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Abstract

Objective—Proper inflammation resolution is crucial to prevent runaway inflammation during
sepsis and reduce sepsis-related mortality/morbidity. Previous studies suggest that deleting
TRAM, a key TLR4 signaling adaptor, can reprogram the first inflammatory responder cell-
neutrophil from an inflammatory state to a resolving state. In this study, we aim to examine

the therapeutic potential of TRAM-deficient neutrophils in vivo with recipient mice undergoing
experimental sepsis.

Material and methods—Wild-type or Tram~'~ mice were intraperitoneally injected with cecal
slurry to induce either severe or mild sepsis. Phenotypic examinations of sepsis and neutrophil
characteristics were examined in vivo and ex vivo. The propagations of resolution from donor
neutrophils to recipient cells such as monocytes, T cells, and endothelial cells were examined
through co-culture assays in vitro. The efficacies of Tram™~ neutrophils in reducing inflammation
were studied by transfusing either wild-type or Tram™~ neutrophils into septic recipient mice.

Results—Tram™" septic mice had improved survival and attenuated injuries within the lung
and kidney tissues as compared to wild-type septic mice. Wild-type septic mice transfused with
Tram™" resolving neutrophils exhibited reduced multi-organ damages and improved cellular
homeostasis. In vitro co-culture studies revealed that donor Tram™~ neutrophils can effectively
propagate cellular homeostasis to co-cultured neighboring monocytes, neutrophils, T cells as well
as endothelial cells.

Conclusions—Neutrophils with TRAM deletion render effective reprogramming into a
resolving state beneficial for ameliorating experimental sepsis, with therapeutic potential in
propagating cellular and tissue homeostasis as well as treating sepsis.
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Introduction

Sepsis is a systemic inflammatory response to infections, ultimately leading to multi-organ
failure and death, with > 10 million annual mortalities worldwide [1]. Sepsis can be caused
by polymicrobial infection-related immune dysregulations. With the global COVID-19
pandemic, the recent incidences of both severe and mild sepsis have been increasing [2],
posing tremendous financial burdens on the healthcare system. Despite the dire medical
need, there is no effective cure for sepsis. Dysregulated inflammatory responses including
infiltration of monocytes and neutrophils; excessive secretion of pro-inflammatory mediators
such as neutrophil elastase [3-7], likely contribute to vasculature leakages and multi-organ
injuries during the course of sepsis. However, no effective approach is currently available to
properly mitigate sepsis-associated inflammation to prevent multi-organ injuries and reduce
long-term complications.

Neutrophils are the very first responder during the course of sepsis pathogenesis, with
complex roles in promoting inflammation as well as facilitating inflammation resolution

[8, 9]. However, detailed mechanisms controlling the fate of neutrophil inflammation

or resolution are not well-understood. We previously reported that neutrophils can be
reprogrammed into the revolving state through the pharmacological treatment with 4-PBA
(a peroxisome stabilizer) or the genetic depletion of TRAM (an adaptor molecule in TRIF-
mediated TLR4 downstream signaling pathway) in vitro. The reprogrammed neutrophils
express elevated pro-resolving mediators (CD200R, CD86, ResolvinD1, and SerpinB1) and
exhibit enhanced antimicrobial capacity [10]. Together with independent findings [11-13],
we hypothesize that reprogrammed resolving neutrophils may provide therapeutic effects for
treating experimental sepsis.

To test this hypothesis, we designed in vivo studies comparing wild-type and Tram™~

mice during experimental sepsis, with the well-developed cecal slurry (CS)-induced sepsis
model. We further performed transfusion studies comparing the efficacies of donor wild
type and Tram™" neutrophils in treating experimental sepsis. Complementing our in vivo
study design, we characterized the propagation of resolution among donor neutrophils with
recipient neighboring cells including monocytes and endothelial cells through the in vitro
co-culture studies. Collectively, our study demonstrated the resolution propagation mediated
by Tram™" neutrophils and the therapeutic potential of Tram™~ neutrophils in treating
experimental sepsis.

Materials and methods

Mice and bacteria

Both adult male and female Tram™~ and the respective wild-type (WT) C57BL/6 as well as
BALB/c mice (6-8 weeks of age) were as described [14] and housed at the animal facility of
Virginia Tech. All animal protocols were approved by the Institute for Animal Care and Use
Committee. Escherichia coli (# 25922) was purchased from ATCC.
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Murine sepsis model

Sepsis was induced by intraperitoneal injection of cecal slurry in mice as previously
described [15-17]. In brief, cecal contents were collected and weighed from the cecum

of donor C57BL/6 mice, and the slurry was made by suspending fecal materials in PBS. The
slurry was strained through mesh strainers (in the order of 380, 190, 100, and 70 um) and
prepared at a final concentration of 125 mg/ml of 10% glycerol in PBS. For severe sepsis,
CS was injected into mice intraperitoneally with a 28-gauge needle at a dose of ~ 1 mg/g

of body weight (BW). The survival was monitored for 7 days. For mild sepsis, mice were
subjected to CS at a dose of ~ 0.7 mg/g of BW and observed for 14 days. On day 14, mice
were injected intravenously with 5 x 108 £.co/iin 200 ul PBS 30 min prior to sacrifice, and
tissues were harvested for subsequent analyses.

Bone marrow-derived neutrophil and monocyte/macrophage isolation and culture

Neutrophils were purified using 62.5% Percoll gradient from WT and TRAM knock-out
(KO) murine bone marrow (BM), and BM monocytes were isolated from WT mice as

we described previously [10, 14, 18]. Neutrophils and monocytes were then cultured in

the complete RPMI medium (containing 10% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin) supplemented with 100 ng/ml G-CSF and 10 ng/ml M-CSF, respectively.
Monocytes were cultured for 5 days with the refreshing culture medium every 2 days

as reported before [18]. For neutrophil resolving phenotype reprogramming, WT BM
neutrophils were stimulated with 4-PBA (1 mM) (TOCRIS, # 2682) for 24 h or 2 h followed
by a 24-h challenge with fMLP (1 pM) (Sigma, # F3506). For priming and inducing
sepsis-like phenotype in vitro, WT BM neutrophils were treated with super-low-dose (100
pg/ml) and high-dose (100 ng/ml) of LPS (Sigma, # L2630), respectively, for 24 h. For the
elastase inhibitory assay, WT and TRAM KO BM neutrophils were treated with 1 uM fMLP
together with or without 1 ug/ml sivelestat (Selleckchem, # S8136) for 24 h. For the NAD*
assay, WT and TRAM KO BM neutrophils were stimulated with LPS (100 ng/ml) (Sigma, #
L2630) for 24 h.

Adoptive neutrophil transfer

BM neutrophils from WT and TRAM KO mice were isolated by a magnetic bead-based
neutrophil enrichment kit (STEMCELL, # 19762) with > 92% purity. After three time-
washes with PBS, neutrophils were suspended in PBS for injection. WT mice with CS-
induced mild sepsis were transfused twice with 5 x 108 WT or TRAM KO neutrophils in
200 pl of PBS twice weekly during the first week through intravenous injection during the
chronic model of sepsis. On day 14, mice were sacrificed and tissues were harvested for
further analyses.

Spleen-derived T cell purification

Naive T cells were prepared using a T cell isolation kit (STEMCELL, # 19851) with > 97%
purity from the spleens of BALB/c mice. The purified cells were labeled with CFSE dye
(Invitrogen, # C34554) for the proliferation assay then cultured in the complete medium
supplemented with HEPES, B-mercaptoethanol, and anti-CD28 antibodies (2.5 pg/ml; Bio
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X Cell, # BE0015-1) in an anti-CD3 antibody pre-coated plate (1 pg/ml; Bio X Cell, #
BE0001-1).

Neutrophil co-culture experiments with neutrophils, macrophages, or T cells

Donor cells (WT neutrophils, TRAM KO neutrophils, or 4-PBA reprogrammed-WT
neutrophils) were labeled with a red fluorescent dye (Sigma, # PKH26GL). For
neutrophilneutrophil co-cultures, freshly harvested WT naive neutrophils (recipient cells)
were co-cultured with donor cells for 24 h at a ratio of 1:2 in the G-CSF supplemented
complete medium. For monocyte/macrophage-neutrophil co-cultures, WT monocytes/
macrophages (recipient cells) from 5 day-cultures were co-cultured with donor cells for

24 h at a ratio of 2:1 in the M-CSF supplemented complete medium. For T cell-neutrophil
co-cultures, freshly harvested T cells (recipient cells) were co-cultured with donor cells for 4
days at a ratio of 2:1 in the anti-CD3/anti-CD28 antibody-supplemented conditions.

Endothelial cell culture and co-culture

bEnd.3 endothelial cells (# CRL-2299) were purchased from ATCC, and cell passage
numbers from 10 to 15 were used in this study. Endothelial cells were cultured as ATCC
protocol instructed in the complete DMEM medium (including 10% FBS and 1% penicillin/
streptomycin). After growing to ~ 80% of confluency, endothelial cells (recipient cells)
were co-cultured with donor cells (WT neutrophils, TRAM KO neutrophils, or 4-PBA
reprogrammed-WT neutrophils) at a ratio of 1:10 or cultured in conditioned media from
neutrophil cultures (based on the assay settings) with the additive of 0.2 uM Oleoyl-L-a-
lysophosphatidic acid sodium salt (LPA; Sigma, # L7260) for 24 h.

FACS analyses

Splenocytes and lung cells in single-cell suspension (prepared as described [19]) from in
vivo experiments as well as recipient cells (naive neutrophils, monocytes/macrophages, T
cells, and endothelial cells) from in co-cultures were assessed with the flow cytometry.
After blocked with the Fc blocker (1:200 dilution; BD Biosciences, # 553141), cells

were stained with anti-Ly6G (1:300 dilution; BioLegend, # 127606), anti-Ly6C (1:300
dilution; BioLegend, # 128018), anti-CD11b (1:200 dilution; BioLegend, # 101226), anti-
CD86 (1:200 dilution; BioLegend, # 105006), anti-CD200R (1:200 dilution; BioLegend,
#123908), anti-CD24 (1:200 dilution; BioLegend, # 101813), anti-CD3 (1:200 dilution;
BioLegend, # 100221), anti-CD4 (1:200 dilution; BioLegend, # 116006), anti-CD8 (1:200
dilution; BioLegend, # 100712), anti-CD31 (1:200 dilution; BioLegend, # 160204), anti-VE-
Cadherin (1:200 dilution; BioLegend, # 138011), anti-ESAM (1:200 dilution; BioLegend, #
136207), or anti-JAM-1 antibodies (1:200 dilution; BioLegend, # 158503). Before samples
were analyzed with a FACSCanto 11 (BD Biosciences), cells were resuspended in FACS
buffer containing Propidium lodide (PI; 1:400 dilution; Thermo Fisher Scientific, # P3566)
for testing cell viability. In some experiments, cells were first stained with anti-CD3, anti-
CD4, and anti-CD8 antibodies as well as the Live/Dead dye (Invitrogen, # L34975) then
fixed and permeabilized using a transcription factor staining buffer set (Thermo Fisher, #
00-5523-00), followed by staining with anti-Foxp3 (1:200 dilution; Biolegend, # 126403)
and flow cytometry. Data were analyzed with FlowJo (Ashland, OR).
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Quantification of protein in bronchoalveolar lavage fluid (BALF)

ELISA

NAD™* assay

BALF from WT and TRAM™" septic mice was collected as described previously [19].
Briefly, 500 ul 0.9% NaCl with 0.1 mM EDTA was injected from the murine tracheas to the
lungs using a 21-gauge plastic needle to wash lungs 3 times. The recovered BALF was then
spun down to remove cell debris. The protein concentration of BALF was tested with a BCA
protein assay kit (Thermo Fisher, # 23227) and then measured by a plate reader at 562 nm.

The plasma samples from in vivo experiments were harvested and the supernatant of in vitro
cell cultures as described above was collected. The levels of urea nitrogen (BUN; Thermo
Fisher, # EIABUN), creatinine (Cayman, # 700460), neutrophil elastase (R&D Systems, #
MELAZ20), sphingosine-1-phosphate receptor 3 (S1P3; NOVUS, # NBP2-82428) in samples
were measured by ELISA Kits.

LPS-treated WT and TRAM KO BM neutrophils were lysed and the levels of intracellular
NAD™* were determined with a NAD/NADH quantification kit (Sigma, # MAK037)
following manufacturer’s instructions.

Statistical analyses

Results

GraphPad Prism 9 (La Jolla, CA) was used to perform statistical analysis. Data were
representative of at least three independent experiments and were expressed as means +
SD. The statistical significance was determined by the Student’s #test (for two groups) or
one-way analysis of variance (ANOVA) (for multiple groups). £< 0.05 was considered
statistically significant.

Mice with TRAM deletion are more resistant to severe sepsis and less susceptible to
sepsis-induced tissue injuries

We previously demonstrated that Tram™~ neutrophils constitutively exhibit pro-resolving
potentials with enhanced expression of homeostatic mediators including CD200R, CD86,
RvD1, and SerpinB1 [10]. CD86 and CD200R are cell surface markers for resolving
neutrophils: CD86 on the myeloid cells is associated with Treg cell differentiation to
maintain immune homeostasis [20], and CD200R is positively correlated with inflammation
resolution [12]. In addition, Tram™~ mice are protected from DSS-induced acute colitis-
related death and tissue damage [14]. Hence, we hypothesized that TRAM deficiency may
similarly render immunomodulatory protection against experimental sepsis. To evaluate the
role of TRAM in sepsis pathogenesis, we intraperitoneally (i.p.) injected the high dose of
cecal slurry (CS; ~ 1 mg/g of BW) to both WT and Tram™"~ mice to induce severe sepsis
[16, 17]. We observed that consistent with our and others’ reports [14, 16], the survival of
WT septic mice was ~ 30% with all the death happening within the first three days after the
injection, while all Tram™~ septic mice survived throughout the 7 day observation period
(Fig. 1a).
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Next, to examine the long-term effect of sepsis, we induced mild sepsis in both strains

of mice by i.p. injection with a lower dose of CS (~ 0.7 mg/g of BW) [15], followed by

the intravenous (i.v.) injection of £. coli 30 min prior to the time of sacrifice. All mice
survived by the termination day (Day 14). Consistent with the previous clinical observation
that sepsis can cause acute lung injury (ALI) [21], we found compromised lung morphology
with altered alveolar structures in WT septic mice as compared to their control counterparts
(Fig. 1b). On the other hand, the disrupted alveolar integrity associated with sepsis was less
apparent in Tram™~ mice (Fig. 1b). Next, we examined key plasma markers associated with
tissue damages. The levels of S1P3, a biomarker for lung injury and pulmonary fibrosis

[22, 23], were significantly increased in plasma from WT septic mice as compared to

WT control mice regardless of gender. In contrast, Tram™~ mice were less susceptible

to sepsis-mediated lung damage as assessed by a dampened induction of S1P3 (Figs. 1c
and S1a). We also assessed lung vasculature leakage by measuring leaked protein levels

in bronchoalveolar lavage fluid (BALF) and observed diminished levels in Tram™~ mice
compared with WT mice (Fig. 1d) (though less apparent in female groups) (Fig. S1b).
Taken together, our data suggest that TRAM deletion facilitates the maintenance of tissue
homeostasis under septic conditions.

We then examined the cellular levels of resolving mediators from harvested neutrophils. As
shown in Fig. le, cecalslury injection caused a twofold reduction in the levels of CD200R
as well as CD24 in WT neutrophils. In contrast, there was only a negligible reduction of
CD200R and CD24 in Tram™~ mice following CS injection (Fig. 1€). This phenomenon is
similarly observed in female mice. As shown in Fig. S1c, CS-induced sepsis reduced the
expression of CD200R, CD86, and CD24 on spleen-resident neutrophils from WT female
mice. However, such an effect was attenuated in Tram™" septic female mice (Fig. Sic).
Flow cytometry further revealed significantly lower neutrophil infiltration in spleens from
female Tram™~ septic mice as compared to WT septic mice (Fig. S1d). These results
confirm that TRAM deletion ameliorates sepsis-related tissue damage and sustains immune
homeostasis during sepsis.

Tram™~ neutrophils attenuate tissue damage and rejuvenate the immune system in WT

septic mice

Our /n vivo data complemented our in vitro studies revealing that high-dose LPS seen in
septic conditions potently drives an “exhausted” neutrophil state with reduced resolving
mediators such as Cd200rand Cd86[10], while simultaneously expressing higher levels of
Cdl11b(/tgal) (Fig. S2a, b). This is in contrast with neutrophils primed with super-low-dose
LPS which developed into an immune-enhanced population with reduced Cd11b (Fig. S2a,
b). Re-analyses of our existing single-cell sequencing data revealed that WT neutrophils had
only a minor subset of resolving neutrophils that correlates with reduced 7ram expression
(Fig. S2c). This is consistent with our previous report that TRAM deletion enables the
expansion of resolving neutrophils [10].

We further observed that Tram™" neutrophils are more resilient to endotoxin-induced
metabolic dysregulation as reflected in sustained cellular NAD™ levels in Tram=/~
neutrophils (Fig. S3). In contrast, the high-dose LPS challenge led to a drastic reduction
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of NAD* levels in WT neutrophils. Enhanced resolving mediators such as CD200R, CD86,
and NAD* may collectively communicate with neighboring cells to propagate immune
homeostasis [10, 24, 25]. Based on these mechanistic studies, we hypothesized that Tram™~
neutrophils may be capable of actively maintaining and propagating immune homeostasis
and alleviating tissue damage. To test this, we set up the transfusion experiment as
illustrated in Fig. 2a. As compared to septic mice transfused with WT neutrophils, septic
mice transfused with Tram™~ neutrophils exhibited significantly reduced levels of plasma
creatinine, an indicator of liver damage. Likewise, although no statistical significance,

there was a ~ 20% reduction of BALF protein levels (indicator of lung damage), and a

~ 15% reduction of BUN levels (indicator of kidney damage) in septic mice transfused

with Tram™" neutrophils as compared to septic mice transfused with WT neutrophils (Fig.
2b, c). Correspondingly, we observed that septic mice transfused with Tram™" neutrophils
retained key adhesion molecule VE-Cadherin on lung endothelium as compared to septic
mice transfused with WT neutrophils (Fig. S4). Furthermore, septic mice transfused with
Tram™~ neutrophils exhibited reduced plasma creatinine and BUN levels (Fig. 2b, ). On
the cellular level, we observed that septic recipient mice transfused with Tram™" neutrophils
sustained the expression of resolving mediators, including CD200R and CD24, on recipient
neutrophils (Fig. 2d). Collectively, these data demonstrate the therapeutic potential of
Tram™~ neutrophils in propagating homeostasis to recipient cells and alleviating sepsis-
associated injuries.

Innate and adaptive immune cells acquire resolving phenotypes when co-cultured with
Tram™" resolving neutrophils

Given the propagation of immune homeostasis mediated by Tram™"~ neutrophils in vivo, we
then further characterized the in vitro propagation of homeostasis by Tram™~ neutrophils.
Hence, we investigated the phenotypic changes of naive neutrophils, macrophages, and

T cells co-cultured with TRAM KO or 4-PBA-reprogrammed neutrophils. We previously
demonstrated that neutrophils treated with 4-PBA, a compound facilitating peroxisome
homeostasis and inflammation resolution [26—28], exhibit a similar resolving phenotype

as Tram™~ neutrophils [10]. We observed that naive neutrophils co-cultured with 4-PBA-
treated or Tram™~ neutrophils expressed ~ 10% and ~ 15% more CD86 as well as CD200R,
respectively, as compared to their counterparts co-cultured with PBS control neutrophils
(Fig. 3a). In addition, we observed ~ 15% increase of CD200R expression on monocytes
co-cultured with resolving neutrophils (4-PBA-reprogrammed or Tram™") as compared to
the control group (Fig. 3b).

We also examined neutrophil-mediated phenotypic adaption of the adaptive immune cells.
Murine spleen-derived naive T cells were co-cultured with resolving neutrophils (4-PBA-
reprogrammed or Tram~'") or PBS control neutrophils supplemented with anti-CD3 and
anti-CD28 antibodies for 4 days. CD4* T cell proliferation was elevated by ~ 1 and ~ 2 folds
when co-cultured with 4-PBA-treated or Tram™~ neutrophils, respectively, as compared to
the CD4™ T cell with control neutrophils (Fig. 3c). In addition, we evaluated the percentage
of Treg cells among the entire CD4* T cell population. Both 4-PBA-treated and Tram™/~
resolving neutrophils increased the fractions of Treg cells in co-cultures by 2-3 folds (Fig.
3d), consistent with an independent finding about CD86-dependent Treg cell maintenance
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and differentiation [20]. Taken together, our data reveal that resolving neutrophils can
elevate CD86 and CD200R expression on recipient neutrophils and monocytes, and facilitate
homeostasis by enhancing the proliferation of CD4* T cells as well as Treg cells.

Neutrophil-secreted soluble mediators are partially responsible for sustaining markers of
endothelial integrity

Consistent with independent findings [29, 30], we observed a compromised lung
endothelium integrity in WT septic mice with disrupted alveolar structure (Fig. 1b) and
greater vasculature leakage in BALF (Fig. 1d). In contrast, the adoptive transfer of

naive Tram™" neutrophils can alleviate CS-induced lung endothelial barrier dysfunction
in recipient septic mice (Figs. 2b and S3). To further clarify how neutrophils influence
the permeability and stability of the endothelium, we co-cultured endothelial cells with
neutrophils and tested the expression of endothelial adhesion and tight junction molecules,
given that endothelial integrity is regulated by junctional markers [31-34]. We observed
that the expression levels of CD31, ESAM, JAM-1, and VE-Cadherin on endothelial cells
co-cultured with Tram™" neutrophils were significantly upregulated as compared to the
endothelial cells co-cultured with WT neutrophils (Fig. 4a).

To test whether the endothelium disturbance is mediated by the soluble mediators secreted
by neutrophils, we cultured endothelial cells in the conditioned medium harvested from
either WT or Tram™~ neutrophil cultures stimulated with 1 pM fMLP for 24 h. We observed
that endothelial cells cultured in Tram™~ neutrophil medium exhibited an enhanced
expression of adhesion and tight junction molecules as compared to endothelial cells
cultured in WT neutrophil medium (Fig. 4b). Together, our data suggest the involvement

of neutrophil-secreted mediators in modulating endothelial integrity.

Knocking out TRAM in neutrophils decreases elastase secretion to maintain endothelial
barrier markers

Elastase is a proteinase secreted by neutrophils during inflammation to limit pathogen
invasion but can also cause damage to the host tissue. It has been shown that neutrophil
elastase is responsible for disrupted pulmonary endothelial structures in experimental
endotoxemia [35]. Neutrophil elastase was also shown to facilitate transendothelial
migration and increase vascular permeability by degrading VE-Cadherin and promoting
endothelium apoptosis [36, 37]. The inhibition of neutrophil elastase was shown to improve
the survival of septic animals and attenuate sepsis-related lung and kidney impairment [6,
7, 38]. Hence, we hypothesized that TRAM-mediated neutrophil elastase production might
be potentially involved in modulating endothelial integrity. Indeed, we found that elastase
secretion by Tram ™~ neutrophils upon 24-h fMLP stimulation was significantly lower than
by WT neutrophils (Fig. 5a). Complementary to this finding, we also observed that 4-PBA
reprogrammed resolving neutrophils secreted reduced levels of elastase as compared to their
PBS control counterparts following fMLP challenge (Fig. S5). Consistent with previous
studies, we found that the plasma levels of neutrophil elastase were elevated in the WT
male septic mice as compared to the WT control mice (Fig. S6a). Knocking out TRAM,
though not significantly, reduced the elevation of neutrophil elastase in septic male mice
(Fig. S6a). Of note, in the female murine model, while CS-induced sepsis did not lead to
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dramatically increased neutrophil elastase in plasma from either WT and Tram™" septic
mice, the plasma level of neutrophil elastase of Tram™" septic mice was significantly lower
as compared to WT septic mice (Fig. S6b). Further, we found that the adoptive transfer

of Tram™~ neutrophils potently reduced plasma levels of elastase in recipient septic mice
(Fig. Séc). Taken together, these data supported our hypothesis that TRAM is required for
neutrophil elastase secretion.

Next, we tested whether the blockage of neutrophil elastase could restore the integrity of
endothelial cells cultured in conditioned media. WT neutrophils were simultaneously treated
with fMLP and sivelestat, a widely used neutrophil elastase inhibitor, for 24 h. Indeed,

we observed that endothelial cells cultured in WT neutrophil medium with the additive of
sivelestat preserved higher levels of CD31, VE-Cadherin, JAM-1, and ESAM expression

as compared to endothelial cells cultured in WT neutrophil medium without the inhibitor
(Fig. 5b). Overall, our data suggest that elastase secreted by neutrophils may contribute

to endothelial dysfunction by decreasing their expression of adhesion and tight junction
molecules.

Discussion

Neutrophils are known to exhibit both inflammatory and resolving characteristics [8].
Inflammation resolution with engineered resolving neutrophils is drawing increasing interest
from both the basic and clinical fields. Our group has reported that resolving neutrophils
can be effectively expanded by pharmacological reprogramming with 4-PBA or by genetic
deletion of TRAM [10]. TRAM is a key adaptor molecule regulating innate immunity
signaling and is responsible for driving neutrophil inflammatory exhaustion and secretion of
elastase which are responsible for the high mortality and morbidity of experimental sepsis.
In the current study, we demonstrated that Tram™" mice exhibiting in vivo signatures of
resolving neutrophils are more resistant to CS-induced septic death and less vulnerable

to sepsis-associated organ injury. Our data highlight the beneficial effects of TRAM
deletion, which leads to an enhanced pro-resolving phenotype in neutrophils and provides
immunomodulatory protection against severe sepsis and tissue damage.

Our data further clarify the resolving characteristics of Tram™~ neutrophils, with not

only enhanced expression of CD200R and CD86, but also improved metabolic regulation,
sustained NAD + levels, and reduced secretion of elastase, a proteinase involved in tissue
damage. In contrast, WT neutrophils are prone to inflammatory exhaustion under septic
conditions in vivo or challenges with higher doses of bacterial endotoxin lipopolysaccharide
(LPS) in vitro. As we reported previously [10], naive WT neutrophils only exhibit a small
portion of resolving subsets. Re-analyses further revealed a reduced expression of TRAM

in the minor subset of WT resolving neutrophils. Consistently, TRAM deletion renders

the expansion of resolving neutrophils, enabling the protective effects during experimental
sepsis.

While our data showed that the overall patterns of neutrophil surface markers and
serological indicators upon CS challenge are consistent across male and female groups,
it should be noted that neutrophil elastase production is higher from WT female mice
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as compared to male mice both constitutively and following CS-induced sepsis. This is
consistent with previous reports showing potential sex differences among transcriptomic
profiles leading to functional variations in both mice and human [39, 40]. Gupta et a/.
reported that neutrophils from human females exhibit a more mature/activated phenotype
with elevated pro-inflammatory responses (i.e., upregulated Type I IFN signaling) [40].

In addition, female neutrophils exhibit a greater phagocytic ability as compared to male
neutrophils [41], and 17B-oestradiol (E2) can promote neutrophil recruitment in human and
mice to protect against influenza infection [42]. These findings may explain the stronger
innate immune responses against pathogens but the predisposition of auto-immune diseases
in females [43]. Our data further suggest that sex differences should be considered and
further studied with regard to in vivo modulations of immune functions.

From the therapeutic perspective, our data suggest an intriguing potential of utilizing
genetically engineered Tram™" neutrophils in the treatment of experimental sepsis. We
demonstrated that the adoptive transfer of Tram™~ neutrophils can confer protective effects
on WT septic mice by restoring immune homeostasis and reducing tissue damage. Despite
these intriguing phenotypic observations, underlying mechanisms still need extensive future
studies. Our current study focused on examining the potential neutrophil-initiated inter-
cellular communications with neighboring monocytes, neutrophils, T cells, and endothelial
cells. We showed that the propagation of resolving characteristics to neighboring cells

can also be demonstrated in vitro. Co-culturing naive neutrophils, monocytes, and T cells
with Tram™" neutrophils or 4-PBA-treated neutrophils can lead to increased expression of
resolving markers, such as CD86 and CD200R, on recipient neutrophils and monocytes.

In the context of T cell c-culture, donor Tram ™~ neutrophils can enhance the proliferation
of CD4" T cells and regulatory T cells, which play crucial roles in maintaining immune
homeostasis. Our co-culture data further demonstrate that Tram™~ donor neutrophils can
effectively improve key markers correlated with endothelial integrity in vitro. These novel
inter-cellular effects of neutrophils on co-cultured monocytes, neutrophils, and T cells
advance our understanding of how resolving neutrophils due to TRAM deletion may
potentially impact immune homeostasis. However, future studies based on our findings will
be needed to examine their causal relevance to tissue damage.

It is important to note that due to the complexity of inter-cellular interactions,

detailed mechanisms responsible for the propagation of either inflammatory or resolving
characteristics are likely complex and remain to be further clarified through future studies.
Although our effort revealed some potential mediators (e.g., soluble elastase, neutrophil
membrane associated makers such as CD24), future studies are needed to systematically
define relevant mediators involved in context-dependent communications among neutrophils
with neighboring cells and/or tissues both in vitro and in vivo. In this regard, our sScRNAseq
data and analyses provided in this study will serve as an important resource for future
reference. Our current data cannot exclude or differentiate the effects of direct cellular
contact or paracrine effects of secreted mediators. Future live-cell imaging with three-
dimensional precision will be required to resolve the complex dynamics of inter-cellular
communications responsible for the inter-cellular propagations of inflammation resolution.
In vivo tracking of labeled cells within the recipient hosts will also be needed for in-depth
pharmacodynamics analyses of resolving neutrophils during sepsis intervention.
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Together, our data provide an initial attempt of characterizing resolving neutrophils and their
novel therapeutic potential in propagating resolution in vivo and in vitro, in the context of
experimental innate immune therapeutics for the treatment of sepsis. Better characterization
and manipulation of the pro-resolving neutrophils and their interactions with other immune
cells will likely hold promise for developing future effective immune cell-based therapeutics
to fill the unmet critical medical need in treating severe sepsis.
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Fig. 1.

TRAM KO septic mice exhibited improved resolving signatures on neutrophils and
ameliorated tissue injuries. a The Kaplan—Meier survival plot of WT and TRAM KO male
mice with severe sepsis induced by the high dose CS (~ 1 mg/g of BW) i.p. injection. b

To examine the long-term effects of mild sepsis, WT and TRAM KO male mice were i.p.
injected with the low dose CS (~ 0.7 mg/g of BW) to induce mild sepsis. Thirty minutes
prior to the time of sacrificing (day 14), all the mice (WT and TRAM KO, control and
CS-induced septic mice) were subjected to i.v. injection of £. coli. H&E-stained pulmonary
sections from WT control (upper left), WT septic (upper right), KO control (bottom left),
and KO septic male mice (bottom right). ¢ The plasma levels of S1P3 and d the protein
concentration in BALFs from 4 groups of mice. e Flow cytometry analysis of the expression
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of CD200R, CD86, and CD24 on spleen-resident neutrophils harvested from 4 groups of
mice. ****P < 0.0001, **P< 0.01, *P< 0.05 using Log-rank test (a) and one-way ANOVA
test followed by the post-hoc Sidak multiple comparisons test (c—€). 7= 3-7. Image scale
bars = 200 pm. ctr/ control. KO TRAM KO. CScecal slurry i.p. injected
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Fig. 2.

WT septic mice transfused with TRAM KO neutrophils possessed the restored resolving
features on neutrophils and attenuated organ damage. a Experimental scheme of the protocol
for the adoptive transfer of WT or TRAM KO neutrophils in mild septic mice. WT male
mice with CS-induced mild sepsis were transfused twice with WT or TRAM KO neutrophils
on day 1 and 7. Thirty minutes prior to the time of sacrificing (day 14), all the mice were
subjected to i.v. injection of £. coli. b The protein concentration in BALFs and c the plasma
levels of creatinine and BUN in both groups of mice. d Flow cytometry analysis of the
expression of CD200R, CD24, and CD86 on spleen-resident neutrophils harvested from

both groups of mice. **P< 0.01, *P < 0.05 using two-sided Student’s #test (b—d). 7=5. KO
TRAM KO. AT adoptive transfer. neu neutrophils
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TRAM KO resolving neutrophils mediated resolving phenotypic adaptation of leukocytes in
vitro. Recipient WT neutrophils, monocytes/macrophages, and T cells were cocultured with
donor cells (WT PBS control neutrophils, 4-PBA-reprogrammed neutrophils, or TRAM KO
neutrophils) for 1, 1, and 4 days, respectively. Flow cytometry analysis of a the expression
of CD200R and CD86 on recipient neutrophils and b the expression of CD200R on recipient
monocytes/macrophages. CFSE prelabeled recipient T cells were stained for CD4 and
FoxP3 expression and analyzed by flow cytometry. ¢ The representative CFSE histogram
(left) and the quantification data (right) of CD4* T cells divided more than 3 times from

T cell-neutrophil cocultures. d The quantification data of FoxP3* Treg cell proportion in
CDA4* T cells from cocultures. ****P < 0.0001, ***P< 0.001, **P < 0.01, *P < 0.05 using
one-way ANOVA test followed by the post-hoc Sidak multiple comparisons test. 7= 3-5.
neu neutrophils. KO TRAM KO

Inflamm Res. Author manuscript; available in PMC 2023 December 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal.
a
4000+
% Xk
_ 3500- _E_
[T
= °
é 30004 %‘-

2500
2008 1

b
3000+
28004
=
8 2600- % o
(@)
2400 +
1000
°p
Conditoned & &

N
medium: @’\ e

Fig. 4.

2400 XX 4500+ *
°
= o =40004
= —:{— 3 °
= 2000+ = —I—
%) . <
L -
1800 - 3500 -
1888 3400
3 I ol
N3 N} N N
&QQ) OQQ &QQ OQG
N N
Endothelial cells
30000~ % 220004 XX
OO
iC 28000 i 20000+
= S
220004 — ¥ Z1s000 % ’
=1 = = 0
& e <
24000 - d
7000

Recipient endothelial cells

16000
10008 I

Page 18

2000+

VE-Cadherin MFI
8
o
o
1

—_
oo
oo

(o))
N
( T

2
0o

2000+ *

17504 &

VE-Cadherin MFI

() ()
< <&
S ©

TRAM KO resolving neutrophils improved markers of endothelial integrity independent

of direct intercellular interaction. Recipient endothelial cells were co-cultured with donor
cells (WT or TRAM KO neutrophils) in the presence of 0.2 uM LPA for 1 day. a

Flow cytometry analysis of the expression of CD31, ESAM, JAM-1, and VE-Cadherin

on recipient endothelial cells from two different cocultures. In a separate experiment,
endothelial cells were cultured in the neutrophil-conditioned media in the presence of

LPA. The neutrophil-conditioned medium was collected from WT or TRAM KO neutrophil
cultures pre-stimulated with 1 pM fMLP for 24 h. b Flow cytometry analysis of the
expression of CD31, ESAM, JAM-1, and VE-Cadherin on endothelial cells cultured in two
different conditioned media. ****P< 0.0001, ***P< 0.001, **P< 0.01, *P< 0.05 using
two-sided Student’s #test. 7= 4 or 6. neu neutrophils. KO TRAM KO

Inflamm Res. Author manuscript; available in PMC 2023 December 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal. Page 19

a
509 kkk*k
g0 -
£ 304
[0
§ 20- '$'
®
i 104
0 L) J
WT TRAM KO
b Endothelial cells
4000  skokokk 27000 k%% % 27000+ 1700+ *
38004 —F- 260004 -+ r L 1600+ 1.
E v E E C
= 3600- é 25000 = 26000+ {— = 1500 =
— ) A 5
833400 & 24000 = = { & 1400- iE
A - 1
$ A L
32004+ 23000+ 250004+ 4 1300+
1008 70000 10008 > 188§
L r
Conditioned XS » & S <«
on |'|one e@ x\o é@ x\(\ e@ x\(\ e@ x\(\
medium: \$« éeo \$& ée’\) @’\ %e’o s\ %Q’O
& & & &
N Q Q Q

Fig. 5.

Dgficiency in TRAM hindered neutrophil elastase secretion and the blockage of elastase
restored markers of endothelial integrity. a The secretion of neutrophil elastase by WT and
TRAM KO neutrophils upon 24-h fMLP stimulation was evaluated by ELISA. In a separate
experiment, endothelial cells were cultured in the neutrophil-conditioned media in the
presence of LPA. The neutrophil-conditioned medium was collected from fMLP-stimulated
WT neutrophil cultures with or without 1 pug/ml neutrophil elastase inhibitor, sivelestat. b
Flow cytometry analysis of the expression of CD31, ESAM, JAM-1, and VE-Cadherin on
endothelial cells cultured in two different conditioned media. ****/£< 0.0001, ***P < 0.001,
**P<0.01, *P< 0.05 using two-sided Student’s #test. 7= 4. neuneutrophils. /nh. inhibitor
(sivelestat)
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