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Abstract

Neutrophil-macrophage interplay is a fine-tuning mechanism that regulates the innate immune
response during infection and inflammation. Cell surface receptors play an essential role in
neutrophil and macrophage functions. The same receptor can provide different outcomes within
diverse leukocyte subsets in different inflammatory conditions. Understanding the variety of
responses mediated by one receptor is critical for the development of anti-inflammatory
treatments. In this study, we evaluated the role of a leukocyte adhesive receptor, integrin apfy, in
the development of acute inflammation. apB, is mostly expressed on macrophages and contributes
to the development of chronic inflammation. In contrast, we found that ap-knockout dramatically
increases mortality in the cecal ligation and puncture sepsis model and LPS-induced endotoxemia.
This pathologic outcome of ap-deficient mice is associated with a reduced number of monocyte-
derived macrophages and an increased number of neutrophils in their lungs. However, the tracking
of adoptively transferred fluorescently labeled wild-type (WT) and ap ™~ monocytes in WT mice
during endotoxemia demonstrated only a moderate difference between the recruitment of these
two subsets. Moreover, the rescue experiment, using i.v. injection of WT monocytes to ap-
deficient mice followed by LPS challenge, showed only slightly reduced mortality. Surprisingly,
the injection of WT neutrophils to the bloodstream of ap™~ mice markedly increased migration of
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monocyte-derived macrophage to lungs and dramatically improves survival. ap-deficient
neutrophils demonstrate increased necrosis/pyroptosis. apf,-mediated macrophage accumulation
in the lungs promotes efferocytosis that reduced mortality. Hence, integrin apf, implements a
complex defense mechanism during endotoxemia, which is mediated by macrophages via a
neutrophil-dependent pathway.
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INTRODUCTION

The regulation of the inflammatory response is an essential mechanism for maintaining
homeostasis, host defense, and survival.1-2 Neutrophils and monocytes/macrophages are the
major subsets of leukocytes that are involved in innate immune regulation.3
Proinflammatory and anti-inflammatory stimuli, which are generated by neutrophils and
macrophages, may have protective as well as pathologic outcomes, depending on the source
of inflammation, stage of the disease, and its severity.>6 The critical molecules, that
determine all major immune cell functions and the direction of inflammatory response, are
various surface receptors expressed on neutrophils and macrophages.” Stimulation or
inhibition of particular receptors is a promising approach in the development of new and
novel treatments.8:2

Our research is focused on the evaluation of leukocyte receptor integrin apf, and its role in
the development of inflammation. apf (CD11d/CD18) belongs to the family of integrins,
which are ubiquitous a/B heterodimeric adhesion receptors that mediate cell-cell and cell-
extracellular matrix (ECM) interactions and transduce signals in and out of the cell.10
Integrin ap/B, is the most recently discovered leukocyte integrin and our understanding of its
function is limited. apB, demonstrates a low/moderate expression on circulatory neutrophils
and monocytes, 1112 but significantly up-regulates on proinflammatory (M1-like)
macrophages in the inflamed tissue.1314 The unique expression of ap/3, on myeloid
leukocytes make it a promising target in the regulation of innate inflammatory response.

We recently demonstrated that integrin apB, contributes to the development of chronic
inflammation, particularly during atherosclerosis and diabetes.1314 Its major function is
related to accumulation of M1 macrophages in the inflamed tissue, preventing the resolution
of inflammation. The outcome is based on the significant up-regulation of apf, on
proinflammatory macrophages that dramatically increases macrophage adhesion and inhibits
migration.1* These data suggest a proinflammatory role for ap/3, during chronic
inflammatory diseases. In addition, the pathologic role of apf was demonstrated during
spinal cord injury,1>:16 brain injury,}” and £, berghei malaria infection1819

In our current paper, we examined the contribution of apf, to LPS-induced endotoxemia
and sepsis. Sepsis combines systemic inflammatory response with immune dysregulation,
leading to tissue damage and multiple organ failure.2%-21 Cytokine storm is thought to be one
of the major events that promote endotoxemia/sepsis severity.22 Accordingly, the recruitment
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and activation of neutrophils and monocytes/macrophages, the major sources of cytokines in
the damaged organs, plays a critical role in pathologic outcomes during sepsis. Several
groups, including ours, have demonstrated that apf, signaling may generate the expression
of proinflammatory cytokines during inflammatory diseases.13:18:23 Taken together with the
contribution of ap3, to macrophage retention,* these observations would suggest a
pathologic role of apfB, during endotoxemia and sepsis. However, this is not the case.
Surprisingly, we discovered that apf, has a significant protective effect during these acute
inflammatory diseases. Moreover, we found that ap, expression on neutrophils, not
macrophages, is the most critical for survival. Therefore, we propose that neutrophils have a
protective component during sepsis and endotoxemia and this protective contribution is or
chestrated via integrin apf,.

21 MATERIAL AND METHODS

2.11 Reagents and antibodies

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Thermo Fisher
Scientific (Waltham, MA, USA). LPS from Escherichia coli O55:B5 was purchased from
Sigma-Aldrich. Antibodies against Ly6G (clone 1A8), Ly6C (clone HK1.4), CD11b (clone
M1/70), F4/80 (clone BM8), and Siglec F (clone 1RNM44N) were purchased from
eBioscience (currently part of Thermo Fisher Scientific). Polyclonal antibody against the ap
I-domain was described previously.2425 The antibody recognizes both human and mouse ap
I-domains and has no crossreactivity with recombinant human and mouse ay, ax, and a_ I-
domains.The antibody was isolated from rabbit serum by affinity chromatography using ap
I-domain-Sepharose.

2.21 Animals

Wild-type (WT; C57BL/6J, stock #000664) and integrin ap-deficient (B6.129S7-
Itgad™1Bl1, stock #005258) mice were bought from Jackson Laboratory (Bar Harbor, ME,
USA). ap-deficient mice have been backcrossed to C57BL/6 for at least 10 generations. All
procedures were performed according to animal protocols approved by East Tennessee State
University IACUC.

2.31 Cecal ligation and puncture (CLP)

Male mice that were 16 wk old underwent CLP to induce polymicrobial sepsis as previously
described.26 The cecum was exteriorized, the contents were massaged distally, and half of
cecum was ligated distal to the ileocecal junction. The cecum was punctured once with a 25
gauge needle in an avascular region near the distal end and a bleb of cecal contents was
extruded from the puncture. Mice were recovered with 1 ml warmed saline. Mice were
followed for survival and analyzed by Kaplan-Meier method. Sham surgery (laparotomy
alone) mice were used as a control for surgery and anesthesia.

2.41 LPS-induced endotoxemia

Male WT and ap™~ mice were injected with sublethal dose of LPS (10-15 /g of body
weight depending on LPS batch). The survival rate was determined by Kaplan-Meier
method. The severity of pathologic conditions in LPS-induced endotoxemia correlates with
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the significant drop of temperature during the first 24 h after the treatment, which was more
significant (23-25°C in sublethal conditions) when compared to the CLP model (32-33°C).
We examined temperature as an additional clinical parameter during nonlethal experiments.

2.51 Isolation of peritoneal neutrophils

Peritoneal neutrophils from 8 to 12 wk old mice (WT and ap deficient) were harvested by
lavage of the peritoneal cavity with 5 ml of sterile PBS 4 h after i.p. injection of 1 ml 4%
thioglycollate. The cells were counted and analyzed by flow cytometry.

2.6 1 Isolation of monocyte and neutrophils from the bone marrow of mice

Monocytes and neutrophils were isolated from the bone marrow of WT and ap-deficient
mice using magnetic bead separation Kits for the negative selection of neutrophils and
monocytes according to manufacture manual (Miltenyi Biotec, Gaithersburg, MD, USA).
Purified cells were analyzed by flow cytometry using antibodies to CD11b, Ly6G, and
Ly6C. The purity for both populations was 90-93%.

2.71 Adoptive transfer of monocytes and neutrophils in LPS-induced endotoxemia

This approach is based on a previously published method314.27 with some modifications.
Monocytes and neutrophils were isolated from the bone marrow of WT and ap-deficient
mice and labeled with red, PKH26 (WT), or green, PKH67 (ap ") fluorescent dyes. A total
of 1 x 10% red and 1 x 108 green monocytes (or neutrophils) were mixed together in the
equal numbers and injected into the tail veins of WT C57BL6 mice, which were injected
with sublethal concentration of LPS immediately after adoptive transfer. After different time
points, mice were sacrificed and perfused with PBS. Spleen, liver, and lung were isolated
and digested with Collagenase 1V 2 mg/ml (Worthington) and DNase | 50 units/ml (Sigma-
Aldrich). Obtained cell solution was precleaned by filtration via cell strainer (70 4/m mesh
size) and analyzed using FACS (Fortessa X-20, BD, Becton Dickinson, Franklin Lakes, NJ,
USA) and imaging flow cytometry (ImageStream Mark |1, Amnis, Seattle, WA, USA).

For the rescue experiments WT or ap-deficient neutrophils or monocytes were isolated from
bone marrow as described earlier. Freshly isolated cells (only WT or ap™") were injected in
tail vein of WT or ap ™~ mice immediately before the injection of sublethal dose of LPS.
The survival rate was monitored by Kaplan-Meier method.

2.81 Flow cytometry and imaging flow cytometry analyses

Flow cytometry analysis was performed to assess the expression of integrin ap on mouse
immune cells to detect neutrophils and macrophages in tissue, to evaluate the level of
neutrophil apoptosis, and to determine PKH26 and PKH67-fluorescently labeled cells in
digested liver, spleen, and lungs.

For apf, expression, cells were harvested and pre-incubated with Fc-Blocking solution
(eBioscience) for 30 min at 4°C, then 2 x 108 cells were incubated with anti-Ly6G/PE, anti-
CD11b/FITC and anti-ap polyclonal antibody for 30 min at 4°C, followed incubation with
Alexa 633 or anti-mouse 1gG (at a 1:1000 dilution) for 30 min at 4°C. Finally, the cells were
washed and analyzed using a Fortessa X-20 (Becton Dickinson). For the apoptosis assay,
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cells were incubated with Annexin V and propidium iodide according to manual (Annexin
apoptosis kit, Invitrogen, Carlsbad, CA, USA). Pyroptosis was detected using FAM-FLICA-
caspase-1 kit according to protocol (Bio-Rad, Hercules, CA, USA).

To detect neutrophils and macrophages in the tissue, lungs were digested with Collagenase
IV 2 mg/ml (Worthington Biochemical corporation, Lakewood, NJ, USA) and DNase | 50
units/ml (Sigma-Aldrich). Obtained cell solution was precleaned by filtration via cell
strainer (70 zm mesh size). Cells were pre-incubated with Fc-Blocking solution
(eBioscience), stained with live/dead reagent, and incubated with a mix of antibodies: anti-
Ly6G/PE, anti-CD11b/PE-Cy7, anti-F4/80/APC, and Seglec F/FITC (for some experiments).
In another design, mice were injected with PKH67-labeled neutrophils before the LPS
treatment. In these experiments, the analysis was performed on PKH67-positive
subpopulation. To track neutrophils and monocytes migration, the digested cell solution
from the lung, spleen, and liver, which were obtained after the adoptive transfer of PKH26-,
PKH67-labeled neutrophils or monocytes, were analyzed by flow cytometry (Fortessa X-20)
and imaging flow cytometry (ImageStream Mark Il, Amnis). To determine macrophage
differentiation, the samples were incubated with anti-F4/80 antibody conjugated to Alexa
633.

Imaging flow cytometry was performed using ImageStream Mark I1 instrument (Amnis).
The results were analyzed applying IDEAS 6.2 software. The PKH26 and PKH67 labeled
cells were detected on channels 2 and 3, correspondingly. The phagocytosis of PKH67-
labeled cells in lungs was determined using Internalization wizard of IDEAS 6.2 software.

291 Cytokine expression in blood

The blood was collected from WT and ap-deficient mice 2 or 24 h after LPS injection.
Plasma was isolated by centrifugation. The pooled plasma samples from five mice per group
were evaluated using a mouse Inflammation antibody array (RayBiothech, Inc. Peachtree
Corners, GA, USA) according to the kit manual. The membrane identification chart is
shown in manual: https://doc.raybiotech.com/pdf/Manual/AAM-INF-1.pdf

2.101 Phagocytosis and efferocytosis

Phagocytosis of £. coliby neutrophils and macrophages was evaluated using pHrodo-
conjugated Red £.colibio particles according to the manual. Briefly, WT and ap ™~
neutrophils or macrophages were plated in 96-plates (1 x 10° cells/well). pHrodo-conjugated
E. coliwere added to the wells (100 pm/well) for 2-4 h. The phagocytosis was detected by
fluorometer or fluorescent microscope and visualized by time-lapse video recording.

In vitro efferocytosis of PKH67-labeled neutrophils by PKH26 labeled macrophages was
assessed by fluorescent microscopy as described previously.28 Briefly, peritoneal
macrophages were isolated from the peritoneal cavity at 72 h after the administration of
thioglycollate. Macrophages were plated on cover slips in 12-well palates in RPMI 1640
media supplemented with penicillin and streptomycin. Nonadherent cells were washed out
after 2 h. Peritoneal neutrophils were activated with 30 ng/ml PMA and 0.1 mM H,0, to
stimulate apoptosis/necrosis as described previously.2® A total of 1 x 108/well neutrophils
were added to macrophages and incubated overnight. The efferocytosis was detected by
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fluorescent microscopy using EVOS Cell Imaging system and analyzed by Image Analysis
Software (EVOS, Thermo Fisher Scientific).

In vivo efferocytosis of PKH67-labeled neutrophils in lungs after LPS treatment was
evaluated using Imaging flow cytometry (Amnis) and analyzed using IDEA 6.2 software,
internalization wizard.

Statistical analysis

Statistical analyses were performed using Student’s #test, Student’s paired £tests, or
Kaplan-Meier test using SigmaPlot 13. A value of £< 0.05 was considered significant.

RESULTS

Integrin ap-deficient mice have increased mortality in both CLP-induced sepsis and

LPS-induced endotoxemia models

The contribution of apf, to acute inflammation was tested in the CLP model of sepsis and
LPS-induced endotoxemia, which are two clinically relevant models of polymicrobial sepsis.
30 Both ap™~ and WT mice underwent CLP surgery and the survival rate was monitored for
7 d (Fig. 1A). The mortality of ap™~ mice (vs. WT control) was significantly increased
(survival 66.67% [WT] vs. 20% [ap~~]). Integrin apf; is expressed exclusively on
leukocytes, particularly on myeloid subsets; therefore apfB,-dependent £. coli phagocytosis
may contribute to the protective effect of ap. However, we did not find any difference in
E. coli phagocytosis between WT and ap-deficient neutrophils and macrophages
(Supporting Information Fig. S1). Accordingly, we hypothesized that the mechanism of the
protective effect of apfs is E. coli phagocytosis independent. To verify our results, we
tested ap-deficient mice in a model of sterile infection, LPS-induced endotoxemia (Fig. 1B).
The injection of a sublethal dose of LPS demonstrated a similar pattern, as ap deficiency
significantly reduced survival (73% [WT] vs. 27% [ap™~]). The mortality rate in this model
strongly correlates with the drop in body temperature. The reduction in temperature to 24—
25°C at 18 h after LPS injection leads to lethality in 95% of mice. Therefore, the drop of
body temperature during endotoxemia serves as an additional pathologic parameter. When
taken together, these data indicate that ap/ integrin plays a protective role in CLP sepsis
and LPS induced endotoxemia.

3.21 Cytokine levels in the blood of ap™~ mice are not changed in response to
endotoxemia

Cytokine storm is one of the major events associated with mortality during endotoxemia. We
tested how ap deficiency affects proinflammatory cytokine secretion during the first day
after the injection of a sublethal dose of LPS. Blood was isolated from WT and ap™~ mice 2
and 24 h after treatment. The development of endotoxemia was verified by the drop of body
temperature in both groups. The level of cytokines was evaluated using the mouse
inflammation antibody array (RayBiotech, Inc.) Cytokine expression was not significantly
changed in ap-deficient mice (Supporting Information Fig. S2). The most marked change
was detected in the expression of 1L-12, which was increased in ap™~ mice 1.7-fold at 24 h.
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Based on these data we concluded that cytokine expression during the first 24 h is not
significantly modified by ap deficiency.

3.31 The number of macrophages in lungs of ap-deficient mice is dramatically decreased
during endotoxemia

Our previous results demonstrated that integrin ap/; is involved in regulation of
macrophage migration and accumulation at the site of chronic inflammation.13 The
recruitment of neutrophils and monocytes to the internal organs, particularly lungs, is a
hallmark of the inflammatory response during LPS-induced endotoxemia and sepsis. Using
flow cytometry analysis, we evaluated neutrophils and macrophage distribution in lungs at
48 h after LPS injection. We detected neutrophils as CD11b*/Ly6G*/F4/80~ cells,
monocyte-derived macrophages were identified as CD11b*/Ly6G~/F4/80* cells, and resident
alveolar macrophages as CD11b™/SeglecF*/Ly6G~/F4/80" cells. According to the previously
published results, the number of resident alveolar macrophages is reduced during
inflammation3! and monocyte-derived macrophages represent the majority of the
macrophage population in lungs. We found that at 48 h after LPS-injection the number of
monocyte-derived macrophages in lungs of ap-deficient mice is dramatically reduced (5-
fold), whereas the number of neutrophils was slightly increased (~1.8-fold) in comparison to
WT mice (Fig. 2). Based on these results, we hypothesized that apf, expression on
macrophages is required for macrophage migration/accumulation and related defense
mechanisms.

However, the direct tracking of monocyte recruitment from blood to the lungs did not
confirm this hypothesis. We tested the accumulation of WT and ap™~ macrophages in lungs
and other organs using the adoptive transfer approach. For this purpose, fluorescently
labeled WT (PKH26, red dye) and ap™/~ (PKH67, green dye) monocytes were mixed in
equal amounts and injected in tail veins of WT mice 20 min before the injection of LPS
(Fig. 3A). The recruitment of adoptively transferred cells was evaluated in lungs, livers, and
spleens after different time points using flow cytometry. Our result demonstrated 1.5-2-fold
decrease in the number of ap-deficient monocyte-derived macrophages in lungs and other
organs after LPS treatment (Fig. 3B and C). We verified our results using imaging flow
cytometry (Fig. 3D). Moreover, we showed that i.v. injected fluorescently labeled monocytes
differentiate to macrophages after the recruitment to the tissue, because tissue isolated
fluorescently labeled cells have increased expression of macrophage marker, F4/80.32 These
data demonstrate that ap, have some regulatory mechanism on macrophage migration
after LPS treatment. However, because the direct analysis of lungs isolated from WT and ap
=/~ mice demonstrated a 5-fold difference in monocyte-derived macrophage numbers (Fig.
2), we concluded that apf, expression on monocyte/macrophages does not represent a
critical mechanism that regulates macrophage accumulation in lungs during endotoxemia.

3.41 ap deficiency does not affect neutrophil migration to the lungs during endotoxemia

The analysis of leukocyte distribution in the lungs (Fig. 2) demonstrates a slight increase in
the number of neutrophils in ap-deficient mice. It has been reported previously that integrin
ap, has some level of expression on neutrophils.!! Because apf» interacts with
VCAM-1,33 which is a principal adhesive receptor on endothelial cells, we tested whether
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app deficiency can modify neutrophil recruitment to the tissue during endotoxemia.
Neutrophils were isolated from WT and ap™~ mice and labeled with PKH26 and PKH67
fluorescent dyes, correspondingly. WT and ap ™~ neutrophils were mixed in equal amount
and injected i.v. to WT mice followed by injection of sublethal doses of LPS. We found, that
ap deficiency resulted in a tendency for reduced numbers of neutrophils in lung and spleen
at 44 h after LPS injection (Fig. 4A and B). These results do not concur with neutrophil
distribution in lungs of ap-deficient mice (Fig. 2) and demonstrate that neutrophil
accumulation in lungs is regulated not only by direct migration, but also via some additional
mechanism.

Therefore, we found a controversy in the analysis of ap™~ monocyte and neutrophil
recruitment from circulation and their distribution in lungs during endotoxemia.

3.51 The adoptive transfer of WT neutrophils dramatically improves the survival of ap™~
mice during endotoxemia

To clarify the role of apB on leukocyte subsets during endotoxemia, we performed rescue
experiments using the adoptively transferred monocytes (Fig. 5) and neutrophils (Fig. 6).
The experimental design is shown in Figure 5A. WT and ap™~ monocytes were isolated by
Miltenyi Biotec kit and purity was assessed as 90-93% using flow cytometry with anti-
CD11b and anti-Ly6C antibodies (Fig. 5B, left panel). Because Ly6C is also expressed on a
subset of neutrophils, we assessed neutrophil contamination using anti-Ly6G antibody and
found less than 5% Ly6G™ cells (Fig. 5B, right panel). WT and ap-deficient mice were
injected with either WT or ap™~ monocytes (10° cells/mice) followed by injection of LPS.
The body temperature of mice and survival rate were monitored. We found that injection of
WT or ap™~ monocytes did not significantly change the temperature or mortality of WT
recipient mice (Fig. 5C and D). In contrast, the injection of WT monocytes to ap™~ mice
increased body temperature after LPS treatment and slightly improved survival (Fig. 5E and
F; survival 70% [injected-WT] vs. 50% [injected ap~]). According to these results, ap,
expression on macrophages has some protective effect. However, based on the survival rate
for WT and ap™~ mice (Fig. 1), we concluded that ap/3, expression on macrophages is not
a critical factor for apB,-mediated defense mechanism during sepsis development.

To test a potential role of apf in neutrophil-mediated effects during endotoxemia, we
performed another rescue experiment (Fig. 6A), and injected WT and ap™~ neutrophils
(Fig. 6B) to WT or ap-deficient mice. The purity and activation stage of isolated neutrophils
were evaluated before injection. More than 90% of WT and ap™" cells were Ly6G/CD11b
double-positive, which corresponds to neutrophil phenotype. Isolated cells demonstrate
round morphology, and there is no sight of aggregation or NET formation. The level of
CD11b expression is a well characterized marker of neutrophil activation.34-36 The aliquot
of isolated neuropils was treated with 100 nM PMA that led to 5-fold increase of CD11b
surface expression in 15 min (Supporting Information Fig. S3A) that corresponds to
previously described dynamic of neutrophil activation.34 Based on these data, we concluded
that we use purified and nonactivated population of neutrophils for the adoptive transfer.

We did not detect any difference in the survival of WT mice injected with WT or ap™~
neutrophils (Fig. 6C and D). However, surprisingly, the adoptive transfer of WT neutrophils
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dramatically improved the survival of ap-deficient mice when compared to mice injected
with ap™~ neutrophils (70% [injected WT] vs. 10% [injected ap™"]) or without any
adoptive transfer (Fig. 6F). The dramatic change in the survival rate was also confirmed by
significant increase in body temperature of ap™~ mice injected with WT neutrophils (Fig.
6E).

To verify the quality of adoptively transferred neutrophils, we compared CD11b expression
on recruited endogenous and donor neutrophils, which were isolated from the mouse lungs
at 48 h after the development of endotoxemia. We found similar levels of CD11b up-
regulation on both neutrophil subsets (approximately 10-fold increase to compare with
nonactivated neutrophils) (Supporting Information Fig. S3B). Therefore, adoptively
transferred neutrophils have similar characteristics with neutrophils from the recipient mice.

Based on the obtained result, we tested if adoptive transfer of WT neutrophils to ap-
deficient mice at 6 h after LPS injection still has a protective effect. We selected time point 6
h, because mice started to develop pathophysiologic conditions, namely, the body
temperature dropped and animal activity was markedly reduced. We found that adoptive
transfer at this time point did not significantly improve the survival of ap-deficient mice
(Supporting Information Fig. S4). Therefore, the initial presence of apf on neutrophils is
critical for the protective mechanism.

Integrin apf, is up-regulated on neutrophils during endotoxemia and prevents

neutrophil necrosis and pyroptosis

To evaluate a potential mechanism of apf, function on neutrophils, we tested apf,
expression during endotoxemia. The expression of apf, on neutrophil progenitors is
minimal and is only slightly increased on nonactivated neutrophils in circulation.!
However, the blood neutrophils isolated from mice at 24 h after LPS-induced endotoxemia
revealed a 3-fold increase in apf, expression (Fig. 7A, Supporting Information Fig. S5A).
A similar increase in apf, expression was detected on neutrophils incubated in vitro in the
presence of 100 ng/ml LPS, thus demonstrating the direct effect of LPS on apfB, expression
(Supporting Information Fig. S5B). Interestingly, the level of apB, on monocytes after LPS-
induced endotoxemia was not markedly increased (data not shown), which shows a
granulocyte-specific effect of apf, to endotoxin. Therefore, despite the absence of apfB,
role in neutrophil migration, we found that inflammation, and particularly LPS treatment,
significantly increases expression on neutrophils, which contributes to protective effects of

aDﬂz.

Apoptosis, pyroptosis and necrosis are important characteristics during sepsis development
that can be regulated via integrin signaling. We evaluated the role of ap/, in the survival of
neutrophils during endotoxemia. WT and ap ™~ neutrophils were incubated 24 h in vitro
with or without LPS and necrosis/apoptosis of cells were detected with Annexin V kit by
flow cytometry (Fig. 7B). The number of early apoptotic cells was not changed in ap-
deficient samples. However, the percentage of necrotic cells was dramatically increased in
ap-deficient neutrophils, particularly after LPS treatment. Using caspase-1 activity assay,
we found that early pyroptosis was also significantly increased in ap-deficient neutrophils
after LPS treatment.
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Excessive neutrophil pyroptosis is harmful in the early hyperinflammatory state in sepsis.
Necrotic neutrophils are the source of secondary damage and should be removed from the
tissue by macrophages. However, our data demonstrate (Fig. 2) that the number of
macrophages in lungs of ap™~ mice is decreased in comparison to WT mice, which
complicates the normal efferocytosis of dead cells.

3.7 1 Integrin apB on neutrophils stimulate the recruitment of monocytes/macrophages
to the lungs

To further understand the protective mechanism of apf, on neutrophils, we tested how the
adoptive transfer of neutrophils, which improves survival (Fig. 6), modifies leukocyte
deposition in inflamed lungs. WT or ap™~ neutrophils were injected in ap-deficient mice as
described earlier (Fig. 6) and lungs were perfused, isolated, and digested. The leukocyte
subsets were detected in lungs using flow cytometry by applying the gating strategy
described earlier. To our surprise, we found that injection of WT neutrophils to ap-deficient
mice significantly increased the number of macrophages in lungs (Fig. 8) and reduced the
number of neutrophils. At the same time, the injection of ap ™~ neutrophils had no

effect. This result provides a molecular mechanism for neutrophil rescue experiments (Fig. 6)
and proposes the efferocytosis of necrotic neutrophils as a critical component for the
survival mechanism, which is mediated by apf,.

Notably, the in vitro uptake of necrotic/apoptotic neutrophils by WT and ap-deficient
macrophages was similar (Fig. 8C), which indicates a crucial role of macrophage amount for
the protective efferocytosis. To test this hypothesis, we evaluated the efferocytosis in vivo,
by analyzing a fate of fluorescently labeled adoptively transferred neutrophils in ap-
deficient mice (Fig. 9). WT and ap ™~ neutrophils were labeled with PKH67 (green) before
the adoptive transfer. Mice were injected with neutrophils and a sublethal dose of LPS. After
48 h, lungs were digested, and isolated cells were labeled with anti-CD11b, anti-Ly6G, and
anti-F4/80 antibodies. We selected green-positive events and evaluated the expression of
neutrophil (Ly6G) and macrophage markers (F4/80) on these cells (Fig. 9B). Interestingly,
we found that more than 30% of cells in lung sample injected with WT neutrophils are
F4/80 positive, whereas this subpopulation is absent in the lungs of mice injected with ap-
deficient neutrophils. Because the purity of injected PKH67 labeled neutrophils was 90%
(Fig. 6B), we hypothesized that green F4/80 positive cells represent macrophages that
engulfed PKH67-labeled neutrophils. To test our hypothesis, we analyzed the same samples
using imaging flow cytometry (Fig. 9C). We selected PKH67-positive events and evaluated
individual cells in Ly6G* quadrant (Q1) and F4/80-positive quadrant (Q4). We found a
dramatic difference in morphology of cells and green signal distribution. Cells in Q1 (Fig.
9C, upper panel) are smaller, with positive Ly6G marker and high expression of CD11b,
which corresponds to the phenotype of activated neutrophils. Cells in Q4 (Fig. 9C, lower
panel) are larger, more granular, with strong expression of F4/80 and moderate expression of
CD11b, which corresponds to macrophage phenotype. Most importantly, the green signal in
F4/80-positive cells is located intracellularly and does not cover the entire cell footprint.
These distributions confirm the efferocytosis of dead neutrophils by macrophages. We also
analyzed double-positive cells (Q2) (Fig. 9C, middle panel) and found cell complexes that
consist of macrophages and neutrophils. The images (doubles) represent macrophage, which
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engulfed an adoptively transferred PKH67-labeled neutrophil and attached to another
neutrophil from the recipient mouse (PKH67-negative). Therefore, we demonstrated the
efferocytosis of neutrophils by macrophages in our model of endotoxemia.

DISCUSSION

The members of the integrin family are involved in different functions during
pathophysiologic development.13.19:37.38 The most important and well-known function of
integrins is a contribution to cell adhesion and migration. Leukocyte integrins are
responsible for the transmigration of immune cells through the endothelial monolayer,
migration via ECM and retention within inflamed tissues.3® However, integrins also
participate in a variety of other cell responses during the activation/inhibition of different
signaling pathways including apoptosis, proliferation, phagocytosis, and cell activation,40-42
The specific outcome is regulated by the ligand-binding properties and specificity of
expression on different types of cells.

In our previous projects, we have been focused on the contribution of ap/f, to chronic
inflammation, particularly during atherogenesis and diet-induced diabetes.1314.24 We found
that ap deficiency reduced atherogenesis by decreasing macrophage accumulation and lipid
deposition in the vascular wall of atherosclerotic mice.13 Similarly, macrophage numbers
were diminished, and insulin sensitivity was increased in high fat diet-induced diabetic ap
== mice.14 We found that up-regulation of apB, on M1-activated macrophages significantly
increased macrophage adhesion, which inhibited macrophage migration, promoted retention
of M1 macrophages, and prevented the resolution of inflammation. In contrast to chronic
inflammation, the development of acute inflammatory response often resolves even before
macrophage polarization. Several groups, including ours, have demonstrated that apf has a
moderate expression on freshly differentiated macrophages and low expression on
circulatory monocytes and neutrophils.12:13.2443 Accordingly, one would expect a minimal,
if any, role of apf in acute inflammatory response. However, several independent studies
demonstrated a pathologic role of apf, during acute inflammation such as 2. bergher
malaria infection,18:19 spinal cord injury,1%16 and brain injury.7 It has been shown that ap
deficiency during P, berghei malaria infection reduced leukocyte accumulation in the brain,
decreased the concentration of inflammatory mediators and diminished cerebral edema.18 In
agreement with these data, the prevention of macrophage accumulation at the site of spinal
cord or brain injuries using anti-ap antibody demonstrates an improved outcome.*4:45 Taken
together, the results in models of atherosclerosis, diabetes, malaria infection, and
neurotrauma suggest a significant pathophysiologic role for apf,, which is associated with
modulation of macrophage functions.

In contrast to these results, a moderate protective effect of apf, was detected during
Salmonella typhimurium infection.® Specifically, the authors showed slightly reduced
survival of ap-deficient mice after Sa/monella infection, which correlated with an increased
concentration of proinflammatory cytokines, enhanced macrophage pyroptosis and a
reduced ability to combat Salmonella in ap™~ mice. Notably, the outcome again was
associated with macrophage functions.

J Leukoc Biol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bailey et al.

Page 12

In our current study, we tested the role of integrin apf in two acute inflammatory models:
LPS-induced endotoxemia (sterile sepsis) and CLP-induced polymicrobial sepsis. We found
a similar protective effect of integrin ap/ in both models, because ap deficiency
significantly increased mortality. Most importantly, we established apf,-mediated interplay
between neutrophils and macrophages, which is critical for the defense mechanism during
acute inflammation.

The contribution of other B, integrins was previously tested in sepsis models, but the
obtained results are limited and cannot be applied to generalize the contribution of specific
subsets of leukocytes due to either wide distribution of a particular receptor or narrow ligand
binding specificity.847-4% Moreover, the divergence of obtained results demonstrates that a
subunit, which is critical for ligand binding, regulates the response. Particularly integrin

ay B, which is expressed on all subsets of leukocytes and interacts only with ICAM
receptors, had a protective effect in the CLP model,*8 but a pathologic effect in LPS-induced
shock.29 Integrin ax/,, the classical marker of dendritic cells (which is also expressed on
other myeloid subsets), promotes LPS-mediated endotoxemia.>! Integrin ayB,, which is a
major adhesive receptor on myeloid leukocytes, has a controversial outcome based on
different reports. Liu et al. demonstrated the protective mechanism of ap 5, in CLP model,
because ay, deficiency results in increased mortality, more bacterial load, and apoptosis.*’
However, the results from other groups showed improved survival of WT mice in the
presence of anti-a); blocking antibodies in polymicrobial sepsis and LPS-mediated
endotoxin shock,%2.8 Notably, the protective role of neutrophils was not proposed or detected
in any of these studies.

Our data demonstrate that adoptive transfer of WT (integrin ap/, positive) neutrophils
significantly increased the survival of ap-deficient mice during endotoxemia from 10%
(injection of ap™~ neutrophils) to 70% (injection of WT neutrophils) (Fig. 6). Interestingly,
the adoptive transfer of ap™~ neutrophils to WT mice does not increase mortality rate.
Therefore, appB,-deficient neutrophils are not the source of pathologic signal itself. On the
other hand, we found only a moderate contribution of adoptively transferred macrophages to
the protective effect of apB, during endotoxemia. Specifically, the injection of WT
monocytes to ap™~ mice improved the survival rate from 50% (injection of ap™"
macrophages) to 70% (injection of WT macrophages) (Fig. 5).

We found that ap deficiency did not significantly modify the migration of neutrophils (Fig.
4A and B). Hence, the protective effect of ap/f is not associated with altered migration/
accumulation of neutrophils. These results correspond to the well-accepted concept that
integrin a B, a4 and to some extent ap By, are important for transmigration of
neutrophils.”-53:54 Because neutrophils apply amoeboid movement in 3D ECM,5° the role of
apBr-mediated neutrophil migration in the tissue is also unlikely.

Neutrophils are the most abundant immune cells, which play the role of a double-edged
sword in sepsis. While neutrophil-mediated phagocytosis is critical for microbial clearance,
unbalanced cytokine production can initiate a cytokine storm leading to tissue damage and
organ dysfunction. A number of studies demonstrate that regulation of neutrophil functions
is the most critical part of sepsis treatment. Numerous publications propose a pathologic
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contribution of neutrophils to sepsis.>2:°6:57 Specifically, the blocking of neutrophil
recruitment reduces sepsis development.58:58 Another neutrophil-mediated effect is related
to immunosuppressive functions, which are generated via regulation of T cell activation.>®
At the same time several authors provide evidence of protective outcomes mediated by
neutrophils. Specifically, the depletion of neutrophils before CLP reduced survival rate.50
Our adoptive transfer experiments demonstrated a similar outcome. The injection of
neutrophils before the administration of LPS improves the survival rate, whereas the
adoptive transfer at 6 h after LPS administration has no protective effect (Supporting
Information Fig. S4).

We demonstrate a complex role of apf, in neutrophil and macrophage functions during
endotoxemia. Neutrophils are shortlived cells that undergo spontaneous apoptosis. In
general, neutrophil apoptosis is considered to have a protective effect during sepsis
development.51 However, if the infection is serious enough, some neutrophils undergo
necrosis or programmed necrosis, pyroptosis. Uncontrolled release of toxic substances from
the dead neutrophils can propagate the inflammatory response leading to tissue damage and
sepsis development.62.63 We did not detect the change in apoptosis of ap™~ neutrophils.
However, we found that ap deficiency increases necrosis and particularly pyroptosis of
neutrophils (Fig. 7B) that can contribute to the increased mortality of ap-deficient mice
during endotoxemia. The increased pyroptosis was previously detected in ap-deficient
macrophages during Salmonella typhimurium infection.*6 Apparently, neutrophils and
macrophages have a similar apf»-related molecular mechanism for the prevention of
pyroptosis during inflammation. Notably, the up-regulation of apB, on neutrophils in
circulation during endotoxemia and after LPS treatment in vitro supports our conclusion
regarding the importance of ap/, in neutrophil functions (Fig. 7A).

Most importantly, we revealed that ap deficiency dramatically decreases the number of
monocyte-derived macrophages and increases the number of neutrophils in the lungs. The
injection of WT neutrophils to ap/8,~/~ mice restores the leukocyte balance, particularly it
significantly increases the number of macrophages in the lungs (Fig. 8). Therefore, apf,-
dependent neutrophil response promotes macrophage migration and a macrophage-mediated
protective mechanism. The presence of macrophages in tissue is critical for the efferocytosis
of apoptotic/necrotic neutrophils, which is essential for the resolution of acute inflammation
and improving of an organism’s survival during endotoxemia and sepsis. Notably, the
recruitment of ap™~ neutrophils was not diminished compared to WT cells; therefore the
augmented number of neutrophils in ap-knockout lungs is related to unpaired efferocytosis.
We demonstrated that apfB,-mediated macrophage accumulation in the lungs promotes
efferocytosis, which is markedly decreased in ap™~ mice, but restored after the injection of
WT neutrophils to ap-deficient mice (Fig. 9). We suggest that ap, on neutrophils does not
directly affect neutrophil uptake by macrophages, but regulates the macrophage number in
tissue. This conclusion is supported by the similar efferocytosis of WT and ap™~
macrophages in vitro (Fig. 8C). The administration of LPS and CLP surgery are two popular
models, which mimic different aspects of sepsis development in mice. Despite a significant
difference in pathologic mechanisms, the survival outcome in both models depends on
reduced cell necrosis and improved macrophages efferocytosis. Therefore, we propose that
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increased mortality rate of ap-deficient mice in LPS-induced endotoxemia and CLP sepsis
(Fig. 1) are regulated via a similar mechanism.

When considered as a whole, our data indicate a significant protective role of apf, on the
surface of neutrophils during sepsis development, which is manifested in prevention of
neutrophil necrosis/pyroptosis and promotion of macrophage migration/accumulation.
Further studies are required to understand the link between macrophage accumulation and
apB function on neutrophils.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Integrin ap deficiency promotes development of sepsis.
A. Survival curves after surgical induction of a cecal ligation and puncture (CLP)

polymicrobial sepsis. Mice that were 16 wk old (wild-type [WT], n=6; ap™~, n=5) were
used for the procedure. The cecum was exteriorized, the contents were massaged distally,
and the half of cecum was ligated. The cecum was punctured once with a 25 gauge needle in
an avascular region near the distal end and a bleb of cecal contents was extruded from the
puncture. B. Survival curves after LPS-induced endotoxemia. Ten to twelve weeks old WT (7
=14) and ap™~ (7= 15) male mice were injected with 10 g LPS per gram body weight.
Statistical significance was assessed by a log-rank Kaplan-Meier method
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FIGURE 2. Integrin ap deficiency dramatically decreases the number of macrophages in lungs

during endotoxemia.

A. Wild-type (WT) and ap™~ mice were injected with sublethal dose of LPS. After 48 h
lungs were isolated, digested and analyzed using flow cytometry. CD11b* cells were
selected and tested with antibodies against neutrophil (Ly6G) and macrophage (F4/80)
markers. B. The result of flow cytometry was analyzed and calculated using FACSDiva
software. The plots represent the amount of WT and ap-deficient macrophages (left panel)
and neutrophils (right panel) in digested lungs. Statistical analysis was performed using
Student’s #test. 7= 4/group. **, P< 0.01; ***, P<0.001
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FIGURE 3. Integrin ap deficiency affects the migration of macrophages to organs during LPS-
induced endotoxemia.

A. Schematic representation of experiment. Monocyte progenitors were isolated from bone
marrow of wild-type (WT) and ap-deficient mice. Cells were labeled with red (WT) or
green (ap™'") fluorescent dyes, mixed in equal amount and injected in tail vein of WT mice
20 min before the injection of LPS. After 20, 44, and 68 h lung, liver, and spleen were
isolated, digested and analyzed using flow cytometry. B. The representative result of flow
cytometry analysis after 44 h is shown. Data were analyzed and calculated using FACSDiva
software. Migrated WT macrophages (red) were detected in quadrant 4; ap™~ macrophages
(green) were detected in quadrant 1. C. The plots represent the amount of WT and ap-
deficient macrophages in different organs based on flow cytometry data. Statistical analysis
was performed using Student’s #test. *, £< 0.05, **P< 0.01. D. Evaluation of migrated
macrophages in liver using Imaging flow cytometry. The population of single, live cells was
analyzed on ImageStream Mark I, (Amnis) instrument. The individual cells were analyzed
on green and red channels. The expression of the F4/80™ macrophage marker was evaluated
on monocytes before the adoptive transfer and on PKH26 and PKH67-labeled cells isolated
from the liver at 44 h after monocyte injection. BF- bright field. Channel 2- 488 nm;
Channel 3—566 nm; channel 6—side scattering; channel 11- 633 nm
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FIGURE 4. ap deficiency does not significantly change neutrophil migration during
endotoxemia.

A. Neutrophil progenitors were isolated from bone marrow of wild-type (WT) and ap-
deficient mice. Cells were labeled with red (WT) or green (ap ™) fluorescent dyes, mixed
in equal amount and injected in tail vein of WT mice 20 min before the injection of LPS.
After 20 and 44 h lung, liver, and spleen were isolated, digested, and analyzed using flow
cytometry. Migrated WT neutrophils were detected in quadrant 4; migrated ap™~
neutrophils were detected in quadrant 1. B. The results of flow cytometry were calculated
using FACSDiva software and plotted as percentage of migrated ap™~ neutrophils (gray
bars) vs. WT neutrophils (open bars). Statistical analysis was performed using Student’s #
test. *P< 0.05, 7= 3 per group
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FIGURE 5. Effect of wild-type (WT) and aD‘/‘ monocyte injection on survival of LPS-

challenged mice.

A. Schematic representation of experiment. B. Monocytes were isolated by Miltenyi Biotec
kit and purity was assessed by flow cytometry with anti-CD11b, anti-Ly6C, and anti-Ly6G
antibodies. C, F. Monocytes isolated from WT (open circle) or ap™~ (black triangle) mice
were injected into the bloodstream of male WT mice (C, D) (in another experiment ap™~
mice [E, F]) 20 min before the injection of LPS. Mice without the injection of adoptively
transferred monocytes (black circle) were used as control. Body temperature (C, E) and
survival rate (D, F) of recipient mice were evaluated after adoptive transfer. /= 10 recipient
mice per group. Statistical significance for temperature measurements was assessed using
Student’s #test. *, < 0.05; and for survival rate using log-rank Kaplan-Meier method. ~-
value is not significant for (D) and £=0.05 for (F)
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FIGURE 6. Effect of wild-type (WT) and aD‘/‘ neutrophil injection on survival of LPS-

challenged mice.

A. Schematic representation of experiment. B. Neutrophils were isolated by Miltenyi Biotec
kit and purity was assessed by flow cytometry with anti-CD11b and anti-Ly6G antibodies.
C, F. Neutrophils isolated from WT (open circle) or ap™~ (black triangle) mice were
injected into bloodstream of male WT (7= 10 recipient mice per group) (C, D) or male ap-
deficient (r7= 10 recipient mice per group; 7= 8 for “no injection” group) (E, F) mice 20
min before the injection of LPS. The body temperature (C, E) and survival rate (D, F) were
evaluated. Statistical significance for temperature measurements was assessed using
Student’s #test. *, < 0.01 and for survival rate by log-rank Kaplan-Meier method, P=

0.008, for ap-deficientmice(F); n/s for WT mice (D). n= 10/group
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FIGURE 7. A. apf; expression is increased on blood neutrophils 24 h after LPS-induced
endotoxemia (upper panel) and on neutrophils incubated with LPS in vitro (lower panel).

Upper panel. Leukocytes were collected from the blood of LPS-challenged and control mice.
The expression of integrin apB, was evaluated on CD11b*/Ly6G™ cells. 7= 4. Lower panel.
Peritoneal neutrophils were collected 4 h after the injection of thioglycollate and incubated
24 h in the presence of 100 ng/ml LPS before the flow cytometry analysis. 7= 3. Statistical
analyses were assessed using Student’s #tests, **P< 0.01. B, C. ap deficiency increases
necrosis (B) and pyroptosis (C) of neutrophils. Thioglycollate-elicited wild-type (WT; left
panels) and ap ™~ (right panels) neutrophils were isolated and incubated with LPS (lower
panels) or without LPS (upper panels) for 24 h. Apoptosis was evaluated by FACS using
Annexin V kit (B). Q2 quadrant represents cells undergoing necrosis. Q4 quadrant shows
apoptotic cells. Pyroptosis was assessed using FAM-FLICA-caspase-1 kit (C). D.The level
of necrosis, apoptosis and pyroptosis collected from 3 to 4 independent experiments was
calculated. Statistical analyses were performed using Student’s paired #tests. **P< 0.01, *P
<0.05
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FIGURE 8. Injected wild-type (WT) neutrophils increase macrophage number in lungs of ap-
deficient mice.

A. Neutrophils isolated from WT (left panel) or ap™ (right panel) mice were injected into
bloodstream of male ap-deficient mice. After 48 h, lungs were isolated, digested, and
analyzed using flow cytometry. CD11b* cells were selected and tested with antibodies
against neutrophils (Ly6G) and macrophages (F4/80) markers. B. The result of flow
cytometry was analyzed and calculated using FACSDiva software. The plots represent the
amount of WT and ap-deficient macrophages (left panel) and neutrophils (right panel).
Statistical analysis was performed using Student’s #test. 7= 4/group. *, P< 0.05; **, P<
0.01. C. In vitro efferocytosis of WT and ap-deficient macrophages was evaluated. PKH26-
labeled (red) macrophages (WT [upper panel] or ap™~ [lower panel]) were incubated
overnight in the presence of apoptotic/necrotic PKH67-labeled (green) neutrophils.
Efferocytosis was detected by EVOS Cell Imaging system (blue arrows) and analyzed by
Image Analysis Software. 7= 6 samples per group. Statistical analysis was performed using
Student’s #tests
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FIGURE 9. Macrophage efferocytosis in lungs of aD"‘ mice after the adoptive transfer.
A. Neutrophils isolated from wild-type (WT) mice were labeled with green fluorescent dye

(PKH67) and injected into the bloodstream of male ap-deficient mice. Lungs were analyzed
after 48 h by flow cytometry (B) and imaging flow cytometry (C). Green-positive cells were
selected and tested with antibodies against Ly6G, F4/80, and CD11b. C. Efferocytosis was
verified by imaging of individual cells in PKH67-positive population using Imaging flow
cytometry (Amnis) and analyzed using internalization wizard in IDEA software (Amnis).
Bright field, PKH67, Ly6G (PE), CD11b (PECy7), and F4/80 (APC) columns show
individual channels. Far right column demonstrates internalization of PKH67-labeled
neutrophils by macrophages
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