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SUMMARY

Systemic neutrophil dysregulation contributes to atherosclerosis pathogenesis, and restoring neutrophil
homeostasis may be beneficial for treating atherosclerosis. Herein, we report that a homeostatic
resolving subset of neutrophils exists in mice and humans characterized by the low expression of
TRAM, correlated with reduced expression of inflammatory mediators (leukotriene B4 [LTB4] and elas-
tase) and elevated expression of anti-inflammatory resolving mediators (resolvin D1 [RvD1] and
CD200R). TRAM-deficient neutrophils can potently improve vascular integrity and suppress atheroscle-
rosis pathogenesis when adoptively transfused into recipient atherosclerotic animals. Mechanistically,
we show that TRAM deficiency correlates with reduced expression of 5-lipoxygenase (LOX5) activating
protein (LOX5AP), dislodges nuclear localization of LOX5, and switches the lipid mediator secretion
from pro-inflammatory LTB4 to pro-resolving RvD1. TRAM also serves as a stress sensor of oxidized
low-density lipoprotein (oxLDL) and/or free cholesterol and triggers inflammatory signaling processes
that facilitate elastase release. Together, our study defines a unique neutrophil population characterized
by reduced TRAM, capable of homeostatic resolution and treatment of atherosclerosis.

INTRODUCTION

Despite extensive studies, atherosclerosis and related cardiovascular complications are a leading cause of morbidity and mortality world-

wide.1 Although a mechanistic link has been proposed between elevated circulating neutrophil counts and the development of atheroscle-

rosis in both experimental animals and human patients,2–4 this link is not sufficiently studied. Neutrophils account for �50%–70% of human

circulating leukocytes. In human atherosclerosis, high circulating neutrophil ratios have been tightly associated with characteristics of rupture-

prone atherosclerotic lesions.3,5,6 In experimental animals, neutrophilia promoted by hyperlipidemia accelerates early atherosclerosis.7 Neu-

trophils contribute to atherosclerosis pathogenesis through enhanced adhesion to vasculatures and subsequent damage to endothelium via

producing adhesion/swarmingmolecules such as leukotriene B4 (LTB4) and ICAM1, as well as tissue-degradingmolecules such as myeloper-

oxidase (MPO) and elastase.7–9 Depletion of inflammatory neutrophils reduces the atherosclerotic lesion burden.7 Paradoxically, neutrophils

are also beneficial during the resolution of inflammation through expressing resolving mediators such as resolvin D1 (RvD1).10,11 Recent clin-

ical studies reveal that the ratios of LTB4 vs. RvD1 closely correlate with clinical severity of cardiovascular diseases in human patients.12,13 How-

ever, mechanisms underlying the paradoxical roles of neutrophils in promoting or resolving inflammation related to atherosclerosis patho-

genesis and treatment are not well understood.

Key risk factors for atherosclerosis, such as oxidized low-density lipoprotein (oxLDL), as well as related oxidized phosphor-lipids (ox-PLs),

are known to induce innate leukocyte activation throughCD14/Toll-like receptor 4 (TLR4) in conjunctionwith other scavenger partners such as

LOX1 and CD36.14–20 In contrast to lipopolysaccharide (LPS), oxLDL/ox-PL-mediated CD14/TLR4 activation preferentially utilizes the unique

downstream TRAM/TRIF instead of the MyD88 signaling pathways.14–17,21 We and others independently validated that mice with TRAM or

TRIF deletion instead ofMyD88 drastically reduced atherosclerosis and other cardiovascular complications.22–24 oxLDL triggers the activation

of SYK/SRC kinases downstream of TRAM/TRIF, leading to the production of reactive oxygen species (ROS) and inflammatorymediators such

as ICAM1 and CCR2 involved in the infiltration and adhesion of inflamed monocytes into atherosclerotic plaques.23,25 Our integrated single-

cell RNA sequencing (scRNA-seq) and biochemical studies reveal the important role of disrupted peroxisome homeostasis in low-grade in-

flammatorymonocytes as the source of increased ROS and the signaling platform for SYK/SRC activation,23 corroborated with recent findings

of peroxisome serving as a key platform for sustaining inflammatory signaling.26,27 In terms of neutrophils, however, signaling mechanisms

responsible for its inflammatory activation triggered by oxLDL are less examined and understood.
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Figure 1. Transfusion of Tram�/� neutrophils ameliorates atherosclerosis

Male ApoE�/� Tram+/+ recipient mice were first fed with HFD for 4 weeks. Neutrophils isolated from ApoE�/� Tram+/+ mice or Apoe�/� Tram�/� mice were

adoptively transferred by intravenous injection to HFD-fed recipient mice once a week for an additional 4 weeks. Samples were collected 1 week after the

last neutrophil transfer.

(A) Representative images of H&E-stained atherosclerotic lesions and quantification of plaque size demonstrated as the percentage of lesion area within aortic

root area. Scale bar, 300 mm.

(B) Representative images of oil red O-stained atherosclerotic plaques and quantification of lipid deposition within the lesion area. Scale bar, 300 mm.

(C) Representative images of Picrosirius red-stained atherosclerotic plaques and quantification of collagen content within lesion area. Scale bar, 100 mm.

(D) Determination of plasma RevD1, elastase, and LTB4 levels by ELISA. Data are presented as meansG SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; Student’s

2-tailed t test (n = 10 for each group).
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We recently identified TRAM as a critical mediator controlling neutrophil inflammatory activation.28 Independent scRNA-seq studies re-

vealed three subsets of mature circulating neutrophils in mice and humans,28,29 with two majority subsets exhibiting inflammatory/pro-

apoptotic/degranulation characteristics and one minor subset of anti-inflammatory resolving neutrophils.28 Our comparative analyses re-

vealed that the resolving neutrophils express not only less inflammatory mediators and caspases but also resolving mediators such as

RvD1, CD200R, and Sestrin1 (SESN1).28 RvD1 serves as an effective lipid-resolving mediator capable of reducing tissue inflammation.30

CD200R can suppress inter-cellular inflammatory activation.23 SESN1 is a potent suppressor of oxLDL-mediated inflammasome activation31

and subsequent degranulation.32 Intriguingly, we observed that TRAM is only highly expressed in the majority subsets of inflammatory/

apoptotic neutrophils and is absent in theminor population of resolving neutrophils. Consequently, we studied the effect of the genetic dele-

tion of TRAM and found that it reprograms neutrophils into the resolving state.28

Here, we show that TRAM is a crucial switch toggling the generation of pro-inflammatory and resolving neutrophils. Given its therapeutic

potential, we systematically characterized the resolving characteristics of Tram�/� neutrophils and the potential of Tram�/� neutrophils for

treating experimental atherosclerosis.

RESULTS

Transfusion of Tram�/� neutrophils alleviates the pathogenesis of atherosclerosis in mice

Given our previous findings that TRAM deletion can effectively reprogram neutrophils into the resolving state with enhanced expression of

anti-inflammatorymediators such as RvD1 andCD200R,28,33,34 we hypothesized that Tram�/� neutrophilsmay be harnessed therapeutically to

treat experimental atherosclerosis. We tested this hypothesis by performing neutrophil transfusion studies with the atherosclerosis-prone

recipient mice. We used male and female ApoE�/� Tram+/+ mice as recipient mice and fed them with a high-fat diet (HFD) for 4 weeks.

Then, the mice received intravenous injections of neutrophils purified from the bone marrow of either ApoE�/� Tram�/� mice or control

ApoE�/� Tram+/+ mice. The adoptive transfer of neutrophils was performed weekly for 4 weeks, and the recipient mice received HFD for

the entire experiment. The mice were sacrificed for analysis 1 week after the final neutrophil injection. Histological assessments through he-

matoxylin and eosin staining and oil redO staining revealed that bothmale and femalemice receiving the transfer of Tram�/� neutrophils had

a significant reduction in plaque sizes (Figures 1A and S1A) as well as remarkably decreased lipid deposition area within atherosclerotic le-

sions (Figures 1B and S1B) as compared to the counterparts receiving Tram+/+ neutrophils. Moreover, Picrosirius red staining demonstrated a

significantly elevated level of collagen content in plaques following the adoptive transfer of ApoE�/� Tram�/� neutrophils in comparison to

ApoE�/� Tram+/+ neutrophils (Figures 1C and S1C). The recipient mice transfused with Tram+/+ neutrophils demonstrated comparable his-

tological characteristics (p> 0.05), including plaque size and lipid deposition, as compared to the shamApoE�/�mice that were fed with HFD

as we published previously.23

Wemeasured the plasma levels of keymediators produced by neutrophils. Notably, adoptive transfer of ApoE�/� Tram�/� neutrophils led

to a significant elevation in the secretion of resolving product RvD1. This was accompanied by a significant decrease in the secretion of pro-

inflammatorymediators such as LTB4, elastase, andMPO (Figures 1D and S2A). To test the recruitment of injected neutrophils to the aorta, we

labeled ApoE�/� Tram+/+ and ApoE�/� Tram�/� neutrophils with CFSE before transfusion. Subsequently, we detected a small but distinct

CFSE+ Ly6G+ neutrophil population in the mice that received the transfusion, and the injection of neutrophils did not significantly alter

the frequency of total aortic neutrophils (Figure S3).

The plasma levels of total cholesterol, free cholesterol, and triglyceride were comparable between the mice injected with ApoE�/�

Tram+/+ neutrophils and those injected with ApoE�/� Tram�/� neutrophils (Figure S4). However, the administration of ApoE�/� Tram�/�

neutrophils remarkably reduced the plasma levels of tumor necrosis factor alpha and CCL5 (Figure S2B), both of which play critical roles

in atherosclerosis development.35,36 Interestingly, injection of ApoE�/� Tram�/� neutrophils significantly decreased the expression of pro-in-

flammatory markers such as ICAM1 and CD38 on the surface of bone marrow and splenic monocytes (Figure S5). These findings suggested

that administrating ApoE�/� Tram�/� neutrophils attenuated systemic inflammation in atherosclerotic mice, potentially contributing to the

alleviation of atherosclerosis pathogenesis.

Our data indicate that adoptive transfer of Tram�/� neutrophils can effectively mitigate atherosclerosis progression and strengthen the

stability of atherosclerotic plaques. This approachmay serve as a potential avenue for immune cell therapy in the treatment of atherosclerosis.

These observed effects may be associated with the alteration of neutrophil functionalities from a pro-inflammatory state to a resolution state

caused by TRAM deficiency. Since there was no gender disparity in the effectiveness of neutrophil transfusion, we only used male ApoE�/�

Tram+/+ mice as recipients in the following in vivo studies.
iScience 27, 110097, June 21, 2024 3



A

0
0.

00
1

**

Ev
an

s 
bl

ue
 in

 a
or

ta
 

no
rm

al
iz

ed
 to

 s
er

um
 

M
FI

 o
f V

C
AM

-1
 

on
 a

or
tic

 e
nd

ot
el

ia
l c

el
ls0.
00

2

A–/– T–/– 

neutrophils
A–/– T+/+ 

neutrophils

*

0

500

100

A–/– T–/– 

neutrophils
A–/– T+/+ 

neutrophils
100 101 102 103 104

0

20

40

60

80

100

B

A–/– T–/–  neutrophils
A–/– T+/+ neutrophils

VCAM-1

400

300

200

A–/– T+/+: ApoE–/– Tram+/+

A–/– T–/–: ApoE–/– Tram–/–

%
 o

f L
y6

C
++

 m
on

oc
yt

es *

A–/– T–/– 

neutrophils
A–/– T+/+ 

neutrophils

0

0.9

0.3

0.6

C D

*

Tram–/–

neutrophils
WT 

neutrophils

0

2.5

0.5

1.0

1.5

2.0

Ab
so

rb
an

ce
 (6

20
 n

m
)

E

***

Tram–/– 

neutrophils
WT

neutrophils

0

2.0

0.5

1.0

1.5

Ab
so

rb
an

ce
 (6

20
 n

m
)

100 101 102 103 104
0

20

40

60

80

100

F

VCAM-1

M
FI

 o
f V

C
AM

-1
 o

n 
M

C
EC

s

***

0

500

100

400

300

200

Tram–/– 

neutrophils
WT

neutrophils

Tram–/–  neutrophils
WT neutrophils

G

100 101 102 103 104
0

50

100

150

200

100 101 102 103 104
0

50

100

150

200

13.7% 5.4%

Co-culture with 
WT neutrophils

Co-culture with 
Tram–/– neutrophils

PI PI

%
 o

f P
I+  M

C
EC

s

***

0

20

15

10

5

Tram–/– 

neutrophils
WT

neutrophils

ll
OPEN ACCESS

4 iScience 27, 110097, June 21, 2024

iScience
Article



Figure 2. Tram�/� neutrophils exert protective effects on endothelial cells

(A–C) ApoE�/� Tram+/+ recipient mice were first fed with HFD for 4 weeks. Neutrophils isolated from ApoE�/� Tram+/+ mice or ApoE�/� Tram�/� mice were

adoptively transferred by intravenous injection to HFD-fed recipient mice once a week for an additional 4 weeks. (A) One week after the final cell transfer,

Evans blue solution was intravenously injected, and Evans blue leaked into the aorta was analyzed (n = 4). (B) VCAM-1 expression on aortic endothelial cells

was analyzed by fluorescence-activated cell sorting (FACS). Representative FACS histogram and quantification are displayed (n = 5). (C) FACS analysis of

Ly6C++ pro-inflammatory monocyte frequency in the aorta (n = 5).

(D) WT or Tram�/� murine neutrophils were co-cultured with the monolayer of bend.3 cells in a Transwell system for 24 h. Evans blue leakage to the lower

chambers was determined by the absorbance at 620 nm (n = 5).

(E) WT or Tram�/� murine neutrophils were co-cultured with the monolayer of MCECs in a Transwell system for 24 h. Evans blue leakage to the lower chambers

was determined by the absorbance at 620 nm (n = 5).

(F) WT or Tram�/� murine neutrophils were co-cultured with MCECs for 24 h, and VCAM-1 expression on MCECs was analyzed by FACS. Representative FACS

histogram and quantification are displayed (n = 5).

(G) WT or Tram�/� murine neutrophils were co-cultured with MCECs for 24 h, and the death of MCECs was determined by propidium iodide (PI) staining.

Representative FACS histogram and quantification are displayed (n = 5). Data are presented as means G SEM. *p < 0.05, **p < 0.01, and ***p < 0.001;

Student’s 2-tailed t test.
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Transfusion of Tram�/� neutrophils effectively improves vasculature integrity

It has been extensively documented that the disrupted function and integrity of the arterial endothelial cell crucially contributes to the devel-

opment of atherosclerosis.37,38 Neutrophil elastase has been identified as a factor that increases the permeability of endothelial cells,39 while

RvD1 exerts a robust protective effect in enhancing endothelial integrity and barrier function.40 With our findings that Tram�/� neutrophils

exhibit elevated levels of RvD1 and reduced secretion of elastase,28 and our in vivo adoptive transfer data revealing elevated plasma levels

of RvD1 and reduced elastase in recipient mice receiving Tram�/� neutrophils, we then tested whether Tram�/� neutrophils may improve

vascular integrity. We found that 1 week after the final cell transfer, the atherosclerotic mice receiving the transfusion of ApoE�/� Tram�/�

neutrophils had significantly reduced transvascular leak,measured by Evans blue accumulation in the aorta, comparedwith themice receiving

ApoE�/� Tram+/+ neutrophils (Figure 2A).

We also assessed the expression of VCAM-1, a pro-inflammatory molecule crucial for atherosclerosis development,41 on the surface of

aortic endothelial cells. Flow cytometry analysis revealed that adoptive transfer of ApoE�/� Tram�/� neutrophils dramatically decreased

VCAM-1 expression on the endothelial cells (Figures 2B and S6A), accompanied by a notable reduction of Ly6C++ pro-inflammatory mono-

cyte infiltration into the aorta (Figure 2C). These data suggest that transfusion of TRAM-deficient neutrophils effectively enhances vascular

endothelial integrity and alleviates the pro-inflammatory state of endothelial cells in atherosclerotic mice.

We next sought to verify the protective effects of Tram�/� neutrophils on endothelial cells in vitro. To exclude the possible influence of

differential apoptotic rates between wild-type (WT) or Tram�/� neutrophils, we assessed the viability of neutrophils within our culture system.

Consistent with our previous report, over 95% of cultured neutrophils remained viable after in vitro culture for 24 (Figure S7A) and 48 h (Fig-

ure S7B). Moreover, no significant difference in viability was observed betweenWT and Tram�/� neutrophils. We then measured the leakage

of Evans blue in an in vitro Transwell-Evans blue permeability assay.42,43 For this, we cultured bEnd.3 cells, an endothelial cell line derived from

themouse brain, andMCE cells (immortalizedmouse cardiac endothelial cells [MCECs]) on inserts to form amonolayer. Then, we co-cultured

thesewith neutrophils purified fromWTor Tram�/�mice.Wemeasured the leakage of Evans blue from the upper chamber to the lower cham-

ber and found a significant reduction in Evans blue amounts in the lower chambers when endothelial cells were co-cultured with Tram�/�

neutrophils compared to those co-cultured with WT neutrophils (Figures 2D and 2E), indicating that TRAM deficiency in neutrophils substan-

tially enhances the integrity of both bEnd.3 and MCEC layers.

In line with the in vivo observations, co-culture of Tram�/� neutrophils led to a significantly decreased expression of VCAM-1 on the surface

of diverse endothelial cell types, includingMCECs (Figures 2F and S6B), bEnd.3 cells (Figure S8A), as well as human umbilical vein endothelial

cells (Figure S8B). The death of endothelial cells is a pivotal initiating event in atherogenesis. While the atherosclerotic plaques contain abun-

dant apoptotic endothelial cells,44 we speculated that Tram�/� neutrophils may exert a protective effect by attenuating the death of cardiac

endothelial cells. Indeed, our flow cytometry analysis unveiled a significantly higher viability of MCECs when co-cultured with Tram�/� neu-

trophils compared to those co-cultured withWT neutrophils (Figure 2G). Together, these results unveiled the critical role of TRAM expressed

by neutrophils in modulating endothelial cells toward an atherosclerosis-prone state, and its deficiency emerges as a potential therapeutic

target for preventing and treating atherosclerosis.

TRAM deletion reduces FLAP expression and dislodges LOX5 away from the nuclear membrane into the cytosol

Considering the elevated RvD1 level in the circulation of atherosclerotic mice post-transfusion of Tram�/� neutrophils, we reasoned that

Tram�/� neutrophils may be the primary source of RvD1. Incubation with oxLDL remarkably attenuated RvD1 production by WT neutrophils,

while, conversely, Tram�/� neutrophils exhibited resistance to oxLDL-mediated suppression of RvD1 production. Moreover, the baseline

RvD1 production of Tram�/� neutrophils surpassed that of their WT counterparts, suggesting that TRAM functions as a negative modulator

of RvD1 production in neutrophils and that the absence of TRAM leads to constitutive production of high levels of RvD1 (Figure 3A).

We examined keymolecular mechanisms involved in the elevated generation of RvD1 in Tram�/� neutrophils. By surveying the scRNA-seq

data in our previous published study,28 we noticed a drastically reduced expression of 5-lipoxygenase (LOX5) activating protein (Lox5ap)

(FLAP) in the naturally occurring TRAMlo neutrophil subset (Figure S9). FLAP is a key molecule responsible for anchoring LOX5 onto the
iScience 27, 110097, June 21, 2024 5
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nuclear membrane and enabling the production of inflammatory mediator LTB4.45 On the other hand, when LOX5 is not anchored on the

nuclear membrane, cytosolic LOX5 is channeled into generating the resolving lipid mediator RvD1.46 Through immunoblot analyses, we vali-

dated that Tram�/� neutrophils expressed significantly less FLAP protein than WT neutrophils under steady-state conditions. Upon priming

with oxLDL, a substantial elevation in FLAP protein expression was observed in WT neutrophils, while, in contrast, oxLDL-induced FLAP in-

crease was significantly attenuated in Tram�/� neutrophils (Figure 3B).

We further performed confocal microscopy to examine the subcellular distribution of LOX5. As expected, we observed that WT neutro-

phils preferentially expressed LOX5 within the nuclear membrane area, and oxLDL treatment elevated the nuclear-membrane-associated

LOX5 protein. In sharp contrast, we observed that TRAM deletion disrupted the nuclear localization of LOX5 (Figures 3C and S10A).

TRAM is widely recognized as an adaptor protein for TLRs. However, the role of TRAM expressed by neutrophils in mediating atheroscle-

rotic stress and the inflammatory effects of lipids is less well understood. Current literature suggests that oxLDL or cholesterol can cause

generic membrane stress,47,48 and TRAM is one of the few innate membrane adaptors with lipid anchors to stressed membrane region.49

Thus, we reasoned that TRAMmay also serve as a general membrane stress sensor for oxLDL and free cholesterol, in addition to TLR ligands.

Our confocal microscopy examination yielded compelling evidence supporting such a role for TRAM. We found that both oxLDL and free

cholesterol treatment induced a remarkable translocation of TRAM in neutrophils and promoted TRAM clustering on the cell membrane

(Figure 3D).

These data unveiled the potential role of TRAM as a sensor for diverse lipid-induced membrane stress, which induces the translocation of

LOX5 from cytosol to nucleus and subsequently suppresses RvD1 production. TRAM deletion can reverse these events, restoring RvD1 pro-

duction and facilitating inflammation resolution.
RvD1 mediates the endothelial protective effects of Tram�/� neutrophils

We further hypothesized that the elevated RvD1 secretion by Tram�/� neutrophils may be crucial for their endothelial protective effects. To

test this, we first blocked direct contact between neutrophils and endothelial cells in the co-culture systemusing a transwell insert, which sepa-

rated neutrophils in the upper chamber fromMCECs in the lower chamber. Remarkably, Tram�/� neutrophils, evenwhenphysically separated

fromMCECs, dramatically reduced endothelial VCAM-1 expression (Figure 4A) and inhibited the death of MCECs (Figure 4B), demonstrating
6 iScience 27, 110097, June 21, 2024
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(C) The monolayer of MCECs in a Transwell system was pre-incubated with BOC2 (10 mM) or vehicle buffer for 1 h, and then co-cultured with WT or Tram�/�

murine neutrophils for 24 h. Evans blue leakage to the lower chambers was determined by the absorbance at 620 nm (n = 5).

(D) MCECs were pre-incubated with BOC2 (10 mM) or vehicle buffer for 1 h, and then co-cultured with WT or Tram�/� murine neutrophils for 24 h. VCAM-1

expression on MCECs was analyzed by FACS (n = 5).

(E) MCECs were pre-incubated with BOC2 (10 mM) or vehicle buffer for 1 h, and then co-cultured with WT or Tram�/� murine neutrophils for 24 h. The death of

MCECs was determined by PI staining (n = 5). Data are presented as meansG SEM. ns non-significant, *p < 0.05, **p < 0.01, and ***p < 0.001; one-way ANOVA.
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effects comparable to Tram�/� neutrophils freely contacted with endothelial cells. These results suggest that direct neutrophil-endothelial

cell contact may not be essential for the protective effects of Tram�/� neutrophils.

Next, we further tested whether secreted RvD1 from resolving neutrophils may be involved in the observed effect. The monolayer of

MCECs was pre-incubated with BOC2, a specific inhibitor for RvD1 receptor ALX/FPR2,50 followed by co-culture with neutrophils and analysis

of Evans blue leakage. We found that BOC2 significantly abrogated protective effect of Tram�/� neutrophils on endothelial integrity (Fig-

ure 4C). In addition, blockade of RvD1 receptor also significantly attenuated the efficacy of Tram�/� neutrophils in reducing VCAM-1 expres-

sion on MCECs (Figure 4D) and preventing MCEC death (Figure 4E). Taken together, these data suggest that the endothelial protective ef-

fects of Tram�/� neutrophils were dependent on the secretion of RvD1.

TRAM deletion increases the expression of SESN1 and reduces the expression of SYK, CaMKII, and elastase in mouse

neutrophils

Neutrophil elastase plays a crucial role in the pathogenesis of atherosclerosis, with all neutrophils in atherosclerotic lesions exhibiting a high

expression of elastase.51,52 Our in vivo data revealed that the adoptive transfer of Tram�/� neutrophils led to decreased elastase in athero-

sclerotic mice. Specifically, we observed that the elastase release from Tram�/� neutrophils was significantly diminished compared to that

from WT neutrophils, both with and without oxLDL treatment (Figure 5A). We further examined the molecular mechanisms responsible for

the reduced secretion of elastase from Tram�/� neutrophils. First, we tested the potential role of cellular ROS asmediators of neutrophil elas-

tase secretion, as suggested by previous reports.53 We found that oxLDL induced ROS generation in WT neutrophils, and TRAM deletion

attenuated the ROS induction (Figure 5B). Second, we tested if TRAM may function as a sensor for lipid-induced stress, based on previous

studies suggesting that peroxisome disruption is a key trigger for inflammatory signaling and intracellular ROS accumulation.54 Additionally,

we demonstrated that TRAM had the capability to transmit the signal of super-low dose LPS, leading to peroxisomal dysfunction.23 Here, we

performed confocal imaging analyses of pexophagy in neutrophils treated with oxLDL. In WT neutrophils, oxLDL treatment drastically
iScience 27, 110097, June 21, 2024 7
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Figure 5. TRAM deletion abrogates the molecular machineries responsible for elastase production

WT and Tram�/� murine neutrophils were treated with oxLDL (10 mg/mL) for 48 h.

(A) Secretion of elastase by neutrophils was quantified by ELISA (n = 5).

(B) Neutrophils were labeled with CellROX, and ROS levels were quantified by FACS (n = 5).

(C) Neutrophils were stained with anti-PMP70 and anti-LAMP1 antibodies, and the localization of peroxisomes and lysosomes was examined by confocal

microcopy. Scale bar, 5 mm.

(D) Confocal microscopy imaging of the subcellular distribution of PMP70+ peroxisomes and CaMKII in neutrophils. Scale bar, 5 mm.

(E) Confocal microscopy imaging of the subcellular distribution of PMP70+ peroxisomes and SYK in neutrophils. Scale bar, 5 mm.

(F) Protein level of SESN1 was examined by western blotting, and relative expression was normalized to b-actin (n = 3). Data are presented as means G SEM.

*p < 0.05, **p < 0.01, and ***p < 0.001; one-way ANOVA.

ll
OPEN ACCESS

iScience
Article
disrupted the fusion of peroxisomes (PMP70+) and lysosomes (LAMP1+); Tram�/� neutrophils exhibited constitutively elevated peroxisome-

lysosome fusion, and this fusion was minimally affected by oxLDL (Figures 5C and S10B). Activation of calmodulin-dependent kinase II

(CaMKII) by metabolic stress is known to catalyze the transformation of glucose into ROS.55,56 Our western blot results revealed that oxLDL

treatment significantly increased the expression of CaMKII (Figure S11A) and the SRC kinase SYK (Figure S11B) in WT neutrophils. Confocal

analysis demonstrated that oxLDL potently increased the localization of CaMKII at peroxisomes in WT neutrophils (Figures 5D and S10C).

Moreover, oxLDL also increased the peroxisomal distribution of SYK (Figures 5E and S10D), which was shown to form a mutually activating

positive feedback loop with subcellular ROS. These findings align with previous studies, demonstrating the crucial role of peroxisomes as a

platform for sustaining the inflammatory signaling cascade.57,58 Importantly, oxLDL failed to not only elevate the protein expression of CaMKII

and SYK (Figure S11) but also induce CaMKII and SYK aggregation around peroxisomes in TRAM-deficient neutrophils (Figures 5D, 5E, S10C,

and S10D). Collectively, our data reveal that TRAM is responsible for oxLDL-mediated disruption of pexophagy, and induction of inflamma-

tory signaling processes responsible for the neutrophil release of elastase.

In addition to ROS, inflammasome activation also triggers the release of neutrophil granules.59 We noticed from our scRNA-seq data that

TRAM-deficient neutrophils have elevated expression of SESN1 (Figure S9), a key homeostatic molecule capable of suppressing inflamma-

some activation.31 Previous studies reveal a mutually suppressive circuit among inflammatory signals (STAT1/5) vs. anti-inflammatory signals

(PPAR/PGC1a/b).23,60–62 We demonstrated that TRAM deletion not only reduced the inflammatory STAT1/5 signals, but also elevated anti-

inflammatory PPAR/PGC1 signals,28 which are known to induce the expression of anti-inflammatory SESN1.63 We then performed an immu-

noblot assay and validated the increased expression of SESN1 in TRAM-deficient compared to WT neutrophils. Moreover, oxLDL treatment

remarkably increased SESN1expression inWTneutrophils but hadminimal impact on Tram�/� neutrophils in terms of SESN1 level (Figure 5F).

Together, our data suggest that reduced peroxisome-associated inflammatory signaling coupledwith elevated homeostaticmediator SESN1

may collectively lead to reduced elastase secretion in TRAM-deficient neutrophils.

Human neutrophil subset with reduced TRAM expression exhibits a similar phenotype of improved homeostasis ex vivo

To examine the human relevance of our findings, we tested the correlations between TRAM, activation marker CD177, elastase, and LTB4

secretion, in human neutrophils ex vivo. Fresh neutrophils from healthy human donors segregated into CD177hi and CD177lo populations,

consistent with scRNA-seq data conserved from mice to humans.28,29 We then co-stained with a TRAM-specific antibody and observed

that TRAM is preferentially expressed in CD177 hi neutrophils and largely absent from the CD177lo neutrophils (Figure 6A), consistent with

our findings with murine neutrophils.

We further evaluated the functional relevance of human neutrophils with reduced TRAM expression. Since inflammatory neutrophils with

higher expression of LTB4 and CD11b tend to exhibit exacerbated swarming ability,64 we tested the swarming potential of sorted human

neutrophils. As shown in Figure 6, human CD177hi neutrophils accumulated faster and in higher numbers on the swarming targets than

CD177lo neutrophils (Figure 6B, Videos S1 and S2). We further subject human neutrophils to ex vivo priming with fMLP to elicit the secretion

of pro-inflammatory mediators, such as LTB4 and elastase. Both humanCD177lo and CD177hi neutrophils were capable of secreting LTB4 and

elastase in response to fMLP treatment. However human CD177lo neutrophils secreted significantly less LTB4 and elastase as compared to

CD177hi neutrophils, consistent with the observation of reduced swarming ability of CD177lo neutrophils (Figures 6C and 6D).

DISCUSSION

Our study identified resolving neutrophils capable of improving vasculature integrity and reducing atherosclerosis. Our results suggest that

TRAM serves as a stress sensor of oxLDL and/or free cholesterol and that deficiencies in the expression of TRAM reduce the expression of

inflammatory mediators (LTB4 and elastase) and elevate the expression of anti-inflammatory resolving mediators (RvD1 and CD200R). Mech-

anistically, we show that TRAM deficiency correlates with reduced expression of LOX5AP, dislodged nuclear localization of LOX5, the release

of pro-resolving RvD1, and reduced ability to swarm.

Our findings harken to the era of immune cell-based precision therapies for chronic inflammatory diseases. Although conventional ther-

apies against atherosclerosis based on small chemicals or biological molecules have been widely developed, there are intrinsic caveats asso-

ciated with these approaches, as reflected in systemic side effects and limited delivery efficacies. Innate immune leukocytes such as neutro-

phils are naturally equipped with tissue tropic capabilities to effectively survey and home into inflamed areas.65,66 Emerging studies

attempted utilizing neutrophil-based approaches in delivering therapeutic compounds to treat diseases.67 However, neutrophils exhibit

diverse inflammatory characteristics, including degranulation and release of inflammatory mediators, swarming, and aggregation with
iScience 27, 110097, June 21, 2024 9
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Figure 6. Human CD177lo neutrophils exhibit similar resolving characteristics to mouse Tram�/� neutrophils

(A) FACS analysis of TRAM+ population frequency in CD66b+ CD177lo and CD66b+ CD177hi neutrophils from the peripheral blood of healthy individuals (n = 4).

(B) CD177lo and CD177hi neutrophils were purified from the peripheral blood of healthy individuals. CD177lo neutrophils were labeled with Hoechst 33342, and

CD177hi neutrophils were labeled with DRAQ5. The swarming of the neutrophils was recorded and quantified (n = 4).

(C and D) Purified CD177lo and CD177hi neutrophils were stimulated with or without fMLP (100 nM) for 4 h. The secretion of LTB4 (C) and elastase (D) was analyzed

by ELISA (n = 5). Data are presented as means G SEM. *p < 0.05 and **p < 0.01; Student’s 2-tailed t test.
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neighboring cells and tissues.66,68,69 These tissue-toxic effects of neutrophils hinder the proper development of neutrophil-based delivery or

cell therapies. Our integrated scRNA-seq and functional analyses identified a unique subset of neutrophils with potent homeostatic resolving

capability enabled by TRAM reduction.

Our findings complement emerging independent reports demonstrating the therapeutic potential of homeostatic neutrophils in treating

chronic diseases.70–73 A recent study reports that a subset of CD177lo ‘‘young’’ neutrophils is effective in treating stroke when directly injected

into the hippocampus region of experimental animals and that the levels of CD177lo ‘‘young’’ neutrophils are drastically reduced in patients.74

On the other hand, CD177hi neutrophils are independently shown to be apoptotic75 and elevated in patients with severe infections such as

COVID-related complications.76 Validating these reports, our scRNA-seq data revealed that CD177Pos neutrophils express elevated levels of

apoptotic genes such as Casp1 and 3, in addition to inflammatory mediators such as Lox5AP (FLAP). In contrast, the CD177lo neutrophils ex-

press higher levels of anti-apoptotic genes such as MCL1, as well as inflammasome/degranulation suppressors such as SESN1/3. We

observed that TRAM is absent in the CD177lo ‘‘young’’ neutrophils and that genetic deletion of TRAM can enable the expansion of resolving

neutrophils with therapeutic potential for improving vasculature integrity and treating atherosclerosis. Our data further suggest that resolving

neutrophils may likely contribute to tissue homeostasis and atherosclerosis resolution through both systemic and local effects. Transfusion of

resolving neutrophils leads to a systemic improvement of vasculature integrity in vivo. Through blocking RvD1 receptor, our complementary

in vitro mechanistic data support the systemic paracrine role of resolving neutrophils on improving endothelial integrity through secreted

mediator. Although it is well known that there are very few neutrophils within plaques, we did observe the infiltration of transfused resolving

neutrophils inside the plaques. Analyses of resident immune cells reveal that transfusion of resolving neutrophils leads to the re-programming

of local immune cells with homeostatic characteristics, suggesting potential local communication among resolving neutrophils with resident

immune cells. Therefore, it is likely that transfused neutrophils can be applied to exhibit both systemic and local effects, with further studies

needed to characterize their relative contributions.

Mechanistically, our data reveal that TRAM contributes to inflammatory/apoptotic neutrophil polarization throughmediating peroxisome-

mediated activation of SYK and CaMKII, leading to the induction of LOX5AP. This is consistent with previous mechanistic studies that demon-

strate the spatial regulation of inflammatory LTB4 vs. anti-inflammatory RvD1 expression.77 Nuclear localization of LOX5 controlled by

LOX5AP enables the production of LTB4, while cytosolic LOX5 participates in the generation of RvD1.46,78 TRAM-mediated inflammatory

signaling can also trigger inflammasome activation and degranulation, which leads to the enhanced release of tissue-damaging elastase.

Elevated plasma levels of elastase were shown to induce endothelial damage, which is the early cause of atherosclerosis initiation.79 Our

data further clarify an important principle by which neutrophils sense cholesterol stress. Although TRAM was initially identified as a signaling
10 iScience 27, 110097, June 21, 2024
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adaptor for the TLR4-mediated innate signaling process,80 later studies suggest that TRAM can serve as a generic stress sensor for diverse

stress signals, including ox-PL.49 TRAM is a unique signaling adaptor with a covalently conjugated lipid moiety, which enables TRAM to sense

membrane stress mediated by lipid-raft formation.81,82 Both oxLDL and free cholesterol increased membrane stress and affected lipid-raft

formation.83 This may explain why TRAM can serve as a general stress sensor, including oxLDL. Consistent with these observations, we

observed that oxLDL can potently induce the membrane clustering of TRAM on neutrophils. Our data provide an important clue that target-

ing TRAMmembrane clusteringmay hold future potential for designing effective intervention strategies in treating chronic low-grade inflam-

mation and atherosclerosis. TRAMmembrane clustering ismediated by covalentmyristoylation, and inhibitors that can suppress such process

may be developed to treat atherosclerosis in future studies.

Our studies with primary human neutrophils reveal that the CD177lo neutrophils subset correlates with reduced TRAM expression, con-

firming our observations with murine neutrophils. Our functional assays validate that the human CD177lo TRAM neutrophils exhibit reduced

inflammatory characteristics, including reduced swarming and reduced secretion of inflammatory elastase, as compared to CD177hi neutro-

phils. Our data suggest that elutriation of human CD177lo neutrophils may have therapeutic potential in treating human chronic cardiovas-

cular diseases. Future functional studies are needed to better define promising neutrophil subsets amenable to neutrophil-based cell

therapies.
Limitations of the study

Our current work serves as an initial examination of neutrophils with resolving characteristics, defines a key role of TRAM in serving as a funda-

mental switch in modulating the generation of resolving neutrophils in both murine and human systems, and provides an initial proof of prin-

ciple of applying resolving neutrophils in an animal model of atherosclerosis. We were able to maintain robust ex vivo neutrophil survival with

the supplement of G-CSF and demonstrated the beneficial effects of transfused neutrophils in reducing experimental atherosclerosis. How-

ever, we caution that future systems studies are needed to better define their therapeutic potential. Additional characterization of pharma-

codynamics and pharmacokinetics parameters with temporal and spatial resolution is needed to define the systemic and local effects of

various neutrophil subsets. Transfused neutrophils likely interact with recipient cells and tissues in a complex fashion and either directly or

indirectly affect host immune metabolism. The immune-metabolic axis was beyond the scope of this current study and will require future

comprehensive analyses. Furthermore, although human and murine neutrophils share some key mechanistic features as we noted, human

neutrophils may be more prone to apoptosis and less amenable to therapeutic application. Neutrophils engineered from stem cells should

be considered to generate sufficient human neutrophils with either genetic alteration of TRAMor targeted chemical inhibition of TRAMmem-

brane conjugation, for the next phase of translational considerations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified rat anti-mouse CD16/CD32 (Fc block) BD Biosciences Cat# 553141; RRID: AB_394656

APC/Cyanine7 anti-mouse/human CD11b

(Clone M1/70)

BioLegend Cat# 101226; RRID: AB_830642

PE/Cyanine7 anti-mouse Ly6C (Clone HK1.4) BioLegend Cat# 128018; RRID: AB_1732093

PE anti-mouse Ly6G (Clone 1A8) BioLegend Cat# 127608; RRID: AB_1186104

Alexa Fluor 647 anti-mouse Ly-6G (Clone 1A8) BioLegend Cat# 127610; RRID: AB_1134159

FITC anti-mouse Ly-6G (Clone 1A8) BioLegend Cat# 127606; RRID: AB_1236488

FITC anti-mouse CD45 (Clone 30-F11) BioLegend Cat# 103108; RRID: AB_312972

Alexa Fluor 647 anti-mouse VCAM-1

(Clone 429)

BioLegend Cat# 105712; RRID: AB_493429

PE anti-mouse CD31 (Clone W18222B) BioLegend Cat# 160204; RRID: AB_2860750

APC anti-mouse ICAM1 (Clone YN1/1.7.4) BioLegend Cat# 116120; RRID: AB_10613645

PE anti-mouse CD38 (Clone 90) BioLegend Cat# 102708; RRID: AB_312929

Alexa Fluor 647 anti-rat IgG2a

(Clone MRG2a-83)

BioLegend Cat# 407512; RRID: AB_2716140

APC anti-human VCAM-1 (Clone STA) BioLegend Cat# 305810; RRID: AB_2214226

HRP anti-mouse b-actin (Clone 13E5) Cell Signaling Technology Cat# 5125; RRID: AB_1903890

Anti-mouse FLAP (polyclonal) Thermo Fisher Scientific Cat# PA5-78368; RRID: AB_2735780

Anti-mouse SESN1 (Clone ARC2313) Thermo Fisher Scientific Cat# MA5-38000; RRID: AB_2897918

HRP anti-rabbit IgG Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Cy3 anti-mouse LAMP1 (polyclonal) Abcam Cat# ab67283; RRID: AB_1140882

Alexa Fluor 546 anti-mouse CaMKII (clone G-1) Santa Cruz Cat# sc-5306 AF546; RRID: AB_626788

PE anti-mouse SYK (Clone 5F5) BioLegend Cat# 646004; RRID: AB_2565306

Biotin anti-mouse LOX5 (polyclonal) NOVUS Cat# NB110-58748B; RRID: AB_920580

Biotin anti-mouse TRAM (polyclonal) Biorbyt Cat# orb452158; RRID: NA

FITC anti-human CD66b (Clone G10F5) BioLegend Cat# 305104; RRID: AB_314495

PE anti-human CD177 (Clone MEM-166) BioLegend Cat# 315806; RRID: AB_2564280

Goat anti-FLAP (polyclonal) NOVUS Cat# NB300-891; RRID: AB_2227081

Mouse anti-CaMKII (Clone G-1) Santa Cruz Cat# sc-5306; RRID: AB_626788

Rabbit anti-SYK (polyclonal) Cell Signaling Technology Cat# 2712; RRID: AB_2197223

Alexa Fluor 647 anti-goat IgG

secondary antibody

Thermo Fisher Scientific Cat# A56570; RRID: AB_2930909

Alexa Fluor 647 anti-human TRAM (Clone E�2) Santa Cruz Cat# sc-376076; RRID: AB_10989356

Chemicals, peptides, and recombinant proteins

Hematoxylin solution Sigma-Aldrich Cat# GHS132

Eosin Y solution Sigma-Aldrich Cat# HT110132

High fat diet Harlan Teklad Cat# 94059

Formalin Fisher Scientific Cat# SF100-4

OCT Compound Sakura Finetek Cat# 4583

Collagenase, Type I Worthington Cat# LS004196

Collagenase, Type XI Sigma-Aldrich Cat# C7657

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ACK buffer Thermo Fisher Scientific Cat# A1049201

ACK buffer Quality Biological Cat# 118156721

Hyaluronidase Sigma-Aldrich Cat# H6254

Deoxyribonuclease Sigma-Aldrich Cat# DN25

HEPES solution Sigma-Aldrich Cat# H0887

Propidium iodide Sigma-Aldrich Cat# P4170

RPMI-1640 medium Sigma-Aldrich Cat# R8758

DMEM Sigma-Aldrich Cat# D6429

Recombinant murine G-CSF Peprotech Cat# AF-250-05

PBS Thermo Fisher Scientific Cat# 10010023

FBS GE Healthcare HyClone Cat# SH3007003

HBSS Sigma Cat# H6648

L-Glutamine Thermo Fisher Scientific Cat# 25030081

Penicillin-streptomycin Thermo Fisher Scientific Cat# 15-140-122

oxLDL Kalen Biomedical Cat# 770202-6

Cholesterol-water soluble Sigma-Aldrich Cat# C49516

Canada balsam Sigma-Aldrich Cat# C1795

Permount� mounting medium Thermo Fisher Scientific Cat# SP15-500

CellROX green reagent Thermo Fisher Scientific Cat# C10444

RIPA buffer Thermo Fisher Scientific Cat# 89900

Blotting-grade blocker Bio-Rad Cat# 1706404

Protease inhibitor cocktail Sigma-Aldrich Cat# P8340

Antifade mountant Thermo Fisher Scientific Cat# P36930

Evans Blue Sigma-Aldrich Cat# E2129

Human TruStain FcX� (Fc Receptor Blocking

Solution)

BioLegend Cat# 422302

Streptavidin/Biotin Blocking Solution Thermo Fisher Scientific Cat# R37628

Cy3 Streptavidin BioLegend Cat# 405215

Alexa Fluor 488 Streptavidin Thermo Fisher Scientific Cat# S32354

Cyto-Fast� Fix/Perm Buffer BioLegend Cat# 426803

fMLP Sigma Cat# 47729

Dextran MP biomedicals Cat# 101514

DRAQ5 BioLegend Cat# 424101

Hoechst 33342 Thermo Fisher Scientific Cat# 62249

DAPI Thermo Fisher Scientific Cat# 62248

BOC2 Phoenix Pharmaceuticals Cat# 072-01

CFSE Thermo Fisher Scientific Cat# C34554

Critical commercial assays

Fat, Oil Red O, propylene glycol stain kit Newcomer Supply Cat# 9119A

Picrosirius Red stain kit Polysciences Cat# 24901

RvD1 ELISA kit Cayman Chemical Cat# 500380

LTB4 Parameter Assay kit R&D Systems Cat# KGE006B

Mouse Elastase/ELA2 Quantikine ELISA kit R&D Systems Cat# MELA20

Human Elastase/ELA2 DuoSet ELISA kit R&D Systems Cat# DY9167

MPO ELISA kit Thermo Fisher Scientific Cat# EMMPO

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SelectFX Alexa Fluor 488 peroxisome

labeling kit

Thermo Fisher Scientific Cat# S34201

ECL Western blotting substrate Thermo Fisher Scientific Cat# 32209

TNFa ELISA kit R&D Systems Cat# MTA00B

CCL5 ELISA kit R&D Systems Cat# MMR00

Cholesterol quantitation kit Sigma Cat# MAK043

Triglyceride assay kit BioVison Cat# K622

Deposited data

Single-cell RNA-seq data This paper GEO: GSE182356

Raw numerical data This paper Mendeley Data, https://doi.org/10.17632/

kwbwsmkbs2.1

Experimental models: Cell lines

HUVEC ATCC CRL-1730

bEnd.3 ATCC CRL-2299

Immortalized mouse cardiac endothelial

cells (MCECs)

Gift from Dr. Tianqing Peng (University of

Western Ontario)

NA

Experimental models: Organisms/strains

Mouse, C57BL/6 The Jackson Laboratory JAX 000664

Mouse, ApoE�/� The Jackson Laboratory JAX 002052

Mouse, Tram�/� Gift from Dr. Holger Eltzschig (University of

Texas Health Science Center at Houston)

NA

Mouse, ApoE�/� Tram�/� ApoE�/� x Tram�/� in this lab NA

Software and algorithms

FlowJo Tree Star https://www.flowjo.com/

ImageJ NIH https://imagej.nih.gov/ij/

Prism GraphPad https://www.graphpad.com/

scientificsoftware/prism/

ZEN lite ZEISS https://www.zeiss.com/microscopy/us/

products/microscope-software/zen-lite.html

10x Cell Ranger v3.0.2 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/overview/welcome

Other

Transwell inserts (0.4 mm) Corning Cat# 353180

Cell strainer (70 mm) Fisher Scientific Cat# 22-363-548
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Liwu Li (lwli@

vt.edu).
Materials availability

This study did not generate any unique reagents.
Data and code availability

� The underlying numerical data and western blot original figures were deposited on Mendeley Data, https://doi.org/10.17632/

kwbwsmkbs2.1.
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� Processed single-cell RNA-seq data have been previously published.28 The raw data were deposited at GEO with the accession num-

ber GSE182356.
� This paper did not report the original code.

� All data analyzed during this study have been included in the manuscript and supporting files. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and ethics statement

WTC57BL/6 and ApoE�/�mice were purchased from the Jackson Laboratory. Tram�/�mouse colony was kindly provided by Dr. Holger Eltz-

schig. ApoE�/� Tram�/�mice were obtained by crossing ApoE�/�mice with Tram�/�mice. All mice weremaintained on a 12h/12h light/dark

cycle at 22�C in a pathogen-free environment. All experimental procedures were approvedby the Intuitional Animal Care andUseCommittee

of Virginia Tech in compliance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Both male and

female mice between 8 and 12 weeks of age group were used for experiments, and no gender-specific effects were observed.

METHOD DETAILS

Primary murine neutrophil culture

BM cells were harvested from the femur and tibia of mice, and Ly6G+ neutrophils in the BM were sorted by flow cytometry. The neutrophils

were cultured in complete RPMI 1640 medium (containing 10% FBS, 2 mM L-glutamine, penicillin-streptomycin) supplemented with G-CSF

(100 ng/mL). In some experiments, neutrophils were treated with oxLDL (10 mg/mL), or free cholesterol (10 mg/mL) for 48 h.

Human neutrophils isolation

Peripheral blood from healthy donors was commercially purchased from Research Blood Components LLC. Human neutrophils were isolated

by dextran sedimentation and FACS (fluorescence-activated cell sorting). Briefly, whole blood was mixed with 3% Dextran at 1:1 ratio for

30 min at room temperature. The upper layer containing leukocytes was harvested, and residual red blood cells were removed by ACK lysis

buffer. Then, leukocytes were blocked with Fc blocker in FACS buffer (2% FBS in 1xHBSS) for 15 min, and then labeled with fluorescent-con-

jugated anti-CD66b and anti-CD177 antibodies for 30 min. Propidium iodide (PI) was added to separate live and dead cells.

PI�CD66b+CD177lo and PI�CD66b+CD177hi were sorted by Sony cell sorter SH800. Purified neutrophils were resuspended in RPMI1640 com-

plete medium for further use.

Cell lines

Three different endothelial cell lines were used in this study. HUVECs and bEnd.3 cells were purchased from ATCC; immortalized mouse car-

diac endothelial cells (MCECs) were provided by Dr. Tianqing Peng at the University of Western Ontario. All the endothelial cell lines were

cultured in DMEM with 10% FBS and penicillin-streptomycin.

HFD feeding and neutrophil adoptive transfer

Age and gender-matched recipient ApoE�/� Tram+/+ mice were fed with HFD for 4 weeks to induce the development of atherosclerosis.

Ly6G+ neutrophils were sorted from the BMof ApoE�/� Tram�/�mice or control ApoE�/� Tram+/+mice using flow cytometry. Adoptive trans-

fer of neutrophils was conducted as described previously.54 Each HFD-fed recipient mouse was transfused with 23 106 neutrophils in 200 mL

of PBS once weekly through intravenous injection for a total of 4 injections. The mice were continuously maintained on HFD throughout the

adoptive transfer regimen.Oneweek after the final cell transfer, themice were sacrificed, and tissues were harvested for subsequent analyses.

Histological analyses of atherosclerotic lesions

Histological analyses of atherosclerotic lesions were performed as previously described.54 Briefly, fresh-frozen and optimal cutting temper-

ature (OCT) compound–embedded proximal aortic sections (10 mm) were fixed in 4% neutral buffered formalin followed by H&E staining. Oil

Red O staining was performed using a kit (Newcomer Supply), and collagen staining was performed using the Picrosirius Red Stain Kit (Poly-

sciences) according to the manufacturer’s instructions. The samples were mounted with Canada balsam or Permount mounting medium and

observed under a light microscope. Quantification of the samples was performed with ImageJ. The percentages of total lesion area, lipid

deposition, and collagen composition were calculated.

ELISA

Plasma samples were collected from the mice that received neutrophil transfer. The levels of RvD1, elastase, LTB4, MPO, TNFa, and CCL5

were determined with commercially available ELISA kits. For the analysis of RvD1 and elastase levels in cell culture supernatant, Ly6G+ neu-

trophils were sorted from the BM of Tram�/� mice and WT mice and then treated with oxLDL (10 mg/mL) for 48 h. The resulting supernatant

was collected for the quantification of RvD1 and elastase. Sorted human neutrophils were plated into 96-well plates and stimulated with or
18 iScience 27, 110097, June 21, 2024
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without fMLP (100 nM) for 4 h, then the supernatant was collected to determine LTB4 and elastase levels. All the assays were conducted

following the manufacturers’ instructions. Detailed information of the ELISA kits can be found in the key resources table.

Determination of plasma lipids

Plasma samples were collected from the mice that received neutrophil transfer. Total and free cholesterol levels as well as triglyceride level

were quantified using with commercially available kits. All assays were performed according to the manufacturers’ instructions, and detailed

information of the kits can be found in the key resources table.

Flow cytometry analysis of aortic neutrophils

Age and gender-matched recipient ApoE�/� Tram+/+ mice were fed with HFD for 4 weeks, and neutrophils were sorted from ApoE�/�

Tram�/� mice or ApoE�/� Tram+/+ mice as decribed above. The purifided neutrophils were labeled with CFSE before adoptive transfer.

Each HFD-fed recipient mouse was transfused with 2 3 106 CFSE-labeled neutrophils once weekly through intravenous injection for a total

of 4 injections. Themice were continuously maintained on HFD throughout the adoptive transfer regimen.One day after the final cell transfer,

the mice were sacrificed, and total neutrophils and CFSE+ neutrophils in the aorta were analyzed with flow cytometry.

Assessment of aortic endothelium permeability

The aortic endothelium permeability was determined using an established protocol with modifications.84 ApoE�/� Tram+/+ mice were trans-

fusedwith ApoE�/� Tram�/� or control ApoE�/� Tram+/+ neutrophils as described above. Oneweek post the final cell transfer, 200 mL of 0.5%

Evans Blue solution (in PBS) was intravenously injected into each recipientmouse. After 1 h, themouse was sacrificed, and the blood and aorta

were collected. The serum was prepared and preserved at �20�C. The aorta was rinsed with PBS, weighted, and put in a conical microfuge

tube containing 250 mL of formamide, followed by incubation at 55�C for 48 h. The aorta sample was centrifugated, and the supernatant was

collected. The absorbance of serum and aorta supernatant samples and Evans Blue standards was measured at 620 nm. The Evans Blue con-

centrations in the serum and aorta samples were calculated. The Evans Blue concentration of aorta sample was divided by aorta weight and

then by serum Evans Blue concentration for normalization.

Flow cytometry analysis of aortic endothelial cells

ApoE�/� Tram+/+ mice were transfused with ApoE�/� Tram�/� or ApoE�/� Tram+/+ neutrophils as described above. One week after the final

neutrophil transfer, aortas were harvested, and single-cell suspensions were prepared for flow cytometry as previously reported.23 Aortas

were cut into small pieces and then transferred into an enzyme cocktail (in HBSS) containing 450 U/ml collagenase type I, 250 U/ml collage-

nase type XI, 120 U/ml hyaluronidase and 120 U/mlDNAse supplementedwith 20mMHEPES. The samples were incubated at 37�C for 60min.

The processed samples of all tissues were filtered through 70-mmcell strainers to obtain single-cell suspension, and red blood cells were lysed

with ACK buffer. The samples were incubated with anti-CD16/-CD32 antibody to block Fc-receptors, followed by staining with fluorochrome-

conjugated anti-CD45, anti-CD31, and anti-VCAM-1 antibodies. PI was added before flow cytometry to label dead cells. The expression of

VCAM-1 on the surface of PI� CD45� CD31+ endothelial cells was examined using FACSCanto II (BD Biosciences). The data were analyzed

using FlowJo. Detailed information on the antibodies and reagents can be found in the key resources table.

Flow cytometry analysis of bone marrow and splenic monocytes

ApoE�/� Tram+/+ mice were transfused with ApoE�/� Tram�/� or ApoE�/� Tram+/+ neutrophils as described above. One week after the final

neutrophil transfer, bone marrow and spleen were harvested, and single-cell suspensions were prepared for flow cytometry as previously re-

ported.23 After lysing red blood cells, the samples were incubated with anti-CD16/-CD32 antibody to block Fc-receptors, followed by staining

with fluorochrome-conjugated anti-CD11b, anti-Ly6G, anti-Ly6C, anti-ICAM1 and anti-CD38 antibodies. PI was added before flow cytometry

to label dead cells. The expressions of ICAM1 and CD38 on the surface of PI� CD11b+ Ly6G� Ly6C++, PI� CD11b+ Ly6G� Ly6C+, and PI�

CD11b+ Ly6G� Ly6C� monocyte subsets were examined using FACSCanto II (BD Biosciences). The data were analyzed using FlowJo.

Detailed information on the antibodies and reagents can be found in the key resources table.

Assessment of the viability of neutrophils cultured in vitro

Ly6G+ neutrophils were sorted from the BM of Tram�/� mice and WT mice and then treated with oxLDL (10 mg/mL) for 24 or 48 h. The neu-

trophils were harvested and labeled with PI. The viability of neutrophils was assessed using FACSCanto II (BD Biosciences).

Neutrophil-endothelial cell co-culture, Transwell-Evans Blue permeability assay, and flow cytometry analysis

Ly6G+ neutrophils were sorted from the BM of Tram�/� mice and WT mice. To determine the effect of neutrophils on the integrity of the

endothelial cell layer, a Transwell-Evans Blue permeability assay was conducted according to previously established protocol with modifica-

tions.42,43 Briefly, bEnd.3 cells orMCECswere seeded to each Transwell insert (0.4 mmpore size) for 12-well plates and cultured for 24 h to form

amonolayer. Tram�/� orWT neutrophils were added to the insert at a 10:1 ratio (neutrophils to endothelial cells), followed by co-culture for 24

h. In some experiments the monolayer of MCECs was pre-incubated with BOC2 (10 mM) or vehicle buffer (0.8%MeOH) for 1 h before adding

neutrophils. Themedium in the insert was discarded, the insert was transferred to a new 12-well plate containing 4% BSA, and 400 mL of Evans
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Blue solution (0.67 ng/mL) was added to the insert. After incubation for 30 min, the absorbance of the medium in the lower chamber of the

Transwell system was measured at 620 nm, allowing for the quantification of Evans Blue leakage. Evans Blue leakage to the lower chamber of

Transwell system that only contained endothelial cell monolayer without adding neutrophils was employed for normalization. To examine the

expression of VCAM-1 on endothelial cells, HUVECs, bEnd.3 cells or MCECs were seeded to 12-well plates and cultured for 24 h to form a

monolayer. Tram�/� or WT neutrophils were co-cultured with endothelial cells at a 10:1 ratio. In some experiments the monolayer of MCECs

was pre-incubated with BOC2 (10 mM) or vehicle buffer (0.8% MeOH) for 1 h before adding neutrophils. After 24 h, cells were harvested,

blocked with anti-CD16/-CD32 antibody, and stained with fluorochrome-conjugated anti-Ly6G and anti-VCAM-1 antibodies. PI was added

before flow cytometry. The expression of VCAM-1 on the surface of PI� Ly6G� endothelial cells was examined using FACSCanto II (BD Bio-

sciences). The death of endothelial cells was also assessed by flow cytometry based on PI staining.
Assessment of the infleuce of neutrophils on endothrelial cells without direct cell-cell contact

MCECs were seeded to the lower chamber of 12-well plates containing a Transwell insert (0.4 mmpore size) in each well and cultured for 24 h

to form amonolayer. Ly6G+ neutrophils were sorted from the BMof Tram�/�mice andWTmice and then seeded to the upper chamber of the

Transwell insert (ratio of neutrophils to MCECs = 10:1). In parallel, WT and Tram�/� neutrophils were co-cultured with MCECs at 10:1 ratio

without Transwell insert separation as decribed above. After 24 h, cells were harvested, blocked with anti-CD16/-CD32 antibody, and stained

with fluorochrome-conjugated anti-Ly6G and anti-VCAM-1 antibodies. PI was addedbefore flow cytometry. The expression of VCAM-1 on the

surface of PI� Ly6G� MCECs was examined using FACSCanto II (BD Biosciences). The death of MCECs was also assessed by flow cytometry

based on PI staining.
Immunoblotting

Ly6G+ neutrophils were sorted from the BM of Tram�/� mice and WT mice and then treated with oxLDL (10 mg/mL) for 48 h. Total proteins

were extracted with RIPA buffer containing a protease inhibitor cocktail. The same amount of protein samples were subjected to SDS-PAGE

and transferred to a polyvinylidene difluoridemembrane, which was then incubated with blocker at room temperature for 1 h. Themembrane

was incubated with primary anti-FLAP, anti-SESN1, anti-CamKII, anti-SYK or anti-b-actin antibody overnight at 4�C, followed by incubation

with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG for 1 h at room temperature. Blots were developed using a chemiluminescence

ECL detection kit. Detailed information on the antibodies and reagents can be found in the key resources table.
Confocal microscopy

Ly6G+ neutrophils were sorted from the BM of Tram�/�mice andWTmice and then treated with oxLDL (10 mg/mL) or free cholesterol (10 mg/

mL) for 48 h. Peroxisome-lysosome fusion in neutrophils was examined by confocal microscopy with a protocol as previously reported.54 Neu-

trophils were fixed with 4% paraformaldehyde, deposited on slides by cytospin, and permeabilized with 0.2% Triton X-100. The samples were

then blocked and stained with primary rabbit anti-mouse PMP70 antibody followed by staining with Alexa Fluor 488-conjugated goat anti-

rabbit secondary antibody to label peroxisomes. The blocking solution and antibodies were supplied in the SelectFX Alexa Fluor 488 Perox-

isome Labeling Kit. After extensive washingwith PBS, the cells were stained with Cy3-conjugated anti-LAMP1 antibody to label lysosomes. To

detect the lysosomal distribution of CaMKII and SYK, peroxisomes in the neutrophils were first labeled as described above. After washingwith

PBS, the neutrophils were stained with Alexa Fluor 546-conjugated anti-CaMKII antibody or PE conjugated anti-SYK antibody. To observe the

intracellular distribution of LOX5 and TRAM, neutrophils were fixed, deposited on slides, permeabilized, and blockedwith Streptavidin/Biotin

Blocking Solution. The samples were then stained with biotin-conjugated anti-LOX5 antibody or biotin-conjugated anti-TRAM antibody, fol-

lowed by Cy3-conjugated streptavidin or Alexa Fluor 488-conjugated streptavidin, respectively. The nuclei were counterstainedwithDAPI. All

the samples were mounted with antifade mountant and observed under LSM 900 confocal microscope (ZEISS). Images were processed with

ZEN lite. The co-localization of intracellular molecules was analyzed using ImageJ plugin JACoP and quantified according to Pearson’s co-

efficient for each cell.85 Detailed information on the antibodies and reagents can be found in the key resources table.
Detection of intracellular ROS

Ly6G+ neutrophils were sorted from the BM of Tram�/� mice andWTmice and then treated with oxLDL (10 mg/mL) for 48 h. Intracellular ROS

level was determined with the method described previously.54 CellROX Green Reagent was added to neutrophil cultures 30 min before har-

vesting. The samples were examined using FACSCanto II, and the data were analyzed using FlowJo.
Flow cytometry analyses of human neutrophils

Peripheral blood from healthy individuals was purchased from Research Blood Components LLC. After lysing red blood cells, the samples

were blocked with Fc Receptor Blocking Solution and stained with FITC-conjugated anti-CD66b and PE-conjugated anti-CD177 antibodies.

The cells were then fixed and permeabilized using Cyto-Fast Fix/Perm Buffer, followed by Alexa Fluor 647-conjugated anti-TRAM antibody

staining. The expression of CD177 and TRAM in CD66b+ neutrophils was examined using FACSCanto II, and the data were analyzed using

FlowJo. Detailed information on the antibodies and reagents can be found in the key resources table.
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Swarming assay

We prepared 1 3 3 inches slides by printing poly-L-lysine dots of 100 mm diameter spaced at 500 mm distance. We incubated zymosan par-

ticles on the slides for 10min andwashed the slides cleanwith PBS using a spray bottle. Following thewashing step, we verified that clusters of

zymosan formed on top of the printed array. We assembled the slides with multi-well attachments.86 We prepared CD177lo and CD177hi hu-

man neutrophils by sorting as described above and fluorescently labeling each population. Specifically, we labeled CD177lo neutrophils with

Hoechst 33342 dye at a final concentration of 10 mM and labeled CD177hi neutrophils with DRAQ5 dye at a final concentration of 10 mM for

15 min at 37�C. After washing the labeling dye, we resuspended the neutrophils in RPMI complete medium at a concentration of 2.5 million

cells per mL. We added 200 mL of the neutrophil suspension to each well. We recorded time-lapse images at 37�C, every 2 min for 60 min,

using a KEYENCE fluorescence microscope. We quantified the accumulation of neutrophils on the zymosan-cluster targets by measuring the

increase in fluorescence intensity on top of the targets at 60 min using ImageJ.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Prism software. All data are expressed as meansG SEM, and the sample number for each dataset

is provided in figure legends. Comparisons between two groups were performed using 2-tailed Student’s t test, and comparisons among

multiple groups were carried out with one-way ANOVA. p < 0.05 was considered statistically significant.
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