fixed with 1% paraformaldehyde and permeabilized using cold
methanol 90% as previously described [14].
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To analyze intracellular IFN-y expression in lymphoid cells /n vivo, mice were pre-treated
with i.p. injection of 250 g protein transport inhibitor brefeldin A (BFA, Sigma-Aldrich, St.
Louis, MO) 30min prior to inducing CLP, as described previously [16]. For intracellular
labeling of lymphoid cells, the Mouse Foxp3 Buffer Set (BD Pharmingen, San Diego, CA)
was used according to the manufacturer instructions.

The following fluorescent-labeled antibodies were used for surface and intracellular
labeling: Ly6G (clone: 1A-8), Ly6C (clone: AL-21), CD4 (clone RM4-5), ICAM-1(CD54)
(clone: 3E2), L-Selectin (CD62L) (clone: MEL-14) and CD44 (clone: IM7) all from BD
Biosciences, San Jose, CA and CXCR4 (clone: L276F12), CD8 (clone: 53-6.7) as well as
pStatl (clone: A15158B), IFN-y (clone: XMG1.2), NK1.1 (clone: PK136) and AnnexinV
all from BioLegend, San Diego, CA. Flow cytometry acquisition and analysis were
performed on an Attune® NxT™ Acoustic Focusing Cytometer (Thermo Fisher Scientific,
Waltham, MA). Neutrophil subsets were characterized using L-Selectin (CD62L) and
ICAM-1 (CD54). The L-Selectin+/ICAM-1- subtype was considered immature, while the L-
Selectin+/ICAM-1+ and L-Selectin-/ICAM-1+ subtypes were considered mature [7,8]. T-
cell subsets were identified as follows: naive (CD44-/CD62L+), central memory (CD44+/
CD62L+), and effector memory (CD44+/CD62L-) [17,18].

Statistical analyses

Results

For statistical analysis of the data GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA)
was used. Outliers were identified using the ROUT method (Q=1%) and removed. Groups
were tested for normality using the Shapiro-Wilk and the DAgostino and Pearson normality
test. If the normality test was passed, 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 normality test was not passed, 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.
Individual data points are depicted, as well as mean * standard deviation of the mean. A p
value of <0.05 was considered statistically significant.

Activated, but non-apoptotic neutrophils were the main producers of IL-10

Previously, it was reported that during peritoneal sepsis, local 1L-10 production was mainly
facilitated by neutrophils. However, it remains unclear whether all neutrophils produced
IL-10 or only certain subsets. We postulated that neutrophil IL-10 expression varies
depending on the stimulus and that these neutrophils may express a distinct characterizing
phenotype. Our data showed a significant increase in the proportion of 1L-10 producing
neutrophils, positively associated with sepsis severity (Fig. 1A). A similar association was
observed /in vitro with increasing dosages of LPS (Fig.1B). Interestingly, both IL-10 positive
and negative neutrophils were overwhelmingly non-apoptotic /7 vivo (data not shown). The
L-Selectin-/ICAM-1+, activated subtype represented the highest proportion in both
experiments (Fig. 1B,D). Thus, neutrophil IL-10 production was dependent upon both sepsis
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severity and LPS-dose dependent and the L-Selectin-/ICAM-1+ phenotype was predominant
of the different subtypes.

Neutrophils producing IL-10 have higher CXCR4 expression compared to non-producers

A recent study examined how extracellular ubiquitin, which binds to CXCR4, influences
IL-10 production in macrophages from healthy individuals [19]. The authors demonstrated
that macrophages produced less IL-10 when CXCR4 was blocked before stimulating them
with ubiquitin compared to stimulation without blockage [19], which assumes that CXCR4
regulates 1L-10 production. We therefore hypothesized the expression of CXCR4 on IL-10
producing neutrophils is higher as in non-producers. As the receptor can be expressed on the
surface or become internalized, neutrophils were subjected to both total and surface labeling.
Overall, a higher proportion of IL-10 producing neutrophils showed increased expression of
total CXCR4 (Fig 2A). Additionally, this was true of surface CXCR4 surface labeling both
24 hours of sepsis induction and LPS injection (Figs. 2B,D). Altogether, these data
demonstrate that peritoneal IL-10 producing neutrophils have higher expression of CXCR4
and ICAM-1, lower expression of CD62L., and are non-apoptotic.

Neutrophils IL-10 production is augmented by the IFN-y/Stat1-axis

The transcriptional regulation of IL-10 has been demonstrated to be vitally dependent on
active Stat3, and to a slightly lesser extend on active Statl [20]. Here, we hypothesized that
neutrophil expression of I1L-10 is driven by the IFN-y/Stat1-axis, as Stat1. To assess the role
of Statl in neutrophil IL-10 production, we determined activated phosphorylated Statl
expression /n vivoand /n vitro. For a better evaluation the results were normalized, which
demonstrated an increase in pStatl expression in IL-10 positive neutrophils as compared to
IL-10 negative neutrophils 24h after both sepsis induction (Fig. 3A) and LPS stimulation
(Fig. 3B). To assess whether IFN-y in the peritoneal cavity drives IL-10 production in
neutrophils we examined whether there were detectable changes in the production when
IFN-v is neutralized. After an anti-IFN-y-Ab was administered i.p. 24h prior to the injury,
the percentage of neutrophils producing IL-10 decreased significantly (Fig. 3C). We
additionally characterized the IL-10 producing neutrophils using L-Selectin and ICAM-1.
As in the untreated neutrophils (Fig. 1B) the L-Selectin-/ICAM-1+ subtype was the main
subtype within all 1L-10 positive neutrophils (Fig. 3D). Neutrophils producing IL-10 showed
increased expression of pStat /n vivo and /n vitro, IFN-y disruption decreased IL-10
expression and remaining IL-10 positive neutrophils were mainly found to be L-Selectin-/
ICAM-1+.

CD4 T cells are the most prevalent IFN-y producers

In previous work, we observed that during acute sepsis, peritoneal IFN-y levels were
elevated using the murine model of CLP [21]. We have also demonstrated that mortality can
be increased in sepsis in IFN-y KO mice [22]. These data suggest IFN-y can play a key role
during sepsis, but the predominate cell that produced IFN-y during acute sepsis has not been
elucidated. Here, we observed that of the leukocytes producing IFN-y, CD4 T cell numbers
were most prevalent, followed by CD8 T cells, NK cells and NKT cells (Fig. 4A). Although
NK and NKT proportionally produced more IFN-y than CD8 or CD4 T cells (Fig. 4B), their
total numbers were significantly smaller than CD4 or CD8 T cells (Fig. 4A). Next, we

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bergmann et al. Page 6

further phenotyped which CD4 and CD8 T cells produced IFN-y. For CD4 T cells, IFN-y
production was proportionately highest in the central memory subtype (Fig. 4C). For CD8 T
cells, we observed a similar trend, albeit not significant. Altogether, these data suggest that
CD4 central memory cells are significant producers of IFN-y production.

Discussion

With this study we sought to characterize the 1L-10 producing intraperitoneal neutrophils in
the acute onset of abdominal sepsis and to determine the mechanisms behind IL-10
production. We demonstrated the injury-severity dependent nature of IL-10 production and
IL-10 producing neutrophil mainly expressed a mature non-apoptotic L-Selectin-/ICAM-1+
phenotype and increased CXCR4 expression, dependent on the IFN-y/Statl signaling
pathway. These results are similar in vivo and in vitro indicating they are a result of
stimulation by bacteria and not a general reaction to upregulation of inflammation. Lastly,
we observed that central memory CD44+/CD62L+ CD4 T cells are the main producers of
IFN-y. We therefore conclude that at the acute onset of abdominal sepsis CD4 T cells and
bacterial stimuli promote the production of IL-10 in an IFN-y and LPS dependent manner in
peritoneal mature neutrophils.

Several authors have suggested that neutrophils undergo apoptosis quickly after pathogen
clearance to prevent excessive inflammation, with immunosuppressive capabilities attributed
to either newly recruited and immature neutrophils or to impaired-functioning neutrophils
influenced by various stimuli in septic setting [23]. However, the characterization of
neutrophils as mainly L-Selectin-/ICAM-1+, and the fact that the majority of 1L-10 positive
neutrophils are not apoptotic suggest that the IL-10 producing neutrophils are senescent, as
this pattern is associated with potent anti-inflammatory functionality [4,7]. Neutrophils
producing IL-10 /n vitroand in vivo expressed CXCR4, which suggests that the
immunosuppressive effect of these cells is mediating inflammation not only locally but also
potentially systemically in lymph nodes and bone marrow, as CXCR4 expression is
associated with the reverse migration from inflamed tissue to lymph nodes modulating
lymphocyte proliferation [24]. Moreover, CXCR4 activation might regulate neutrophil 1L-10
production, as this was found in macrophages [19].

We confirmed IL-10 production is also regulated by active Statl in this murine CLP model.
It is of note that this was the case for both /in vivoand in vitro, indicating the process to be
driven by bacteria and not by general immune activation. It was shown that Stat1 is part of
the signaling pathway of the IL-10 receptors [20]. Therefore, Statl activation might be part
of a positive feedback loop, as neutrophils are known to express I1L-10 receptors [25]. The
activation of the interferon-a-receptor by IFN-a or IFN-p as well as the activation of the
interferon-y-receptor by IFN-vy leads to the phosphorylation and therefore activation of
Statl [26]. Our data suggests pStatl upregulation is driven by IFN-v, as the production of
IL-10 was displayed to be IFN-y dependent and all IL-10 producing neutrophils showed
increased expression of pStatl. Interestingly, IL-10 producing neutrophils after IFN-y
blockage were mainly L-Selectin-/ICAM-1+, indicating that IFN-y does not change the
activation pattern of the neutrophils.
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In previous work it has been determined that CD3 KO mice have a higher CLP induced
mortality then WT mice [22]. Moreover, IFN-y KO mice [22] as well as IFN-yR KO mice
[27] showed increased mortality in murine abdominal sepsis. Interestingly a recent study in
rats demonstrated the intraperitoneal administration of Interleukin-15 one hour post sepsis
induction increased the total numbers of T cells and NK cells and IFN-vy levels, which lead
to a reduced mortality [28]. In a murine 7oxgplasma gondii infection model CD4+ cells
were found vitally important to attenuate inflammation [15]. If a glucocorticoid auto-
feedback loop did not lower CD4+ Th1 hyperactivity with increased IFN-y production,
mortality was significantly increased [15]. Our data suggests that CD4 T cells orchestrate the
immunosuppressive release of IL-10 in neutrophils in the peritoneum by the release of IFN-
- These studies [15,28] implicate that IFN-y release by peritoneal CD4+ T cells potentially
orchestrates a the environment site of inflammation during sepsis.

We chose our 3h post-CLP timepoint because human septic shock studies showed a
significant decrease in circulating T cells and NK cells already at the time of admission [29].
Interestingly, in total numbers we found CD4 T cells to be the main producers of IFN-y,
with central memory CD44+/CD62L+ cells being the largest subset. Effector memory T
cells are sought to migrate to inflamed tissue to exert immediate effector functions, whereas
central memory T cells are suggested to home to secondary lymphoid tissue to proliferate
and differentiate into effector memory T cells [17]. Memory T cells are considered antigen-
experienced [17], which suggests that the peritoneal T cells found here might have
previously encountered the respective antigens in the gut. As sepsis is followed by rapid T
cell apoptosis with CD44i*/ CD62LN/* central memory being largely spared [30,31], this
would altogether allow a concurrent proinflammatory response concurrently balanced by a
down-stream inflammation resolving response.

In conclusion, we found the acute (24h) production of IL-10 by neutrophils to be dependent
on sepsis severity. The IL-10 producing neutrophils revealed a non-apoptotic mature
phenotype and expressed CXCR4 indicating potential reverse migration functionality. The
upregulation of Statl in IL-10 producing neutrophils indicated an IFN-y-promoted induction
of IL-10, which was confirmed in an IFN-y blockage model. Quantitatively CD4 T cells
were found to be the main producers of IFN-vy in the very acute phase of sepsis (3h). We
propose CD4 T cells as orchestrators of the neutrophil IL-10 production in the acute phase
of sepsis; potentially preventing an exaggerated immune activation. We believe that it is
important to further elucidate this likely beneficial effect in the acute phase of sepsis. It may
present a target for the modulation of the peritoneal immune response during abdominal
sepsis. The translation of these findings to humans has to be conducted carefully as human
neutrophils seem to express I1L-10 only after being primed [32] and may react differently.
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Highlights

. During sepsis, 1L-10P% neutrophils are activated, non-apoptotic and express
CXCR4

. Active STAT-1 expression is significantly increased in IL-10 producing
neutrophils

. IFN-y blockade leads to a decrease of neutrophil IL-10 production during
sepsis

. Peritoneal CD4 T cells are the most numerous producers of IFN-y in acute
sepsis
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Figure 1: Acute IL-10 production of intraperitoneal neutrophils is associated with injury severity
in vivo and LPS dosage in vitro

Peritoneal neutrophils were harvested: A and B) 24 h after cecal ligation and puncture
(CLP). Bone marrow derived neutrophils were harvested: C and D) after 24 hours LPS
stimulation. The enumeration and characterization were conducted as described in material
and methods. Data are expressed as means + SD. *p < 0.05.
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Figure 2: CXCR4 expression is increased in 1L-10 producing neutrophils compared to IL-non-
producing neutrophils both in vivo and in vitro

Peritoneal neutrophils of 1L-10 GFP reporter mice were harvested and processed: A and B)
24 h after CLP. Bone marrow derived LPS stimulated neutrophils were harvested: C) 24 h
post stimulation. Total and surface CXCR4 expression was determined as described in
material nad methods. Data are expressed as means + SD. *p < 0.05.
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Figure 3: The IFN-y / active STAT-1 signaling pathway is associated with neutrophil I1L-10
generation
Peritoneal neutrophils of IL-10 GFP reporter mice were harvested and processed: A) 24 h

after CLP while bone marrow derived, LPS-stimulated neutrophils were harvested: B) 24 h
post stimulation. Active STAT-1 was determine as described in the materials and methods.
To assess IFN-y dependency of I1L-10 production 100 pg anti-IFN-y-Ab was pre-
administered 24 hours prior to CLP surgeries. C) The proportion neutrophils generating
IL-10 from mice treated with isotype or IFN-y-neutralizing antibodies was determined as
described. D) With IFN-y blockade, IL-10 producing neutrophils are characterized as
described in the material and methods. Data are expressed as means + SD. *p < 0.05.
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Figure 4: CD4 T cells are the most prevalent IFN-y producers during acute sepsis
Twenty-four hours prior to the CLP surgeries, 250 pg of Brefeldin A were injected into wild

type C57BL/6J mice. Peritoneal cells were harvested 3 hours after CLP with intracellular
labeling for IFN-y expression conducted as described in material and methods. As described
in the material and methods, A) Leukocyte numbers were determined. B) Leukocyte
proportions analyzed, C) CD4 phenotype and D) CD8 phenotype was determined for IFN-y
expression. Data are expressed as means = SD. *p < 0.05.
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