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The Transcriptomics of the Human Vein
Transformation After Arteriovenous Fistula
Anastomosis Uncovers Layer-Specific
Remodeling and Hallmarks of Maturation
Failure
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Introduction: The molecular transformation of the human preaccess vein after arteriovenous fistula (AVF)
creation is poorly understood. This limits our ability to design efficacious therapies to improve maturation
outcomes.

Methods: Bulk RNA sequencing (RNA-seq) followed by paired bioinformatic analyses and validation as-
says were performed in 76 longitudinal vascular biopsies (veins and AVFs) from 38 patients with stage 5
chronic kidney disease or end-stage kidney disease undergoing surgeries for 2-stage AVF creation (19
matured, 19 failed).

Results: A total of 3637 transcripts were differentially expressed between veins and AVFs independent of
maturation outcomes, with 80% upregulated in fistulas. The postoperative transcriptome demonstrated
transcriptional activation of basement membrane and interstitial extracellular matrix (ECM) components,
including preexisting and novel collagens, proteoglycans, hemostasis factors, and angiogenesis regula-
tors. A postoperative intramural cytokine storm involved >80 chemokines, interleukins, and growth fac-
tors. Postoperative changes in ECM expression were differentially distributed in the AVF wall, with
proteoglycans and fibrillar collagens predominantly found in the intima and media, respectively. Inter-
estingly, upregulated matrisome genes were enough to make a crude separation of AVFs that failed from
those with successful maturation. We identified 102 differentially expressed genes (DEGs) in association
with AVF maturation failure, including upregulation of network collagen VIl in medial smooth muscle cells
(SMCs) and downregulation of endothelial-predominant transcripts and ECM regulators.

Conclusion: This work delineates the molecular changes that characterize venous remodeling after AVF
creation and those relevant to maturation failure. We provide an essential framework to streamline
translational models and our search for antistenotic therapies.
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or a failed fistula with significant stenoses due to

T he first few weeks after AVF creation unravel a
excessive wall fibrosis and aggressive intimal hyper-

highly unpredictable remodeling process that re-

sults in a mature vascular access with flow >600 ml/min'
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plasia.” The odds of these scenarios have remained
around 50:50 for more than 50 years.} °> The mecha-
nistic landscape determining maturation or failure has
been based so far on animal models, extrapolations
from arterial biology, and computer modeling with
almost no confirmation in human cohorts. In fact, the
questions of how a human preaccess vein transforms
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into a fistula at the molecular level and what de-
termines maturation success during this trans-
formation remain unanswered.

The main trigger for the transformation of the vein
to the AVF is the rush of highly oxygenated blood
from the artery after anastomosis.” Initial distention of
the vein alleviates the elevated wall shear stress while
driving further increases in luminal diameter and
quick remodeling of the wall to withstand circum-
ferential wall stress and secure hemostasis.” Regardless
of the maturation outcome, all fistulas increase in
cross-sectional diameter and wall thickness through
extensive reorganization of the ECM as well as selec-
tive cell survival and proliferation.zjf9
models, these processes are orchestrated by mecha-
nisms involving transforming growth factor  (TGEP)
signaling, heme oxygenase 1, interleukin 6, metal-
loproteinases, and monocyte chemoattractant protein
1, among others.'® " Nonetheless, whether these mech-
anistic paradigms apply to the remodeling of a human
preaccess vein to a fistula remains unknown for lack of
sufficient human-based studies.

We recently applied RNA-seq to preaccess veins
from a small cohort of patients with 2-stage AVF to find
molecular signatures that predisposed for AVF fail-
ure.'” We showed increased expression of proin-
flammatory genes in association with nonmaturation.
In addition, microarray-based analyses of 4 preaccess
veins and 6 AVFs by independent groups highlighted
the role of TGEp signaling, inflammatory cytokines,
and INHBA and NR4A2-regulated nuclear factor-kB
activity in the adaptation of the vein to arterial circu-
lation."”'® While the emphasis of our previous work
was on the preintervention transcriptomic profile, we
now apply RNA-seq and paired bioinformatic analyses
to vein and AVF tissues from a larger cohort to discover
gene expression changes underlying the postoperative
transformation. This method also controls for other
factors contributing to transcriptional variability. We
illustrate for the first time the functional changes
required for proper AVF remodeling after arterial
anastomosis and those that are relevant for maturation
or failure.

METHODS

Detailed methods are described in the Supplementary
Methods section.

In animal

Study Design

Longitudinal vascular biopsies (preaccess veins and
juxta-anastomotic AVF segments) were collected from
60 participants =21 years of age with stage 5 chronic
kidney disease or end-stage kidney disease and
scheduled for 2-stage AVF creation surgery at Jackson
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Memorial Hospital and the University of Miami Hos-
pital from November 2014 to November 2018 as part of
an actively enrolling biorepository. These included 30
patients with successful AVF maturation and 30 with
maturation failure (Figure la and b), selected from the
repository such that both groups had similar repre-
sentation of baseline characteristics (age, sex, ethnicity,
comorbidities, and previous vascular access history)
and followed predefined inclusion or exclusion criteria
(Supplementary Methods). The AVF specimen was
collected approximately 2 cm from the initial anasto-
mosis if the length of the transected AVF was long
enough to allow its transposition (Figure la). Vein and
AVF samples 1 to 5 mm in length were submerged in
RNAlater (QIAGEN, Germantown, MD) for RNA
isolation. In 19 patients from each group, both the
preaccess vein and AVF passed RNA quality control
requirements and were selected for bulk RNA-seq
(Figure 1b). If enough tissue was available, a 1- to 2-
mm cross-section was fixed in 10% neutral formalin
(Sigma-Aldrich, St. Louis, MO) for paraffin embedding
and sectioning. The study was performed according to
the ethical principles of the Declaration of Helsinki and
regulatory requirements at both institutions. The ethics
committee and Institutional Review Board at the Uni-
versity of Miami approved the study. Preaccess veins
from 19 patients were previously analyzed in Martinez
et al."

Anatomic AVF maturation failure was defined
retrospectively as an AVF that never achieved a
luminal diameter =6 mm, which required a shorter
transposition, graft extension, or ligation instead of the
standard transposition during second-stage surgery.’
The anatomic maturation definition is a simplified
version of the “rule of sixes,” specifically suited to
evaluate the biology of early vascular remodeling
before the confounding effects of cannulation.

RNA-Seq and Differential Gene Expression
Analysis

Preparation and sequencing of RNA libraries was car-
ried out in the John P. Hussman Institute for Human
Genomics, Center for Genome Technology. DEGs be-
tween preaccess veins and AVFs were identified in
DESeq2'” using a paired algorithm accounting for the
time of tissue collection (vein vs. AVF) and the patient
origin of each set of paired samples. The raw RNA-seq
data are accessible in NCBI Gene Expression Omnibus
through the GEO accession numbers GSE119296 and
GSE220796 (Supplementary Table S1).

Cytokine Multiplex Assays
Tissue protein lysates normalized to 400 [lg/ml were
profiled using the Human Cytokine/Chemokine 48-Plex

Kidney International Reports (2023) 8, 837-850
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Figure 1. Study design and sample collection. (a) Flow diagram of surgical procedures and sample collection. Reprinted (with minor changes)
with permission from Martinez et al (b) Total number of veins and AVFs collected for RNA isolation per maturation outcome and number of
patients selected for bulk RNA sequencing after applying RNA quality control inclusion criteria (both preaccess vein and AVF sample with RNA

integrity score > 5). AVF, arteriovenous fistula; QC, quality control.

Discovery Assay (catalog #HD48) and the TGFp 3-Plex
Discovery Assay (#TGFB1-3) by Eve Technologies
Corporation (Calgary, AB, Canada).

Histology and Immunohistochemistry Analyses
Tissue sections were stained with Masson’s trichrome
(Polysciences, catalog #25088-1) and Alcian blue
(Abcam, #abl50662) for gross histomorphometric
analysis. For immunohistochemistry , specific proteins
were detected using the primary antibodies listed in
the Supplementary Methods.

Statistical Analysis
Statistical analyses of morphometry and protein vali-
dation data were performed using GraphPad Prism
8.4.0 (San Diego, CA).

RESULTS

Study Design and Characteristics of the Study
Cohort

Longitudinal gene expression changes were assessed by
comparing preaccess veins obtained at the time of ac-
cess creation (first-stage surgery) with juxta-
anastomotic AVF samples procured at the time of
AVF superficialization (second-stage surgery) from 38
individuals (Figure la and b). The time between first-
stage and second-stage surgeries was 81 4= 30 days
(mean =& SD). Both the maturation and failure groups
included 19 participants (Figure 1b) and were similar in
terms of demographic composition and clinical char-
acteristics (Table 1).

Kidney International Reports (2023) 8, 837-850

Transcriptome-Wide Changes During the Vein
to AVF Transformation

A total of 3637 transcripts were differentially
expressed between veins and AVFs in paired analyses
(absolute log, fold change [FC] = 1, false discovery
rate [FDR] < 0.05; Figure 2a, Supplementary Figure S1,

Table 1. Baseline characteristics of the paired transcriptomics
discovery cohort

Characteristic Matured (n = 19) Failed (n = 19)
Demographics
Age, yr 54 +17 59 + 13
Female, n (%) 10 (63) 9 (47)
Race/ethnicity, n (%)
Black 9 (47) 10 (63)
Hispanic 6 (32) 7 @37)
White 4.(21) 200
Comorbidities
Hypertension, n (%) 19 (100) 18 (95)
Diabetes, n (%) 9 (47) 14 (74)
ASCVD, n (%) 6 (32) 8 (42)
CHF, n (%) 3(16) 3(16)
AVF features/history
Brachiobasilic, n (%) 17 (89) 16 (84)
Left arm, n (%) 16 (84) 17 (89)
Vein diamefer, mm 4.0 [4.0-4.0] 4.0 [4.0-4.0]
AVF diameter, mm 7.0 [6.0-7.5] 4.5 [4.0-5.0]
Time interval®, d 78 + 29 85 + 32
Stage-5 predialysis, n (%) 2(11) 5 (26)
Previous AVF, n (%) 3 (16) 4 (21)

ASCVD, atherosclerotic cardiovascular disease; AVF, arteriovenous fistula; CHF,
congestive heart failure.

*Time interval between first-stage and second-stage surgeries.

Continuous variables are expressed as mean + SD or median (interquartile range).
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Supplementary Data File S1). Eighty percent of these
transcripts were upregulated after anastomosis (clus-
ters 1 and 2 in Supplementary Figure SIA and C),
whereas the remaining 20% had lower transcriptional
activity in fistulas (cluster 3). Clusters 1 and 3 best
reflected the transformation between veins and AVFs
and included the highest-expressing genes and low
proportion of pseudogenes and other nonfunctional
transcripts (Supplementary Figure S1C and D). Among
2678 DEGs with identified functions in digital data-
bases,'® there was a similar distribution of gene
functions between downregulated and upregulated
DEGs in AVFs. Exceptions included a higher repre-
sentation of transcription regulators or nuclear pro-
teins (12% vs. 7%), more cytokines or growth factors
(4% vs. 1%), and lower proportion of ion channels
and transporters (4% vs. 10%) in upregulated versus
downregulated genes, respectively (Figure 2b).

Gene set enrichment analyses of DEGs revealed
transcriptional activation of genes related to vascula-
ture development, ECM remodeling, SMC migration,
and endothelial cell (EC) proliferation and migration
(Figure  2c, Figure  S2A; see
Supplementary Data File S2 for full list of pathways).
Vasculature development pathways involved upregu-
lation of basement membrane and interstitial ECM
components (e.g., collagens, proteoglycans, and gly-
coproteins), cell adhesion molecules (e.g., CDH2), he-
mostasis factors (e.g., SERPINEI), multiple cytokines,
and angiogenesis regulators (e.g., SEMA4A, ESMI,
PTGS2, and SPARC) (Supplementary Figure S2).
Fibrillar and nonfibrillar collagens, proteoglycans, and
ECM-modifying enzymes also formed part of gene sets
involved in ECM organization and collagen fibril
formation.

In agreement with the development of an enlarged
vessel, suppressed pathways included those related to
cell contraction, vasoconstriction, and regulation of
vessel diameter and blood circulation (Figure 2c). In-
hibition of these processes was explained by down-
regulation of various adrenergic receptors, intermediate
filament proteins (e.g., DES), voltage-gated potassium
channels, and genes involved in regulation of intra-
cellular calcium (Supplementary Figure S2). Upregula-
tion of mechanosensitive TRPV4 and LRRCS8A
channels (Supplementary Data File S1) may also illus-
trate a multigenic mechanistic apparatus in control of
flow-induced vasodilation.'”*’

Supplementary

Transcriptional Regulation of the Vein to AVF
Transformation

The increased proportion of transcriptional regulators
among upregulated DEGs prompted us to search for
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potential transcriptional drivers of the vein to AVF
transformation. For an unbiased prediction of tran-
scription factors (TFs) responsible for DEGs between
veins and AVFs, a transcription factor enrichment
analysis”' was performed using highly expressed DEGs
(1170 with base mean >50) as putative targets. The 20
best-ranked TFs are presented in Figure 3a (full list in
Supplementary Data File S3), 12 of which were among
the list of DEGs and 7 others had higher expression in
AVFs than veins (FDR < 0.05) but did not make the
cutoff of log,FC = 1 (log,FC ranging from 0.40 in
PRRX2 to 0.97 in IKZF1). Pathway analyses of target
DEGs controlled by these factors identified specific
vascular functions in which these TFs may play a role.
For example, highly upregulated TFs such as CSRNPI,
NR4A3, JUNB, EGR2, and ATF3 seemed to control
mostly cellular functions; NR4A3, JUNB, SNAII, and
FOSB played specific roles in ECM disassembly,
whereas ZNF469 and FOXSI regulated ECM organiza-
tion (both), blood vessel diameter (FOXSI), and
response to mechanical stimulus (ZNF469) (Figure 3c).
The transcription factor enrichment analysis algorithm
also supports coexpression and/or direct transcrip-
tional regulation of several of these TFs by other factors
in this set (Figure 3d).

MicroRNAs contribute to posttranscriptional regula-
tion by inhibiting translation and destabilizing mRNA.
In addition to the above TFs, multiple differentially
expressed microRNAs were identified as participants of
vasculature development processes (Supplementary
Figure S2A, Supplementary Data File S2).

ECM Remodeling During the Vein to AVF
Transformation

Considering the essential role of ECM remodeling in
AVF development and maturation outcomes and that
any differences in ECM genes between AVFs and pre-
access veins likely reflect stable transcriptional signa-
tures of this early remodeling period, we then focused
our prepost comparisons on “matrisome” gene
expression, the ensemble of genes encoding for core
ECM and ECM-associated proteins. Using as reference
the MatrisomeDB annotation database”” and a summary
of proteoglycan biosynthetic or modifying enzymes,”’
a total of 285 matrisome genes were identified in the
overall set of DEGs between veins and AVFs (Figure 4a,
Supplementary Data File S4). More than 87% of these
matrisome DEGs were upregulated in AVFs compared
with those in preaccess veins (Figure 4a,
Supplementary Figure S3A) and included some of the
genes with highest FC in genome-wide differential
expression analyses (Figure 2a). Interestingly, upregu-
lated matrisome genes (clusters 1 and 2) in Figure 4a

Kidney International Reports (2023) 8, 837-850
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Figure 2. DEGs and functional pathways in the vein to AVF transformation. (a) Volcano plot representation of 3637 DEGs in AVFs compared with
their corresponding preaccess veins (pairwise comparisons). Changes in gene expression are presented as log,(fold change) in AVFs with
respect to veins. Red dots indicate upregulated genes in AVFs (log, fold change = 1, false discovery rate < 0.05), and blue dots are genes
downregulated in fistulas (log, fold change = —1, false discovery rate < 0.05). (b) Distribution of functions in 2678 DEGs with functional
classifications available. (c) Pathway enrichment analyses of DEGs indicating activated and suppressed biological processes during the vein to
AVF transformation. Biological processes are organized by gene ratio on the x-axis (also known as enrichment ratio), which is defined as the
ratio of DEGs annotated in a term (count) to the total number of genes in this process in genome-wide annotation packages. DEG, Differentially
expressed gene; EC, endothelial cell; ECM, extracellular matrix; SMC, smooth muscle cell.

were enough to make a crude separation of AVFs that
failed from those with successful maturation.

Among the upregulated collagen genes, the ones
with the highest magnitude of FC and expression levels
(normalized counts) were the fibrillar collagens I and
III, network-forming collagens IV and VIII, and mul-
tiplexin collagen XVIII, which is also considered a
heparan sulfate proteoglycan (Figure 3b). Collagens I
and III are the main collagenous components of the
interstitial ECM, whereas the hexagonal networks of
collagens IV and VIII provide an anchoring scaffold
and mechanical strength to the basement membrane.”
Increased expression of collagen V was also noted and
that of collagen XII, which is induced by excess me-
chanical stress and further stabilizes fibrillar colla-
gens.””” Increased expression of genes involved in
collagen processing and metabolism suggests that or-
ganization of the ECM is an active process in the AVF.
These include SERPINHI, an essential procollagen

Kidney International Reports (2023) 8, 837-850

chaperone in the endoplasmic reticulum,”” various
endoplasmic reticulum-resident prolyl and lysyl hy-
droxylases (P3HI, P3H4, P4HA3, and PLODI), which
generate stable triple helices,”® procollagen C-proteinases
and N-proteinases (BMP1, ADAMTS?2), procollagen C-
proteinase enhancer (PCOLCE), and multiple metal-
loproteinases (Supplementary Figure S3B). Overall, the
widespread upregulation of collagen genes in AVFs cor-
responded to a significant increase in medial fibrosis and
fibrillar collagen deposition in the media, as exemplified
by collagen III, the most abundant and one of the most
upregulated after anastomosis (Figure 4c and d).
Increased expression of collagens and processing
factors was paralleled by notable ECM glycoproteins
(FN1, ELN, laminins, fibrillins, thrombospondins,
SPARC, CTGF, CYR61, etc.) and cross-linking enzymes
(LOX and LOXL2) with functions in ECM remodeling
and wall stability (Supplementary Figure S3B). Five
proteoglycans stood out in terms of FC and magnitude
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Figure 3. Transcriptional regulation of the vein to AVF transformation. (a) TF enrichment analysis indicating the 20 best-ranked TFs in the
transcriptional regulation of the vein to AVF transformation. This analysis ranks TFs based on the number of predicted targets in the input data
set compared with the total number of targets experimentally identified by chromatin immunoprecipitation sequencing. (b) RNA expression in
the vein and AVF of the 20 best TFs predicted in (a). The y-axis presents normalized counts, and the asterisk symbol indicates TFs that are
differentially expressed during the vein to AVF transformation (log, fold change = 1, false discovery rate < 0.05). (c) Prediction of hiological
processes in which the above TFs participate based on pathway analyses of their corresponding gene targets. (d) Coregulatory networks of the
above TFs indicating coexpression of TFs in chromatin immunoprecipitation sequencing libraries (gray lines) or direct transcriptional regulation
by an indicated factor (pointed arrows). AVF, arteriovenous fistula; EC, endothelial cell; ECM, extracellular matrix; ROS, reactive oxygen species;

SMC, smooth muscle cell; TF, transcription factor.

of expression in AVFs compared with those in pre-
access veins, including ACAN, ASPN, BGN, OGN, and
VCAN (Figure 5a). There was also significant upregu-
lation of proteoglycan biosynthetic or modifying en-
zymes such as HAS1, HAS2, B3GNT5, CHST2, and
GALNTS5. (Supplementary Figure S3B). Interestingly,
increased collagen deposition in AVFs predominantly
affected the medial layer, whereas postoperative
intimal expansion was characterized by overt proteo-
glycan biosynthesis (Figure 5), as confirmed by a sig-
nificant increase in glycosaminoglycan-targeted (Alcian
blue) and core protein—targeted staining (Figure 5b—d).
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Secreted Factors and Inflammation During the
Vein to AVF Transformation

Many secreted factors are integral constituents of the
ECM because they bind to glycosaminoglycans and
ECM protein domains and act as autocrine or paracrine
signals that regulate matrisome gene expression. Of the
91 secreted factors differentially expressed between
AVFs and preaccess veins, 90% were upregulated in
fistula tissues (Figure 6a, Supplementary Figure S3A).
Chemokines with the highest fold increase from veins
to AVFs were MCP-1 (CCL2), MIP-1¢, (CCL3), CXCL2,
and interleukin-8 (CXCL8) (Figure 6b). Other factors

Kidney International Reports (2023) 8, 837-850
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arteriovenous fistula; I, intima; M, media.

that stood out in terms of FC and magnitude of
expression included IL1B, IL6, TGFP1 and TGEf2, LIF,
and SPP1, which is also a glycoprotein. Upregulation of
many of these secretable factors after anastomosis was
confirmed at the protein level using multiplex assays
(Figure 6b) and were found localized throughout the
AVF wall, including the intima and media
(Supplementary Figure S3C). Interestingly, interleukins
and chemokines in AVFs correlated for the most part at
the protein level, whereas the concentrations of TGFf1
and TGFP2 correlated neither with these factors nor
with each other (Figure 6c).

Maturation Failure: When the Vein to AVF
Transformation Goes Wrong

Twenty-eight AVFs of those analyzed by RNA-seq had
enough tissue available for histology and immunohis-
tochemistry (12 mature and 16 failures). The percentage

Kidney International Reports (2023) 8, 837-850

of medial fibrosis was higher in AVFs that failed than in
those that matured (68.01 £ 12.66% vs. 57.99 =+
9.69%, P = 0.036), whereas maximal intimal thickness
was similar between outcomes (992.0 & 606.0 vs. 751.7
£ 614.3 m, P = 0.32, respectively). Next, we sought
to identify the changes in gene expression during the
vein to AVF transformation that were relevant to
maturation failure. Paired differential gene expression
analyses conditional to maturation outcomes identified
102 DEGs in association with AVF failure (absolute
log,FC = 1, FDR < 0.05; Figure 7a and b,
Supplementary Data File S5). Half (51) of these DEGs
increased in expression from the vein to the AVF
irrespective of maturation outcomes (Supplementary
Data Files S1 and S5) but either increased signifi-
cantly more in AVFs that failed (COL8AI, RIPK4,
ST6GAL2, and AP000808.1) or did not increase to the
same extent (47 of 51; e.g. ILI0, MMPIY, and
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CSRNPI) compared with those in successful matura-
tion (Figure 7c). Four additional DEGs decreased from
the vein to the AVF irrespective of maturation out-
comes and significantly more so with maturation failure
(SI00B, GFRA3, LICAM, and ST6GALNACI). The
remaining 47 failure-associated DEGs were detected for
the first time in these outcome-dependent analyses and
not in the general vein to AVF comparisons because of
punctuated differences between outcomes (4 upregu-
lated [TRMT9B, CCDCI110, INHBA-ASI, and
AL160153.1] and 43 downregulated with failure [e.g.,
NOS3, ARG2, and HYAL2]; Supplementary Figure S4).

Ninety-seven failure-associated DEGs had functions
identified in digital databases (Figure 7a),'® and more
than one-fourth (28 of 102) formed part of the matri-
some, including core matrisome or ECM proteins, sec-
retable factors, multiple proteoglycan biosynthetic or
modifying enzymes, and enzymatic ECM regulators
(Supplementary Data File S4). This agrees with previ-
ous associations of adverse ECM remodeling with
maturation failure.”*’ Interestingly, the only collagen
gene upregulated with failure was COL8A1, which was
confirmed by immunohistochemistry (Figure 7d).
Increased deposition of collagen VIII occurred pre-
dominantly in the media, in contrast with its initial
identification as a component of the endothelial
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Figure 5. Intimal remodeling during the vein to AVF transformation. (a) Expression levels and magnitude of fold change in upregulated pro-
teoglycan genes during the vein to AVF transformation. The y-axis indicates normalized counts. False discovery rate < 0.05 for all paired
comparisons. (b) Representative Alcian blue stainings and quantification in veins and AVF tissue sections. (c,d) Immunohistochemistry of
aggrecan (c) and versican (d) and quantification in veins and AVF tissue sections. Values in (b) to (d) were compared using paired t-tests. AVF,
arteriovenous fistula; I, intima; M, media.

basement membrane ™ but in agreement with reports of
injured SMCs and the media of developing vessels.”
Another profibrotic factor upregulated in AVFs that
failed was INHBA-ASI, which is associated with
increased fibrillar collagen deposition in hypertrophic
scar formation.”

The glycosaminoglycan biosynthetic —enzyme
ST6GAL2 was also upregulated during the vein to AVF
transformation in AVFs that failed compared with those
that matured, whereas other proteoglycan-modifying
enzymes (HYAL2 and HPSE), metalloproteinases
(MMP9, MMPI19, ADAMTSY9, and ADAMTS14), and at
least 2 anti-inflammatory factors (ILIRN and IL10) had
decreased expression in cases of failure (Supplementary
Data File S4, Supplementary Figure S4). Bone morpho-
genetic protein 2, which antagonizes TGFf signaling, *’
and SERTADI, a transcriptional coactivator of BMP2-
induced Smadl signaling,”® were also downregulated
with maturation failure. Altogether, these and the
above changes suggest a dysregulation of ECM
remodeling in maturation failure.

Finally, at least 17 endothelium-predominant genes
were downregulated during the vein to AVF trans-
formation in AVFs that failed compared with those that
matured. These included NOS3, ARG2, ICAM2, SELP,
SELL, APOLDI, PALMD, and SRGN, among others

Kidney International Reports (2023) 8, 837-850
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(Supplementary Figure S4, Supplementary Data File
S5). This downregulation may be related to lower
levels of TFs that regulate endothelial genes (e.g.,
CSRNPI, SOX17, ZNF331, FOSL1, and MYC) in AVFs
that failed (Figure 7c, Supplementary Figures S4 and
S5, Supplementary Data File S6), or the antiangiogenic
effect of vastatin, a collagen VIII-derived matrikine.””
In support of the latter, COL8AI expression in AVFs
negatively correlated with RNA levels of NOS3 and
PALMD (Supplementary Figure S4B). Downregulation
of EC markers may also indicate a higher degree of
endothelial dysfunction in maturation failure.

DISCUSSION

The AVF created in 2 stages is one of the few clinical
scenarios that allows the longitudinal analysis of hu-
man veins to study the mechanism underlying flow-
induced venous remodeling. In this work, to our
knowledge, we present for the first time the post-
operative changes in the transcriptomic landscape of
the human vein after anastomosis. We identified genes
and regulatory networks that explain the ability of the

Kidney International Reports (2023) 8, 837-850

vessel to dilate and thicken in response to supra-arterial
circulation. We provided evidence of layer-specific
ECM reorganization in AVFs. Finally, we discovered a
small list of genes associated with maturation failure
that can be potentially targeted to prevent stenoses.
Having longitudinal human data of gene expression
changes associated with failure is crucial not only to
obtain a clinically relevant understanding of the AVF
remodeling process but also to reassess and adapt our
experimental models for the accurate design of future
therapies.

The first objective of this study was to characterize
the coordinated molecular changes evoked by overflow
in the structure and composition of the AVF wall to
understand physiological remodeling. We demon-
strated increased expression of mechanosensitive
channels, stretch or flow-induced collagens, pro-
teoglycans, cytokines, and ECM-modifying enzymes,
along with downregulation of genes involved in
vasoconstriction after anastomosis. Mechanosensation
of increased flow and volume induces wall remodeling
and thickening to withstand circumferential wall stress
and secure hemostasis.””® Mechanosensitive channels
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such as TRPV4 activate ECM remodeling by inducing
matrix synthesis, MMP activity, and cytokine/growth
factor signaling, including TGFP.” Increased synthesis
of fibrillar collagens I and III provides tensile strength
and integrity to the AVF wall."’ Concurrently, the
significant increase in network-forming collagen IV
relates to its crucial role in stabilizing the basement
membrane while allowing wall stre‘cching.24'40 Collagen
types V, VIII, XII, and XVIII were barely transcribed in
the preaccess vein but are significantly upregulated in
AVFs to further stabilize basement membranes and
regulate fibril formation.”* ***!*?

Another hallmark of this study was the finding that
proteoglycans significantly accumulate in the intima
after AVF creation. Proteoglycans, particularly heparan
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sulfate, hyaluronan, and sialic acid—modified proteins,
play an important function in shear-induced mecha-
notransduction because they help increase nitric oxide
production,” " although this effect is debated in
larger vessels.® Fluid shear stress stimulates hyalur-
onan synthesis by ECs.”” However, the localization of
proteoglycans and Alcian blue staining throughout the
entire intima supports their production by neointimal
cells more so than ECs. This characteristic of the intima
has also been observed in animal models of restenosis
and vein grafts”’" and speaks to the uniqueness of this
layer as sponge and/or reservoir of secretable factors,
regulator of immune cell infiltration, and potential
biomechanical support to resist hemodynamic
compression. Animal models have shown an increase in
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hyaluronic acid during AVF remodeling and a role for
the hyaluronic acid receptor CD44 in promoting
inflammation.”” The upregulation of ST6GAL2 and
downregulation of HYAL2, HPSE, and ST6GALNACI
in AVFs that failed suggest a disbalance in glycosami-
noglycan structure and composition compared with
mature vessels, although the exact mechanisms remain
to be identified. Moreover, whether intimal pro-
teoglycans are a requirement for intimal cell migration
and survival or other characteristics of this layer is a
critical question for future studies, with profound
implications for therapies aiming to control intimal
expansion.

As a final objective of this study, to our knowledge,
we have now discovered for the first time the associa-
tion between changes in gene expression after anasto-
mosis and AVF failure. Surprisingly, only a small
number of DEGs seems to be modifying the remodeling
process to determine maturation or failure. Among the
few upregulated genes with failure was COLSAI,
whose accumulation was further confirmed surround-
ing SMCs in the media. Similar to collagen IV, the
postoperative deposition of collagen type VIII may
contribute to wall stability.”* However, collagen VIII
increases collagen I and III deposition and TGFpP
signaling under volume overload conditions”’ and may
be related to vascular stiffness and ECM rigidity in
AVFs that fail. Collagen VIII also promotes SMC
migration,” suggesting a potential role in intimal hy-
perplasia. Although we did not observe differences in
fibrillar collagens at the RNA level between AVFs that
matured and those that failed, it is possible that these
changes were detectable early in remodeling and
correspond to an increase in medial fibrosis with
maturation failure as demonstrated previously.”
Expression of collagen VIII by SMCs is induced by
injury mechanisms and/or increases in flow as observed
in animal models of AVF and balloon injury.lz"”’33
Importantly, unlike collagen IV, global Col8al/Col8a2
knockout animals are viable and present normal
vascular development,” which suggests that this is a
targetable collagen to improve AVF maturation.

Interestingly, —multiple endothelial-predominant
genes are downregulated with AVF failure compared
with successful maturation. These differences may
represent changes in EC phenotypes caused by down-
regulation of important EC-active TFs with failure.
Alternatively, it may represent endothelial dysfunction
or deficient postoperative luminal reendothelialization
because there are no significant differences in intra-
mural neovascularization between maturation out-
comes.”® Of note, reduced expression of PALMD with
failure may impair alignment of EC nuclei with respect
to flow, increasing mechanical stress and risk of
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stenosis.”’ The endothelial proteoglycan SRGN is
another mechanosensitive gene that promotes nitric
oxide synthesis in response to abnormal wall shear
stress’® and is downregulated with AVF failure. Alto-
gether, these examples may illustrate deficiencies in
mechanosensitive adaptations in AVF nonmaturation.
It is difficult to predict nitric oxide availability in these
human samples as both NOS3 and ARG2 are down-
regulated with failure. However, NOS3 overexpression
and perivascular nitric oxide delivery have shown
promising results in animal AVF models.”” °'

The higher number of individuals and application of
paired bioinformatics in the present work proved a
powerful approach to find postoperative changes
related to outcomes while controlling for other factors
contributing to transcriptional variability. These ana-
lyses lay the groundwork for future omics studies to
create a more comprehensive molecular framework of
the AVF transformation. The combination of these data
with proteomics and single-cell analyses will help
identify specific cell phenotypes and intercellular and
extracellular regulatory networks that determine the
proper adaptation of the vein after AVF creation. These
findings will also allow a better interrogation of exist-
ing animal models and an improved retrotranslational
approach (bedside-bench) for the discovery of novel
therapies. We will be able to generate new genetically
modified models to establish the causality of these
molecular mechanisms and help close the gap between
experimental AVFs and clinically relevant remodeling
processes.

The limitations of this study include the single-center
setting and the exclusion of forearm AVFs. Assessment
of the postoperative juxta-anastomotic transcriptomic
profile at the time of superficialization may also preclude
the detection of gene expression changes occurring early
after anastomosis or in other regions of the AVF that may
be relevant to maturation or failure. Despite these limi-
tations, our work provides a clinically relevant frame-
work of the molecular transformation from the vein to
the AVF to be further dissected in future mechanistic
studies. The new data highlight the potential role of
collagen VIII as a new ECM regulator of postoperative
venous remodeling. Considering the antiangiogenic
properties of this collagen, perivascular interventions
targeting collagen VIII at the time of AVF creation may be
a feasible strategy to improve outward remodeling and
even endothelial function, without significantly
compromising wall strength or increasing the risk of
aneurysms.
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