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Distinct subsets of T cells and macrophages impact venous
remodeling during arteriovenous fistula maturation
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ABSTRACT

Patients with end-stage renal failure depend on hemodialysis indefinitely without renal transplantation, requiring a long-
term patent vascular access. Although an arteriovenous fistula (AVF) remains the preferred vascular access for hemo-
dialysis because of its longer patency and fewer complications compared with other vascular accesses, the primary
patency of AVF is only 50% to 60%, presenting a clinical need for improvement. AVF mature by developing a thickened
vascular wall and increased diameter to adapt to arterial blood pressure and flow volume. Inflammmation plays a critical
role during vascular remodeling and fistula maturation; increased shear stress triggers infiltration of T cells and macro-
phages that initiate inflammation, with involvement of several different subsets of T cells and macrophages. We review
the literature describing distinct roles of the various subsets of T cells and macrophages during vascular remodeling.
Immunosuppression with sirolimus or prednisolone decreases neointimal hyperplasia during AVF maturation, suggest-
ing novel approaches to enhance vascular remodeling. However, M2 macrophages and CD4" T cells play essential roles
during AVF maturation, suggesting that total immunosuppression may suppress adaptive vascular remodeling. There-
fore, it is likely that regulation of inflammation during fistula maturation will require a balanced approach to coordinate
the various inflammatory cell subsets. Advances in immunosuppressive drug development and delivery systems may
allow for more targeted regulation of inflammation to improve vascular remodeling and enhance AVF maturation.
(JVS—Vascular Science 2020;1:207-18.)

Clinical Relevance: Patients with end-stage renal failure depend on successful AVF maturation to have a useful access.
Inflammation occurs during fistula maturation and may be a therapeutic target to improve fistula maturation and uti-
lization. Inflammation is mainly caused by T cells and macrophages, which have several subsets with distinct phenotypes
and roles during vascular remodeling. Regulation of inflammation during fistula maturation requires a balanced
approach to coordinate the various inflammatory cell subsets.
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Arteriovenous fistulae (AVF) are the preferred vascular
access for hemodialysis despite maturation success rates
of only 50% to 60%,' creating a clinical need to find addi-
tional therapeutic targets to improve AVF maturation.
Inflammation is one potential therapeutic target as it is
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associated with various effects during venous remodel-
ing.?> A retrospective observational study showed that
high C-reactive protein and fibrinogen levels, indicating
increased inflammation, were associated with unsuc-
cessful AVF maturation.® Similarly, another study showed
that C-reactive protein was an independent risk factor for
late AVF failure.® Therefore, inhibiting inflammation may
offer benefits to improve AVF maturation and patency.
Although several clinical studies investigated the ability
of several drugs to improve AVF maturation or patency,
no study has shown that inhibiting inflammation im-
proves AVF patency or success.” ' This lack of efficacy
may be due to the complex cellular and cytokine regula-
tion of inflammation.

Inflammation in the maturing AVF is characterized by
accumulation of T cells and macrophages." ' Because in-
hibition of T cell and macrophage accumulation in the
maturing AVF leads to AVF failure, accumulation of T cells
and macrophages is critically important for AVF matura-
tion."" T cells and macrophages have several subsets
that play distinct roles to regulate inflammation during
vascular remodeling.'®** Regulation of inflammation
may need a more balanced approach to account for the
diversity of T cells and macrophages that contribute to
vascular remodeling. This review examines the roles of

207


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvssci.2020.07.005&domain=pdf
mailto:alan.dardik@yale.edu
mailto:alan.dardik@yale.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jvssci.2020.07.005

208 Matsubara et al

several types of T cells and macrophages during venous
remodeling such as occurs during AVF maturation, sup-
plements this with data from vein graft adaptation, and
proposes several potential approaches to regulate distinct
inflammatory cell types to improve AVF maturation.

DISTINCT SUBSETS OF INFLAMMATORY CELLS
DURING VENOUS REMODELING

AVF maturation. After surgical creation of an AVF, the
vein is exposed to the new environment of the fistula,
including arterial pressure, shear stress and oxygen ten-
sion.?*?> Accordingly, the fistula adapts to this environ-
ment, characterized by an early phase and a late phase
(Fig 1). The early phase occurs during the first several
weeks after AVF creation during which the AVF un-
dergoes adaptive remodeling, characterized by diameter
expansion and wall thickening, enabling the vein to
become usable for hemodialysis.** Failure of adaptive
remodeling to occur, that is, failure of venous maturation,
may be due to a lack of either outward remodeling or of
wall thickening, although these processes are likely co-
ordinated. Little is known about the normal physiology of
the late phase of AVF remodeling, the time during which
the AVF is used for hemodialysis; however, failure during
the late phase is characterized by neointimal hyperplasia
that can be associated with inward remodeling, and
causes lumen loss, decreased flow, and a loss of access
function. These two different times and mechanisms of
AVF failure contribute to the high rate of access failure.

Inflammmation critically regulates both early and late
phases of AVF adaptation to the fistula environment.
Several types of inflammatory cells play a role during
venous remodeling such as occurs during AVF matura-
tion (Fig 1). Early and eccentric macrophage infiltration
may play an important role in the pathogenesis of early
AVF failure!*'® In addition, low serum albumin and
high C-reactive protein and fibrinogen, indicators of
systemic inflammation, are found in patients with
failed AVF maturation.®® Therefore, inflammation may
be associated with poor Fig early AVF patency. Howev-
er, recent studies have also shown the necessity of
CD4" T cell and M2 macrophage-driven inflammation
for successful AVF maturation,” 2 suggesting that
there are subsets of inflammatory cells with diverse
contributions to venous remodeling. CD4" T cells are
necessary to maintain proper blood flow and outward
remodeling during AVF maturation, as transfer of
CD4" T cells improved blood flow and outward remod-
eling in a T-cell-deficient rat AVF model.”® Different
from CD4" T cells, M2 macrophages have important
roles in vascular wall thickening; reduction of M2 mac-
rophages was associated with less vascular wall thick-
ening.™? Thus, different subtypes of inflammatory
cells may have different roles in AVF remodeling.
Although it is still unclear about the roles of other in-
flammatory cells such as CD8Y T cells, Ml
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- Type of Research: Literature review

- Key Findings: T cells and macrophages accumulate
and create inflammation in the vascular wall during
arteriovenous fistula (AVF) maturation. Inflammation
is classically detrimental to AVF success; however,
depletion of T cells and macrophages leads to AVF
failure. This contradiction may be explained by the
diversity of T cells and macrophages, because they
have several phenotypes and distinct roles in
vascular remodeling.

Take Home Message: Inflammation from T cells and
macrophages needs coordinated regulation for suc-
cessful AVF maturation.

macrophages, circulating macrophages, natural killer
T cells, monocytes, granulocytes, dendritic cells, and
mast cells during AVF maturation, these inflammatory
cells have distinct roles in vascular remodeling. Given
the diversity of these inflammatory cells and cytokines
that are involved in AVF maturation, it is likely that ap-
proaches to regulate inflammation should not focus on
general promotion or suppression of inflammation, but
rather will need regulation of specific cell types as well
as of specific dosing and timing of therapeutics during
different phases of venous remodeling.

Vein graft adaptation. Adaptation of a vein graft to the
arterial environment is both similar to and different than
fistula maturation.?® Vein grafts are exposed to arterial
flow, pressure, and oxygen tension distinctly different
from the venous environment and subsequently develop
vascular wall thickening and outward remodeling.
Although vein graft adaptation is adaptive venous
remodeling similar to AVF maturation, vein graft adap-
tation is different from AVF maturation, with vein grafts
developing thicker vascular walls and less outward
remodeling compared with fistulae; however, accumu-
lation of T cells and macrophages in the venous wall are
observed in both vein grafts as well as in AVF.?>?7

Vein graft remodeling that is predominantly character-
ized by wall thickening is, in part, regulated by locally
released cytokines; however, differences in hemody-
namics between the environments of vein grafts and
AVF lead to the production of different cytokine profiles
during vein graft adaptation and AVF maturation.?®°
During the early phase of vein graft remodeling, macro-
phages and T cells infiltrate through the endothelial
layer into the vein wall.?” In some patients, the macro-
phages and T cells in the vein wall then promote devel-
opment of areas that form stenoses in vein grafts via
crosstalk between macrophages and vascular smooth
muscle cells (SMC)?” Infiltrated T cells and
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Fig 1. Associations between arteriovenous fistula (AVF) remodeling and inflammation. There are two phases of
AVF remodeling, the early phase and the late phase. In the early phase, the remodeling AVF develops wall
thickening and outward remodeling to become useable for hemodialysis. CD4™ T cells contribute to increased
blood flow and outward remodeling, whereas M2 macrophages contribute to wall thickening. In the later phase,
some AVF develop neointimal hyperplasia and inward remodeling and can eventually become unusable for
hemodialysis. Systemic inflammation is associated with poor AVF patency. Macrophages are associated with

neointimal hyperplasia. CRP, C-reactive protein.

macrophages secrete proinflammatory cytokines, and
chemokines such as tumor necrosis factor-o. (TNF-a)
and monocyte chemotactic protein-1 (MCP-1) to
enhance migration and proliferation of SMC that leads
to neointimal hyperplasia,®*°*' and depletion of macro-
phages significantly inhibits neointimal hyperplasia
that forms in a rat vein graft model*? In contrast, mac-
rophages also produce inducible nitric oxide synthase
(INOS) that attenuates constrictive vascular remodeling
and neointimal hyperplasia, and thus iINOS may have
the potential to promote long-term patency of vein
grafts.>*=> Altered shear stress affects early and transient
interleukin (IL)-1 synthesis and delayed and persistent IL-
10 production.*® IL-1 contributes to outward remodel-
ing®®*® and IL-10 contributes to vascular wall thick-
ening'?*%*% thus, there is a diversity of inflammatory
cells and cytokines that regulate vein graft remodeling,
similar to that which occurs in the venous wall during
AVF maturation.

PHENOTYPES OF T CELLS AND MACROPHAGES
Helper, regulatory, and cytotoxic T cells. Distinct sub-
sets of T cells are characterized by different cell surface
markers, intracellular markers and secreted cytokines
(Table 1).'°7° CD4 is the common marker of helper (Th)
cells and regulatory (Treg) T cells, and CD8 is the marker
of cytotoxic T cells (CTL)."”*>*® Arterial magnitudes of
shear stress after AVF creation increases expression and
secretion of interferon (IFN)-y on the endothelial cells,

and IFN-y activates major histocompatibility complex
(MHC) Il to activate both circulating and resident CD4" T
cells®” Activated CD4™" T cells are characterized as Th or
Treg cells by their functions that are distinct with
different effects on inflammation.

The main function of Th cells is to produce cytokines,
and Th cells are divided into several subtypes such as
Thi or Th2, depending on the secreted cytokines.*0“4>
Th1 cells secrete IFN-y and activate other inflammatory
cells including M1 macrophages,“®“*** and IFN-y is
involved in vascular remodeling (Fig 2)°® M1 macro-
phages produce proinflammatory cytokines such as
IFN-y and TNF-a, which may damage vasculature integ-
rity and promote inflammation.>®%*

One of the primary functions of Th2 cells is secretion of
IL-4.49%2% |nterestingly, IL-4 exacerbates inflammation
and decreases the integrity of the vascular endothelial
barrier® that occurs with atherosclerosis,®® yet Th2 cells
seem to lessen the inflammation that occurs in diseased
blood vessels.”® In particular, Th2 cells promote polariza-
tion of M2 macrophages that promote wound healing
(Fig 2).#4%® M2 macrophages have been shown to be
necessary for AVF maturation'>**; therefore, it is likely
that a major role for Th2 cells to improve vascular remod-
eling is via induction of M2 macrophage polarization and
differentiation.

Treg cells are anti-inflammatory T cells that are charac-
terized by CD25" and Foxp3* markers (Table 1)./%¢ Treg
cells are induced by IL-2 that is derived from other
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Table I. Types of T cells involved in vascular remodeling
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Fig 2. Associations between CD4' T cells and macro-
phages. T-helper (Th) 1 cells secrete interferon-y (IFN-y) to
induce M1 macrophages. M1 macrophages secrete IFN-y
and tumor necrosis factor-a. (TNF-a) to promote inflam-
mation. Th2 cells secrete IL-4 to induce M2a macrophages.
Regulatory T cells (Treg) secrete interleukin (/L)-10 and
transforming growth factor-f (TGF-B) to induce M2a, M2c
and M2d macrophages. M2a and M2c macrophages
secrete IL-10 and TGF-f to contribute to anti-inflammation,
wound healing, and tissue remodeling. M2d secrete
vascular endothelial growth factor (VEGF) to promote
angiogenesis.

inflammatory cells; therefore, Treg cell differentiation
functions as a negative feedback system to resolve
inflammation.”®*” Treg cells secrete IL-10 and TGF-B not
only to suppress other inflammatory cells including Tht,
Th2, CTL, and M1 macrophages,“®“° but also to induce
M2 macrophage polarization so that inflammation reso-
lution, tissue healing and vascular remodeling are pro-
moted (Fig 2).° Thus, Treg cells have important roles in
maintaining the homeostasis of the vasculature during
vascular remodeling.

CTL are characterized by expression of CD8 antigen on
their cell surface. There are several phenotypes of CD8*" T
cells, including naive CD8™" T cells, CTL, exhausted T cells,
and memory CD8™ T cells.>° Different from CD4" T cells,
CD8™ T cells function independently from macrophages.
Once CD8™ T cells recognize MHC | and pathogens, CD8™

T cells differentiate into CTL which secrete perforin, gran-
zyme, and TNF-a to induce cell apoptosis.®’ CTL are typi-
cally initially activated by coexistence of MHC | and
pathogenic antigens that are presented by dendritic
cells.? In baseline conditions, vascular cells have MHC |,

but are not activated because there are no dendritic cells
presenting antigens; therefore, CTL are rarely detectable
in the normal vascular wall. However, once the vascular
wall is exposed to inflammation, CTL infiltrate into the
vascular wall>®> Because apoptosis of vascular cells
causes reduced vascular wall barrier function, leading
to vulnerability of the diseased vasculature, CTL promote
vulnerable atherosclerotic plaques in apoE-deficient
mice.>>** In contrast, CD8" cells protect against the
development of neointimal hyperplasia and failure of
vein grafts®; CD8" T cells improved vein graft patency
whereas CD8" T-cell-depleted mice showed increased
apoptosis and higher rates of vein graft failure; surpris-
ingly, the protective effect of CD8" T cells on vein graft
patency was independent of MHC and other antigens
that are necessary for inducing CD8™ T cells to differen-
tiate into CTL.>®> There may be other subsets of CD8" T
cells that contribute to vascular remodeling; methods
to activate specific groups of CD8" T cells during AVF
maturation or vein graft adaptation that allows taking
advantage of their protective effects are still unknown.

M1 and M2 macrophages. Different from circulating in-
flammatory cells that contribute to systemic inflamma-
tion, macrophages work within tissues to contribute to
local inflammation. Macrophages are classically divided
into one of two major subtypes, M1 or M2, and the polar-
ization into a particular subset phenotype depends on
the cytokine environment of the tissue®?; the
commonly described macrophage subsets are summa-
rized in Table Il. M1 macrophage polarization is induced
by Th1 cytokines such as IFN-y, whereas M2 macrophage
polarization is induced by Th2 and Treg cytokines such as
IL-4, IL-10, and TGF-B (Fig 2). M1 macrophages are known
as inflammatory macrophages because they secrete
proinflammatory cytokines, such as IFN-y and TNF-a, and
may affect vascular remodeling. The proinflammatory
cytokines may induce vascular cell apoptosis, dissolve
extracellular matrix, induce breaks in elastic fibers,
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Table Il. Types of macrophages involved in vascular remodeling

M1°9 62 CD68, INOS, STATI, IFN-y receptor
M2a?0 2557 CD68, CD206, TGM2, Arginase 1, STAT6
M2b?° #* CD68, IL-4 receptor

M2c?0 2567 CD68, CD206, CCR2, Arginase 1
M2d?° 2 CD68, iINOS

TNF-o, IFN-v, IL-1 Proinflammation

IL-10, TGF-B Anti-inflammation

Wound healing

IL-1B, IL-6, IL-10, TNF-o, Immunoregulation

IL-10, TGF-B Immunosuppression
Tissue remodeling
IL-10, VEGF Angiogenesis

CCR, Chemokine receptor; IFN-y, interferon-v; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; Mi, M1-type macrophages;
M2, M2-type macrophages; TNF-¢, tumor necrosis factor-o; TGF-f, transforming growth factor-f; TGM, transglutaminase; TLR, toll like receptor; VEGF,

vascular endothelial growth factor.

promote SMC apoptosis, and impair endothelial barrier
function,”®®° resulting in accelerated atherosclerosis®"®?
and aneurysm formation.®> Although proinflammatory
cytokines may be associated with adverse effects on the
vascular wall to stimulate some vascular pathologies,
however, proinflammatory cytokines play important
roles in dissolving the venous wall extracellular matrix to
enable outward remodeling during AVF maturation.®®°
iNOS is also produced by M1 macrophages, and iNOS
attenuates constrictive vascular remodeling and neo-
intimal hyperplasia of vein grafts in a rabbit model.****
From these data, the role of M1 macrophages during
venous remodeling is unclear, because M1 macrophages
may both inhibit AVF primary maturation as well as
improve AVF long-term patency.

M2 macrophages, also known as prerepair macro-
phages, are polarized into the M2 phenotype by IL-4
secreted from Th2 cells and by IL-10 and TGF-f secreted
from Treg cells.®®®77° The main role of M2 macrophages
is to resolve inflammation and promote tissue remodel-
ing and wound healing. M2 macrophages are further
categorized into M2a, M2b, M2c, and M2d macrophages
(Table 11)29%* M2a and M2c macrophages seem to have
important roles in vascular remodeling because they
produce IL-10, TGF-B, and arginase 1, which have critical
roles in vascular remodeling. IL-10 and TGF-f have impor-
tant roles in maintaining the integrity of the vasculature
as described elsewhere in this article (Table ). M2a and
M2c macrophages also produce arginase 1, which pro-
motes SMC proliferation and inhibits inflammation.®°
During the early phase of AVF maturation, SMC prolifera-
tion and vascular wall thickening are critically regulated
by M2 macrophage infiltration,'>?* and thus arginase 1
may be associated with AVF primary maturation. In
contrast, arginase 1 might have an adverse effect during
the later phase of AVF maturation because arginase 1
also promotes neointimal formation in a rat common ca-
rotid injury model® Although arterial remodeling is
different from AVF remodeling, arginase 1 may critically
regulate the balance of vascular wall thickening and

neointimal formation, and may be either beneficial or
deleterious during AVF maturation.

ETIOLOGY OF INFLAMMATION DURING VENOUS
REMODELING

Shear stress as a trigger of inflammation. Shear stress
is a hemodynamic force tangential to the endothelium
whereas blood pressure is a hemodynamic force perpen-
dicular to the vessel wall.??®* The magnitude of shear
stress in arteries is approximately 1 Pa, which is more
than 300,000 times less than typical magnitudes of
arterial blood pressure (300,000-500,000 Pa). Neverthe-
less, the effects of shear stress on the vascular wall are not
negligible. 828> Normal veins are typically exposed to less
blood flow with lower magnitudes of shear stress
compared with arteries, but veins are exposed to
increased mMmagnitudes of shear stress after AVF crea-
tion.?®> Exposure of veins to arterial magnitudes of shear
stress and mechanical stretch promotes inflammation
and remodeling.2“®> Because AVF are exposed to higher
magnitudes of shear stress and lower arterial pressure
compared with vein grafts®> AVF maturation and vein
graft adaptation show different patterns of remodeling
to normalize the hemodynamic forces, with AVF matu-
ration characterized by more outward remodeling and
less wall thickening compared with vein graft adapta-
tion.”> The arterial magnitudes of shear stress promote
production of anti-inflammatory cytokines in vein
grafts’® Because anti-inflammatory cytokines are
necessary for maintenance of the normal architecture of
vessels, it is possible that increased shear stress contrib-
utes to venous remodeling.?>?® In contrast, nonlaminar
shear stress induces a proinflammatory response.®¢ Low
and oscillatory shear stress is characteristic of most
vascular anastomoses and is associated with clinically
significant stenosis in some patients.?” Nonlaminar shear
stress induces changes in endothelial cell gene expres-
sion, cytokine production, and cytoskeleton organization
to increase secretion of MCP-1, and decrease nitric oxide
secretion to cause activation and proliferation of SMC
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Table Ill. Effector cytokines secreted by T cells and macrophages during vascular remodeling

IL-10 Maintenance of normal vasculature'?%*°

74-79

TGF-B Promote SMC proliferation

Promotes neointimal hyperplasia’®

|86

within the vein wall.®® Thus, maintaining arterial magni-
tudes and laminar character of shear stress is important
to regulate inflammatory cells for AVF maturation
without excessive neointimal thickening.

Plasticity of endothelial identity. Veins and arteries
have different molecular identity that is most easily
identified in the endothelium. Both embryonic and
adult arterial endothelial cells express Ephrin-B2 and
delta-like protein 4 (dll-4) whereas venous endothelial
cells express Eph-B4.2%8° After vein grafts are exposed
to the arterial environment, they lose Eph-B4 expres-
sion, but do not express Ephrin-B2 and dll-4, consistent
with venous endothelial cells losing venous identity but
not acquiring arterial identity during adaptation to an
arterial environment.®® Interestingly, changes of endo-
thelial identity during AVF maturation are different from
those that occur during vein graft adaptation; the AVF
expresses Ephrin-B2 and dll-4 arterial markers in addi-
tion to increasing Eph-B4 expression, consistent with
the AVF gaining arterial as well as venous identities.”®
This change in endothelial identity is likely to affect
the inflammmatory response during vascular remodeling
because ephrin-Eph signaling regulates cell prolifera-
tion, survival and migration,” as well as regulation of T-
cell and monocyte activation.”> Monocytes also express
Eph-B4 on their cell surface, and Eph-B4 binds to
endothelial Ephrin-B2 to induce adhesion of mono-
cytes.”> Monocytes then migrate into the vascular wall
and differentiate into macrophages,” promoting
inflammation. Additionally, dll-4, which is an arterial
marker, simulates macrophage activation, MCP-1 pro-
duction and nuclear factor-kappa B activation. In
particular, dll-4 induces polarization of macrophages to
the M1 phenotype.®* Thus, acquiring arterial identity
may play an important role in regulating inflammation
during AVF maturation.

Adhesion molecules promote inflammatory cell infil-
tration into the vascular wall. Mechanical stretch, endo-
thelial injury and arterial shear stress also lead to vascular
inflammation.®>°° Arterial shear stress regulates expres-
sion of cell surface molecules that stimulate leukocyte

adhesion and migration, such as vascular cell adhesion
molecule 1 (VCAM-1) and E-selectin.’” In a mouse venous
arterialization model, expression of endothelial VCAM-1
and E-selectin was present early after surgery, concomi-
tant with the presence of neutrophils and monocytes/
macrophages in the vascular wall®® In AVF that fail
owing to thrombosis, there is greater infiltration of
macrophages and higher expression of adhesion mole-
cules such as VCAM-1; VCAM-1 and proinflammatory
macrophages may be associated with impaired endo-
thelial antithrombotic functions.”® E-selectin initiates
rolling of leukocytes including monocytes and T cells
followed by infiltration of these cells into the vascular
wall.!?979? |nfiltrated monocytes and T cells will then
differentiate into different subtypes of macrophages and
T cells, depending on the cytokines and chemokines
present in the vessel wall.'®%* Unlike VCAM-1, which is
associated with endothelial barrier functions, E-selectin
is associated with adventitial inflammation'®®; inhibition
of E-selectin expression decreases adventitial inflamma-
tory cells and attenuates neointimal hyperplasia in a rat
carotid balloon injury model.'®® These data suggest that
E-selectin regulates infiltration of inflammatory cells into
the vascular adventitia after an endothelial injury and
contributes to neointimal hyperplasia during the process
of vascular wall healing. Moreover, E-selectin also con-
tributes to leukocyte recruitment in a mouse vein graft
model.?> Although the vascular environment within an
AVF is different from the arterial environment?® E-
selectin may also have an important role during AVF
remodeling to promote infiltration of inflammatory cells
and contribute to vascular wall thickening or neointimal
hyperplasia during AVF maturation.

Effector cytokines during venous remodeling. An
important role of infiltrating inflammatory cells during
venous remodeling is the production of effector cyto-
kines that promote inflammation. Although some data
are available regarding the types of these cytokines as
well as their effects on venous remodeling (Table IlI;
Fig 3), additional mechanistic understanding of how
these cytokines regulate remodeling is still needed.
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Fig 3. Associations between effector cytokines and venous remodeling. Tumor necrosis factor-a. (TNF-a) causes
endothelial barrier dysfunction. Tumor necrosis factor receptor (TNFR)-1 signaling promotes neointimal hyper-
plasia, but TNFR-2 signaling reduces neointimal hyperplasia. Transforming growth factor- (TGF-B) promotes
vascular smooth muscle cell (SMC) proliferation and neointimal hyperplasia. Interleukin (/L)-1 promotes outward
remodeling. Inducible nitric oxide synthase (iNOS) decreases neointimal hyperplasia. IL-10 promotes vascular wall
thickening. Factors promoting adaptive venous remodeling are shown in blue and factors inhibiting adaptive
venous remodeling are shown in red. Factors having both effects on venous remodeling are shown in purple.

After exposure of a vein to arterial blood flow, increased
wall shear stress affects early IL-1 production and delayed
IL-10 signaling during vein graft remodeling.® IL-1 regu-
lates matrix metalloproteinases expression to promote
outward remodeling,>” and a lack of IL-1 signaling results
in perturbed early vein graft wall adaptation in a mouse
vein graft model*® Although there is no study that shows
the significance of IL-1 during AVF maturation, early pro-
duction of IL-1 may have a critical role during AVF matu-
ration because outward remodeling at early time points
is essential for AVF maturation. IL-10 is an anti-
inflammatory cytokine secreted by M2 macrophages
and Treg cells. IL-10 inhibits the adhesion of leukocytes
to endothelial cells.°* In addition to preventing leuko-
cyte adhesion, it appears that IL-10 is essential for the
maintenance of normal vasculature®® IL-10 is also an
essential cytokine that regulates vascular wall thickening
during AVF maturation.””

TNF-a. is a proinflammatory cytokine secreted by Thl
and M1 macrophages. TNF-a. contributes to endothelial
dysfunction and neointimal hyperplasia.”’ Interestingly,
vein graft neointimal hyperplasia is exacerbated by TNF
receptor-1 signaling, but attenuated by TNF receptor-2
signaling.”>”® Because TNF-u plays a role in both exacer-
bation and attenuation of neointimal hyperplasia, direct
inhibition of TNF-o0 may not be a translatable therapy;
however, selective inhibition of TNF receptor-1 may be a
potential strategy to inhibit neointimal hyperplasia, and
targeting TNF receptors may therefore be a strategy to
improve AVF patency.

TGF-B is an anti-inflammatory cytokine produced by
Treg cells and M2 macrophages. TGF-B can suppress
Thl and Th2 cell differentiation, proliferation and

cytokine secretion, but induces differentiation of Treg
cells.'9>1°7 TGF-B also independently contributes to
vascular remodeling by promoting SMC proliferation
and extracellular matrix and collagen production to
maintain the integrity of the vasculature.”*”® Therefore,
TGF-B has functions that may promote AVF primary
maturation. In contrast, TGF-B is also associated with
AVF failure in the late phase of AVF remodeling”””?;
TGF-B stimulates vascular SMC proliferation and pro-
motes neointimal hyperplasia formation in AVF.”®
Because neointimal hyperplasia is a risk factor for late
AVF failure, elevated expression of TGF-B may be a risk
factor for AVF failure.”® Thus, although TGF-B may pro-
mote early venous remodeling, such as occurs during
AVF maturation, higher levels of TGF-p were associated
with increased risk of AVF failure’®; this may be second-
ary to TGF-f's role in promotion of neointimal hyperpla-
sia. The exact roles of TGF-B in early or late venous
remodeling are currently under investigation.

FUTURE DIRECTIONS TO IMPROVE AVF PATENCY

Targeting inflammation. Sirolimus and tacrolimus are
immunosuppressant drugs that decrease neointimal hy-
perplasia in animal models. Sirolimus improves experi-
mental AVF patency by decreasing wall thickening
while attenuating the Aktl-mTORCI signaling pathway
in SMC and macrophages.”" Because sirolimus has been
used clinically in human patients in conjunction with
coronary stents to preserve lumen diameter and
decrease restenosis after coronary artery stenting,'®®
sirolimus should have potential to decrease neointimal
hyperplasia in AVF; because the arterial and venous en-
vironments are different, additional research in this area
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will be needed. Interestingly, the combination of siroli-
mus and tacrolimus is associated with a greater decrease
in vascular narrowing'®’; because tacrolimus acts spe-
cifically on T cells, these data also suggest that T cells are
associated with excessive SMC proliferation, and that
macrophages are inhibited by sirolimus. Prednisolone is
another anti-inflammatory drug used in human patients
and that could be used to modulate AVF maturation; a
murine AVF model showed prednisolone attenuated
infiltration of lymphocytes and M1 macrophages and
enhanced outward remodeling of the AVF wall."®

Because immunosuppressive drugs have multiple ef-
fects on inflammatory cells, additional evidence is still
required to determine which subset of inflammatory
cells is the optimal cell type to target to improve AVF
maturation. Treg cells are one potential therapeutic
target.*®“° Treg cells secrete IL-10 and TGF-B to suppress
inflammmation that is associated with AVF failure®®'";
therefore, inducing the number of Treg cells and/or their
function could be considered a potential treatment to
improve the success of AVF in human patients. Interest-
ingly, because sirolimus can induce Treg cell differentia-
tion'? sirolimus's success in improving AVF patency
might be due to its upregulation of Treg cell activity."

Antibodies targeting inflammation have therapeutic
potential during AVF remodeling. For example, a selec-
tive anti-CD4" T-cell epithelial growth factor receptor
antibody induces T-cell anergy and reduces atheroscle-
rosis.""® Because antibodies can specifically target single
cell types such as antigen expressing cells or M1 macro-
phages, targeted therapeutic antibodies may be able to
both provide additional mechanistic understanding of
venous remodeling as well as regulate inflammation dur-
ing AVF maturation in more sophisticated ways.

Local therapy to control inflammation. Local delivery of
anti-inflammatory agents may help to minimize adverse
effects such as immunosuppression and severe infection
that are associated with systemic administration of these
therapies. Local injection of virus vectors has been suc-
cessful in gene transduction without an inflammatory
response."“1'® Sendai virus causes less inflammation than
other viruses, and has been used in patients with periph-
eral arterial disease.!"” The use of nanoparticles for local
drug delivery is also effective in humans."® In animal
models, treatment of vein grafts with imatinib nano-
particles before graft implantation inhibits development
of focal areas of stenosis,"® and nanoparticle-mediated
delivery of irbesartan promotes cardioprotection from
myocardial ischemia-reperfusion injury.”° Thus, local
drug delivery systems with virus vectors and nanoparticles
show efficacy in some cardiovascular diseases, and
therefore could potentially be used for patients with AVF.
Pluronic gel, a thermoreversible hydrogel, is another me-
dium used for local drug delivery to the adventitia; plur-
onic gel is delivered as a liquid at room temperature and
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hardens at body temperature. After pluronic gel is applied
around the perivascular wall, there is sustained release of
drugs.””’ Animal models have shown the usefulness of this
delivery system in AVF maturation and vein graft
remodeling.""1%'22

An endovascular delivery system can be used to infuse
drugs locally into the arterial adventitia.'”* Although this
system has been used to deliver dexamethasone into an
arterial wall,'*® treatment of the thinner venous wall may
not be possible, especially prior to maturation; however,
since perivascular inflammatory cells play an important
role during AVF maturation, immunosuppressive drug
delivery into the venous adventitia might help treat
AVF stenoses to increase secondary patency. A double
balloon catheter system has been used to deliver drugs
directly to the intima'** the balloons are inflated to
isolate a vessel segment, and drugs are infused between
the two balloons.”* Because endothelial cells regulate
the infiltration of inflammatory cells, local drug delivery
with the double balloon catheter may be feasible to
locally control endothelial function to improve AVF
remodeling. Although balloon catheters induce neointi-
mal hyperplasia, the double balloon catheter may deliver
drugs to inhibit neointimal hyperplasia and therefore
contribute to improved secondary AVF patency. With
local drug delivery systems, patients with an AVF may
be treated more specifically to maximize therapeutic ef-
fects and minimize systemic adverse effects.

CONCLUSIONS

T cells and macrophages play critical roles during AVF
maturation with distinct effects attributed to each of
these cells. From the limited evidence to date, Th2,
Treg, and M2 macrophages are necessary for primary
AVF maturation, but are also associated with late AVF
failure. Th1 and M1 macrophages are associated with pri-
mary AVF failure, but may also contribute to long-term
patency by inhibiting neointimal hyperplasia. The
nuanced roles of T cells and macrophages during venous
remodeling such as occurs during AVF maturation and
vein graft adaptation have yet to be adequately under-
stood owing to the great functional diversity of these
cells. Regulation of specific inflammatory cells and their
functions during the different phases of AVF remodeling
with selective immunosuppressive drugs and local drug
delivery systems may offer therapeutic promise to
improve AVF maturation, the numbers of working
fistulae and long-term AVF patency.
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