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Abstract

Our understanding of the pathogenesis of large vessel vasculitis (LVV) are mainly achieved by studying the arteries
taken from temporal artery biopsy in giant cell arteries (GCA) or surgical or autopsy specimens in Takayasu arteritis
(TAK). These artery specimens provide invaluable information about pathological changes in these conditions that GCA
and TAK are similar but are distinctly different in immune cell infiltrate and distribution of inflammatory cells in anatomi-
cal locations. However, these specimens of established arteritis do not provide information of the arteritis initiation
and early events which are impossible to obtain in human artery specimens. Animal models for LVV are needed but not
available. Here, several approaches are proposed for experimentation to generate animal models to aid in delineating
the interaction of immune reaction with arterial wall components.
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Introduction

Giant cell arteritis (GCA) and Takayasu arteritis (TAK) are
large vessel vasculitis (LVV) affecting the aorta and its
branches. LVV are pan-arteritis, that is, the inflammation in-
volves the three layers of artery wall. The typical histologic
changes in the affected arteries of LVV are distortion of the
media: loss of smooth muscle cells and refilled with areas
of inflammatory cells and fibrosis. Inflammatory cells consist
of CD4* and CD8" T cells, macrophages, natural killer (NK)
cells, and plasma cells; granulomatous formation with giant
cells is also present. The intima is thickened with inflamma-
tion and fibrous changes. Substantial difference is observed
between GCA and TAK although similarities in the histologic
findings described above. For example, there are more CD8*
T cells, B cells and NK cells infiltrating the media of TAK ar-
tery and the adventitia is substantially expanded with fibrosis
and pauci-cellular infiltration. These changes in TAK rep-
resent histologic findings of advanced and terminal stages
of specimens from autopsy or surgically resected arteries.[

Elastic artery wall is viewed as an immune privileged site.
The media is anatomically barriered by inner and outer

Address for correspondence:
*Dr. Cong-Qiu Chu, Division of Arthritis and Rheumatic Diseases, Oregon Health
& Science University, Portland, Oregon 97239, USA. E-mail: chuc@ohsu.edu

elastic layers which rendered the medial layer inaccessible
by immune or inflammatory cells.® That being the case, how
the immune tolerance is breached in LVV is not known. One
hypothesis is that inflammation of LVV might be initiated in
the vasa vasorum.®” A vasa vasorum is a network of ves-
sels which supplies blood circulation within the adventitia of
large artery wall and can be a port for an initial insulting factor
to get access to the artery. Indeed, vasculitis and neovascu-
larization in vasa vasorum are found in samples of arteries
of TAK patients.>#88 |nflammatory infiltration starts around
vasa vasorum and granuloma formation with giant cells are
usually found in the outer layer of media.l"? The similar notion
has also been proposed for GCA and is supported by histo-
logical findings that newly formed vasa vasorum is present-
ed in inflamed GCA samples®® and in uninflamed temporal
arteries.l" However, these observations cannot simply be
interpreted as the inflammation process begins at vasa va-
sorum since that it can be the case that inflammation in the
media or adventitia extends to vasa vasorum. It is almost
impossible to prove or refute this hypothesis in LVV since
biopsy of a large artery during the early event is not fea-
sible. Practically, it is extremely challenging to investigate
the early events of LVV in humans but this information is
critical for design targeted earlier intervention for LVV, espe-
cially for TAK. Thereby, appropriate animal models of LVV
are needed to be developed.
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Human Artery Xenograft Mouse Models

Human artery engraft to immune deficient mice was pioneered
by Weyand’s group.!"! Temporal artery segments from biopsy
samples of patients with GCA were implanted subcutaneously
into nonobese diabetic (NOD)-severe combined immunodefi-
cient (SCID) mice.l""! Arteritis is selfsustained after engraft in
SCID mice. This human artery-SCID mouse model has been
useful to test various therapeutics for GCA.[""3 This model
has also provided critical information about how adventitial
dendritic cells (DC) are activated in GCA. Normal temporal
arteries contain immature DC in the adventitia. After implan-
tation is established in SCID mice, these adventitial resident
DC remain to be immature until after they are stimulated by
Toll-like receptor (TLR) ligands which are administered sys-
temically.l" It is likely that the TLR ligands gained access to
the adventitial DC via vasa vasorum. Interestingly, adventitial
DC in temporal arteries (no GCA) from patients with polymy-
algia rheumatica (PMR), when co-implanted with an inflamed
temporal artery from GCA, the mature adventitial DC of PMR
can recruit T cells that originated from the GCA artery. Thus,
the in situ activation of adventitial DC may initiate and main-
tain T cell response and arterial tissue destruction.l'¥ These
findings, however, may not represent what may have hap-
pened in TAK since difference exists in artery status and im-
mune system function between TAK patients (younger) and
GCA patients (older).

Recently, Chen and colleagues!'® successfully transplanted
temporal artery segments from GCA patients into Nude mice
by anastomosis to abdominal aorta. The GCA arteries were
subjected for color duplex sonography and enhanced com-
puterized tomography studies. The arteritis of grafted human
GCA arteries sustained as demonstrated by the above im-
aging tests and histological assays. This artery-artery anas-
tomosis is more anatomically physiological and may have a
broader application for mechanistic studies. For example, en-
grafting non-GCA temporal arteries (biopsied from PMR pa-
tients) supplemented with peripheral blood mononuclear cells
may facilitate studies to investigate triggering factors for de-
velopment of GCA. Unfortunately, it is impossible to replicate
the human artery-mouse chimera experiments to investigate
the early events for TAK since arteries without arteritis from
younger patients will not be available. Alternative experimen-
tal approaches in native arteries of animals must be sought.

Induction of Arteritis via Vasa Vasorum

TLR has been implicated in the pathogenesis of LVV.['6-1 |n
theory, it is possible to activate adventitial DC in segments
of large arteries by systemic administration of TLR ligands
in genetic susceptible animals, but such genetically suscep-
tible animal models are not yet identified. Alternatively, TLR
ligands can be injected via originating arteries feeding vasa
vasorum of certain segments of aorta or main aorta branches
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(Figure 1), so that a high concentration gradient of TLR li-
gands can be achieved at the vasa vasorum to adventitial DC
since vasa vasorum are end-arteries solely responsible for
supplying blood to the local tissue.?*?"! However, this ap-
proach is technically challenging, especially in rodents, not
only for the small diameter of arteries, but also it is debat-
able whether the aorta of mice has vasa vasorum. Previous
studies identified vasa vasorum in mouse aorta albeit in a
very low density,?2%1 but other studies failed to identify such a
vasa vasorum network?¥ (Cornelia Weyand, MD, PhD, email
communication, November 2, 2022). In large animals whose
aorta contains vasa vasorum, the originating arteries can be
identified with assistance of imaging technology such as in-
travital microscopy or indocyanine green (ICG) fluorescence
in live animals.? As early as in 1965, using X-ray microsco-
py, Clarke has identified that brachiocephalic and intercostal
arteries feed ascending and descending aorta respectively,
while the lumbar and mesenteric arteries feed the abdomi-
nal artery in post-natal humans.??®! |t appears feasible to verify
these vasa vasorum originating arteries in live animals such as
porcine models using ICG fluorescence and perform selective
intraarterial injections with TLR ligands to activate adventitial
DC (Figure 1).

Periarterial Adipose Tissue as a Portal to Activate
Adventitial DCs

Alternative to selective injection towards vasa vasorum, initi-
ating inflammatory process in periarterial adipose tissue lead-
ing to adventitial DC activation would be technically easier
and these can be performed in mouse models. It has been
recently recognized that perivascular adipose tissue (PVAT)
is metabolically active and has a protective role in vessel
homeostasis and is viewed as the fourth layer of the large
arteries.” Involvement of PVAT in atherosclerosis has been
recognized.?"28 |t is also speculated that PVAT participate in
TAK pathogenesis but direct evidence is lacking.?® PVAT is
anatomically part of the arterial wall and perivascular ves-
sel network is connected. An inflammatory process can be
experimentally provoked in PVAT. For instance, TLR ligands
can be injected in the PVAT in the selected segments of aorta
(Figure 1) to initiate activation of DC in PVAT, and subse-
quently, adventitial DC can be activated. This approach can
be investigated in mice, in particular, in those genetically
modified mice, e.g. interferon regulatory factor (IRF)-4 bind-
ing protein (IBP) deficient mice and interleukin-1 receptor an-
tagonist (IL-Ra) deficient (Il1rn”-) mice which develop inflam-
mation in aorta.B031

Arterial Cuffing to Induce Arterial Injury

Experimentally induced arterial injury such as arterial cuffing
can induce intimal hyperplasia and inflammation in the me-
dia along with inflammation changes in the adventitia.l®® This
method has been extensively adopted in genetic modified
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Figure 1: Schematic graph depicting approaches to produce animal models of large vessel vasculitis. IL-21, interleukin 21.

atherosclerosis prone mice for investigation of inflammation
process in the arterial wall.?+3"! It was proposed that artery
cuffing injury may cause obstruction of vasa vasorum leading
to regional ischemia in adventitia.®® Similarly, cuffing a seg-
ment of aorta (Figure 1) in IBP deficient or IL-1Ra deficient
mice will serve as a model to delineate the early events after
artery injury. Isoda et al investigated artery reaction upon cuff
injury in IL-1Ra deficient mice (they do not develop aortitis on
C57BL/6 background, see below).83 Inflammation appears
as early as 3 days after artery injury and this was followed by
intima thickening later. There is no inflammation in media not-
ed in this model. These results may suggest that mechanical
injury insult is not sufficient to initiate pan-arteritis and other
factors such as TLR stimulation is also required. It would be
interesting to explore combination of cuff injury with systemic
administration of TLR ligands. In this case, mechanical injury
initiates inflammation at the adventitia and TLR ligands acti-
vate adventitial DC.

Intraluminal Balloon to Induce Arterial Injury

Intraluminal balloon injury triggers inflammation of the artery
wall. One of the features of the mechanical injury is neovas-
culization in vasa vasorum. This has been demonstrated in
animal models in micel*®4" and rats.“?4%l Mouse models have
been used in appropriate genetic background for modeling
atherosclerosis and this is often complemented with high
fat diet.#041 However, there is no finding which resembles
changes seen in LVV. Like in the artery cuffing model, the
balloon injury procedure can be complemented with systemic
administration of TLR ligands for activation of adventitial DC.

6

Alternatively, TLR ligands can be applied in a perivascular
space contained in pluronic poloxamer gel which is con-
nected with the segment of injured artery (Figure 1). Pluronic
poloxamer gel is liquid at 4°C and can rapidly solidify at 37°C
when in contact with tissues in vivo. The gel is hydrophilic and
degrades rapidly in an aqueous environment. This method
has been successfully used to supply monoclonal antibody,
ranibizumab locally via vasa vasorum to block vascular endo-
thelial growth factor activity for suppression of fibrosis in the
balloon injured artery wall.*? In mice, balloon injury can be
performed in native carotid artery®*"! or in aorta in a graft pro-
cedure.”? The latter involves dilation of a segment of aorta
and then grafted and ligated with carotid artery in a litermate
recipient mouse.*% Both procedures are technically feasible
to perform and reproducible.

Arteritis-Prone Mouse Models for Modification to
Produce LVV Models

IL-1Ra blocks function of both IL-1a and IL-1p and is impor-
tant in maintenance of immune homeostasis. In mice, IL-
1Ra deficiency renders mice develop arteritis which can oc-
cur spontaneously®#'4445 or upon artery injury.®339 Arteritis
development is dependent on genetic background. That is,
spontaneous arteritis develops in IL-1Ra deficient mice on
BALB/ct#4 or 129/01a x MF18%3" background but not on
C57BL/6.%83% Spontaneous aortitis can develop as early as
4 weeks of age and the vessel wall inflammation infiltrates
include CD4*, CD8* T cells and monocytes/macrophages
throughout adventitia, media and intima along with destruc-
tion of media and elastic layers.?031444% The pathology of
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arteritis in these mice is delineated meticulously and the
histologic changes resemble those findings in LVV arter-
ies. Interestingly, the development of arteritis in these mice
is T cell mediated and dependent on tumor necrosis factor
(TNF).“ Unexpectedly, IL-25 (also called IL-17E) can exac-
erbate aortitis presumably by inducing IL-13 production by
DC and TNF by macrophages.*® However, the specificity that
the T cells react with is not known. Moreover, it is not clear at
which anatomical site of the artery wall and how the inflam-
mation initiate. Could adventitial DC become activated due
to the unopposed IL-1 activity? On the other hand, arteritis
does not develop spontaneously but can be induced by artery
wall injury such as artery cuffing in IL-1Ra deficient C57BL/6
mice.®83 Thus, they provide a valuable model to investigate
the initial insult which triggers arteritis in LVV.

IRF-4 is a crucial regulator for T helper type 17 (Th17) cell
differentiation. IBP negatively regulates IRF-4 function. IBP
deficient mice develop inflammatory arthritis and inflamma-
tion of large vessel wall.®? The transmural inflammation in-
volves aortic root and medium size arteries of the kidney and
the lung. Inflammatory infiltrates include lymphocytes, mono-
cytes, plasma cells, and neutrophils. Multinucleated giant
cells are also present. These histological changes resemble
those of human LVV. The arthritis and arteritis of IBP defi-
cient mice are accompanied by dysregulated IL-17 and IL-21
production with increased T cell receptor (TCR) response. It
is intriguing but interesting that IBP deficient mice carrying
transgenic TCR specific to ovalbumin (OVA) peptides cause
aortitis. It was suggested that the OVA peptide specific TCR
may execute cross reaction to endogenous peptides.? But
why the inflammation is localized to the aorta. Presumably
antigens of the artery wall were released and recognized by
the over responsive TCR. The aortitis in these TCR trans-
genic mice develops in rather old age (12 weeks) which may
be considered as a model for GCA. To mimic human TAK, one
may design experiments to provoke mechanical artery injury
such as artery cuffing or intraluminal balloon injury in younger
mice at different ages with and without systemic TLR stimulation.

A fundamental question pertinent to these two mouse models
is how the arterial wall immune privilege is breached remains
elusive. Nevertheless, findings in these two spontaneous
mouse models of aortitis have implications for targeted therapy
in GCA and TAK. For example, TNFi inhibitors showed a better
therapeutic effect for TAK than that for GCA.“6-49 Inhibition of
Th17 by using ustekinmab is being actively studied in TAK
(NCT04882072). Anakinra (the recombinant IL-1Ra) was
tried and showed effective in treatment of refractory GCAFY
but IL-1 blockade has not been tried in TAK. Given the robust
evidence showing the critical role of IL-1 in developing arteri-
tis in these models and increased IL-1[3 expression by periph-
eral blood mononuclear cells of TAK patients in response to
TLR4 stimulation,'" IL-1 is a valid target for treatment of TAK.
It is well documented that IL-21 is produced by T follicular

RHEUMATOLOGY AND IMMUNOLOGY RESEARCH

Review « DOI: 10.2478/rir-2023-0002 + 4(1) » 2023 + 4-10

helper (Tfh) cells and directly acts on B cells to generate high
affinity class-switched antibodies. IL-21 receptor is also ex-
pressed by CD8* T cells implicating IL-21 may act on CD8* T
cells.®" Tth cell gene signature has been detected in peripheral
blood and aortic infiltrate T cells from patients with TAK.[5253 A
larger number of CD8* T cells are present in arteritis lesions
in TAK than in GCA.IM |t has been shown that in GCA, IL-21
promotes Th1 and Th17 differentiation and represses Foxp3
expression in T regulatory cells.®* All these imply that I1L-21
might play an important role in the pathogenesis of LVV and IL-
21 signaling pathway might be a therapeutic target. However,
information regarding IL-21 in patients with TAK is lacking.

The integrity of the artery wall immunoprivilege is maintained
by active biological processes in addition to anatomical barri-
ers,®% which collectively protect the media of the artery wall
from infection or inflammatory attacks. Interferon-y (IFN-y)
signaling in vascular smooth muscle cells and immune cells
is critical for this protection.™ A defect in IFN-y signaling can
lead to the breach of immunoprivilege. For example, genetic
deficiency in the IFN-y receptor (IFN-yR) renders mice sus-
ceptible to chronic infection with y-herpes virus 68 and murine
cytomegalovirus, leading to chronic vasculitis.5%¢! While it has
been speculated but not evident that viral infection may trigger
GCA and TAK, and IFN-y signaling deficiency has not been
investigated in LVV patients. In Turkish, Northern European
descendant, Han Chinese, South Asian, and lItalian popu-
lations, the IL-12B single nucleotide polymorphism (SNP)
rs4379175 is associated with TAK;®"1 rs6871626 is associat-
ed with TAK in Han Chinese and Japanese patients;!®85% and
rs56167332 is associated with TAK in Turkish and Northern
American populations.®” Moreover, SNP rs6871626 is asso-
ciated with increased serum levels of IL-12p40 and IL-12p70,
which likely drives the increased Th1 cells in TAK patients.
61 These findings suggest that the IL-12/Th1 axis may pro-
mote the disease process in TAK. On the other hand, it is
possible that in TAK, IFN-yR and/or downstream signaling is
defective, and the increased IL-12/Th1 is the result of nega-
tive feedback. The defective IFN-y signaling pathway results
in the breach of the arterial wall immunoprivilege upon infec-
tion or autoantigen stimulation. Investigating IFN-y signaling
in vascular cells in patients with LVV may provide novel clues
towards the early events in LVV.

Concluding Remarks

Insightful understanding of the underlying pathogenesis
of LVV is crucial for discovering novel therapeutic targets.
However, there is still a significant knowledge gap in under-
standing the interaction between the immune system and
artery wall components, particularly in the early events due
to the lack of sequential samples of inflamed arteries in hu-
mans. Animal models can provide live and dynamic changes
of inflamed arteries for in-depth analysis and in vivo experi-
mentation. Unfortunately, appropriate animal models that
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closely resemble human LVV have not been described yet,
but they are essential. The model of human temporal arter-
ies from GCA patients engrafted to immunodeficient mice has
been useful for testing novel therapies. However, this model
is not suitable for investigating therapies for TAK due to the
scarcity of human artery samples. Atherosclerosis models
have been established by applying mechanical injuries to
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the artery in combination with a high-fat diet in genetically
susceptible mice, and this approach is adaptable for creat-
ing models for LVV. Multiple innovative concepts have been
proposed to inspire further exploration to test the hypothesis
that LVV occurs from an injury of various kinds to the artery
wall in the context of systemic inflammation, leading to the
perpetuation of artery wall inflammation.
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