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Abstract

Objective: Arteriovenous fistulae (AVF) are the preferred vascular access for hemodialysis but 

the primary success rate of AVF remains poor. Successful AVF maturation requires vascular wall 

thickening and outward remodeling. A key factor determining successful AVF maturation is 

inflammation that is characterized by accumulation of both T-cells and macrophages. We have 

previously shown that anti-inflammatory (M2) macrophages are critically important for vascular 

wall thickening during venous remodeling; therefore, regulation of macrophage accumulation may 

be an important mechanism promoting AVF maturation. Since CD4+ T-cells such as T-helper (Th) 

1 cells, Th2 cells and regulatory T-cells (Treg) can induce macrophage migration, proliferation and 

polarization, we hypothesized that CD4+ T-cells regulate macrophage accumulation to promote 

AVF maturation.

Approach and Results: In a mouse aortocaval fistula model, T-cells temporally precede 

macrophages in the remodeling AVF wall. Cyclosporine A (CsA) (5mg/kg, sq, daily) or vehicle 

(5% dimethyl sulfoxide) was administered to inhibit T-cell function during venous remodeling. 

CsA reduced the numbers of Th1, Th2, and Treg cells, as well as M1- and M2-macrophage 

accumulation in the wall of the remodeling fistula; these effects were associated with reduced 
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vascular wall thickening and increased outward remodeling in wild-type mice. However, these 

effects were eliminated in nude mice, showing that the effects of CsA on macrophage 

accumulation and adaptive venous remodeling are T-cell-dependent.

Conclusion: T-cells regulate macrophage accumulation in the maturing venous wall to control 

adaptive remodeling. Regulation of T-cells during AVF maturation may be a strategy that can 

improve AVF maturation.
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Introduction

More than 740,000 people in United States have end-stage renal disease and are treated with 

hemodialysis for renal replacement therapy1. Arteriovenous fistulae (AVF) are the preferred 

vascular access for hemodialysis because of the longer patency and fewer complications 

associated with AVF compared with grafts or catheters2. Successful use of an AVF is 

dependent upon venous adaptive remodeling to the fistula environment; primary AVF 

maturation requires venous wall thickening and outward remodeling3. However, the success 

rate of AVF maturation remains poor, with only approximately 30–50% of AVF successfully 

maturing and useable for hemodialysis within 6 months4–6. Therefore, the mechanisms of 
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venous wall thickening and outward remodeling are important to understand in order to 

improve the primary success rate of AVF maturation; for example, statins improve AVF 

maturation7, 8, suggesting complex mechanisms that regulate venous adaptive remodeling.

Inflammation is an important factor regulating primary AVF maturation9–15. Venous 

remodeling requires inflammation that is characterized by the presence of both T-cells and 

macrophages in the remodeling venous wall10, 16–19. Macrophages are classically divided 

into 2 types, either inflammatory (M1) macrophages or anti-inflammatory (M2) 

macrophages20. Although the roles of M1-type macrophages in AVF maturation are still not 

well described, M2-type macrophages are required for venous wall thickening during AVF 

maturation21, 22; therefore, regulation of macrophage polarization may be an important 

mechanism enabling primary AVF maturation.

CD4+ T-cells, such as T-helper type 1 (Th1) cells, T-helper type 2 (Th2) cells and regulatory 

T-cells (Treg), can regulate macrophage polarization23–25. In particular, Th1 cells secrete 

interferon-γ (IFN-γ) to induce M1 macrophage polarization, Th2 cells secrete interleukin 

(IL)-4 to induce M2 macrophage polarization, and Treg secrete transforming growth factor-β 
(TGF-β) to induce M2 macrophage polarization23–25. We hypothesized that CD4+ T-cells 

secrete cytokines such as IFN-γ, IL-4 and TGF-β to induce macrophage polarization and 

enhance venous wall thickening, thereby promoting AVF maturation.

Cyclosporine A (CsA) is an immunosuppressive drug that inhibits T-cell function in both 

human patients and animal models26–32. Since CsA selectively inhibits T-cell proliferation, 

differentiation and cytokine production33–36, we also hypothesized that CsA might reduce 

CD4+T-cell accumulation in the maturing AVF to regulate macrophage accumulation, 

thereby enhancing AVF maturation. Therefore, we determined whether inhibition of T-cells 

with CsA regulates macrophage accumulation to promote AVF maturation.

Materials and methods

The authors declare that all supporting data are available within the article [and its online 

supplementary files].

Mouse aortocaval fistula model.

All animal experiments were performed in strict compliance with federal guidelines and 

with approval from the Yale University IACUC. Wild type male and female C57BL6/J and 

athymic male NU/J mice 9–11 weeks of age were used; female mice have similar diameter 

increase and wall thickening as male mice through day 21 in this model37. Infrarenal aorto-

caval fistulae were created as previously described38. Briefly, AVF were created by needle 

puncture from the aorta into the inferior vena cava (IVC) using a 25 G needle. Visualization 

of pulsatile arterial blood flow in the IVC was used to demonstrate technical success. 

Following surgery, all animals were monitored daily and evaluated weekly by a veterinarian 

for changes in health status.
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Cyclosporine A treatment.

Cyclosporine A (CsA) (5 mg/kg; ab120114, Abcam) was delivered via subcutaneous 

injections starting on the day of the procedure and repeated daily throughout the study 

period. The control group received an equal volume of vehicle (5% dimethyl sulfoxide).

Measurement of fistula dilation.

Ultrasound (Vevo770 High Resolution Imaging System; Visual Sonics Inc., Toronto, 

Ontario, Canada; 40 MHz probe) was used to measure the diameter of the vessels as 

previously described38, 39. Ultrasound was performed prior to the operation (day 0 values) 

and serially post-operatively.

Histology.

The animals were euthanized and perfused with normal saline followed by 10% formalin via 

the left ventricle under physiologic pressure and the AVF was extracted en bloc. The tissue 

was then embedded in paraffin and cut in 5-μm cross sections. Elastin Van Gieson (EVG) 

staining was used to measure intima-media thickness, and trichrome and picrosirius red 

stains were used to measure collagen density in 5 μm cross sections of the IVC using 

sections obtained 50–100 μm cranial to the fistula. Eight equidistant points around the IVC 

wall were averaged in each cross section to obtain the mean AVF outer wall thickness and 

collagen density21. Additional unstained cross sections in this same region were used for 

immunohistochemistry and immunofluorescence microscopy.

Immunohistochemistry.

Tissue sections were de-paraffined using xylene and a graded series of ethanol. For antigen-

retrieval, sections were heated in citric acid buffer (pH 6.0) at 100˚C for 15 minutes. Non-

specific background staining of endogenous peroxidase was treated with 0.3% hydrogen 

peroxide for 30 minutes, and sections were blocked with 3% bovine serum albumin in PBS 

(pH 7.4) for 1 hour at room temperature. Sections were then incubated at 4˚C with the 

primary antibody (Major Resources Table). After overnight incubation, the sections were 

incubated with HRP conjugated secondary antibody for 1 hour at room temperature and 

treated with Dako Liquid DAB+ Substrate Chromogen System (GV825, Agilent Dako) to 

detect the reaction products. Finally, the sections were counterstained with Dako Mayer’s 

Hematoxylin (Lillie’s Modification) Histological Staining Reagent (S3309, Agilent Dako). 

For negative controls for the antibodies, IgG isotype controls, negative tissue controls and 

endogenous tissue background controls were used.

Immunofluorescence.

Tissue sections were de-paraffined and then heated in citric acid buffer (pH 6.0) at 100˚C for 

15 minutes for antigen retrieval. The sections were blocked with 3% bovine serum albumin 

prior to incubation with primary antibodies (Major Resources Table) overnight at 4˚C. After 

incubation, the sections were incubated with Alexa Fluoro secondary antibodies for 1hour 

and stained with 4’,6-diamidino-2-phenylindole (DAPI) (P36935, Invitrogen) to stain 

cellular nuclei. Positively staining cells were counted per high power fields. For negative 

Matsubara et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls for the antibodies, IgG isotype controls, negative tissue controls and endogenous 

tissue background controls were used.

Western Blot and cytokine array.

The entire IVC was removed with care taken to avoid surrounding arterial and connective 

tissues. Proteins were extracted with RIPA lysis buffer containing protease inhibitors from 

single IVC21, 40. Protein concentrations were assessed using a colorimetric assay (Bio Rad), 

and equal amounts of protein were run on a sodium dodecyl sulfate polyacrylamide gel 

electrophoresis gel and then transferred to a polyvinylidene difluoride membrane. After 

blocking with 5% skim milk, membranes were probed overnight with the primary antibodies 

(Major Resources Table). After overnight incubation, the membranes were incubated with 

HRP conjugated secondary antibodies for 1 hour at room temperature and were developed 

with using Western Lightning Plus ECL reagent (NEL105001EA, PerkinElmer; Waltham, 

MA). Lysates were also examined with a cytokine array using the Mouse Neuro Antibody 

Array kit (ab211069, Abcam) according to the instructions for use.

RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction.

The entire IVC was removed with care taken to avoid surrounding arterial and connective 

tissue. Total RNA was isolated from these samples by using RNeasy Mini Kit (74106, 

Qiagen; Valencia, CA). RNA quality was confirmed using a NanoDrop spectrophotometer 

(Thermo Scientific; Wilmington, DE) to determine the 260/280 nm ratio. Reverse 

transcription was performed using SuperScript III First-Strand Synthesis Supermix 

(11752250, Invitrogen). Real-time PCR was performed using iQ SYBR Green Supermix 

(1708880, Bio-Rad) and amplified for 40 cycles using the iQ5 Real-Time PCR Detection 

System (Bio-Rad). Primers are summarized in Major Resources Table. All samples were 

normalized to GAPDH amplification and graphed in arbitrary units.

Lymphocyte collection.

Mouse spleens were harvested from C57BL/6J mice and minced in PBS. The cell 

suspension was filtered through 50μm cell strainers and loaded on the top of the lymphocyte 

separation medium (1077, Promo Cell; Heidelberg, Germany) and centrifuged at 440g for 30 

minutes. Lymphocytes were collected from the mononuclear cell layer. After washing the 

cell suspension with PBS, cell numbers were adjusted to 106 cells/ml.

In vitro T-cell proliferation, migration and cytokine production assays.

Anti-mouse CD3 antibody (MAB4841, R&D systems; 1 μg/ml dilution) was loaded into 

each well of a 96-well plate and coated on the well bottoms overnight at 4˚C. Lymphocytes 

were incubated at 37˚C in the CD3 antibody-coated 96-well plate in RPMI/10%FBS with 

CsA (0.1μg/ml) or the same amount of vehicle (5% dimethyl sulfoxide). Cell numbers were 

counted to assess cell proliferation. After 24-hour incubation, cells and cell supernatant were 

collected for the migration assay and cytokine measurements, respectively. The migration 

assay was performed using the CytoSelect 96-Well Cell Migration Assay (CBA-105, Cell 

Biolabs; San Diego, CA) according to the instructions for use. Cytokines in the cell 
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supernatant were measured using IL-2 (M2000, R&D systems) and IFN-γ (MIF00, R&D 

systems) ELISA kits according to the instructions for use.

Statistics.

Data are represented as mean value ± SEM. All data were analyzed using Prism 8 software 

(GraphPad Software, Inc., La Jolla, CA). Normality was confirmed using the Shapiro-wilk 

test. Statistical significance was determined using Student’s t-test or ANOVA with Sidak’s 

post hoc correction. We used the Mann-Whitney U test or the Kruskal-Wallis test with 

Dunn’s post hoc correction if the sample size was smaller than 6. P values < 0.05 were 

considered significant.

Results

T-cells and macrophages accumulate during venous remodeling in wild type mice

To determine a role for T-cells and macrophages during venous adaptive remodeling, we 

examined AVF maturation in a mouse model at day 7, prior to the establishment of a 

thickened venous wall and when inflammatory cells have been observed21, 22. To confirm 

the accumulation of T-cells and macrophages during venous remodeling, we performed 

Western blot (Figure 1A), immunohistochemistry (Figure 1B) and qPCR (Figure 1C) 

analyses to determine the presence of CD3 or CD68. Western blot showed significantly 

increased CD3 and CD68 immunoreactivity in the AVF (Figure 1A). Immunohistochemistry 

showed significantly increased accumulation of CD3+ cells and CD68+ cells throughout the 

AVF wall (Figure 1B). qPCR showed significantly increased CD3 and CD68 mRNA in the 

AVF (Figure 1C). These findings show that T-cells and macrophages accumulate in the 

remodeling venous wall during AVF maturation. Immunohistochemistry also confirmed the 

presence of IL-2 and IFN-γ, cytokines that are produced by T-cells, in the remodeling 

venous wall (Figure 1D), suggesting that the T-cells may be functional. To determine if other 

cytokines are present during venous remodeling, we performed a cytokine array examining 

the IVC wall derived from mice 7 days after a sham or an AVF procedure (Figure 1E); there 

were significant increases in immunoreactivity of TGF-β, monocyte chemotactic protein −1 

(MCP-1), lipopolysaccharide-induced CXC chemokine (LIX) and IFN-γ in the AVF (Table 

1), all of which were also present in the AVF wall (Figure 1F). These findings show that T-

cells and macrophages accumulate in the remodeling venous wall and suggest that 

inflammation may have important roles during AVF maturation.

T-cells precede macrophages in the remodeling venous wall in wild type mice

We have previously shown that the mouse aortocaval fistula model recapitulates human AVF 

maturation, with venous adaptive remodeling occurring during postoperative days 0 to 2139. 

To determine the time course of T-cell and macrophage presence in the remodeling venous 

intima, media and adventitia, we used immunofluorescence to examine the AVF wall for 

CD3- and CD68-positive cells at days 0, 3, 7 and 21 (Figure 2A and Supplemental figure 

IA). Accumulation of both T-cells and macrophages in the venous intima, media and 

adventitia was significantly increased at days 3 and 7; however, T-cells had maximal 

accumulation in the AVF wall at day 3, prior to maximal accumulation of the macrophages 

at day 7 (Figure 2B), suggesting that T-cells may regulate macrophage accumulation during 
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venous remodeling. Since Th1, Th2 and Treg have important roles to stimulate macrophage 

differentiation, polarization and proliferation, we determined the presence of CD4+/IFN-γ+ 

(Th1), CD4+/IL-4+ (Th2) and CD4+/Foxp3+ (Treg) dual-positive cells in the venous intima, 

media and adventitia (Figure 2C and Supplemental figure IB–D). There was significant 

accumulation of Th1 (Figure 2D), Th2 (Figure 2E) and Treg (Figure 2F) cells in the AVF at 

day 3, suggesting that Th1, Th2 and Treg T-cells may stimulate macrophage differentiation, 

polarization and/or proliferation during adaptive venous remodeling.

Cyclosporine A is associated with reduced T-cells and macrophages during venous 
remodeling in wild type mice

Since Th1, Th2 and Treg regulate macrophage differentiation, polarization and proliferation, 

we hypothesized that inhibition of Th1, Th2 and Treg would reduce macrophage 

accumulation during venous remodeling. We injected vehicle or CsA (5 mg/kg; 

subcutaneously) during the entire AVF maturation phase to inhibit T-cell function. Mouse 

serum CsA concentration was within the clinically effective range (Supplemental Figure 

IIA) without any adverse effects on renal function (Supplemental Figure IIB, IIC); there was 

no change in postoperative survival rate (Supplemental Figure IID) or change in body 

weight (Supplemental Figure IIE). We also examined CD3 in mouse spleens to determine 

the effects of CsA on T-cells in a second location besides the AVF; as expected, CsA 

significantly reduced CD3 mRNA expression in mouse spleens (Supplemental Figure IIF).

In the remodeling venous intima, media and adventitia, CsA was associated with reduced 

numbers of CD3+/CD4+ dual-positive cells (CD4+T-cells) as well as CD3+/CD8+ dual-

positive cells (CD8+T-cells) (Figures 3A–C and Supplemental figure IIIA, IIIB). To confirm 

which subsets of CD4+T-cells were reduced by CsA, we performed immunofluorescence of 

the AVF venous intima, media and adventitia in mice treated with vehicle or CsA (Figure 3D 

and Supplemental figure IIIC–E); CsA significantly reduced accumulation of CD4+/IFN-γ 
(Th1), CD4+/IL-4 (Th2) and CD4+/Foxp3 (Treg) cells (Figure 3E–G). Similarly, CsA 

reduced accumulation of CD8+/CCR7+ (naive CD8+) T-cells (Figure 3H–I and 

Supplemental figure IIIF); however, there were few CD8+/CCR7- (cytotoxic) T-cells in the 

AVF venous intima, media and adventitia without significant differences between vehicle 

and CsA (Figure 3J). These findings show that CsA reduced accumulation of Th1, Th2, and 

Treg cells during venous remodeling; however, CsA did not affect accumulation of active 

CD8+T-cells.

To determine if CsA reduced cytokine secretion by T-cells, we measured secreted IL-2 and 

IFN-γ, cell proliferation and cell migration in T-cells treated with vehicle or CsA in vitro. 

CsA inhibited secretion of IL-2 (Supplemental Figure IIIG) and IFN-γ (Supplemental 

Figure IIIH) as well as T-cell proliferation (Supplemental Figure IIII); however, CsA did not 

inhibit T-cell migration (Supplemental Figure IIIJ) in vitro. These results show that CsA 

inhibits cytokine production and T-cell proliferation, but not T-cell migration, in vitro, 

consistent with the effects observed in vivo (Figures 3A–J).

Since Th1, Th2 and Treg have important roles in regulating macrophage differentiation, 

polarization and proliferation, we hypothesized that inhibition of Th1, Th2 and Treg would 

reduce macrophage accumulation during venous remodeling. CsA was associated with 
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reduced numbers of CD68+/interferon-γ receptor (IFNR)+ (M1), CD68+/inducible nitric 

oxide synthase (iNOS)+ (M1), CD68+/ transglutaminase 2 (TGM2)+ (M2) and CD68+/

CD206+ (M2) dual-positive cells in the AVF venous intima, media and adventitia (Figures 

3K–O and Supplemental figure IIIK–N). There were no significant differences in the 

M2:M1 macrophage ratio between the groups (Figure 3P), suggesting that CsA reduced 

accumulation of both M1-type and M2-type macrophages in the remodeling AVF wall. 

Since CsA reduced accumulation of both T-cells and macrophages, we determine if CsA 

reduces vascular cell adhesion molecule 1 (VCAM1) expression in the vascular 

endothelium; CsA significantly reduced VCAM1 expression in vascular endothelial cells 

(Figure 3Q and Supplemental figure IIIO). In toto, these data show that CsA reduces 

accumulation of Th1, Th2, and Treg T-cells, as well as M1- and M2-type macrophages, 

reducing the inflammatory response in the vascular wall during venous remodeling.

Cyclosporine A reduces AVF wall thickening but promotes outward remodeling in wild 
type mice

Since macrophages promote venous wall thickening during adaptive remodeling21, 22, we 

next determined whether the reduced macrophage accumulation associated with CsA 

treatment was also associated with reduced thickness of the AVF walls. CsA treatment was 

associated with significantly thinner AVF walls, compared with vehicle alone, at day 21 

(Figure 4A), in both male as well as in female mice (Supplemental figure IVA). Since 

smooth muscle cell (SMC) proliferation leads to vascular wall thickening during AVF 

maturation, we determined the effects of CsA on SMC proliferation and apoptosis (Figure 

4B and Supplemental figure IVB–D); CsA significantly reduced SMC proliferation (Figure 

4C) but there were no detectable apoptotic cells (Figure 4D). Since Akt signaling has 

important roles in SMC proliferation during venous remodeling to promote vascular wall 

thickening22, 41, we assessed Akt phosphorylation in the maturing AVF (Figure 4E–F and 

Supplemental figure IVE). CsA treatment was associated with significantly reduced 

phospho-Akt in the AVF wall (Figure 4E), with reduced phospho-Akt in α-actin positive 

cells (Figure 4F and Supplemental figure IVE). These data show that CsA treatment is 

associated with reduced SMC proliferation and Akt phosphorylation, as well as reduced 

vascular thickening, during venous remodeling.

Since macrophages also have important roles in collagen production during vascular 

remodeling, we determined collagen density in the vascular wall of maturing AVF treated 

with vehicle or CsA (Figure 5A). CsA was associated with significantly reduced collagen 

density at days 7 and 21 (Figure 5B–C), with reduced density of collagen I but not collagen 

III (Figure 5D–F). Since TGF-β1 regulates collagen production during vascular 

remodeling42, we determined if CsA was associated with altered TGF-β1 expression during 

AVF maturation; CsA treatment was associated with significantly fewer numbers of TGF-

β1+ cells (Figure 5G and Supplemental figure VA). There was no significant difference in 

MMP-9 immunoreactivity between control and CsA-treated AVF (Supplemental figure VB). 

Since collagen is an important component of the extracellular matrix that maintains vascular 

wall strength, we hypothesized that the reduced collagen density associated with CsA 

treatment would enhance outward remodeling. We used ultrasound to determine the 

diameter of the AVF as it undergoes adaptive remodeling; CsA was associated with 
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significantly increased outward remodeling (Figure 5H and Supplemental figure VC) 

resulting in improved blood flow (Figure 5I) without significant differences in wall shear 

stress (Supplemental Figure VD). Similar trends were observed in female mice 

(Supplemental Figure VE–G). These data show that CsA treatment is associated with 

reduced TGF-β1 expression and collagen production, as well as enhanced outward adaptive 

remodeling.

CsA effects on macrophage accumulation and adaptive remodeling are T-cell-dependent

To determine whether CsA-reduced macrophage accumulation, VCAM expression, SMC 

proliferation, Akt phosphorylation and TGF-β expression are dependent on T-cells, we used 

a genetic approach and treated athymic nude mice (NU/J) with vehicle or CsA after surgical 

creation of an AVF. We first confirmed absence of mature T-cells in the AVF wall in athymic 

nude mice (Figure 6A). As expected, there were no CD3+CD4+ T-cells, CD3+CD8+ T-cells 

or IL-2+ cells in the AVF in nude mice (Figure 6A and Supplemental Figure VIA–C). 

Although CsA reduced both M1- and M2-macrophage accumulation in the AVF created in 

wild type mice (Figure 3K–O), there were no significant differences in M1 and M2 

macrophage accumulation in the AVF created in athymic nude mice (Figure 6B–F and 

Supplemental figure VID–G), suggesting that the CsA-reduced macrophage accumulation 

during venous remodeling is dependent on T-cells. We also assessed the immunoreactivity of 

endothelial VCAM1, SMC ki67, SMC phospho-Akt and SMC TGF-β1 (Figure 6G and 

Supplemental figure VIH–K) in athymic nude mouse AVF, all of which were significantly 

reduced by CsA in wild type mouse AVF (Figure 3P, 4B–C, 4E–F, 5G); however, in athymic 

nude mice treated with vehicle or CsA, there were no significant differences in VCAM1 

(Figure 6H), ki67 (Figure 6I), cleaved caspase 3 (Supplemental Figure VIL), phospho-Akt 

(Figure 6J) and TGF-β1 (Figure 6K) in the AVF walls, suggesting that the reduced 

immunoreactivity in wild type mice (Figure 3) is dependent on T-cells.

In addition, there were no significant differences in wall thickening (Figure 7A–B) and 

collagen density (Figure 7A, 7C–D) in the AVF wall of athymic nude mice treated with 

vehicle or CsA. Since collagen I density was reduced in the AVF walls of wild type mice 

treated with CsA (Figure 5), we also assessed collagen I density in nude mouse AVF treated 

with vehicle or CsA; there was no significant difference in collagen I density between 

vehicle and CsA (Figure 7E). Since reduced collagen density was associated with increased 

outward remodeling in the AVF of wild type mice (Figure 5), we used ultrasound to 

determine the diameter of the AVF of nude mice during adaptive remodeling during AVF 

maturation; there was no significant difference in outward remodeling in nude mice treated 

with vehicle or CsA (Figure 7F). These data show that CsA-reduced vascular wall 

thickening and collagen density associated with increased outward remodeling are 

dependent on T-cells, that is adaptive remodeling during AVF maturation is T-cell-

dependent.

Discussion

We show that T-cells temporally precede macrophages in the remodeling venous wall 

(Figure 2A) and that CsA reduced Th1, Th2, and Treg cells, as well as M1- and M2-
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macrophage accumulation in the wall of the maturing AVF (Figure 3); these effects are 

associated with reduced vascular wall thickening and increased outward remodeling in wild-

type mouse AVF (Figure 4A, 5H). However, these effects were eliminated in nude mouse 

AVF (Figure 6–7), showing that the effects of CsA on macrophage accumulation and 

adaptive venous remodeling are T-cell-dependent. These results suggest that T-cells regulate 

macrophage accumulation in the maturing venous wall to control adaptive remodeling.

AVF maturation requires inflammation that is characterized by accumulation of T-cells and 

macrophages18, 21, 22, 41. We previously showed that systemic inhibition of inflammation 

with clodronate results in AVF failure22, suggesting the need to regulate inflammation more 

specifically, perhaps via targeting of M1- macrophages, M2-macrophages or T-cells. 

Macrophages are classically divided into M1 or M2 macrophages, and we have previously 

shown that M2 macrophages are critical for venous adaptive remodeling21. In this study, we 

confirmed these findings and showed that reduced M2 macrophages were associated with 

less vascular wall thickening that was associated with SMC proliferation but not apoptosis 

(Figure 3K–O, 4A–D), similar to our previous results42. CD4+ T-cells such as Th1, Th2 and 

Treg cells have critical roles to regulate M2 macrophages; for example, Th1 secrete IFN-γ 
to induce M1 macrophage polarization, Th2 secrete IL-4 to induce M2 macrophage 

polarization and Treg secrete TGF-β1 to induce M2 macrophage polarization23–25. We 

showed increased IFN-γ, TGF-β1, LIX-1 and MCP-1 in the adapting venous wall (Figure 

1D–F and Table), consistent with accumulation of functional T-cells and macrophages in the 

maturing AVF. We also showed that T-cells precede macrophages in the maturing AVF wall 

(Figure 2), and inhibition of T-cells reduced macrophage accumulation (Figure 3). These 

findings suggest that T-cells are necessary for macrophage accumulation in the AVF wall. 

We do not clarify whether circulating T-cells infiltrated or resident T-cells proliferated in the 

remodeling AVF wall; additional analysis such as bone marrow ablation or adoptive transfer 

experiments could help clarify from where the T-cells originate. Reduced numbers of T-cells 

in the venous wall were associated with reduced collagen production that promoted outward 

remodeling (Figure 3A–J, 5), and TGF-β1 plays an important role in collagen production 

during venous remodeling (Figure 5)42. Since Treg cells are associated with TGF-β1 

production43, 44, reduced Treg cells might be associated with reduced TGF-β1 in the venous 

wall to inhibit collagen production. Although MMP are associated with collagenolysis45, 

MMP-2,MMP-3 and MMP-9 expression were not changed (Figure 1E, Supplemental figure 

VB and Table); since MMP are produced by macrophages whose presence is reduced by 

CsA, we believe that the reduced collagen expression with CsA is less likely to be mediated 

by MMP and more likely due to reduced TGF-β activity (Figure 5G).

CD4+ T-cells are required to maintain proper blood flow and lumen area in a rat AVF model; 

however, the association between CD4+ T-cells and macrophage accumulation was not 

described19. Our data show the importance of CD4+ T-cells during venous adaptive 

remodeling and that Th1, Th2 and Treg cells regulate macrophage accumulation to enhance 

AVF maturation. Although we did not show the significance of LIX1 and MCP-1 that are 

significantly increased in the adapting venous wall (Figure 1E–F, Table), LIX1 and MCP-1 

may also have important roles, as they are macrophage-associated cytokines.
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CsA is in clinical use for patients after organ transplantation and patients with autoimmune 

diseases26–28. CsA selectively blocks T-cell proliferation, differentiation and cytokine 

production33–36. Similarly, our in vitro data show that CsA inhibits T-cell proliferation and 

production of IFN-γ and IL-2 (Supplemental figure IIIGH). Since IL-2 and IFN-γ are 

necessary to activate other inflammatory cells including macrophages23–25, CsA indirectly 

inhibits inflammatory cells that are activated by T-cells46. Our data show that CsA reduced 

macrophage accumulation to enhance adaptive venous remodeling in wild-type mice (Figure 

3–5) but not in nude mice (Figure 6, 7). These data show that the effects of CsA on adaptive 

venous remodeling such as SMC proliferation and collagen production depend on T-cells, 

since nude mice do not have CD3+T-cells including Th1, Th2 and Treg.

CsA has several effects during vascular remodeling including promotion of endothelial 

dysfunction and vasoconstriction, independent of its effects on T-cells29–32; however, we did 

not observe any adverse effects of CsA in this study (Supplemental figure II). The effects of 

CsA are dose-dependent47, suggesting that there is an optimal dose of CsA to improve AVF 

maturation. Although we assessed only a single dose (5mg/kg) of CsA, additional studies 

might show an optimal dose of CsA that maximizes outward remodeling to promote fistula 

maturation. In addition, we assessed only male mice; since there are sex differences in 

immunity, it is important to assess the effects of CsA in female mice to understand the 

translational significance of this potential therapy.

This study has several limitations. We assessed only healthy mice; although our mouse 

model of adaptive remodeling recapitulates human AVF maturation39, human patients have 

comorbidities such as chronic kidney disease, hypertension and diabetes that alter 

inflammation and thus could affect AVF maturation. Assessments of AVF maturation in 

mice with chronic kidney disease would be relevant; however, experiments on mice with 

chronic kidney disease are challenging because of their poor survival rate in surgical models 

that may predispose the data to survival bias48, 49. Although we assessed only healthy mice, 

nevertheless we believe that T-cells have important roles during human AVF maturation 

since human studies have shown the presence of T-cells in the AVF wall50, 51. Finally, 

although our data shows similar effects of CsA in female mice compared to male mice 

(Supplemental Figure IVA, VE–G), this data does not fully explore potential sex differences 

in T-cell function during AVF maturation; other studies have shown several sex differences 

in AVF maturation37, 52.

Although inhibition of T-cells reduced vascular wall thickening that is required for AVF 

maturation, the most common cause of human AVF failure is lack of outward remodeling2, 

The novel finding of this study is that inhibition of T-cells promoted outward remodeling 

and blood flow, and thus suggesting that T-cells may be a novel target to promote outward 

remodeling during AVF maturation. In summary, inhibition of T-cells promotes outward 

remodeling and inhibits vascular wall thickening during adaptive remodeling. Regulation of 

T-cells during AVF maturation may be a strategy that can improve AVF maturation
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AVF arteriovenous fistula

CsA Cyclosporine A

DAPI 4’,6-diamidino-2-phenylindole

EVG elastin van Gieson

IFN-γ interferon-γ

IFNR interferon-γ receptor

IL interleukin

iNOS inducible nitric oxide synthase

IVC inferior vena cava

LIX lipopolysaccharide-induced CXC chemokine

MCP-1 monocyte chemotactic protein −1

SMA smooth muscle actin

SMC smooth muscle cell

Th1 T-helper type 1 cells

Th2 T-helper type 2 cells

Treg regulatory T-cells

TGF-β transforming growth factor-β

VCAM1 vascular cell adhesion molecule 1
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Highlights

• During venous remodeling, T-cells preceded macrophage accumulation in the 

maturing AVF.

• Inhibition of T-cells reduced macrophage accumulation in the maturing AVF.

• Inhibition of T-cells promoted outward remodeling and reduced vascular wall 

thickening.

• T-cells regulate macrophage accumulation to regulate adaptive venous 

remodeling.
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Figure 1. T-cells and macrophages accumulate in the AVF during venous remodeling in wild type 
mice.
(A) Representative Western blot analysis of CD3, CD68 and GAPDH immunoreactivity in 

control vein or AVF (day 7). Bar graph shows relative densitometry of CD3 (n=3, 

*P=0.0126 (t-test), P=0.1000 (Mann-Whitney U test)) and CD68 (n=3, *P=0.0072 (t-test), 

P=0.1000 (Mann-Whitney U test)). (B) Representative photomicrographs showing control 

vein or AVF (day 7) stained with anti-CD3 or anti-CD68 antibody. Scale bar, 25 μm. 

Arrowheads show representative CD3- or CD68-positive cells. Bar graphs show 

quantification of CD3+ cells (n=3, *P<0.0001 (t-test), P=0.1000 (Mann-Whitney U test)) or 

CD68+ cells (n=3, *P=0.0007 (t-test), P=0.1000 (Mann-Whitney U test)) in the AVF. HPF, 

high power field. (C) Bar graphs show relative number of CD3 (n=3, *P=0.0021 (t-test), 

P=0.1000 (Mann-Whitney U test)) or CD68 (n=3, *P=0.0144 (t-test), P=0.1000 (Mann-
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Whitney U test)) mRNA transcripts in the control vein or AVF (day 7). (D) Representative 

photomicrographs of control vein or AVF (day 7) stained with anti-IL-2 or anti-IFN-γ 
antibody. Bar graphs show quantification of IL-2+ cells (n=3, *P=0.0029 (t-test), P=0.1000 

(Mann-Whitney U test)) or IFN-γ+ cells (n=3, *P=0.0037 (t-test), P=0.1000 (Mann-

Whitney U test)) in IVC wall. (E) Representative photomicrographs showing the cytokine 

array examining lysates of control vein or AVF (day 7). Marked cytokines have significant 

differences between control and AVF. Red, MCP-1; blue, TGF-β; green, IFN-γ; black, 

LIX1. (F) Representative photomicrographs showing control vein or AVF (day 7) stained 

with anti-TGF-β1, anti-MCP-1 or anti-LIX antibody. Bar graphs show quantification of 

TGF-β+ cells (n=3, *P=0.0054 (t-test), P=0.1000 (Mann-Whitney U test)), MCP-1+ cells 

(n=3, *P=0.0109 (t-test), P=0.1000 (Mann-Whitney U test)) or LIX1+ cells (n=3, *P=0.0002 

(t-test), P=0.1000 (Mann-Whitney U test)) in the control vein or AVF.
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Figure 2. T-cells precede macrophages in the remodeling venous wall in wild type mice.
(A) Representative photomicrographs showing CD3 (red) and CD68 (green) in the AVF wall 

at days 0, 3, 7 or 21. Scale bar, 50 μm. (B) Bar graph shows quantification of CD3- or 

CD68-positive cells in the AVF at day 0, 3, 7 or 21. n=6. P<0.0001 (2-way ANOVA); 

*P=0.0076 (day 3 vs day 0, post hoc). **P=0.0002 (day 7 vs day 0, post hoc). †P=0.0003 

(day 7 vs day 0, post hoc). (C) Representative photomicrographs showing CD4 (green) and 

IFN-γ (red), CD4 (green) and IL-4 (red) or CD4 (green) and Foxp3 (red) in the AVF wall at 

days 0, 3, 7 or 21. Scale bar, 50 μm. (D) Bar graph shows quantification of CD4+IFN-γ+ 

cells in the AVF at day 0, 3, 7 or 21. n=3. P<0.0001 (ANOVA), P=0.0017 (Kruskal-Wallis); 

**P<0.0001 (day 3 vs day 0, post hoc). *P=0.0027 (day 7 vs day 0, post hoc). (E) Bar graph 

shows quantification of CD4+IL-4+ cells in the AVF at day 0, 3, 7 or 21. n=3. P<0.0001 

(ANOVA), P<0.0001 (Kruskal-Wallis); **P<0.0001 (day 3 vs day 0, post hoc). (F) Bar 

graph shows quantification of CD4+Foxp3+ cells in the AVF at day 0, 3, 7 or 21. n=3. 

P<0.0001 (ANOVA), P=0.0012 (Kruskal-Wallis); **P<0.0001 (day 3 vs day 0, post hoc). 

*P=0.0386 (day 7 vs day 0, post hoc).
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Figure 3. CsA is associated with reduced T-cells and macrophages during venous remodeling in 
wild type mice.
(A) Representative photomicrographs showing CD3 (green) and CD4 (red) or CD3 (green) 

and CD8 (red) in the AVF wall (day 7) in mice treated with vehicle (control) or CsA. Scale 

bar, 50 μm. (B) Bar graph shows quantification of CD3+CD4+ cells in the AVF (day 7). n=3. 

*P=0.0439 (t-test), P=0.1000 (Mann-Whitney U test). (C) Bar graph shows quantification of 

CD3+CD8+ cells in the AVF wall (day 7) in mice treated with control or CsA. n=3. 

*P=0.0050 (t-test), P=0.1000 (Mann-Whitney U test). (D) Representative photomicrographs 

showing CD4 (green) and IFN-γ (red), CD4 (green) and IL-4 (red) or CD4 (green) and 

Foxp3 (red) in the AVF wall (day 7) in mice treated with control or CsA. Scale bar, 50 μm. 

(E) Bar graph shows quantification of CD4+IFN-γ+ cells in the AVF (day 7). n=6. 

*P<0.0001 (t-test). Th1, T-helper type 1 cells. (F) Bar graph shows quantification of 
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CD4+IL-4+ cells in the AVF (day 7). n=6. *P<0.0001 (t-test). Th2, T-helper type 2 cells. (G) 
Bar graph shows quantification of CD4+Foxp3+ cells in the AVF (day 7). n=6. *P<0.0001 

(t-test). Treg, regulatory T-cells. (H) Representative photomicrographs showing CD8 (green) 

and CCR7 (red) in the AVF wall (day 7) in mice treated with vehicle control or CsA. Scale 

bar, 50 μm. (I) Bar graph shows quantification of CD8+CCR7+ cells in the AVF (day 7). 

n=3. *P=0.0026 (t-test), P=0.1000 (Mann-Whitney U test). (J) Bar graph shows 

quantification of CD8+CCR7- cells in the AVF (day 7). n=3. P=0.8149 (t-test), P=0.8000 

(Mann-Whitney U test). CTL, cytotoxic T-cells. (K) Representative photomicrographs 

showing CD68 (green) and interferon γ receptor (IFNR; red), CD68 (green) and iNOS (red), 

CD68 (green) and TGM2 (red) or CD68 (green) and CD206 (red) in the AVF wall (day 7) in 

mice treated with control or CsA. Scale bar, 50 μm. (L) Bar graph shows quantification of 

CD68+IFNR+ cells in the AVF (day 7). n=3. *P<0.0187 (t-test), P=0.1000 (Mann-Whitney 

U test). M1, M1 macrophages. (M) Bar graph shows quantification of CD68+iNOS+ cells in 

the AVF (day 7). n=6. *P<0.0001 (t-test). (N) Bar graph shows quantification of 

CD68+TGM2+ cells in the AVF (day 7). n=6. *P<0.0001 (t-test). M2, M2 macrophages. (O) 
Bar graph shows quantification of CD68+CD206+ cells in the AVF (day 7). n=6. *P<0.0001 

(t-test). (P) Bar graph shows the ratio of M2:M1-type macrophages in the AVF (day 7). n=6. 

P=0.3303 (t-test). (Q) Representative photomicrographs showing vWF (green) and VCAM1 

(red) in the AVF wall (day 7) in mice treated with vehicle (control) or CsA. Scale bar, 50 

μm. Bar graph shows quantification of VCAM1 intensity in the AVF (day 7). n=6. P=0.0010 

(t-test).
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Figure 4. CsA reduces AVF wall thickening and SMC proliferation in wild type male mice.
(A) Representative photomicrographs of the AVF wall of mice treated with vehicle or CsA, 

stained with Elastin van Gieson (EVG); upper row, day 7; lower row, day 21. Scale bar, 

25μm. Arrowheads show intima-media thickness. Bar graph shows intima-media thickness 

of the AVF wall in mice treated with vehicle (control) or CsA. n=3–5. P=0.0077 (ANOVA). 

Day 7, P=0.2910 (post hoc). Day 21, *P<0.0001 (post hoc). (B) Representative 

photomicrographs showing α-smooth muscle actin (α-SMA; green) and ki67 (red) or α-

SMA (green) and cleaved caspase (Cl-casp) 3 in the AVF wall (day 7) in mice treated with 

vehicle (control) or CsA. Scale bar, 50 μm. (C) Bar graph shows percentage of α-SMA

+ki67+ cells in the AVF (day 7). n=6. *P<0.0001 (t-test). (D) Bar graph shows percentage of 

α-SMA+ Cl-casp 3+ cells in the AVF (day 7). n=6. (E) Representative Western blot analysis 
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of phospho-Akt (P-Akt) and total Akt (T-Akt) immunoreactivity in the AVF wall (day 7) in 

mice treated with control or CsA; bar graph shows relative densitometry of phosphorylated 

Akt (n=3, *P=0.0021 (t-test), P=0.1000 (Mann-Whitney U test)). (F) Representative 

photomicrographs showing α-SMA (green) and phosphorylated Akt (red) in the AVF wall 

(day 7) in mice treated with control or CsA. Scale bar, 50 μm. Bar graph shows percentage 

of α-SMA+P-Akt+ cells in the AVF wall (day 7). n=5. *P<0.0001 (t-test), P=0.0079 (Mann-

Whitney U test).
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Figure 5. CsA reduces TGF-β expression and collagen density to promote AVF outward 
remodeling in wild type mice.
(A) Representative photomicrographs of the AVF wall (days 7 and 21) in mice treated with 

vehicle (control) or CsA; upper panels, Masson trichrome stain; lower panels, picrosirius red 

stain. Scale bar, 25 μm. (B) Bar graph shows relative collagen density in the Masson 

trichrome stained AVF wall, normalized to the control group (day 7). n=3–5. P=0.0028 

(ANOVA). Day 7, *P=0.0051 (post hoc). Day 21, **P<0.0066 (post hoc). (C) Bar graph 

shows relative collagen density in the picrosirius red stained AVF wall, normalized to the 

control group (day 7). n=3–5. P<0.0001 (ANOVA). Day 7, *P=0.0007 (post hoc). Day 21, 

**P<0.0108 (post hoc). (D) Representative photomicrographs of the AVF wall (days 7 and 

21) in mice treated with control or CsA stained with anti-collagen I or anti-collagen III 

antibody. Scale bar, 25 μm. (E) Bar graph shows relative collagen I density in the AVF wall, 
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normalized to the control group (day 7). n=4–5. P=0.0002 (ANOVA). Day 7, *P<0.0001 

(post hoc). Day 21, **P<0.0054 (post hoc). (F) Bar graph shows relative collagen III density 

in the AVF wall, normalized to the control group (day 7). n=4–5. P=0.2352 (ANOVA). (G) 
Representative photomicrographs showing α-SMA (green) and TGFβ1 (red) in the AVF 

wall (day 7) in mice treated with control or CsA. Scale bar, 50 μm. Bar graph shows 

quantification of TGFβ1+ cells in the AVF (day 7). n=6. *P<0.0002 (t-test). (H) Line graph 

shows relative AVF diameter of mice treated with control or CsA, normalized to day 0. 

n=20. *P<0.0001 (ANOVA). Day 3, P<0.0001 (post hoc). Day 7, P<0.0001 (post hoc). Day 

14, P=0.0771 (post hoc). Day 21, P=0.0020 (post hoc). (I) Line graph shows blood flow 

within the mouse AVF treated with control or CsA. n=8–13. *P<0.0001 (ANOVA). Day 3, 

P=0.2223 (post hoc). Day 7, P=0.0020 (post hoc). Day 14, P=0.0760 (post hoc). Day 21, 

P=0.0626 (post hoc).

Matsubara et al. Page 25

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Effects of CsA on AVF macrophage accumulation and SMC proliferation are lost in 
nude mice.
(A) Representative photomicrographs showing CD3 (green) and CD4 (red) or CD3 (green) 

and CD8 (red) in the AVF wall (day 7) in nude mice treated with vehicle (control) or CsA. 

Scale bar, 50 μm. (B) Representative photomicrographs showing CD68 (green) and IFNR 

(red), CD68 (green) and iNOS (red), CD68 (green) and TGM2 (red) or CD68 (green) and 

CD206 (red) in the AVF wall (day 7) in nude mice treated with control or CsA. Scale bar, 50 

μm. (C) Bar graph shows quantification of CD68+IFNR+ cells in the AVF (day 7). n=5. 

P=0.5068 (t-test), P=0.5556 (Mann-Whitney U test). (D) Bar graph shows quantification of 

CD68+iNOS+ cells in the AVF (day 7). n=5. P=0.4271 (t-test), P=0.4603 (Mann-Whitney U 

test). (E) Bar graph shows quantification of CD68+TGM2+ cells in the AVF (day 7). n=5. 

P=0.6670 (t-test), P=0.8333 (Mann-Whitney U test). (F) Bar graph shows quantification of 
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CD68+CD206+ cells in the AVF (day 7). n=5. P=0.4750 (t-test), P=0.5794 (Mann-Whitney 

U test). (G) Representative photomicrographs showing vWF (green) and VCAM1 (red), α-

SMA (green) and ki67 (red), α-SMA (green) and phosphorylated Akt (red) or α-SMA 

(green) and TGFβ1 (red) in the AVF wall (day 7) in nude mice treated with control or CsA. 

Scale bar, 50 μm. (H) Bar graph shows quantification of VCAM1 intensity in the AVF wall 

(day 7). n=5. P=0.4613 (t-test), P=0.9999 (Mann-Whitney U test). (I) Bar graph shows 

percentage of α-SMA+ki67+ cells in the AVF wall (day 7). n=5. P=0.7975 (t-test), 

P=0.9524 (Mann-Whitney U test). (J) Bar graph shows percentage of α-SMA

+phosphorylated Akt+ cells in the AVF wall (day 7). n=5. P=0.6667 (t-test), P=0.8333 

(Mann-Whitney U test). (K) Bar graph shows quantification of TGFβ1+ cells in the AVF 

wall (day 7). n=5. P=0.6931 (t-test), P=0.6349 (Mann-Whitney U test).
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Figure 7. Effects of CsA on AVF wall thickening and adaptive remodeling are lost in nude mice.
(A) Representative photomicrographs of the AVF wall (days 7 and 21) in mice treated with 

vehicle (control) or cyclosporine (CsA); upper panels, Elastin van Gieson (EVG); middle 

panels, Masson trichrome stain; lower panels, picrosirius red stain. Scale bar, 25 μm. (B) Bar 

graph shows intima-media thickness of the AVF wall in mice treated with control or CsA. 

n=4–5. P=0.6575 (ANOVA). Day 7, P=0.6666 (post hoc). Day 21, P=0.2385 (post hoc) (C) 
Bar graph shows relative collagen density in the Masson trichrome stained AVF wall in nude 

mice treated with control or CsA, normalized to the control group (day 7). n=4–5. P=0.7690 

(ANOVA). Day 7, P=0.8680 (post hoc). Day 21, P=0.6619 (post hoc). (D) Bar graph shows 

relative collagen density in the picrosirius red stained AVF wall in nude mice treated with 

control or CsA, normalized to the control group (day 7). n=4–5. P=7132 (ANOVA). Day 7, 
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P=0.7994 (post hoc). Day 21, P=0.9988 (post hoc). (E) Representative photomicrographs of 

the AVF wall (days 7 and 21) in nude mice treated with control or CsA stained with anti-

collagen I antibody. Scale bar, 25 μm. Bar graph shows relative collagen I density in the 

AVF wall, normalized to the control group (day 7). n=5. P=0.8608 (ANOVA). (F) Line 

graph shows relative AVF diameter of nude mice treated with vehicle (control) or CsA, 

normalized to day 0. n=10. P=0.8241 (group factor, ANOVA). Day 3, P=0.6643 (post hoc). 

Day 7, P=0.9732 (post hoc). Day 14, P=0.8424 (post hoc). Day 21, P=0.9996 (post hoc).
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Table.

Relative cytokine expression in AVF measured by cytokine array

Relative cytokine expression P value

Growth factors

IGF-1 0.36 0.3978

TGF-β 1.59 0.0009

VEGF 1.86 0.2674

Chemokines

MCP-1 1.59 0.0098

M-CSF 1.92 0.0816

MIP-1α 2.89 0.0631

Fractalkine 1.76 0.0563

RAGE 1.28 0.5312

GCSF 1.11 0.8062

KC 1.86 0.2337

TARC 1.77 0.1991

LIX 2.11 0.0107

SDF-1α 1.16 0.8178

Protease
MMP-2 3.56 0.1774

MMP-3 1.55 0.2945

Cytokines

Fas Ligand 1.17 0.6160

TNF-α 1.76 0.2626

IFN-γ 2.91 0.0244

IL-1α 1.9 0.1677

IL-1β 1.86 0.1562

IL-4 1.25 0.4690

IL-6 1.71 0.3753

IL-10 0.83 0.6320

IGF, insulin like growth factor; TGF-β, transforming growth factor-beta; VEGF, vascular endothelial growth factor; MCP-1, monocyte chemotactic 
protein-1; M-CSF, macrophage colony-stimulating factor; MIP-1α, Macrophage inflammatory protein-1 alpha; RAGE, receptor for advanced 
glycation end products; GCSF, granulocyte-colony stimulating factor; KC, keratinocyte chemoattractant; TARC, thymus and activation-regulated 
chemokine; LIX, lipopolysaccharide-induced CXC chemokine; SDF-1α, stromal cell-derived factor-1 alpha; MMP, matrix metalloproteinase; 
TNF-α, tumor necrosis factor-alpha; IFN-γ, interferon-gamma; IL, interleukin.
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