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Abstract

BACKGROUND—Therapeutic targeting of arterial leukocyte recruitment in the context of 

atherosclerosis has been disappointing in clinical studies. Reasons for such failures include the 

lack of knowledge of arterial-specific recruitment patterns. Here we establish the importance of 

the cathepsin G (CatG) in the context of arterial myeloid cell recruitment.

METHODS—Intravital microscopy of the carotid artery, the jugular vein, and cremasteric 

arterioles and venules in Apoe−/− and CatG-deficient mice (Apoe−/−Ctsg−/−) was used to study 

site-specific myeloid cell behavior after high-fat diet feeding or tumor necrosis factor stimulation. 

Atherosclerosis development was assessed in aortic root sections after 4 weeks of high-fat diet, 

whereas lung inflammation was assessed after inhalation of lipopolysaccharide. Endothelial 

deposition of CatG and CCL5 was quantified in whole-mount preparations using 2-photon and 

confocal microscopy.

RESULTS—Our observations elucidated a crucial role for CatG during arterial leukocyte 

adhesion, an effect not found during venular adhesion. Consequently, CatG deficiency attenuates 

atherosclerosis but not acute lung inflammation. Mechanistically, CatG is immobilized on arterial 
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endothelium where it activates leukocytes to firmly adhere engaging integrin clustering, a process 

of crucial importance to achieve effective adherence under high-shear flow. Therapeutic 

neutralization of CatG specifically abrogated arterial leukocyte adhesion without affecting myeloid 

cell adhesion in the microcirculation. Repetitive application of CatG-neutralizing antibodies 

permitted inhibition of atherogenesis in mice.

CONCLUSIONS—Taken together, these findings present evidence of an arterial-specific 

recruitment pattern centered on CatG-instructed adhesion strengthening. The inhibition of this 

process could provide a novel strategy for treatment of arterial inflammation with limited side 

effects.
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Atherosclerosis represents the most important cause of morbidity and mortality in developed 

countries. Atherosclerotic vascular disease is an inflammatory condition characterized by 

aberrant lipid metabolism and a maladapted inflammatory response.1 Arterial inflammation 

is triggered by an insult to the endothelium leading to endothelial cell activation and 

recruitment of leukocytes to the vessel wall.2 The leukocyte recruitment cascade includes the 

initial capture and rolling of leukocytes by selectins, chemokine-mediated integrin activation 

followed by adhesion, and ultimately chemokine-mediated (trans)migration.3 Through the 

past decades, several clinical trials have attempted to boycott mechanisms of arterial 

recruitment to abrogate progression of atherosclerosis. Contrary to encouraging results from 

research in animal models, clinical studies have largely failed, however.4,5 Reasons for such 

failures include the striking redundancy of cell adhesion molecules and chemokines during 

atherogenic recruitment, rendering interference with just 1 molecule insufficient, prominent 

off-target effects attributable to cross-reactivity with receptors of similar structure, and the 

importance of the targeted molecule in other immune responses, compromising host defense.

Although atherogenesis is thought to be predominantly monocyte driven, recent evidence 

points toward the importance of neutrophils.6,7 Neutrophils stimulate early atherosclerotic 

lesion formation by releasing preformed mediators, thus paving the way for inflammatory 

monocytes.8 Cathepsin G (CatG) is stored in neutrophil azurophil granules and discharged 

on neutrophil activation.9 Because CatG is chemotactic for neutrophils and mononuclear 

cells in vitro,10–13 we studied its role in atherogenic myeloid cell recruitment. We found that 

CatG instructs arterial-specific myeloid cell adhesion but is not involved in venular 

leukocyte recruitment. Consequently, CatG induces early atherosclerotic lesion formation, a 

process targetable by antibody blockade without affecting myeloid cell adhesion in 

peripheral tissues.

METHODS

An expanded methods section can be found in the online-only Data Supplement.
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Mice

Ctsg−/−14 and Ccl5−/− mice15 were intercrossed with Apoe−/− mice to generate double-

mutant mice. Genetically modified mouse strains were backcrossed to C57Bl/6J background 

for at least 10 generations. All animal experiments were approved by the local ethics 

committee and performed in accordance with institutional guidelines.

Atherosclerosis Studies

Mice were fed a high-fat diet (HFD) containing 21% fat (Ssniff) for 4 weeks to induce early 

atherosclerosis. In a separate set of experiments, Apoe−/− mice were treated with polyclonal 

immunoglobulin G (IgG) anti-CatG antibodies raised in rabbit (10 µg/mouse, 3×/wk, 

Biorbyt) or isotype-matching IgG (10 µg/mouse, 3×/wk, Jackson Immuno Research 

Laboratories) during 4 weeks of HFD feeding.

Imaging of Whole-Mount Tissue

Apoe−/− mice were fed a HFD or stimulated with tumor necrosis factor (TNF). The carotid 

artery was explanted and mounted on glass micropipettes. The cremaster muscles of Apoe−/− 

mice were exteriorized, fixed, and permeabilized. Primary antibodies to CatG (Biorbyt, 10 

µg/mL) and CCL5 (R&D, 20 µg/mL) were used to reveal the presence of both molecules.

Adhesion-Strengthening Assay

Adhesion strengthening was analyzed in vitro using IBIDI-Slide IV 0.1 flow chambers 

(Ibidi). Flow chambers were coated with intercellular adhesion molecule-1 (ICAM1) for 

neutrophils or vascular cell adhesion molecule-1 (VCAM1) for monocytes, P-selectin, and 

CatG. Cells were placed into flow chambers and incubated 5 minutes at 37°C. Shear stress 

was increased from 0.5 to 40 dyn/cm2 every 30 s using a high-precision syringe pump, and 

the percentage of remaining cells relative to initial adherent cell number at initial shear stress 

(0.5 dyn/cm2) was calculated.

β2 Integrin Clustering Under Increasing Shear Stress

To study the integrin cluster formation under flow conditions, the cell surface expression of 

lymphocyte function-associated antigen 1 (LFA1) in neutrophils was analyzed following the 

adhesion-strengthening assay described above. Before imaging, the cells were stained with a 

PE-labeled anti-CD11a antibody (2D7, BD Pharmingen) for 15 minutes. Images were 

acquired with an upright spinning disc confocal microscope.

Intravital Microscopy

Leukocyte-endothelial interactions in the cremaster, the carotid artery, and the jugular vein 

were analyzed in mice having received HFD or stimulated for 4 hours with 500 ng TNF 

(intraperitoneally) as described.6 Antibodies (at 0.5 µg) to Ly6G (1A8, Biolegend), Ly6C 

(HK1.4, eBioscience), and CD11b (M1/70, eBioscience) were administered to label myeloid 

cell subsets.
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Statistics

All data are expressed as mean±standard error of the mean. Statistical calculations were 

performed using GraphPad Prism 5 (GraphPad Software Inc.). After calculating for 

normality by using the D’Agostino Pearson omnibus test, the unpaired Student t test, 1-way, 

repeated-measures 2-way analysis of variance or nonparametric Mann-Whitney test or 

Kruskal-Wallis test with post hoc Dunn test were used as appropriate.

RESULTS

Arterial But Not Venular Adhesion of Myeloid Cells Is Controlled by CatG

Recruitment of neutrophils and monocytes is a major determinant of early atherosclerotic 

lesion formation.6,16 To assess the role of CatG in arterial leukocyte recruitment, we labeled 

myeloid cell subsets in apolipoprotein E-deficient (Apoe−/−) and CatG-deficient 

(Apoe−/−Ctsg−/−) mice receiving HFD for 4 weeks by administration of antibodies to Ly6G 

(neutrophils), Ly6C (classical monocytes), and CD11b (myeloid cells), and recorded 

leukocyte-endothelial interactions by intravital microscopy of the carotid artery. Although 

rolling was enhanced in Apoe−/−Ctsg−/− mice in comparison with Apoe−/− mice, adhesion 

was dramatically reduced (Figure 1A through 1G). Because expression of ICAM1 and 

VCAM1 on the endothelium covering atherosclerotic lesions did not differ between the 

mouse strains (online-only Data Supplement Figure I), we excluded a major contribution of 

the endothelium to defective arterial myeloid cell adhesion in Apoe−/−Ctsg−/− mice.

To assess if this response is also true on acute stimulation, we chose to treat mice with TNF 

and record arterial adhesive interactions of myeloid cells. In these experiments, adhesion of 

myeloid cell subsets was diminished in Apoe−/−Ctsg−/− mice to a similar degree as observed 

after HFD feeding (online-only Data Supplement Figure II). To extend our observations to 

other tissues, we studied the recruitment behavior of neutrophils and monocytes by intravital 

microscopy of TNF-activated cremaster muscles, a microcirculation-based inflammatory 

model. Surprisingly, no differences in rolling and adhesion of myeloid cell subsets were 

found when comparing myeloid cell behavior in cremasteric postcapillary venules of 

Apoe−/− and Apoe−/−Ctsg−/− mice (Figure 1H through 1N). It is noteworthy that lack of 

CatG reduced TNF-induced myeloid cell adhesion to cremasteric arterioles but did not 

impact adhesion to jugular veins (online-only Data Supplement Figure II). These results 

point toward a CatG-dependent arterial-specific modulation of myeloid cell recruitment, a 

pattern previously observed for neutrophils.6 Subsequent experiments aimed at testing the 

relevance of these recruitment motifs to disease development.

Lack of CatG Protects From Atherosclerosis But Not Lung Injury

To explore the role of CatG in atherogenesis, we studied plaque formation in Apoe−/− and 

Apoe−/−Ctsg−/− mice after 4 weeks of HFD feeding. Early lesion sizes in aortic root sections 

of Apoe−/−Ctsg−/− mice were drastically reduced in comparison with Apoe−/− mice (Figure 

2A and 2B). In line with this observation, lesional cell counts and the number of lesional 

macrophages in Apoe−/−Ctsg−/− mice were considerably diminished, whereas the number of 

lesional neutrophils was not affected (Figure 2C through 2F), the latter likely being a result 

of the low frequency of neutrophils in this tissue. Of importance, blood counts of leukocyte 
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subpopulations were comparable between the groups (online-only Data Supplement Table I). 

Likewise, plasma lipids did not differ between mouse strains (online-only Data Supplement 

Table II). From these data we conclude a proatherogenic effect of CatG. As a microvascular 

disease model, we chose to study the recruitment of myeloid cells into the lungs, an organ 

where comorbidities of the elderly frequently locate. To induce lung inflammation, mice 

were exposed to aerosolized lipopolysaccharide and intravascular, interstitial, and alveolar 

myeloid cells were quantified 4 hours later. In line with our observations in the cremaster 

muscle, no differences were found with respect to the accumulation of neutrophils and 

monocytes in the lungs between Apoe−/− and Apoe−/−Ctsg−/− mice (Figure 2G and 2H), 

suggesting that CatG is part of distinct recruitment mechanisms operative in different 

tissues. In accordance with these data, lung damage as assessed by permeability 

measurements, and histological analyses did not differ between the strains (Figure 2I and 2J, 

online-only Data Supplement Table III). We hence conclude that the CatG-mediated 

recruitment pattern plays a specific role in arterial diseases but not in microvascular 

inflammation models. In further experiments, we aimed at studying the basis for the arterial-

specific importance of CatG and exploiting the therapeutic potential of this finding.

Myeloid Cells Lacking CatG Exhibit No Cell Intrinsic Adhesion Defect

To investigate the aptitude of myeloid cells from Apoe−/− Ctsg−/− mice to respond toward an 

inflammatory challenge, the surface expression of integrins (CD11b, CD11a, CD18) and 

relevant chemokine receptors (CXCR2, CXCR4, CCR2, CCR5) was assessed by flow 

cytometry after systemic TNF challenge (online-only Data Supplement Figure III). 

Neutrophils and monocytes of CatG-deficient mice expressed similar levels of integrins and 

chemokine receptors in comparison with Apoe−/− control mice. In in vitro studies, myeloid 

cells from CatG-deficient or wild-type mice were allowed to adhere on activated endothelial 

cells. In these experiments, lack of CatG did not alter the ability of neutrophils and 

monocytes to adhere (online-only Data Supplement Figure IV). Similarly, competitive ex 

vivo perfusion of TNF-activated carotid arteries of wild-type mice with myeloid cells 

harvested from Apoe−/− and Apoe−/−Ctsg−/− mice revealed no differences in adhesion of 

myeloid cells from either source (online-only Data Supplement Figure V). Finally, 

supernatants of activated neutrophils from Apoe−/− and Apoe−/−Ctsg−/− mice exhibited the 

same potency to cause endothelial cell damage (online-only Data Supplement Figure VI). 

These data together with previous observations14 support the notion of preserved myeloid 

cell function despite the lack of CatG.

Divergent Distribution of CatG Along the Vasculature is CCL5 Dependent

Thus far, our data indicate that CatG mediates site-specific arterial myeloid cell adhesion 

without affecting endothelial activation or intrinsic leukocyte behavior. Consequently, we 

suspected that CatG is released from intracellular stores and, because of its cationic nature, 

mediates its effects when immobilized on negatively charged endothelial cell surfaces, as 

was reported for other neutrophil granule proteins.8,17,18 To study the location of CatG in 

large arteries, we stained aortic root sections of Apoe−/− mice fed a HFD. CatG was found to 

colocalize with its natural sources, neutrophils and macrophages, but also with endothelial 

cells (online-only Data Supplement Figure VIIA). A similar distribution pattern was evident 

in human endarterectomy specimens (online-only Data Supplement Figure VIIB). With the 
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prominent leukocyte adhesion defect seen in the carotid artery of CatG-deficient mice, we 

further assessed the endothelial presence of CatG along the carotid artery by using 2-photon 

microscopy of whole-mount carotid arteries from Apoe−/− mice receiving a HFD. We 

detected abundant amounts of CatG on the endothelial cell surface (Figure 3A), an 

observation also made when mice were treated with TNF (online-only Data Supplement 

Figure VIIC). In stark contrast to this finding, but in line with the site-specific effect of 

CatG, no CatG was found along the endothelium of cremasteric venules following TNF 

stimulation (Figure 3B). In vitro, CatG was found to bind more strongly to human 

endothelial cells of arterial origin in comparison with endothelial cells of venous origin, 

suggesting that differences in endothelial surfaces contribute to the distribution pattern 

observed in vivo (online-only Data Supplement Figure VIII). Interestingly, the distribution 

pattern of CatG is similar to what was previously reported for platelet-borne CCL5.6 

Consequently, we hypothesized that CCL5 triggers the release of CatG from neutrophils, the 

primary source of CatG in our setting (online-only Data Supplement Figure IX). Costaining 

of carotid arteries with antibodies to CCL5 and CatG revealed a colocalization along the 

atherosclerotic endothelium in both HFD-fed mice and TNF-treated animals (Figure 3A, 

online-only Data Supplement Figure VIIC). To investigate a possible interdependency of 

CatG discharge from CCL5, we performed in vitro assays on neutrophils incubated either 

with platelets (as natural source of CCL5) or recombinant CCL5. In these experiments, CatG 

was only perceptible in neutrophil but not platelet supernatants, and the extracellular amount 

of CatG strikingly increased on coincubation of neutrophils with either platelets or CCL5 

(Figure 3C and 3D). Furthermore, plasma levels of CatG in Apoe−/−Ccl5−/− mice 

(399.2±38.1 pg/mL) were significantly lower than in control mice (651.2±11.8 pg/mL). 

Subsequently, we examined the carotid artery of Apoe−/−Ccl5−/− mice after 4 weeks of HFD 

feeding, and corroborated the luminal absence of CatG (Figure 3E, online-only Data 

Supplement Figure X). Moreover, these findings were confirmed in the carotid artery of 

TNF-stimulated wild-type and CCL5-deficient mice (online-only Data Supplement Figure 

VIID). The quantification of luminal CatG of early atherosclerotic lesions in aortic roots of 

Apoe−/− and Apoe−/−Ccl5−/− mice, demonstrated that the aortic deposition of CatG is CCL5 

dependent (Figure 3F and 3G).

The importance of CCL5 raises the question how its release from platelets is triggered. In 

vivo, endothelial deposition of CCL5 and also CatG coincides with wall shear rate but not 

with vessel diameter, pointing toward the importance of shear stress in platelet activation 

(online-only Data Supplement Figure XI). To corroborate this notion in vitro, we perfused 

whole blood over collagen-coated dishes at 2 or 40 dyn/cm2. Under these conditions, higher 

shear stress induced extracellular release and endothelial deposition of CCL5 (online-only 

Data Supplement Figure XII). This was further enhanced when exposing platelets to a 

disturbed shear pattern, ie, vortexing. To understand possible mechanisms controlling this 

process, we treated platelets with various receptor antagonists currently under evaluation for 

inhibition of shear-mediated platelet activation.19 Among the inhibitors tested, the 

thromboxane receptor antagonist ICI185,282 reduced shear-mediated release of CCL5, 

whereas blockade of αIIbβ3 integrin, α2β1 integrin, and P2Y12 was without effect (online-

only Data Supplement Figure XII).
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Extracellular CatG Strengthens Adhesion Through Integrin Clustering Under High Shear 
Stress

To further elucidate the involvement of CatG in neutrophil and monocyte adhesion, the 

behavior of both cell types was studied in vitro. To this end, neutrophils and monocytes from 

wild-type mice were incubated with plasma from either Apoe−/− or Apoe−/−Ctsg−/− mice fed 

HFD for 4 weeks, and adhesion to TNF-activated endothelial cells was tested. Interestingly, 

cells suspended in CatG-free conditions showed hampered adhesion capacity (Figure 4A and 

4B). In line with this, coimmobilization of CatG with ICAM1, VCAM1, and P-selectin, thus 

mimicking activated endothelium, induced a pronounced increase in myeloid cell adhesion 

(Figure 4C and 4D). CatG was suggested to be recognized by FPR1, expressed by 

neutrophils and monocytes.13,20 Therefore, we hypothesized that the CatG-FPR1 axis might 

mediate cell adhesion. However, specific FPR1 blockade did not alter cell adhesion to CatG-

coated dishes (online-only Data Supplement Figure XIIIA and XIIIB). Moreover, CatG did 

not enhance integrin affinity, a process crucial during chemokine-mediated integrin 

activation, as assessed by incubation with soluble ICAM1 and VCAM1 (online-only Data 

Supplement Figure XIIIC through XIIIH). With the relevance of CatG in arterial adhesion, 

we studied the dynamics of CatG-dependent adhesion strengthening. Interestingly, cells 

perfused on CatG-coated surfaces succeeded more at resisting high shear stress than those in 

the absence of CatG (Figure 4E and 4F). It is noteworthy that the difference in adhesion 

strengthening between CatG-coated and control conditions was accentuated at arterial-like 

shear stress between 10 and 40 dyn/cm2, but was absent at the low shear stress found in 

postcapillary venules. Next, we aimed at studying whether CatG would promote integrin 

clustering, an essential process during adhesion strengthening and, hence, of great relevance 

in large arteries.21 Using confocal microscopy, we observed enhanced clustering of LFA1 

and macrophage-1 antigen (Mac1) on neutrophils when adhering to CatG-coated surfaces 

(Figure 4G and 4H). Similar effects were found for monocytes where CatG promotes 

clustering of LFA1, Mac1, and very late antigen-4 (Figure 4I and 4J). Because integrin 

clustering is particularly important during adhesion strengthening, we visualized LFA1 

clustering on neutrophils exposed to incremental shear stress by using spinning disc 

confocal microscopy (Figure 4K and 4L, online-only Data Supplement Figure XIVA). In 

these experiments, we witnessed strongly enhanced integrin clustering when neutrophils 

were allowed to interact with immobilized CatG. The quantitative analysis revealed that the 

effect was only significant at high shear stress between 30 and 40 dyn/cm2 (online-only Data 

Supplement Figure XIVA) and may hence serve as explanation for shear stress–resistant 

adhesion in the presence of CatG (Figure 4E and 4F). Abrogation of CatG-instructed shear-

resistant adhesion in the presence of blocking antibodies to CD18 further corroborates the 

importance of integrins in this process (online-only Data Supplement Figure XV). It is 

noteworthy that the role of CatG during adhesion strengthening was supported in vivo, 

where myeloid cell detachment in carotid arteries was premature in CatG-deficient mice 

(online-only Data Supplement Figure XIVB).

In Vivo CatG Neutralization Specifically Limits Arterial Adhesion

To study the nature of CatG-mediated myeloid cell adhesion, we next addressed whether 

CatG relies on its enzymatic activity to induce cell adhesion. To test this, we compared the 

effect of a specific CatG inhibitor and a CatG-blocking antibody in in vitro adhesion assays 
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on activated endothelium, in the presence of plasma from Apoe−/− mice fed HFD for 4 

weeks. Although the protease inhibitor did not exert any effect, the neutralizing antibody 

abrogated myeloid cell adhesion almost to the level observed with plasma from CatG-

deficient mice (Figure 5A and 5B). Similarly, adhesion evoked by CatG immobilized on 

dishes was abrogated in the presence of anti-CatG antibodies (Figure 5C and 5D). These 

results demonstrated that CatG itself, and not its activity, is required to induce neutrophil and 

monocyte adhesion. In vivo we were unable to detect CatG activity in the plasma of mice 

fed a HFD or treated with TNF (online-only Data Supplement Figure XVI). In addition, the 

activity of CatG in vitro was vastly blunted in the presence of plasma from TNF-treated 

mice indicative of the existence of large amounts of endogenous protease inhibitors in 

plasma (online-only Data Supplement Figure XVI). Thus, it is unlikely that the activity of 

CatG is a major determinant during luminal cell adhesion in vivo. The in vivo efficiency of 

CatG neutralization was further assessed in an acute inflammatory model, where adhesion to 

the carotid artery and postcapillary venules in the cremasteric microcirculation was studied 

in the same mouse (Figure 5E). Intravital microscopy after systemic TNF stimulation 

revealed a remarkable reduction of neutrophil and monocyte adhesion to the carotid artery in 

the presence of anti-CatG antibodies in comparison with mice receiving isotype-matching 

IgG (Figure 5F and 5G). Importantly, myeloid cell adhesion to cremasteric venules in the 

same mouse remained unaffected (Figure 5H and 5I). This lack of effect in the 

microcirculation was further confirmed in lipopolysaccharide–induced lung inflammation, 

where administration of anti-CatG antibodies did not reduce adhesion of neutrophils or 

monocytes in the lung microcirculation (online-only Data Supplement Figure XVI-IA and 

XVIIB). This unveils an exclusive arterial repercussion of CatG neutralization, opening 

ways to selectively treat macrocirculatory diseases.

Anti-CatG Treatment Reduces Atherosclerosis

Finally, we investigated the effect of CatG neutralization on atherogenesis. Apoe−/− mice 

underwent a HFD-feeding regime for 4 weeks and were administered anti-CatG or isotype-

matching IgGs. Intravital imaging showed that anti-CatG antibodies lowered adhesion of the 

total circulating myeloid cell fraction, and neutrophils and monocytes in the carotid artery, 

as well (Figure 6A through 6D). More importantly, blockade of CatG evoked a serious 

decrease of plaque development (Figure 6E and 6F), and macrophage accumulation, as well 

(Figure 6G and 6H). Notably, this could not be attributed to changes in blood cell counts 

(online-only Data Supplement Table IV) or plasma lipids (online-only Data Supplement 

Table V). Taken together, these findings describe a new aspect of arterial recruitment, where 

CatG acts as a molecular anchor to assist cells to firmly adhere in vessels with high flow 

speed, and whose blockade specifically limits atherosclerosis development.

DISCUSSION

We here describe CatG as a guiding cue favoring myeloid cell adhesion under conditions of 

high shear stress in large vessels. The arterial specificity is based on (1) shear-mediated 

discharge of CCL5 from platelets instructing subsequent CatG release from neutrophils; (2) 

higher aptitude of CatG to interact with arterial endothelium in comparison with venular 

endothelium; (3) induction of integrin clustering, a process required for adhesion 
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strengthening during arterial adhesion, by CatG (online-only Data Supplement Figure 

XVIII). The absence of this mechanism in postcapillary venules may turn this finding into 

an opportunity to develop tissue-specific treatment strategies with lower inherent side 

effects. This matter is particularly meaningful in the context of atherosclerosis, where the 

failure of recruitment-targeted therapeutic strategies calls for a change of perspectives when 

translating findings from basic science to clinical practice.

Our data show that the divergent presence of CatG along the vasculature is dictated by 

CCL5. The paradigm of CCL5-instructed CatG release identified here may harbor important 

therapeutic advantages over direct antagonism or neutralization of CCL5 or its receptor. 

Conclusions toward the effects of a complete blockade of CCL5 in vivo may be inferred 

from studies in Ccl5−/− mice, which show severely impaired polyclonal and antigen-specific 

T-cell proliferation.15 Moreover, mice treated with CCR5-targeting Met-RANTES or 

deficient in CCL5 show delayed viral clearance by macrophages, probably because of a lack 

of antiapoptotic signals conferred by CCL5-CCR5 interactions to limit cell-to-cell virus 

dissemination in the host,22 and Met-RANTES aggravates glomerulonephritis in mice.23 

Thus, despite the importance of the CCL5-CCR5 axis in atherogenic monocyte 

recruitment,16,24,25 direct neutralization of CCL5 may entail severe side effects. The release 

of CatG by neutrophils on CCL5 stimulation together with the absence of CatG in carotid 

arteries of CCL5-deficient mice indicates that its deposition on arterial endothelium is CCL5 

dependent. Thus, CatG offers a downstream target of CCL5 with supposedly lower inherent 

risk, because the absence or neutralization of CatG in postcapillary venules in the models 

tested here does not impair cell recruitment in the murine microcirculation.

The role of CatG in physiology has commonly been associated with its antimicrobial 

activity, and its proteolytic properties, as well. Although in vitro data point toward the ability 

of CatG to cleave key molecules for leukocyte recruitment including P-Selectin, ICAM1, 

and vascular endothelium cadherin,26–28 in vivo proof for the relevance of these findings is 

scarce.29 In contrast, neutrophil elastase, a closely related member of the neutrophil serine 

protease family, is reported to modulate myeloid recruitment in various microvascular 

inflammatory settings.30–32 Although little contribution of CatG has been described in the 

microcirculation in terms of leukocyte recruitment, several studies have pointed toward its 

potential importance in inflammation in large vessels.33–35 This could denote a tissue-

specific relevance of these proteases, where CatG assists myeloid cells to adhere to inflamed 

arteries, whereas neutrophil elastase controls microvascular recruitment. Interestingly, we 

found that the effect of CatG is independent of its proteolytic activity, but could be abrogated 

with an antibody. It has previously been suggested that CatG can bind FPR1 and unleash the 

activation of an atypical protein kinase C isozyme.12,13 However, the blockade of FPR1 did 

not abrogate the adhesion increase mediated by CatG and FPR1-deficient mice do not show 

impaired myeloid cell adhesion along carotid arteries (unpublished observation). Thus, we 

hypothesize that CatG acts through a yet-to-be identified receptor expressed on myeloid 

cells.

Atherosclerosis develops at sites of disturbed flow where emigrating leukocytes have to 

withstand a shear force manyfold higher than in the microcirculation.36 A consequence of 

these conditions is the development of endothelium with differences in surface display of 
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proteins and glycocalyx composition.37 As an example, arterial endothelial cells respond to 

TNF with a rapid up-regulation of VCAM1 and ICAM1, whereas microvascular endothelial 

cells upregulate ICAM1 only.38,39 In addition, endothelial cells of the large arteries but not 

of the microcirculation bind lectins such as agglutinin from Dolchos biflorus, Lens culinaris, 

or Ulex europaeus,38 indicative of a different glycocalyx composition that may serve as an 

explanation for the divergent CCL5 and CatG binding observed in this study. Differential 

binding and presentation of CatG may account for part of the arterial-specific control of 

myeloid cell adhesion. A second aspect of the arterial-specific importance of CatG may be 

delivered by the mechanism instructed downstream of CatG-mediated cell activation. Firm 

leukocyte arrest is facilitated by the activation of G-protein-coupled receptors that trigger 

activation of integrins to their extended, high-affinity conformation, resulting in binding of 

ligands such as ICAM1 or VCAM140. However, in our hands, lack of CatG does not alter 

integrin surface expression, and stimulation with CatG fails to induce integrin 

conformational changes. Although conformational integrin activation increases the affinity 

of individual receptors for ligands, increasing the avidity of the overall interaction by 

forming a multitude of bonds to multivalent substrates in a process called clustering creates 

stronger cellular adhesions.41 The relative importance of clustering versus conformational 

activation has long been debated, but it is clear that integrins form transient microclusters 

that mature toward large focal adhesions. The maturation and growth of integrin adhesions 

lead to the recruitment of a complex platform of scaffolding and signaling proteins, and, 

hence, the increase in avidity represents a trigger event for outside-in signaling, thus 

marking a crucial event for postadhesion strengthening.40 In conclusion, the arterial-specific 

importance of CatG in myeloid cell adhesion is based on its explicit binding to arterial 

endothelium, and on the instruction of adhesion strengthening, as well, a process of critical 

relevance at high shear force. It is noteworthy that the significance of the process identified 

here may also extend beyond atherosclerosis to other arterial pathologies such as aneurysm 

formation or arteritis.33,42

The translation of preclinical observations to therapeutic intervention aimed at inhibition of 

inflammatory leukocyte recruitment has been hampered by many target-inherent hurdles. 

Yet, unveiling the exact anatomy of temporal and spatial involvement of the molecules 

guiding leukocytes to sites of inflammation will help to tailor treatment strategies.5,43 In 

fact, tissue-specific leukocyte recruitment patterns have recently been appreciated for the 

macro- and microcirculation.6,44 Thus, the pattern of CatG deposition identified here may 

serve as 1 example of how the spatial distribution of chemotactic molecules can be targeted 

to govern therapeutic success with limited side effects.
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Clinical Perspective

What is new?

• Although the importance of platelets and neutrophils during arterial monocyte 

recruitment has previously been appreciated, we here unveil an artery-specific 

recruitment mechanism that centers on neutrophil-derived cathepsin G 

(CatG).

• The arterial specificity is based on (1) shear-dependent release of CCL5 from 

platelets instructing subsequent CatG discharge; (2) higher likeliness of CatG 

to bind to arterial endothelium in comparison with venular endothelium; and 

(3) induction of integrin clustering, a process required for arterial adhesion, 

by CatG.

What are the clinical implications?

• Arterial leukocyte recruitment is a major driving force throughout all stages 

of atherosclerosis.

• Therapeutic inhibition of this process has failed in the past for several 

reasons, including the lack of knowledge of arterial-specific recruitment 

patterns.

• We here identify a novel mechanism of myeloid cell adhesion centered on 

CatG, operative in arterial vessels only.

• Its blockade allows for specific interference with arterial, but not venular, 

microvascular recruitment that is important during many acute inflammatory 

processes such as wound healing or lung inflammation.

• Such strategy could be important for a large cohort of patients with 

cardiovascular risk and concomitant inflammatory comorbidities.
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Figure 1. Cathepsin G specifcally controls arterial but not microvascular myeloid cell 
recruitment
A through G, Apoe−/− and Apoe−/−Ctsg−/− mice were fed a HFD for 4 weeks, and 

leukocyte-endothelial interactions along the carotid artery were recorded by intravital 

microscopy after administration of antibodies to CD11b, Ly6G, and Ly6C. Displayed are the 

rolling flux (A through C) and adhesion (E through G) for CD11b+ (A, E), Ly6G+ (B, F), 

and Ly6C+ cells (C, G). Representative images for acquisition of CD11b+ cells are shown 

(D). Adherent cells were normalized to Apoe−/− because of variations between individual 
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experiments. H through N, Intravital microscopy of the cremaster muscle in Apoe−/− and 

Apoe−/−Ctsg−/− mice following TNF stimulation (500 ng/mouse, 4 hours, intraperitoneally). 

Displayed are the rolling flux (H through J) and the adhesion (L through N) for CD11b+ (H, 
L), Ly6G+ (I, M), and Ly6C+ cells (J, N). Representative images for acquisition of CD11b+ 

cells (K). Bars represent mean±SEM. Scale bar indicates 100 µm in D and 50 µm in K. 

Unpaired t test was used in all panels, n=8 per group. HFD indicates high-fat diet; SEM, 

standard error of the mean; and TNF, tumor necrosis factor.
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Figure 2. Absence of cathepsin G protects from atherosclerosis but not lung infammation
A through F, Apoe−/− and Apoe−/−Ctsg−/− mice were fed a HFD for 4 weeks, and 

atherosclerotic lesion formation was quantified in aortic root sections. A, Quantification of 

plaque area. B, Representative images of Oil Red O–stained root sections. C, Quantification 

of total lesional cell numbers. D, Quantification of macrophages. E, Representative images 

of Mac2 staining. F, Enumeration of neutrophils in the aortic plaque. G through JApoe−/− 

and Apoe−/−Ctsg−/− mice were challenged with lipopolysaccharide via inhalation and 

euthanized 4 hours later. Quantification of intravascular, interstitial, and intraluminal lung 

neutrophils (G) and classical monocytes (H). I, Lung permeability quantified as FITC-

dextran clearance. J, Histological assessment of lung damage. Bars represent mean±SEM. 

Scale bar represents 200 µm in B and 50 µm in E. Unpaired t test was used in all panels. In 

A through F, n=20 for Apoe−/− mice and n=15 for Apoe−/−Ctsg−/− mice; in G through J, 

n=8 per group. HFD indicates high-fat diet; FITC; fluorescein isothiocyanate; and SEM, 

standard error of the mean.
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Figure 3. CCL5 triggers cathepsin G deposition on arterial endothelium
A, CatG and CCL5 colocalize on the endothelium of the carotid artery of Apoe−/− mice fed 

a HFD for 4 weeks. Whole-mount preparation of carotid artery stained with antibodies to 

CatG (red), CCL5 (green), and CD31 (blue). B, CatG and CCL5 are absent on the 

endothelium of TNF-activated (500 ng, 4 hours, intraperitoneally) cremasteric venules. 

Whole-mount preparation of cremaster muscle from Apoe−/− mice stained with antibodies to 

CatG (red), CCL5 (green), and CD31 (blue). C and D, Neutrophils were incubated with 

platelets (Plt) (C) or CCL5 (D), and CatG was measured in cell-free supernatants. Kruskal-

Wallis test with the Dunn post test in C. **P<0.01 between indicated groups; Mann-Whitney 

test in D, n=6 per group. E through G, Assessment of CatG deposition in mice lacking 

CCL5. Apoe−/− and Apoe−/−Ccl5−/− mice were fed a HFD for 4 weeks and CatG deposition 

in the carotid artery (E) or the aortic root (F and G) was assessed. Bars represent mean

±SEM. Scale bars represent 50 µm. Mann-Whitney test, n=15 per group for Apoe−/− and 

n=12 for Apoe−/−Ccl5−/−. CatG indicates cathepsin G; HFD, high-fat diet; SEM, standard 

error of the mean; and TNF, tumor necrosis factor.
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Figure 4. Cathepsin G promotes shear-resistant adhesion by stimulating integrin clustering
A and B, Adhesion of neutrophils (A) or monocytes (B) to activated SVEC4-10 (TNF, 

10ng/mL, 4 hours) in the presence of plasma obtained from Apoe−/− or Apoe−/−Ctsg−/− mice 

after 4 weeks of HFD feeding. Mann-Whitney test, n=6 per group. C and D, Adhesion of 

neutrophils (C) and monocytes (D) to dishes coated with ICAM1, VCAM1, P-Selectin 

(Ctrl), and CatG (CatG coating). Mann-Whitney test, n=6 per group. E and F, Neutrophils 

(E) or monocytes (F) were perfused over coated surfaces. Shear stress was incremented 

from 0.5 to 40 dyn/cm2 in 30-s intervals. Repeated-measures 2-way ANOVA with 

Bonferroni correction. **P<0.01. ***P<0.001 versus control coating. In E, n=5 and in F, 

n=5 per group. G through J, Redistribution of LFA1 and Mac1 on neutrophils (G and H) 

and LFA1, Mac1, and VLA4 on monocytes (I and J) incubated for 15 minutes on dishes 

coated with adhesion molecules in the presence or absence of CatG. Unpaired t test, n≥10 

per group. K and L, Redistribution of LFA1 on neutrophils perfused over coated surfaces in 

the presence or absence of CatG. Shear stress was gradually increased from 0.5 to 40 

dyn/cm2 in 30-s intervals. K, Representation of LFA1 maximum fluorescence intensity per 

clustered area at increasing shear stress in presence or absence of CatG. L, Representative 

snapshots of LFA1 clustering in 2 single neutrophils perfused over surfaces in the presence 

(+) or absence (−) of CatG at indicated shear stress. Sequence is displayed in pseudo colors 

as indicated by the lookup table. Scale bar indicates 5 µm. All data are presented as mean

±SEM. ANOVA indicates analysis of variance; CatG, cathepsin G; HFD, high-fat diet; 

ICAM1, intercellular adhesion molecule-1; LFA1, lymphocyte function-associated antigen 
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1; Mac1, macrophage-1 antigen; SEM, standard error of the mean; TNF, tumor necrosis 

factor; VCAM1, vascular cell adhesion molecule-1; and VLA4, very late antigen-4.
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Figure 5. Cathepsin G blockade selectively inhibits arterial myeloid cell adhesion
A and B, Adhesion of neutrophils (A) and monocytes (B) on activated endothelium with 

plasma from Apoe−/− mice. Experiments were performed in the presence of vehicle, the 

CatG inhibitor Z-GLF-CMK (20 µmol/L) or anti-CatG antibodies (10 µg/mL). Dashed lines 

indicate the adhesion level of neutrophils or monocytes in the presence of plasma from 

Apoe−/−Ctsg−/− mice. Kruskal-Wallis test with Dunns post test, *P<0.05, n=4 to 6 per group. 

C and D, Adhesion of neutrophils (C) and monocytes (D) with plasma from Apoe−/− mice 

on dishes coated with ICAM1, VCAM1, and P-selectin. Experiments were performed in 
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presence or absence of anti-CatG antibodies. Mann-Whitney test, n=7 per group. E through 

I, Adhesion of myeloid cells to the carotid artery and cremasteric venules was tested in 

TNF-treated mice (500 ng/mouse, 4 hours, intraperitoneally) after anti-CatG or isotype 

control injection. E, Experimental outline. F and G, Adhesion of CD11b+, Ly6G+, and 

Ly6C+ cells to the carotid artery. F displays representative images for CD11b+ cells. H and 

I, Adhesion of CD11b+, Ly6G+, and Ly6C+ cells to cremasteric venules. H displays 

representative images for CD11b+ cells. All bars represent mean±SEM. Scale bars indicate 

100 µm in F and 50 µm in H. Mann-Whitney test, n=6 per group. CatG indicates cathepsin 

G; ICAM1, intercellular adhesion molecule-1; TNF, tumor necrosis factor; and VCAM1, 

vascular cell adhesion molecule-1.
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Figure 6. Antibodies to cathepsin G reduce atherogenesis
Apoe−/− mice treated with isotype control antibodies or antibodies to CatG (10 µg/mouse) 

were fed a HFD for 4 weeks. A through D, Intravital microscopy of the carotid artery 

displaying adherent CD11b+ (A), Ly6G+ (C), and Ly6C+ (D) cells. B, Representative images 

for CD11b+ cells. E and F, Quantification of plaque area. F, Representative images of Oil 

Red O–stained root sections. G and H, Quantification of macrophages. H, Representative 

images of Mac2 staining. All bars represent mean±SEM. Scale bar indicates 100 µm in B 
and 50 µm in H. Unpaired t test was used in all panels, n=8 per group in A through D and 

n=11 to 13 in E and F. CatG, cathepsin G; HFD, high-fat diet; and SEM, standard error of 

the mean.
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