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ABSTRACT 
 

Acute kidney injury (AKI) and acute respiratory distress 

syndrome (ARDS) are prevalent in sepsis leading to 

morbidity and death. Leukocyte infiltration, a process 

controlled by endothelial cells (EC), is commonly found 

in the kidney and lungs of patients with AKI and ARDS. 

Leukocyte recruitment occurs via the interaction of 

endothelial adhesion molecules, such as E-selectin and 

VCAM-1, with leukocyte ligands. This interaction initiates 

tethering, rolling, and adhesion of leukocytes onto the 

activated vascular endothelium. This process was initially 

assumed to occur similarly in all organs, yet recent 

studies suggest that endothelial activation and 

subsequent leukocyte infiltration occur in an organ- and 

microvascular bed-specific manner. How endothelial 

activation patterns regulate specific leukocyte infiltration 

in the different microvascular beds and how that 

compares between organs is still unclear. Here, we 

describe the kinetics and location of E-selectin and 

VCAM-1 expression in kidney and lung of mice that 

underwent cecal ligation and puncture (CLP), a murine 

model to study polymicrobial sepsis. We furthermore 

investigated the extent of neutrophil infiltration in the 

different microvascular beds of the kidney and lung. 

Neutrophil infiltration was microvascular bed-dependent 

in the kidney and lung in CLP sepsis and did not 

necessarily coincide with E-selectin and/or VCAM-1 

expression in the respective microvascular 

compartments. Moreover, neutrophil infiltration was 

more extensive in the lung than in the kidney. These 

findings warrant further investigation into other 

endothelial molecules that may guide microvascular-
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specific infiltration of neutrophils during sepsis. Follow-

up studies using laser microdissection (LMD) can be used 

to determine transcriptional profiles of microvascular 

bed-specific signature molecules. The outcome of these 

studies will give molecular and possibly mechanistic 

insights into microvascular bed-specific regulation of 

neutrophil recruitment in sepsis-AKI and sepsis-ARDS. 

 

 

INTRODUCTION 
 

Sepsis is a complex condition in which the host response inflicts self-injury to its 

tissues leading to organ dysfunction [1,2]. The kidney and lung are two organs that 

often fail in patients with sepsis resulting in sepsis-associated acute kidney injury 

(sepsis-AKI) or sepsis-associated acute respiratory distress syndrome (sepsis-

ARDS). AKI affects 50% of critically ill patients with sepsis [3], while ARDS occurs 

in almost 40% sepsis patients [4] and can result from indirect pulmonary infections 

or injuries [5]. Since the pathophysiology of both sepsis-AKI and sepsis-ARDS is 

still not completely understood, no specific therapies are available to prevent the 

onset of sepsis-AKI or sepsis-ARDS, leading to unacceptably high morbidity and 

mortality [6,7].  

Leukocyte infiltration is a known hallmark of sepsis-AKI [8,9] and sepsis-

ARDS [10–12], and occurs to different extents in the lung and kidney [9,13,14], 

yet both are associated with the activation of microvascular endothelial cells (EC) 

[15]. During sepsis, activated EC respond to inflammatory stimuli [16,17] initiating 

the expression of inflammatory adhesion molecules such as E-selectin, VCAM-1, 

and ICAM-1 [18–20]. These molecules interact with leukocyte-specific ligands to 

facilitate the tethering, rolling, and arrest of leukocytes [21,22] such as neutrophils 

[23,24], which subsequently transmigrate across the vascular endothelium into 

tissues [24]. 

Leukocyte recruitment cascades have been described to include the above-

mentioned steps, yet do not occur similarly in different organs [23,25] and in the 

microvasculature of organs [25–27] that are affected by sepsis. Organ 

microvasculature, hereafter referred to as ‘microvascular beds’, is comprised of 
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arterioles, capillaries, and venules. EC line these microvascular beds, and they 

respond to sepsis-related inflammatory stimuli in an organ- and microvascular bed-

specific manner [18,28]. Kidney microvascular beds are known to express E-

selectin and VCAM-1 differently upon recognition of sepsis-related inflammatory 

stimuli, such as lipopolysaccharide (LPS) [29] and TNF- [18]. The association of 

the differential expression of these molecules to leukocyte recruitment in 

microvascular beds of the kidney in sepsis induced by CLP is not completely known. 

In the lung, the expression of endothelial adhesion molecules and neutrophil 

infiltration is associated with respiratory failure in ARDS patients [30]. Therefore, 

understanding how endothelial activation facilitates leukocyte recruitment per 

organ and microvascular beds is important to elucidate the role of specific 

microvascular beds in the pathophysiology of sepsis. 

Hence, we here aimed to investigate the nature and kinetics of endothelial 

activation in different microvascular beds of the kidney and lung of mice that 

underwent cecal ligation and puncture (CLP), a procedure to induce intra-abdominal 

polymicrobial sepsis [31]. We investigated the kinetics of mRNA expression of E-

selectin and VCAM-1 and the localization of these proteins in the microvascular beds 

of the kidney and lung in mice after CLP surgery. As the leukocyte recruitment is 

guided by EC, next we investigated the kinetics and extents of leukocyte 

recruitment in the two organs by assessing the expression of CD45 gene and 

myeloperoxidase (MPO) protein. We subsequently investigated the effect of CLP on 

neutrophil infiltration in the microvascular compartments of the kidney and lung 

over the time course of CLP studied. 

 

 

MATERIALS AND METHODS 
Animals 

Eight- to twelve-week old C57BL/6 OlaHsd male mice (20-30 g) were obtained from 

Envigo (Horst, The Netherlands). Mice were maintained at 24 °C and light-dark 

cycle of 12 h and had access to food and water ad libitum. All experimental 

procedures were approved and performed in accordance with the University of 

Groningen ethical committee for the use of experimental animals and the national 

and European guidelines for animal care and use. 
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Cecal Ligation and Puncture Model (CLP) 

Mice were anesthetized by isoflurane inhalation and subcutaneously injected with 

0.1 mg/kg Buprenorphine (Buprecare, ASTFarma, Oudewater, The Netherlands) 

prior to laparotomy. The cecum was exposed and 1 cm of the cecal tip was ligated 

using 5.0 silk suture (5-0 Safil, Braun, Rubí, Spain) and punctured once with an 18-

gauge needle. The cecum was gently squeezed until 3 mm of faecal material was 

extruded. The cecum from mice in the sham-operated (sham) group was exposed 

without ligation and puncture. After the surgical procedure, the mice were 

subcutaneously injected with 0.5 mL saline on each abdominal side. Mice were 

allowed to recover in individual, heated cages for 30 minutes and subsequently 

placed in normal housing conditions with water and food provided ad libitum. CLP 

mice that were sacrificed at time points later than 7 h were treated with a single 

dose of Imipinem/Cilastatin (25 mg/kg) and Buprenorphine (0.1 mg/kg) s.c. ten 

hours after the surgical procedure. Mice were randomly assigned to their respective 

groups prior to the start of the experiment. Treatment groups included control mice 

(untreated; n=8 per group); sham mice (sacrificed at 4, 7, 24, or 72 hours after 

sham procedure; n=10 per group) and CLP mice (sacrificed at 4, 7, 24, or 72 hours 

after CLP procedure; n=13 per group) (Figure 1). At the terminal endpoints, 

organs including kidneys and lungs were harvested, and either snap frozen on liquid 

nitrogen and stored at - -fixated, paraffin-

embedded, and stored at room temperature until further analyses.  

 

Gene Expression Analysis by Quantitative RT-PCR  

Frozen kidneys and lungs were sectioned at 10 m using a Leica cryostat. Total RNA 

was isolated from 10 and 25 kidney respectively lung sections using the RNeasy 

Mini plus Kit (Qiagen, Westburg, Leusden, The Netherlands) according to the 

manufacturer's instructions. RNA concentrations were measured using a 

NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE), 

and RNA integrity was determined by agarose gel electrophoresis. RNA was reverse-

transcribed using SuperScript® III reverse transcriptase (Invitrogen, Breda, The 

Netherlands) and random hexamer primers (Promega, Leiden, The Netherlands). 

Subsequently, cDNA was used for quantitative polymerase chain reaction (qPCR) 

using a ViiA 7 real-time PCR System (Applied Biosystems, Nieuwerkerk aan den 

IJssel, The Netherlands). The Assays-on-Demand primers (Applied Biosystems) 
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used in the qPCR analysis are listed in Table 1. Samples were analyzed in duplicate 

and cycle threshold (CT) values were obtained and averaged. Gene expression was 

normalized to the expression of the housekeeping gene GAPDH, resulting in the 
- . 

 

Primers Assay ID 

GAPDH Mm99999915_g1 

E-selectin Mm00441278_m1 

VCAM-1 Mm00449197_m1 

CD45 Mm01293577_m1 

CD31 Mm00476702_m1 

Table 1: Assay-on-demand primers used in this study for qPCR-based determination of 

mRNA levels of genes of interest. 

 

Tissue section preparation and immunohistochemical staining  

Four- m cryosections of frozen or zinc-fixated paraffin embedded tissues were 

sectioned using a Leica cryostat (CM1950, Leica, Wetzlar, Germany) respectively a 

microtome (Reichert Jung 2055, Leica, Wetzlar, Germany). The cryosections were 

fixed with acetone for 10 min prior to immunohistochemical staining. Paraffin-

embedded tissues were deparaffinized with xylene and rehydrated in ethanol 

according to standard deparaffinization and rehydration procedures. 

To determine the expression of CD31, E-selectin, and VCAM-1, kidney and 

lung cryosections were fixed with acetone for 10 min and incubated with H2O2 

(#1072090250, Merck Millipore, Darmstadt, Germany) for 30 min at RT. Next, 

cryosections were incubated with rat anti-mouse antibody against CD31 (0.03 

-

clone no. MES-1, kind gift from Dr. Derek Brown, UCB Cell Tech, Belgium), and 

VCAM-

FCS in PBS (#F6765, Sigma-Aldrich, St. Louis, MO, USA) for 1 h. After washing with 

PBS, the sections were incubated with secondary rabbit anti-rat IgG (H+L) (3.33 

-4001, Vector Laboratories, Burlingame, CA, USA) in 5% FCS/PBS (v/v) 

and 1% normal mouse serum (v/v, NMS, Sanquin, Amsterdam, The Netherlands) 

in PBS for 45 min at RT. Next, the sections were washed and incubated with anti-

rabbit-labelled polymer HRP (#K4003, Dako, Santa Clara, CA, USA) for 30 min at 
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RT. The tissues were then incubated with 3-amino-9-ethylcarbazole (AEC) substrate 

(#A6926, Sigma-Aldrich, St. Louis, MO, USA), and counterstained with Mayer's 

hematoxylin (#109249, Merck Millipore, Darmstadt, Germany). Isotype controls 

were used in all immunohistochemical studies and always resulted in no staining. 

Tissues were mounted with Aquatex (Merck Millipore), and the slides were scanned 

using a Hamamatsu Nanozoomer 2.0 HT (Hamamatsu Photonics, Hamamatsu, 

Japan).  

Paraffin-embedded tissue sections were immunohistochemically stained to 

determine the expression of Ly6G (neutrophil surface marker). To retrieve Ly6G 

antigens, the tissue slides were immersed in 0.1M Tris-HCl pH 9 and boiled 

overnight in an oven at 70oC. The tissue slides were subsequently blocked with 

0.0375% H2O2 in PBS (v/v), for 20 min, and were then incubated with rat anti-

mouse antibody against Ly6G (3.33 g/mL, #NBP2-00441, Novus Biologicals, 

Briarwood Avenue, USA) diluted in 5% FCS in PBS for 1h at RT. After washing with 

PBS, all subsequent staining steps were performed as described above. 

 

Morphometric analysis and scoring 

Single-blinded morphometric analyses of CD31, E-selectin, and VCAM-1 

expression was performed using Aperio Imagescope positive pixel analysis v9.1 

algorithm (Leica Wetzlar, Germany). The morphometric analysis of kidney and lung 

scans was performed by manually annotating the whole area of the kidney and the 

lung. Glomerular VCAM-1 expression was performed by manual annotation of the 

glomeruli in each kidney section. The extent of staining was quantified by 

determining the percentage of positive pixels in each kidney or lung sections. 

Staining artefacts were manually excluded from the analysis.  

Single-blinded scoring of neutrophil infiltration in the kidney 

microvasculature was performed by manually counting the number of infiltrated 

neutrophils in arterioles, glomeruli, peritubular capillaries, and post-capillary 

venules of each kidney section. The scoring of neutrophil infiltration in the lung 

microvasculature was performed by scoring the extent of neutrophils infiltration in 

different lung microvascular beds (arterioles, capillaries, and venules) using a score 

of 0 to 5. The scoring criteria used were as follows: 0 (low or no infiltration); 1 

(some infiltration); 2 (medium infiltration in less than 50% of microvessels); 3 

(medium infiltration in more than 50% of microvessels); 4 (high infiltration in less 
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than 50% of microvessels); and 5 (medium infiltration in more than 50% of 

microvessels). All areas throughout the sections were assessed at 200x 

magnification. Staining artefacts were manually excluded from the analysis. 

 

 
Figure 1. Schematic overview of the experimental approach. The mice were subjected to cecal 

ligation puncture (CLP) or sham surgery as described in the Materials and Methods section and 

sacrificed at different time points. The control group consists of healthy mice of same age and gender 

as the CLP and sham mice. Kidney and lung microvascular compartments were investigated for 

endothelial inflammatory activation and leukocyte infiltration. Microvascular compartments of the 

kidney consist of arteriole ‘a’, glomerulus ‘g’, peritubular capillary ‘pc’, and post-capillary venule ‘v’. 

Microvascular compartments of the lung consist of arteriole ‘a’, pulmonary capillary ‘c’, and post-

capillary venule ‘v’. 
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Immunofluorescence double staining 

Kidney and lung cryosections were acetone-fixed for 10 min and blocked with 3% 

bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 30 min. The slides were 

subsequently incubated with primary antibody against VCAM-1 (hybridoma 

supernatant M/K1.9, ATCC, Manassas VA, USA) for 1 h at RT. Next, the sections 

were incubated with secondary rabbit anti-rat IgG (H+L) (3.33 g/mL, #AI-4001) 

in 5% FCS (v/v) and 1% NMS (v/v) in PBS for 45 min at RT. Subsequently, the 

slides were stained with goat anti-rabbit Alexa Fluor®555 (8 g/mL, Thermo Fisher 

Scientific, Carlsbad, CA, USA). For the sequential second primary antibody 

incubation, the sections were washed and blocked again with 3% (w/v) BSA in PBS 

for 30 min. The second primary antibody, rat anti-mouse CD31 (0.15 g/mL, 

#550274, BD Pharmingen) was added to the sections for 1 h at RT. Next, the 

sections were incubated rabbit anti-rat antibody Rat IgG (H+L) (Vector 

Laboratories) in 5% FCS (v/v) and 1% NMS in PBS for 45 min at RT, and 

subsequently with goat anti-rabbit Alexa Fluor®488 (8 μg/mL, Thermo Fisher 

Scientific) / DAPI (1.5 μg/mL; Thermo Fisher Scientific) in 5% FCS in PBS for 45 

min, washed, and mounted with Aqua/polymount (Polysciences Inc, Warrington, 

PA, USA). Fluorescence images were taken with a Leica DM/RXA fluorescence 

microscope with equal exposure time. Single staining controls were performed by 

exposing VCAM-1 or CD31-incubated tissues with subsequent staining of Alexa 

Fluor®488 respectively Alexa Fluor®555, which resulted in clean single staining. 

Isotype controls always resulted in negative staining (data not shown). 

 

Myeloperoxidase (MPO) ELISA 

Ten-

buffer (0.1% SDS (w/v), 1% (v/v) IGEPAL, 0.5% (v/v) Na deoxycholate, 50 mM 

Tris pH 8.0, 100 mM NaCl) containing phosphatase inhibitors (#04 906 845 001) 

and protease inhibitor cocktail (#04 693 124 001, both from Roche, Almere, The 

Netherlands). Protein quantification was performed using a protein assay kit (#500-

0115, Bio-Rad) according to manufacturer’s instructions. The amount of 

Myeloperoxidase (MPO) in the kidney and lung tissue lysates was determined using 

an MPO ELISA kit (#HK210-02, Hycult Biotechnology, Uden, The Netherlands) 

according to the manufacturer’s instructions. 
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Statistical analyses 

Data were analyzed using one-way analysis of variance (ANOVA) followed by 

Bonferroni post-hoc comparison for selected pairs. All statistical analyses were 

performed using Graphpad Prism v8.3 software (GraphPad Prism software Inc., San 

Diego, CA, USA). The differences were considered statistically significant when 

p<0.05. 

 

 

RESULTS 
E-selectin and VCAM-1 mRNA is upregulated in the kidney and lung 

of CLP mice in a time- and microvascular bed-specific manner 

To investigate the effects of CLP sepsis on endothelial activation in the 

microvascular beds of the kidney and the lung in time, we determined the 

expression of E-selectin and VCAM-1 in these two organs over the time course of 

72 h in sham and CLP-treated mice. The mRNA expression of E-selectin was low in 

control kidney and lung, while CLP resulted in the upregulation of mRNA expression 

of E-selectin at 4 h in the kidney, and at 4 and 7 h in the lung (Figure 2A). 

Immunohistochemical detection revealed that in the kidney, CLP induced the 

expression of E-selectin predominantly in glomeruli, and to a lesser extent in the 

post-capillary venules, at 4 and 7 h. E-selectin expression in the glomeruli had 

diminished at 24 h and was absent at 72 h of CLP (Figure 2B). In the lung, E-

selectin was mainly expressed in the arterioles and venules but not in the capillaries 

until 24 h after CLP and had diminished to undetectable levels in all microvascular 

beds at 72 h after CLP (Figure 2C). Scant E-selectin expression was occasionally 

found in the arterioles and venules of sham mice (Figure 2C). The amount of E-

selectin protein, determined by morphometric analysis, was increased at 4 and 7 h 

post-CLP (Figure 2D, 2E). The mRNA and protein expression of CD31, a pan 

endothelial marker, did not differ in the kidney of CLP-treated mice at all time points 

studied. In the lung, However, in the lung CLP resulted in 30-50% decline of CD31 

gene expression in the first 24 h after CLP surgery, while protein expression 

remained unaffected (Figure S1). 

VCAM-1 gene and protein expression in the kidney of CLP mice did not differ 

compared to sham mice at any time points studied (Figure 3A, 3D, 3E). 
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Immunohistochemical detection of VCAM-1 revealed widespread expression mainly 

in the renal arterioles, peritubular capillaries, and post-capillary venules in both 

sham and CLP-treated mice at all time points studied (Figure 3B). In contrast, 

while VCAM-1 expression was absent in the glomeruli in the first 24 h after sepsis 

initiation, its expression became apparent at 72 h (Figure 3B, 4A). This finding 

was further supported by the increase in the percentage of positive pixels for VCAM-

1 staining which co-localized with CD31 within the glomerular compartments of CLP 

mice at 72 h (Figure 4B, 4C). 

In the lung, CLP resulted in a 40% increase in VCAM-1 gene expression at 4 

h and a 50% decline in VCAM-1 mRNA level at 72 h in CLP-treated mice compared 

to sham mice (Figure 3A). Immunohistochemical detection showed localization of 

VCAM-1 protein principally in the lung arterioles and venules with scant expression 

in smaller capillaries of both sham and CLP-treated mice at all time points studied 

(Figure 3C). Moreover, the amount of VCAM-1 protein expression was unaffected 

by CLP (Figure 3E).  

Taken together, these findings demonstrate that E-selectin and VCAM-1 

expression in the kidney and lung are regulated in a time-dependent manner. E-

selectin gene and protein were transiently increased in both organs in early sepsis, 

and the expression mainly occurred in the renal glomerular microvascular bed and 

pulmonary arterioles and the venules early after CLP. While protein expression of 

VCAM-1 was unaffected in the kidney and lung, the gene expression in the lung was 

upregulated in early sepsis but was downregulated later as sepsis progresses. In 

the kidney, VCAM-1 is expressed in extra-glomerular compartments, which is not 

affected by CLP sepsis, while in the glomeruli VCAM-1 expression became apparent 

only at 72 h post-CLP. We furthermore showed that CLP-induced upregulation of 

VCAM-1 in the lung mainly happens in the arterioles and the venules early after 

CLP. 
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Figure 2. Kinetics of E-selectin expression in kidney and lung in CLP and control conditions. 

(A) mRNA expression of E-selectin in the kidney and lung of untreated control ‘C’, sham, and CLP 

mice at 4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. (B) 

Immunohistochemical detection of E-selectin protein in the kidney and (C) lung. Black arrows indicate 

staining. The images are representative of 8-13 mice per group. (D) E-selectin protein expression 

assessed as the number of total positive pixels (%) quantified by morphometric analysis of the kidney 

and (E) lung. *p<0.05 in (A), (D), and (E). 
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Figure 3. Kinetics of VCAM-1 expression in kidney and lung in CLP and control conditions. 

(A) mRNA expression of VCAM-1 in kidney and lung of untreated control ‘C’, sham, and CLP mice at 

4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. (B) 

Immunohistochemical detection of VCAM-1 in the kidney and (C) lung. Black arrows indicate staining. 

The images are representative of 8-13 mice per group. (D) VCAM-1 protein expression represented 

by the number of total positive pixels (%) quantified by morphometric analysis in the kidney and (E) 

lung. *p<0.05 in (A), (D), and (E). 
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Figure 4. Renal microvascular VCAM-1 expression patterns during CLP-induced sepsis 

initiation and progression. (A) Immunohistochemical detection of VCAM-1 protein demonstrated 

widespread expression in the peritubular capillaries, while expression in the glomeruli remained limited 

until 72 h after CLP. Black arrows show positive staining in the glomeruli. The images are 

representative of 8-13 mice per group. (B) The number of total positive pixels (%) by morphometry 

analysis in immunohistochemical staining of VCAM-1 in glomerular area from whole kidney sections. 

*p<0.05. (C) Immunofluorescence staining of CD31 and VCAM-1 in kidney of sham and CLP mice 72 

h after surgery. White arrows indicate overlapped VCAM-1 and CD31 staining. The images are 

representative of 3 mice per group. 
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Kinetics of CLP-induced leukocyte infiltration in kidney and lung  

After establishing that endothelial inflammatory activation occurred in an organ-

specific manner, we hypothesized that different endothelial activation would 

influence leukocyte infiltration into the different microvascular beds of the kidney 

and lung. In the kidney, the mRNA expression of pan-leukocyte marker CD45 [32], 

was increased in CLP mice at 72 h compared to sham mice (Figure 5A), while in 

the lung, its expression increased temporarily between 4 and 7 h after CLP surgery 

compared to sham mice. These findings suggest that in the kidney, leukocyte influx 

occurs at a later time point than in lung. In the lung, significantly more leukocytes 

infiltrated at earlier time points after CLP compared to that of in the kidney. 

 Neutrophils are innate immune cells that respond early to infection by 

releasing myeloperoxidase (MPO) [29]. We next investigated the presence of 

neutrophil activity by assessing the level of MPO in the kidney and the lung of sham 

and CLP mice in time. We found increased amounts of MPO in the kidney of CLP 

mice compared to sham mice at all time points (Figure 5B). In contrast, MPO levels 

were increased only at 4 and 7 h after CLP surgery in the lung compared to sham 

mice. While in the kidney MPO levels remained consistently high for up to 72 h post-

CLP, the MPO levels in the lungs returned to levels comparable to those in sham 

mice at later time points post-CLP (Figure 5B). Of note, the protein concentration 

of MPO in lungs in control and CLP conditions was consistently at least 50 times 

higher than that of in the kidney (Figure 5B).  

 Taken together, these results demonstrate that the temporal leukocyte 

infiltration differs in both the kidney and lung in CLP mice, and that these infiltrating 

leukocytes are partly comprised of MPO-releasing leukocytes, likely the neutrophils. 
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Figure 5. Leukocyte infiltration in kidney and lung during CLP sepsis initiation and 

progression. (A) mRNA expression of CD45 in kidney and lung of CLP mice and controls (‘C’= 

controls without surgical intervention, sham= controls that underwent surgery) in time as determined 

by RT-qPCR. (B) Myeloperoxidase (MPO) protein level in kidney and lung of sham and CLP mice at 4, 

7, 24, and 72 h as determined by ELISA. *p<0.05 in (A) and (B). 

 

 

Neutrophil infiltration in the kidney is glomerular compartment-

specific in CLP mice 

To investigate the location of neutrophil infiltration in the microvascular beds of the 

kidney, we immunohistochemically stained renal tissues for Ly6G, a neutrophil 

surface marker [30]. Ly6G+ neutrophils were found in the glomeruli and peritubular 

capillaries in both sham and CLP mice at all time points studied (Figure 6A, 6B). 

We found increased neutrophil infiltration in the glomeruli at 4 h and unaffected 
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neutrophil numbers in peritubular capillaries of CLP mice compared to sham controls 

(Figure 6B). Ly6G+ neutrophils were also found in the arterioles and post-capillary 

venules of the kidney of CLP-treated mice. The numbers in the latter compartments 

were low and comparable to those in sham mice (data not shown).  

 These data suggest that neutrophil infiltration into the glomerular 

compartment occurs early in the pathophysiological process of sepsis. 

 

Neutrophil infiltration occurs early in all microvascular beds of the 

lungs and remained enhanced in the capillaries at later stage of 

sepsis 

Next, we investigated whether neutrophils infiltration occurred in specific 

microvascular beds in the lungs of CLP mice. We found that Ly6G+ neutrophils 

localized in the arterioles of CLP mice at 4 h (Figure 7A), corroborating the 

increased Ly6G+ neutrophil numbers in the arterioles (Figure 7B). Neutrophils 

were absent in the arterioles of CLP mice at other time points as well as sham mice 

(Figure 7A). CLP resulted in infiltration of visibly more neutrophils in the capillaries 

of the lungs at 4 h and 72 h (Figure 7C). Moreover, aggregation of neutrophils in 

the venules of the lungs was observed at 4 and 7 h post-CLP (Figure 7E). 

Consistent with the immunohistochemical observations, semi-quantitative Ly6G+ 

infiltration scores were also increased at 4 and 72 h of CLP in the capillaries (Figure 

7D), and at 4 h of CLP in the venules (Figure 7F), compared to their respective 

sham controls.  

 Together these data suggest that neutrophil infiltration into the arterioles, 

capillaries, and venules of the lung occurs within the first four hours after CLP 

surgery, whereas at later time points of CLP neutrophils remain to be accumulating 

only in the lung capillaries.  
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Figure 6. Neutrophil infiltration in renal microvascular beds during CLP sepsis initiation and 

progression. (A) Immunohistochemical staining of Ly6G+ cells in the glomeruli of sham and CLP 

mice at different time points. The images are representative of 8-13 mice per group. (B) Scoring of 

Ly6G+ cells infiltration by counting the number of Ly6G+ cells in the glomerular compartments of the 

kidney. The images are representative of 8-13 mice per group. (C) Immunohistochemical staining of 

Ly6G+ cells in the peritubular capillaries of sham and CLP mice at different time points after start of 

CLP sepsis. The images are representative of 8-13 mice per group. (D) Scoring of Ly6G+ cells by 

counting the number of Ly6G+ cells in peritubular capillaries of the kidney. Black arrows show Ly6G+ 

cells. The images are representative of 8-13 mice per group. *p<0.05 in (B) and (D). 
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Figure 7. Neutrophil infiltration in lung microvascular beds during CLP sepsis initiation and 

progression. (A) Immunohistochemical staining of Ly6G+ cells in the arterioles of sham and CLP 

mice at different time points. The images are representative of 8-13 mice per group. (B) Scoring of 

neutrophils infiltrating arterioles of the lung. (C) Immunohistochemical staining of Ly6G+ cells in the 
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pulmonary capillaries of sham and CLP mice at different time points. The images are representative 

of 8-13 mice per group. (D) Scoring of neutrophils in the pulmonary capillaries of the lung. (E) 

Immunohistochemical staining of Ly6G+ cells in the venules of sham and CLP mice at different time 

points. The images are representative of 8-13 mice per group. (F) Scoring of Ly6G+ cells in the 

pulmonary venules of the lung. The scoring method used in (B), (D), and (F) is described in the 

Materials and Methods section. *p<0.05 in (B), (D), and (F). 

 

 

DISCUSSION 
 

Leukocyte infiltration into organs is a crucial event that partly defines the 

pathophysiology of AKI and ARDS. Leukocytes are recruited following endothelial 

activation, resulting in tissue injury [33] and subsequently organ dysfunction in 

sepsis [34]. Upon recognition of sepsis-related inflammatory stimuli or pathogens, 

endothelial cells (EC) express E-selectin and VCAM-1 which mediate leukocyte 

arrest and facilitate the adhesion and transmigration of these leukocytes into 

tissues. Endothelial inflammatory activation in sepsis is organ- and microvascular 

compartment-specific [18,29] by which leukocyte recruitment is dependent on EC 

guidance. E-selectin functions to facilitate the slow rolling of leukocytes, while 

VCAM-1 is required to firmly establish leukocytes adhesion onto EC. Hence, we 

hypothesized that in vivo leukocyte recruitment patterns depend on E-selectin and 

VCAM-1 expression in the different microvascular compartments of organs in 

response to sepsis.  

In this study, we defined the time course of E-selectin and VCAM-1 

expression and investigated the pattern of leukocyte infiltration in the microvascular 

beds of the kidney and lung following sepsis induced by CLP. E-selectin was mainly 

expressed in the glomerular compartment and was highest at 4 h after CLP, which 

coincided with increased neutrophil infiltration observed in this glomerular 

compartment. In a murine model of glomerulonephritis, infiltration of neutrophils 

in the glomeruli was shown to be E-selectin-dependent [35]. Neutrophils are 

equipped with PSGL-1, ESL-1, and CD44, which are E-selectin ligands required to 

establish initial endothelial-neutrophil contact [36]. Glomerular EC are affected in 

sepsis [37] leading to reduced glomerular filtration rate [38], which is partly 

attributed to leukocyte infiltration [39]. Inhibition of E-selectin in CLP mice resulted 

in reduced neutrophil infiltration and preserved organ function in the kidney [40]. 
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Therefore, it is interesting to investigate whether blocking E-selectin can reduce 

corresponding neutrophil recruitment in the glomeruli of CLP mice. 

In our study, leukocyte infiltration was also observed in the post-capillary 

venules, consistent with previous findings which demonstrated increased neutrophil 

adhesion in the post-capillary venules of CLP-treated mice at 8 h [40]. However, in 

contrast, we observed unchanged number of neutrophils adhering to the post-

capillary venules of CLP mice at all time points post-CLP. The discrepancy between 

these observations might be due to the different time course and/or the use of 

different methods to quantify neutrophils in the microvascular beds of the kidney. 

By immunohistochemical scoring, we were able to quantify neutrophil infiltration in 

the different microvascular beds only at fixed time points. Advanced microscopy 

techniques, such as intravital microscopy is capable of capturing the real-time 

intricate dynamics of endothelial-leukocyte interactions in a temporal and spatial 

manner [41], which renders this technique to be more informative in investigating 

microvascular-specific recruitment of leukocytes. 

Total renal VCAM-1 expression was not altered by CLP. VCAM-1 was mostly 

expressed in arterioles and peritubular capillaries and absent in glomeruli in the 

first 24 h after sepsis has started. Our present data raises the possibility that VCAM-

1 may not be involved in glomerular recruitment of neutrophils within the 72 h after 

CLP surgery. Interestingly, VCAM-1 was expressed in the glomeruli 72 h post-CLP. 

Previous work from our laboratory demonstrated that TNF- -induced expression of 

VCAM-1 in the glomerulus was post-transcriptionally repressed by miRNA-126 [18]. 

As we here show that at 72 h time point VCAM-1 expression is located in glomerular 

EC, one possible explanation for this is that the repressive activity of miRNA-126 

on VCAM-1 protein translation diminished after 72 h of CLP, possibly due to miRNA 

degradation [42]. Moreover, whether the increase in VCAM-1 in the glomeruli is 

associated with exaggerated glomerular inflammation and infiltration of leukocytes 

other than neutrophils requires further study. 

MPO levels, a measure of the extent of neutrophil infiltration [43] and 

neutrophil bacterial-clearing activity [44] in the kidney was consistently high at all 

time points of CLP, which did not correspond to the number of neutrophils infiltrated 

in the kidney. One possible explanation for this is that this neutrophil population 

consists of cells differing in MPO contents, and neutrophils that highly express MPO 

are retained in the kidney until late CLP sepsis. MPO synthesizes reactive oxygen 
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species [33], that can cause collateral damage to tissues. In patients with sepsis, 

MPO levels were shown to correlate with systemic organ failure and it was shown 

to be elevated independent of neutrophil count [44]. It remains to be elucidated 

whether the subset of neutrophils that highly expresses MPO is guided to infiltrate 

a specific microvascular compartment in sepsis. Another possible explanation for 

high MPO but low number of neutrophils is that this MPO is released by leukocytes 

other than neutrophils, such as macrophages [45,46], which warrants further 

investigation. 

Neutrophils are the predominant infiltrating leukocyte in sepsis-ARDS 

patients [47]. In our study, we found that E-selectin was expressed in the arterioles 

and venules of the lung within the first 7 h of CLP, which coincided with neutrophil 

infiltration observed in arterioles, capillaries, and venules. These findings 

corroborate previous findings showing arterioles [48], pulmonary capillaries, and 

venules to be adherence sites of leukocytes in the inflamed lung [48,49] although 

these studies only focused on investigating the role of leukocyte ligands. Although 

VCAM-1 protein level did not change in the lung upon CLP-induced injury, the 

protein localized predominantly in the arterioles and venules. Capillaries expressed 

scant VCAM-1 and independent of E-selectin expression but at the same time 

showed infiltration of a high number of neutrophils within the first 4 h of CLP. This 

implies the recruitment of neutrophils by CLP-activated capillaries in the lung to be 

E-selectin-independent, although this speculation has to be further investigated. 

Neutrophil infiltration induced by Streptococcus pneumoniae was not reduced in E-

selectin-deficient mice [50]. Additionally, inhibition of PSGL-1, a selectin-specific 

leukocyte ligand, reduced leukocyte trapping in the pulmonary capillaries [51] 

despite absence of E-selectin in the pulmonary capillaries of CLP mice, suggesting 

leukocyte infiltration occurring here also in an E-selectin-independent manner. 

Rather than depending on endothelial selectin or integrin involvement, neutrophil 

infiltration in the lung of LPS-induced mice was shown to be CXCL2-dependent 

[52,53]. In our study, neutrophil infiltration resolved rapidly in arterioles and the 

venules of the lung in CLP mice, while neutrophil infiltration in the capillaries 

increased at 72 h despite low levels of total MPO in the lung. How this seemingly 

coordinated response is regulated by endothelial responses in the lung requires 

further investigation.  
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Taken together, here we describe the renal and pulmonary kinetics of two 

endothelial inflammatory molecules involved in leukocyte recruitment and 

associated neutrophil infiltration in mice exposed to sepsis by CLP. We show that in 

the arterioles, capillaries, and venules of the kidney and lung, E-selectin and VCAM-

1 are differentially expressed in CLP mice. We additionally revealed distinct spatial 

and temporal increases in leukocyte infiltration in the kidney and lung during CLP 

sepsis development, which is partly consisting of neutrophils. Neutrophil infiltration 

is more extensive in the lung than in the kidney. Neutrophil infiltration in the kidney 

is glomerular-compartment specific, yet it is widespread in the microvasculature of 

the lung in early CLP, and in pulmonary capillaries in late CLP. While the expression 

of E-selectin and VCAM-1 in the kidney and lung is microvascular bed-dependent, 

the presence of either one or both molecules is not necessary to recruit neutrophils 

in any of the microvascular beds. This finding adds to the evidence that endothelial-

guided neutrophil recruitment is a microvascular bed-dependent process which 

likely is mediated by a complex interaction of molecules beyond E-selectin and/or 

VCAM-1 involvement. To elucidate the involvement of other (possibly novel) 

endothelial-regulated molecules in microvascular-bed specific neutrophil 

recruitment, follow-up studies using techniques such as laser microdissection (LMD) 

combined with RNA sequencing can be performed to determine the transcriptomic 

profiles of microvascular bed-specific molecules [54]. The outcome of these studies 

will assist in providing mechanistic insights into microvascular bed-specific 

regulation of neutrophil infiltration in sepsis-AKI and sepsis-ARDS.  
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SUPPLEMENTARY DATA 

 

Supplemental Figure 1. Kinetics of CD31 expression in kidney and lung in CLP and control 

conditions. (A) mRNA expression of CD31 in kidney and lung of untreated control ‘C’, sham, and CLP 

mice at 4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. 

*p<0.05. (B) Immunohistochemical images of anti-CD31 staining in the kidney and (C) lung. The 
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images are representative of 8-13 mice per group. (D) CD31 protein expression as determined by the 

number of total positive pixels (%) quantified by morphometric analysis in the kidney and (E) lung. 
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