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Cryoglobulinemic vasculitis: pathophysiological
mechanisms and diagnosis
Marie N. Kolopp-Sarda a,b and Pierre Miossec a,c

Purpose of review
Cryoglobulins (CG) are immunoglobulins that precipitate in the cold, and dissolve at 378C. In vivo, in cold
exposed tissues and organs, they can induce vasculitis and occlusive vasculopathy after deposition on
vascular endothelium under low temperature and high concentration conditions. Clinical manifestations are
cutaneous (purpura, ulcers, vasomotor symptoms, and livedo reticularis), rheumatological (arthralgia and
arthritis), and peripheral neuropathy (paresthesia and pain in the lower limbs). In profound organs such as
the kidneys, CG deposition is less temperature-dependent, favored by local protein and anion
concentrations, and can lead to glomerulonephritis. This review will focus on cryoglobulinemic vasculitis
and vascular lesion, and their diagnosis.
Recent findings
The mechanisms of vascular lesions of pathogenic CG in function of CG type and their characteristics are
better defined. Optimal conditions for CG detection are critical. The importance of looking for underlying
diseases, especially hepatitis C virus status in mixed CG, is reminded.
Summary
A decision diagram for CG vasculitis diagnosis based on clinical and biological parameters is proposed.
Keywords
complement, cryoglobulinemia, HCV, rheumatoid factor, vasculitis

INTRODUCTION
Cryoglobulins (CG) are immunoglobulins (Ig) that
precipitate in the cold and dissolve on rewarming.
They were first reported by Wintrobe and Buell in
1933 in a patient with multiple myeloma, whose
serum formed a cryogel at þ48C [1]. Then Meltzer
et al. described the first series with a more precise
characterization of CG and description of clinical
manifestations. From that study, Meltzer’s triad
with fever, asthenia, and arthralgia describes the
clinical signs of cryoglobulinemic vasculitis [2,3].
The reasons for cold insolubility of Ig depend on
many intrinsic and extrinsic factors, when compared to normal Ig [4–9]. Structural anomalies
(amino acid mutations or insertions/deletions, atypical glycosylation with reduced sialylation) resulting
in modified tertiary structure may explain Ig solubility decrease. Formation of monoclonal Ig aggregates and immune complexes by noncovalent
bonds such as hydrogen bonds or Fab-Fc interactions in rheumatoid factor positive CG are involved
in such cold precipitation. In vitro and in vivo, these
phenomena depend on environmental physicochemical conditions such as temperature, pH, and
ionic strength [9,10].

The formation of aggregates or immune complexes induced by exposure to cold temperature is
the key to these pathogenic mechanisms. CG cause
symptoms of vascular defects on exposure to cold,
most commonly involving extremities. They are
responsible for vasculitis of small and medium-size
vessels, involving frequently skin, joints, nerves,
and kidneys. However, it is difficult to predict the
pathogenicity of CG only on structure and type.
This review will focus on cryoglobulinemic vasculitis, its pathophysiological mechanisms, and
diagnosis in the context of different underlying
diseases and types of CG. A focus will be upon the
best way of detection and characterization of CG.

a
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measurement in the cryoprecipitate [21 ]. Cryocrit
measurement (% volume of cryoprecipitate/total
serum) is not a sensitive and specific technique
and must be abandoned [22–24]. The final CG
concentration is adjusted to the initial volume of
serum and expressed as milligrams per liter of serum.
Hypocomplementemia is often associated with
CG. Exploration of the complement system (C3 and
C4 fractions, CH50 functional activity) is a useful tool
for CG diagnosis. Decrease C4 (<0.10 g/L) associated
or not with decreased C3 (<0.80 g/L) and CH50 was
found in 24% of CG-positive serum [12 ]. Consumption of complement fractions C3 and C4 associated
with the presence of CG is characteristic of complement classical pathway activation, involved in vessel
inflammation and pathogenicity [25].
Rheumatoid factor activity (RF) in mixed CG is
part of their definition [11 ,18]. The presence of RF
in the CG contributes to the formation of immune
complexes that deposit in vessels, with complement
activation and increased inflammation [12 ] (Fig. 1).
These mechanisms are involved in cryoglobulinemic vasculitis, especially in hepatitis C virus (HCV)
infection [26,27]. RF measurement in cryoprecipitate is an important element for CG characterization
and cryoglobulinemic vasculitis diagnosis. RF measurement in serum is not specific enough [12 ,27].
CG detection is essential even in the absence of
vasculitis manifestations because of interferences of
CG with the determination of other biological parameters (total blood cell count, serum total proteins and
Ig measurements, and so on). The presence of a CG
must be known by any laboratory to treat samples with
strict preanalytic conditions before analysis.
&

KEY POINTS
 Cryoglobulins are immunoglobulins precipitating in the
cold, in vivo and in vitro.
 Optimal conditions of temperature and sampling are
essential to the detection of CG.
 Precipitation of immune complexes or aggregates of
CG in small and medium vessels is responsible for
cryoglobulinemic vasculitis.

&

CRYOGLOBULIN CLASSIFICATION
ACCORDING TO BROUET ET al.
The CGs are classified into three types according to
their immunochemical composition and the association to underlying pathologies [11 ]. Type I CG are
composed of monoclonal Ig, more frequently IgM
than IgG [12 ], rarely IgA [11 ,13–17]. They
account for 10% of all CG [12 ]. They are commonly
secondary to B-cell lymphoproliferative disorders.
Mixed CG, type II and type III CG, are composed
of monoclonal and/or polyclonal Ig of all isotypes
[18], they account for 90% of all CG [12 ]. Type II CG
associate monoclonal and polyclonal Ig and represent 44% of all CG, and type III CG are only composed of polyclonal Ig and account for 47% [12 ].
Mixed CG are secondary to viral, bacterial, and
parasitic infections, autoimmune diseases or are
essential (no underlying disease) [19 ].
&&

&

&&

&

&

&

&

DETECTION AND CHARACTERIZATION OF
CRYOGLOBULINS
Precipitation temperature of CG is variable according
to their immunochemical characteristics and could be
as high as 368C [20]. For detection, the laboratory must
receive blood samples collected under the best conditions, to avoid a false negative detection because the
CG has already precipitated in the tube. Blood sample
should be collected in 3–5 ml tubes with red top and
clot activator and immediately deposited at 378C until
taken over to the laboratory. If these sampling conditions cannot be fulfilled, it is better to send the
patient to the laboratory.
Cryoprecipitates are detected by visual observation of the serum placed for 7 days at þ48C. If no
precipitate is observed, this negative detection must
be confirmed on at least two other samples, especially in a suggestive clinical context, because 10%
samples with a first negative detection are positive
on another sample [12 ]. Characterization of CG
consists in their typing (Ig isotype and monoclonal
and/or polyclonal composition) for their classification [21 ]. CG quantification must be specific Ig
&

&

2
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&

&

CONSEQUENCES OF THE DETECTION OF
A CRYOGLOBULIN
Detecting a CG is important for the diagnosis of
cryoglobulinemic vasculitis and its treatment, and
for the diagnosis of an underlying disease as
described in the definition.

Type I cryoglobulins
Detection of type I CG, even without associated
clinical manifestations, should lead to the search for
a lymphoproliferative disease and this could allow
monitoring for the appearance of a malignant disease.
Type I CG is associated for 63–86% with monoclonal
gammopathies of undetermined significance or of
clinical significance when associated to CG manifestations [28 ], with Waldenström macroglobulinemia
accounting for 18–33%, with multiple myeloma for
11–20%, and with other lymphoproliferative diseases
such as chronic lymphocytic leukemia and some
&&
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FIGURE 1. Pathophysiological mechanisms of cryoglobulinemic vasculitis in skin, depending on temperature and protein
concentration. (a) Mechanism of vessel obstruction by type I CG. Occlusive vasculopathy is more frequently associated with
type I CG, that are highly concentrated compared to mixed CG. This is a mechanical obstruction of venules and arterioles by
large aggregates of type I CG, more frequently with type I IgM CG than with type I IgG. Monoclonal CG form aggregates
that are larger when protein concentration increases and temperature decreases. Skin biopsy shows obstructive vasculitis (top
picture). Clinical manifestation in the skin is livedo reticularis (bottom picture). (b) Mechanism of cryoglobulinemic vasculitis by
type II CG. Circulating type II RF positive CG in small vessel form large immune complexes when temperature decreases, with
more IgG fixed on RF IgM [7]. This phenomenon is amplified with high concentrated CG. These immune complexes contain
complement fractions that favor their fixation on endothelium and local inflammation, with the recruitment of inflammatory cells
and cytokine synthesis, resulting in vasculitis. Skin biopsy shows leucocytoclastic vasculitis (top picture). The most frequent
clinical manifestation in the skin is purpura, more often in the lower limbs, that could evaluate in necrotic purpura. This
mechanism is also involved in type I CG vasculitis, after the formation of larger aggregates at low temperature, that could
deposit on vascular endothelium [37]. (c) Circulating type III CG. Type III CG are less concentrated and have more rarely RF
activity. Even in the case of RF positive type III CG, immune complexes are small, RF IgG or polyclonal IgM bind less IgG and
are less prone to deposit. Generally, no inflammation and no tissue injury are associated with type III CG. Alternatively,
mechanisms like type II CG vasculitis are described (see b).

lymphomas, especially marginal zone lymphoma and
mantle zone lymphoma, for 11–20% [29–32].
The measurement of M-spike on serum electrophoresis could be underestimated if serum sample

containing type I monoclonal CG is conserved at
48C before analysis. Patient monitoring must be
done knowing the presence of a CG to warm up
the serum sample before electrophoresis.
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Mixed cryoglobulins
Mixed CG are found secondary to viral infections,
especially chronic HCV (50%), HBV, or HIV (for <5%)
[12 ]. They could be transient following acute bacterial or parasitic infections. They are also associated
with auto-immune diseases, especially systemic
lupus erythematosus, Sjögren’s syndrome, and rheumatoid arthritis [12 ]. In the special case of CG associated with Waldenström macroglobulinemia, the
monoclonal IgM (most often IgM kappa) could have
an RF activity (IgM anti-IgG) and the CG will be
classified as a type II CG associating monoclonal
IgM and polyclonal IgG, and not as a type I CG.
Chronic HCV infection is responsible for 50% of
mixed CG and 35% of HCV-infected patients have a
CG [12 ]. Detection of CG in HCV infected patients is
useful for the diagnosis of extrahepatic clinical manifestations and their treatment, and especially to look
for B lymphoma secondary to chronic activation of B
cells [33–35]. Because of this important association
of HCV and CG, it is essential to look for HCV
infection in CG positive patients and conversely,
to look for CG in all HCV patients. A recent study
reported that these detections are not sufficiently
carried out; only 38% of CG positive patients had a
biological diagnosis of HCV infection, and 30% of
HCV positive patients had a detection of CG [36 ].
&

&

&

&

PATHOPHYSIOLOGICAL MECHANISMS OF
CRYOGLOBULINEMIC VASCULITIS
The pathogenicity of CG depends first on their type,
isotype, antigenic specificity, and concentration, second, on local conditions of temperature, protein, and
anion concentrations, and complement activation.
In tissues exposed to cold, such as skin (where
temperature is about 288C), extremities, joints, and
peripheral nerves, CG can deposit in small and
medium vessels, and cause vasculitis and obstruction. The formation of precipitating aggregates and
immune complexes is not immediate in these
organs, explaining why clinical signs appear after
prolonged exposure at low temperature [8,37].
The clinical manifestations of type I CG result
from the aggregation of monoclonal Ig, the largest
aggregates are formed with pentameric IgM compared to monomeric IgG, and are favored by both
low temperature and high CG concentration [38–
40]. Complement fractions are bound in type I CG
aggregates and increase inflammation when deposited on small vessel endothelium. Large aggregates
of high concentrated monoclonal CG can also
mechanically obstruct vessels and lead to occlusive
vasculopathy (Fig. 1a).
The clinical manifestations of mixed CG, more
frequently type II CG, are linked to the formation of
4

www.co-rheumatology.com

immune complexes in cold exposed tissues and
their deposition on vascular endothelium
(Fig. 1b). Type II CG most commonly consist of
monoclonal IgM with RF activity associated with
polyclonal IgG [12 ]. Multivalency of IgM and low
temperature contribute to large size immune complexes [7,10,41,42]. RF activity promotes immune
complex formation, with the binding of complement fractions, in particular C1q, C4, and C3 [41].
In cold exposed tissues, these large immune complexes containing complement fractions are not
eliminated as normal immune complexes (fixation
on erythrocytes via complement receptors). They
are deposited on endothelium where they activate
complement classical pathway in situ and cause local
inflammation [42]. Type III CG are less pathogenic
than type II CG [26,43] because their concentration
is lower and RF activity of polyclonal IgM or IgG is
less frequent [12 ], and consequently immune complexes are smaller (Fig. 1c). Thus, the two main
conditions for cryoprecipitation and tissue injury,
high concentration and RF, are not fulfilled (Fig. 1c).
Kidneys are also target organs of CG, although
the physiological temperature is 378C and does not
decrease even in extreme conditions. The pathophysiological mechanisms of less-temperature dependent
precipitation of CG result more from local protein
and anion concentrations [8,44,45]. Type I membranoproliferative glomerulonephritis (MPGN) is the
most frequent kidney disorder associated with type
I and type II CG, characterized by mesangial cell
proliferation and structural changes in glomerular
capillary walls. In glomeruli, an increase of protein
concentration and variation of anion concentration
could lead to CG aggregation, and to their deposition
on glomerular membrane and formation of thrombi
in glomeruli capillaries [44].
In conclusion of these mechanisms, typing and
quantifying CG and determining their RF activity
and complement levels are essential to define their
potential pathogenic capacity. However, there is
still a high heterogeneity between CG characteristics and clinical manifestations.
&

&

DIAGNOSIS PROCESS OF
CRYOGLOBULINEMIC VASCULITIS
Definition and classification
CG can induce vasculitis of small vessels, predominantly capillaries, venules, or arterioles, but
medium arteries and veins can also be affected.
Mixed CG secondary to viral infections are included
in ‘vasculitis with probable etiology’ in the 2012
Chapel Hill consensus conference on the nomenclature of vasculitis [46].
Volume 33  Number 1  January 2021
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FIGURE 2. Decision diagram for cryoglobulinemic vasculitis diagnosis in a suggestive clinical context. Detection and
characterization of CG (typing, quantification) associated with serum complement exploration and RF measurement, provide
additional diagnostic elements for cryoglobulinemic vasculitis. In the case of the detection of mixed CG, a diagnosis of HCV
infection must be done because it is the most frequent associated disease.

Classification criteria for cryoglobulinemic vasculitis were proposed and validated in prospective
studies [47–49]. This classification takes into account
the detection of CG in serum in at least two determinations at 12-week interval, clinical questionnaire (three simple questions about clinical
manifestations), clinical items (general symptoms,
articular, cutaneous, and/or neurologic involvements), and laboratory items (decrease C4, positive
serum RF, positive monoclonal component). These
classification criteria are important for epidemiologic
studies, because of their high specificity, but cannot
be used for diagnosis. Diagnostic criteria for cryoglobulinemic syndrome, based on clinical and biological
criteria, are less validated [50,51] and must be
adjusted by the clinician, even in patients without
all the above classification criteria, especially for the
12-week interval between two CG detections.

Diagnosis of cryoglobulinemic vasculitis
Figure 2 proposes a decision diagram for cryoglobulinemic vasculitis diagnosis, based on simple clinical
and immunological features. The two main

elements leading to the diagnosis of vasculitis
related to CG are first, suggestive clinical manifestations (cutaneous, rheumatological, neurological
manifestations, which may be associated with renal
manifestations) with specific location (lower limbs)
and, second, biological changes. In such context,
the detection of CG is essential, associated simultaneously with serum complement exploration and
RF measurement, in cryoprecipitate and in serum. If
the first CG detection is negative, it is important to
take at least two other samples to confirm the
absence of CG [12 ].
A biopsy of inflammatory tissue (skin, nerve) or
renal biopsy can provide additional diagnostic elements, although they are not very specific. Leukocytoclastic vasculitis is commonly found in skin
biopsy. In renal biopsy, type I membranoproliferative glomerulonephritis is the most frequent and
specific histological description of renal disease
[25,52].
In a mixed CG with C4 decrease and RF positive,
a diagnosis of HCV infection must be done because
it is the most frequent associated disease, with a
specific and effective treatment. In case of negative
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HCV detection, autoimmune disease is the next
option, frequently with a type III CG [12 ]. More
rarely, mixed CG could be detected after other
infections such as HBV or HIV, bacterial and parasitic infections. An RF negative type I CG with C4
decrease and any CG with a monoclonal component
should lead to search for a lymphoproliferative
disease.
&

CONCLUSION
Cryoglobulinemic vasculitis is a rare but severe manifestation of CG, for which diagnosis combines clinical signs characteristic of this vasculitis and
biological parameters, with CG detection, with optimal conditions of sampling, and characterization
(typing, quantification, RF activity), and serum
complement exploration. A complete characterization is essential to assess CG pathogenicity and the
associated inflammatory mechanisms. Diagnosis of
cryoglobulinemic vasculitis will influence treatment, depending on the underlying disease, commonly HCV or autoimmunity. Treatment of
cryoglobulinemic vasculitis depends on the essential or secondary nature of CG.
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Management of primary vasculitides with biologic
and novel small molecule medications
Naomi Serling-Boyd a and Zachary S. Wallace a,b,c

Purpose of review
Vasculitides can affect small, medium and/or large vessels, leading to end-organ damage, decreased
quality of life and death. Glucocorticoids remain the backbone of treatment for systemic vasculitis but are
associated with numerous toxicities. In recent years, the efficacy of glucocorticoid-sparing biologic and
novel small molecule therapies has been demonstrated.
Recent findings
In giant cell arteritis, tocilizumab was superior to glucocorticoid monotherapy in maintenance remission
and cumulative glucocorticoid exposure and is now approved for the treatment of giant cell arteritis. In
addition to the previously demonstrated efficacy of rituximab for remission induction in antineutrophil
cytoplasmic antibody (ANCA)-associated vasculitis, recent trials have also demonstrated its superiority for
remission maintenance compared to alternative approaches. Mepolizumab is superior to standard of care
alone with regard to remission rates and glucocorticoid-sparing effect in refractory eosinophilic
granulomatosis with polyangiitis. Avacopan has shown significant promise in ANCA-associated vasculitis
as part of a glucocorticoid-free induction regimen in a recently completed phase 3 trial. Use of biologics in
rarer vasculitides remains guided by reports from small case series.
Summary
Biologics and other novel therapies have an increasingly important role in the management of systemic
vasculitis. Additional studies are needed to define their optimal use and to guide their use in more rare
forms of vasculitis.
Keywords
biologic, glucocorticoid, vasculitis

INTRODUCTION
Vasculitis refers to inflammation involving the vessel wall and is often categorized according to the size
of the affected vessels (i.e. small, medium or large).
These conditions may be idiopathic in cause (i.e.
primary) or may develop in the context of another
underlying disease (e.g. infection and malignancy)
or exposure to medication (e.g. hydralazine) or
environmental toxin (e.g. levamisole). Glucocorticoids are a cornerstone of therapy for many of the
primary vasculitides. However, glucocorticoids are
associated with numerous toxicities such that while
taking them, 90% of patients experience at least one
adverse event, such as hypertension, diabetes, cataracts, glaucoma, osteoporosis and serious infections, among others (Fig. 1) [1,2]. The association
between adverse events and glucocorticoid exposure
is dose dependent; for each 1000 mg increase in
cumulative glucocorticoid exposure, the risk of an
adverse event increases by up to 5% [3]. Thus, for
chronic conditions like many types of vasculitis,
www.co-rheumatology.com

glucocorticoid-sparing therapies are critical for
improving patient outcomes. Although conventional synthetic disease-modifying antirheumatic
drugs (csDMARDs) are often used, there is a rapidly
expanding role for biologic medications and other
oral, small molecule, targeted therapies in a variety
of systemic vasculitides. For the purpose of this
review, we define a biologic medication as one that
is produced from or contains components of a living
organism. In this review, we will focus on recent
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KEY POINTS
 Because of the chronicity of many primary vasculitides
and the risk of long-term glucocorticoid toxicity,
glucocorticoid-sparing medications play a key role in
the management.
 Several biologics, including tocilizumab for GCA,
rituximab for ANCA-associated vasculitis and
mepolizumab for eosinophilic GPA, have received
regulatory approval for treatment based on randomized
controlled trials, though data supporting the use of
these and other biologics in other vasculitides remain
limited to case series and other small studies.
 Ongoing clinical trials evaluating the efficacy and
glucocorticoid-sparing effects of biologics and novel
small molecules are expected to further inform the
management of systemic vasculitis moving forward.

updates in the management of primary vasculitides,
with a focus on recent advances in biologic and
small molecule targeted therapy.

GIANT CELL ARTERITIS
Giant cell arteritis (GCA) is one of the large-vessel
vasculitides and is the most common form of primary vasculitis. It has an annual incidence of 17 per
100,000 people over 50 years old in North America

[4] and most often affects women of northern European descent who are over 50 years of age. Until
recently, glucocorticoid monotherapy (at a dose of
1 mg/kg/day and tapered gradually over at least 1
year) was the standard of care, though some studies
suggested a potential glucocorticoid-sparing effect
of methotrexate [5].
The management of GCA shifted with the recent
regulatory approval of tocilizumab, an interleukin
(IL)-6 receptor antagonist, as a glucocorticoid-sparing treatment for GCA (Table 1). An initial small
(N ¼ 20) randomized controlled trial assessed the
efficacy of tocilizumab and found higher relapsefree survival rates in the tocilizumab group than the
placebo group, which received glucocorticoid
monotherapy (85 vs. 20% in the placebo group;
P ¼ 0.001) [6]. This was followed by the Giant Cell
Arteritis Actemra (GiACTA) trial (N ¼ 251) in which
patients were randomized to one of four arms; the
proportion achieving sustained glucocorticoid-free
remission (primary outcome) at 52 weeks was 56%
in the weekly tocilizumab group, 53% in the every
other week tocilizumab group, 18% in the 52-week
prednisone only group and 14% in the 25-week
prednisone only group [7]. Serious adverse events
were reported more often in the prednisone groups
(22–25% in the prednisone groups vs. 14–15% in
the tocilizumab groups). The prednisone groups also
had greater cumulative glucocorticoid doses over

FIGURE 1. Percentage of patients experiencing various glucocorticoid-related adverse effects after 6 months of glucocorticoid
treatment by self-reported questionnaire. Data source: [2].
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Table 1. Biologic and small molecule, targeted treatments for rheumatic diseases
Rheumatic disease

Treatments currently in use

Under evaluation in clinical trials

Giant cell arteritis

Tocilizumaba

Abatacept
Anakinra
Upadacitinib

ANCA-associated vasculitis

Rituximaba (for remission
induction and maintenance)

Avacopan
Belimumab

Takayasu arteritis

TNF inhibitors
Tocilizumaba

Cryoglobulinemic vasculitis

Rituximab

Primary angiitis of the central nervous system

Rituximab

Behcet’s disease

TNF inhibitors (especially
for neuro-Behcet’s)

Polyarteritis nodosa

TNF inhibitors
Rituximab
Tocilizumab

Ustekinumab
Anakinra

TNF, tumor necrosis factor.
a
Supported by the data from randomized controlled trials; otherwise, data limited to cohort studies, case series or case reports.

52 weeks (3296–3818 mg in the prednisone groups
vs. 1862 mg in each of the tocilizumab groups) [7].
Other biologics have been studied in GCA in
smaller studies and yielded less dramatic results.
Abatacept, a cytotoxic T-lymphocyte-associated protein 4 immunoglobulin, was studied in a randomized
controlled withdrawal trial in which all patients
received abatacept up-front with glucocorticoids;
subsequently, those achieving remission (N ¼ 41)
were randomized to continue or discontinue abatacept (both received a total of 28 weeks of glucocorticoids). Relapse-free remission was observed in 48% in
the abatacept continuation group compared with
31% in the glucocorticoid monotherapy group
(P ¼ 0.049). There was no difference in the frequency
or severity of adverse events between the treatment
arms. Although promising, additional studies are
needed to further evaluate the efficacy of abatacept
for GCA [8]. Ustekinumab, an IL-12/23 inhibitor, was
evaluated for GCA in an open-label single-arm study
(N ¼ 25) that suggested that it may lead to less glucocorticoid exposure and reduce the risk of relapse [9].
However, a subsequent single-arm, open-label study
(N ¼ 13) evaluating ustekinumab in combination
with a 6-month prednisone taper was terminated
early because of 70% of the initially enrolled patients
experiencing disease flares [10 ].
The precise role of tocilizumab in the approach
to GCA management remains controversial and
undefined [11]. Additional studies (e.g. trials, cohort
studies and cost-effectiveness studies) are needed to
evaluate the optimal use of tocilizumab for the
treatment of GCA (e.g. timing of initiation and
duration of treatment) and its long-term ability
to prevent large vessel and other complications.
&
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Current guidelines for the management of GCA
reflect this uncertainty, recommending initial treatment with high-dose glucocorticoids and the use of
tocilizumab in the setting of refractory or relapsing
disease or for patients at increased risk of glucocorticoid-related complications [12 ].
The success of the GiACTA trial has prompted
tremendous interest in programs evaluating novel
approaches to GCA management. Ongoing clinical
trials are studying tocilizumab in combination with
a short 2-month prednisone taper (ClinicalTrials.gov; NCT03726749), an IL-6 receptor inhibitor (sarilumab) (ClinicalTrials.gov; NCT03600805), and
novel targets, such as Janus kinase with upadacitinib
(ClinicalTrials.gov; NCT03725202), and IL-1with
anakinra (ClinicalTrials.gov; NCT02902731).
&&

TAKAYASU ARTERITIS
Takayasu arteritis is a form of large-vessel vasculitis
involving the aorta and its primary branches that
tends to affect women under the age of 50 years. Its
incidence varies across the globe, with an estimated
incidence of 2.6 cases per million in the United States
and up to 60 cases per million in Japan [13]. Glucocorticoids in combination with DMARDs, especially
conventional synthetic DMARDs (e.g. methotrexate
and leflunomide), have traditionally been the standard of care for treatment because of difficulty tapering glucocorticoids to reasonably low doses [12 ].
Recently, biologic DMARDs, such as tumor necrosis
factor (TNF) inhibitors and tocilizumab, have been
studied and increasingly been used as first-line therapy, though there is a paucity of data to guide
these practices.
&&
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Data from both retrospective and prospective
open-label series suggest that TNF inhibitors can
reduce disease activity and glucocorticoid exposure
in Takayasu arteritis, though results should be interpreted with caution as there have not been randomized controlled trials evaluating the efficacy of these
medications [12 ]. A recent small (N ¼ 36) randomized controlled trial evaluated the efficacy of tocilizumab in Takayasu arteritis to prevent relapse after
remission was achieved with glucocorticoids. In that
trial, tocilizumab decreased the time to relapse of
disease in the per-protocol analysis [hazard ratio 0.3,
95% confidence interval (CI): 0.11–1.00, P ¼ 0.03],
though this difference was not significant in the
intention to treat analysis (hazard ratio 0.4, 95%
CI: 0.15–1.10; P ¼ 0.06) [13]. Additional trials with
large cohorts are need to further assess the efficacy of
tocilizumab and TNF inhibitors for the treatment of
Takayasu arteritis. The decision to use either a TNF
inhibitor or tocilizumab for Takayasu arteritis
should be based on the patient’s comorbidities
and the presence of any relevant contraindications
to either medication [12 ].
&&

&&

ANTINEUTROPHIL CYTOPLASMIC
ANTIBODY-ASSOCIATED VASCULITIS
Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a category of diseases that
includes granulomatosis with polyangiitis (GPA),
microscopic polyangiitis (MPA) and eosinophilic
granulomatosis with polyangiitis (eGPA), all of
which tend to affect small vessels and are often
characterized by the presence of antibodies to either
myeloperoxidase or proteinase 3. For moderate to
severe disease, remission induction therapy typically involved the combination of cyclophosphamide and glucocorticoids until the RAVE trial
(N ¼ 197) demonstrated the noninferiority of rituximab (anti-CD20 monoclonal antibody) when compared to cyclophosphamide for remission induction
(64 vs. 53%, respectively; P < 0.001 for noninferiority) [14]. Today, providers have a number of treatment options for the management of AAV,
including rituximab, cyclophosphamide, mepolizumab, azathioprine, methotrexate and mycophenolate mofetil, guided by disease type and severity,
treatment phase, patient preference and comorbidities [15]. Recently, a number of additional trials
have further evaluated rituximab, as well as mepolizumab, in AAV.
MAINRITSAN1 was a randomized controlled
trial (N ¼ 115) that demonstrated the superiority
of rituximab over azathioprine for remission maintenance (major relapse rates of 5 vs. 29%; P ¼ 0.002)
and comparable safety profiles of both drugs in

patients with GPA or MPA [16]. These results have
been confirmed in those with relapsing AAV in the
recently completed, but not yet published, RITAZAREM randomized controlled trial [17 ]. Notably,
rituximab was associated with improved survival in
long-term follow-up of MAINRITSAN1 participants
[18].
Following demonstration of rituximab’s efficacy
for remission maintenance, additional trials were
conducted to better define its use in AAV. The
MAINRITSAN2 trial (N ¼ 162) randomized patients
with GPA or MPA to fixed retreatment (every 6
months) or a tailored-approach to retreatment
(when CD19þ B cells or ANCA reappeared) for remission maintenance over 18 months, with the primary
endpoints of number of relapses or worsening disease activity measured at month 28. Those randomized to tailored dosing required fewer rituximab
infusions (3 vs. 5) but did not experience a significantly higher risk of relapse than those randomized
to fixed dosing (10 vs. 17%; P ¼ 0.2) [19]. Although
the results from MAINRITSAN 2 are compelling,
there is a concern that there was a numerical difference in the proportion flaring with tailored therapy
that may have been statistically significant if the
trial cohort has been larger.
Most recently, the MAINRITSAN3 trial randomized 97 patients with GPA or MPA who had completed
MAINRITSAN2 to an additional 18 months of rituximab or placebo. In this trial, those randomized to
continue rituximab had superior relapse-free survival
compared to those randomized to discontinue rituximab (96 vs. 74%, respectively; P ¼ 0.008) [20 ]. Rates
of hypogammaglobulinemia, a concern with prolonged rituximab exposure, were similar in the rituximab and placebo-treated patients. The rates of serious
infection were numerically greater in the group randomized to continued rituximab compared to placebo
(12 vs. 9%) [20 ]. Additional studies, including costeffectiveness studies, are needed to define the optimal
role for different maintenance strategies in AAV, especially those using varying approaches to frequency
and duration of rituximab use.
Although belimumab, a monoclonal antibody
targeting B-lymphocyte stimulator (BLyS), also targets B cells, it was not found to have benefit with
regard to risk of relapse when added to azathioprine
for remission maintenance in patients with GPA or
MPA [21 ]. Although there is not a clear role for
belimumab in AAV management at this time, it was
observed in the trial that none of the patients who
received rituximab for induction and were subsequently treated with belimumab had a relapse, raising the question of whether belimumab may have a
role in patients who receive rituximab for remission
induction [21 ].
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Mepolizumab, a monoclonal antibody against
IL-5, prevents interaction between IL-5 and the
surface of eosinophils and was recently evaluated
in a randomized clinical trial (N ¼ 136) for the treatment of eGPA, a condition characterized by eosinophilic infiltration in affected tissue. The addition of
mepolizumab to standard immunosuppressive therapy in patients with relapsing or refractory eGPA
unable to discontinue glucocorticoids led to higher
rates of remission (accrued remission of at least
24 weeks in 28 vs. 3%; P < 0.001) and less glucocorticoid exposure over 1 year (mean prednisone dose
of 9.2 vs. 13.5 mg) when compared with placebo,
prompting regulatory approval [22]. Mepolizumab
may be particularly helpful for eGPA cases with
asthma and or sino-nasal disease requiring chronic
glucocorticoids. Notably, this trial excluded patients
with severe eGPA (e.g. glomerulonephritis and cardiomyopathy).
In addition to recent developments using B-cell
and eosinophil-targeted therapy, other biologics
have been studied for AAV in small trials. In an
open-label trial (N ¼ 20) of patients with nonsevere
GPA, 90% of abatacept-treated patients had disease
improvement, 80% achieved remission and 73%
discontinued prednisone. These compelling findings require additional study in a randomized controlled trial [23].
Following the results of two promising phase 2
clinical trials [24,25], a steroid-free regimen with
avacopan, a nonbiologic oral antagonist of the
human C5a receptor, was recently found to be noninferior to standard glucocorticoid regimens for
remission induction in GPA or MPA when combined
with rituximab or cyclophosphamide in a large
randomized controlled trial (N ¼ 331). Preliminary
results indicate that avacopan led to higher rates of
sustained remission (65.7 vs. 54.9%, respectively;
P ¼ 0.007 for superiority of avacopan), reduced glucocorticoid toxicity and higher quality of life scores
when compared to standard glucocorticoid-containing regimens [26].
Ongoing clinical trials in AAV are evaluating a
low-dose glucocorticoid regimen beginning at
0.5 mg/kg/day (ClinicalTrials.gov; NCT02198248),
benralizumab versus mepolizumab for eGPA (ClinicalTrials.gov; NCT04157348) and the combination
of rituximab and belimumab (ClinicalTrials.gov;
NCT03967925). There are also other trials evaluating other complement inhibitors, like IFX-1, which
binds to C5a (ClinicalTrials.gov; NCT03712345).

CRYOGLOBULINEMIC VASCULITIS
Cryoglobulinemic vasculitis is a small-vessel vasculitis caused by cryoglobulinemic immune complex
12
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deposition. The most common form of cryoglobulinemic vasculitis is due to hepatitis C infection. The
treatment approach is multipronged and includes
treatment of the underlying cause, which is especially important in cases due to viral illnesses or
malignancy, targeting circulating B cells with rituximab to decrease the production of cryoglobulins in
severe disease, and the addition of plasmapheresis in
severe cases (e.g. glomerulonephritis, diffuse alveolar hemorrhage and vasculitic neuropathy) [27].
Rituximab has been found to be efficacious and
steroid sparing in both viral and nonviral-associated
cryoglobulinemic vasculitis with estimated efficacy
of 67% for peripheral neuropathy, 77% for weakness, 79% for arthralgia and 85% for cutaneous
ulcers [28].

PRIMARY ANGIITIS OF THE CENTRAL
NERVOUS SYSTEM
Primary angiitis of the central nervous system
(PACNS), or CNS vasculitis, has traditionally been
treated with glucocorticoids with or without cyclophosphamide. The relapsing nature of this disease
and toxicity of prolonged cyclophosphamide exposure has led to interest in trying biologics for the
treatment of PACNS. Rituximab, in particular, has
been reported to have potential efficacy in PACNS in
several case reports or series [29,30]. Indeed, the
inflammatory infiltrate in PACNS is often lymphocytic, with a frequent predominance of B lymphocytes, supporting the use of a B-cell depleting agent
[29,30].

BEHCET’S DISEASE
Behcet’s disease is characterized by recurrent oral
and/or genital ulcers and features of a variable vessel
vasculitis (small, medium and large vessels may be
affected). Although medications, such as colchicine,
azathioprine and apremilast, are effective for mucocutaneous ulcers, the vascular manifestations of
Behcet’s disease often require additional therapy
[31 ,32]. TNF inhibitors are recommended in refractory cases of Behcet’s disease and as first-line therapy
in cases with neurologic involvement. Infliximab
has been the most studied TNF inhibitor for the
treatment of Behcet’s, followed by adalimumab
[33]. In a case series of patients (N ¼ 27) with Behcet’s disease manifesting as refractory vasculitis,
80% experienced complete clinical remission within
3 months of initiating a TNF inhibitor [34]. There
have also been case series reporting the successful
use of ustekinumab and anakinra for refractory
Behcet’s disease, though additional studies are
needed [33,35].
&
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POLYARTERITIS NODOSA
Polyarteritis nodosa (PAN) is a form of mediumvessel vasculitis, most often affecting the skin,
nerves, gastrointestinal tract and kidneys. Although
it was historically associated with hepatitis B viral
(HBV) infections, the frequency of PAN cases associated with hepatitis B has decreased significantly
over time, largely in part because of the widespread
hepatitis B vaccination [36]. Although treatment of
HBV-associated PAN requires antiviral treatment,
glucocorticoids have been the cornerstone of therapy for idiopathic PAN, with cyclophosphamide
reserved for more severe disease. TNF inhibitors,
rituximab and tocilizumab have been reported to
potentially have efficacy in PAN, but these data are
limited to case series [37–39].

CONCLUSION
Biologics and novel targeted synthetic drugs are
playing an increasingly important role as effective
glucocorticoid-sparing medications for vasculitis. In
particular, the management of GCA and AAV has
evolved substantially in recent years with the completion of pivotal clinical trials. Tocilizumab represents the first effective glucocorticoid-sparing agent
for GCA and avacopan may lead to a glucocorticoidfree remission induction regimen for AAV. However,
additional studies in these and other vasculitides are
needed to define the optimal role of biologics and
other novel glucocorticoid-sparing therapies.
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An update on the microbiome in vasculitis
Shahna Tariq and Alison H. Clifford

Purpose of review
To summarize recent evidence regarding the presence and potential role of the microbiome in systemic
vasculitides.
Recent findings
Microbiomic descriptions are now available in patients with small, medium and large vessel vasculitis. The
majority of studies have evaluated gastrointestinal inhabitants, with a smaller number of studies describing
the nasal, pulmonary or vascular microbiomes. Most published studies are observational and crosssectional. Dysbiosis is seen frequently in vasculitis patients with reduced microbial diversity observed in
nasal, fecal and vascular samples compared with disease and/or healthy controls. Predominant bacteria
vary, but overall, patients with vasculitis tend to have more pathogenic and less commensal bacteria in
active disease. In the few longitudinal studies available, improvement or resolution of dysbiosis has been
observed following vasculitis treatment and improved disease activity.
Summary
Dysbiosis and reduced microbial diversity has been identified in patients with small, medium and
large vessel vasculitis. Although limited data suggests microbiomes may ‘normalize’ following
immunosuppression, cause or effect cannot be determined. It is hypothesized that microbial disruption in a
genetically susceptible individual may trigger excessive host immune activation and vasculitis;
however, larger studies with longitudinal and translational design are needed to further our current
understanding.
Keywords
antineutrophil cytoplasmic antibody-associated vasculitis, dysbiosis, giant cell arteritis, microbiome, vasculitis

INTRODUCTION
The microbiome refers to the trillions of microbes
that live on and in our body. Due to a mutually
beneficial relationship, it is believed that our microbiome evolved along with us – resident microbes
likely play important roles in nutrition, prevention
of invasion by pathogens, and in the continuous
‘education’ of our immune system [1]. Deviations
from the healthy microbiome, broadly termed ‘dysbiosis’, may result in excessive immune activation
and tissue damage. The field is rapidly evolving due
to advances in sequencing technology that facilitate
culture-independent analysis of these microbial
communities. Dysbiosis is now implicated in many
autoimmune and vascular diseases, including rheumatoid arthritis (RA) [2,3], systemic lupus erythematosus [3], inflammatory bowel disease (IBD) [4]
and atherosclerosis [5]. In this review, we aim to
summarize the recent evidence and hypotheses surrounding the role of the microbiome in systemic
vasculitis.

THE ROLE OF MICROBES IN SMALL
VESSEL VASCULITIS: ANTINEUTROPHIL
CYTOPLASMIC ANTIBODY-ASSOCIATED
VASCULITIS
Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides (AAV) are a group of diseases
characterized by ANCA production, excessive neutrophil activation and small–medium vessel vasculitis [6]. Mucosal inflammation of the upper and
lower respiratory tract is a striking feature in many
AAV patients, raising suspicions for an infectious
trigger [7]. Staphylococcus aureus, in particular, has
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KEY POINTS
 Dysbiosis and reduced microbial diversity is observed
in vasculitis patients.
 In some studies, treatment of vasculitis is associated
with ‘normalization’ of the healthy microbiome, but
cause or effect is not determined.
 Common hypotheses suggesting a causal role for the
microbiome include the possibility of a directly
antagonistic relationship between pathogenic vs.
commensal organisms that leads to chronic immune
activation, or the existence of a gut-renal axis
of inflammation.
 Studies evaluating larger groups of patients in a
longitudinal fashion and translational experiments to
understand possible disease mechanisms are needed.
 Whether the gut microbiome may influence or predict
an individual’s response to therapy or likelihood of
adverse effects from immunosuppressive drugs is an
area for future study.

interactions between the microbiome and drug efficacy/adverse events), where preliminary data also
suggests that methotrexate may both influence and
be influenced by our resident microbes [14 ]. Similarly to Rhee et al., a German study identified a trend
toward reduced bacterial diversity among nasal
swabs from GPA patients compared with RA and
healthy controls. Notably, S. aureus was increased in
GPA compared with other groups [15]. In the United
Kingdom, S. aureus was also significantly more abundant in the nasal cavity of GPA patients, whereas S.
epidermidis was more abundant in healthy controls,
suggesting an antagonistic relationship between
species [16 ]. Mechanistically, the presence of S.
epidermidis may protect against S. aureus by secreting
Esp, a serine protease that inhibits bacterial adhesion and activates immune defenses to clear S. aureus
[17].
Recently, longitudinal evaluation of the nasal
microbiome in GPA (assessed every 3 months over
an average of 6 years), demonstrated a higher Staphylococcus to Corynebacterium ratio prior to flare [18 ],
and a fall in S. epidermidis and P. acnes populations
during flare, with rise in Corynebacterium tuberculostearicum abundance. This work demonstrated that
microbial communities fluctuate with time and disease activity; however, cause vs. effect is uncertain.
Additional details of small vessel vasculitis microbiome studies using culture-independent techniques are available in Table 1.
&&

&

&

been the subject of extensive study in granulomatosis with polyangiitis (GPA), with hypotheses
including neutrophil priming, molecular mimicry
[8 ], superantigen production, among others [9],
proposed as possible pathogenic mechanisms.
Although the efficacy of trimethoprim–sulfamethoxazole, and association of nasal carriage with
relapse [10], supports a potential role for S. aureus
in GPA [9], findings are not universal [11], suggesting this bacteria is not the singular trigger. Recently,
nasal Staphylococcus pseudintermedius, typically a
microbe of domestic animals, has also been cultured
in GPA patients [12]; however, the significance of
this is still unclear.
&

NASAL MICROBIOME IN ANTINEUTROPHIL
CYTOPLASMIC ANTIBODY-ASSOCIATED
VASCULITIDES
In the first study of the collective nasal microbiome
in GPA, Rhee et al. compared vasculitis patients
(75% in remission) and healthy controls, using16S
rRNA and internal transcribed spacer analysis. Nasal
dysbiosis was identified in GPA patients, with reductions in Propionibacterium acnes and Staphylococcus
epidermidis observed, but no differences in S. aureus.
Use of nonglucocorticoid immunosuppression was
associated with ‘normalization’ of the nasal microbiome independent of disease activity, suggesting
that medication use may moderate nasal microbes
[13 ]. Significantly, this idea is supported by the
pharmacomicrobiomics literature (the study of
&
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OTHER NICHES IN ANTINEUTROPHIL
CYTOPLASMIC ANTIBODY-ASSOCIATED
VASCULITIDES
A single study has assessed the lower respiratory
tract microbiome in AAV, comparing pretreatment
bronchoalveolar lavage (BAL) fluid from 16 predominantly microscopic polyangiitis patients and those
with biopsy-proven sarcoidosis [19]. Alpha-diversity
was negatively associated with disease activity in
AAV; however, no significant differences between
AAV and sarcoidosis were observed. When typical
oral microbes (extrapolated from Human Microbiome Project data) were excluded from the analysis,
differences did emerge, establishing the importance
of considering oral microbiota contributions in
future BAL studies.
Up to 80% of patients with IBD are ANCA-positive in the absence of clinical vasculitis [23], suggesting a possible shared pathogenesis of these diseases.
Although the role of gut microbes in IBD continues
to be a hot topic [4], this niche remains relatively
unexplored in AAV. Preliminary data from Najem
et al. describe the association of gut dysbiosis with
significantly higher BVAS scores [20], whereas the
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21 RA
27 Healthy controls

23 Disease controls
13 eGPA
10 MPA
15 Healthy controls
4 Household contacts
11 Healthy hospital
personnel
None

29 GPA in Germany
23 Remission
6 Active

56 GPA in UK
12 Active
44 Inactive

19 GPA in USA
9 Flare
10 Remission

16 New AAV in
Japan
14 MPA
2 GPA
49 AAV in USA
29 Active
20 Remission

Lamprecht
et al. [15]

Wagner
&
et al. [16 ]

Rhee et al.
&
[18 ]

Fukui et al.
[19]
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85 Children
hospitalized
with IgAV in China

Wang
et al. [22]

70 Healthy age, sexmatched children

66 Healthy age, sexmatched children

Fecal

Oral

Fecal

BAL

Nasal

Nasal

Nasal

Nasal

Site

Bacterial 16S rRNA
(V2, V2)

Bacterial 16S rRNA
(V1, V2)

Bacterial 16S rRNA
(V1, V2)

Bacterial 16S rRNA
(V4)

qPCR for S. aureus,
Haemophilus
influenzae,
Enterovirus,
Rhinovirus
Bacterial 16s rRNA
(V3, V4)
UMERS
Nasal culture
Bacterial 16S rRNA
(V1, V2)
Shotgun metagenomic
sequencing
Functional analysis
SEED proteins
16S rRNA

Bacterial 16S rRNA
(V1, V2)
Fungal ITS1 gene
sequencing

Technique

Cross-sectional

Cross-sectional

Cross-sectional
and longitudinal

Crosssectional

Longitudinal

Cross-sectional

Cross-sectional

Cross-sectional

Study design

Reduced diversity and richness in IgAV
Reduced Roseburia, Parasutterella, Dialister in IgAV
Increased Enterococcus, Parabacteroides in IgAV
Negative correlation between Bifidobacteria and serum
IgA
Negative correlation between Roseburia, Paraprevotella
and length of stay

Increased richness and diversity in IgAV
Increased Butyrivibrio
Reduced Haemophilus sp.
Prevotella nanceiensis correlated with serum IgA

Negative linear relationship between alpha-diversity and
BVAS in AAV group
No difference in alpha diversity in AAV vs. sarcoidosis
Differences emerged when oral microbes excluded
Active AAV associated with gut dsybiosis
Higher BVAS correlated with increased dysbiosis
Immunosuppression and antibiotic use resulted in
normalization of gut microbiome

Prior to flare: increased ratio Staphylococcus to
Corynebacteria
During flare: reduced S. epidermidis and P. acnes,
increased Corynebacterium tuberculostearicum

Increased S. aureus in active GPA
Increased S. epidermidis in healthy controls
Staphylococcus pseudintermedius relative abundance 13%
Increased genes for chromisate synthesis and vitamin B12
pathways in GPA

Reduced diversity and richness in GPA
Relative abundance at family level differed with overall
disease activity and ENT activity in GPA
Increased S. aureus in GPA vs. RA or controls by qPCR
UMERS identified no previously unknown pathogens

Reduced Propionibacterium acnes and Staphylococcus
epidermidis in GPA
No difference in Staphylococcus aureus observed
Reduced abundance of fungal order Malasseziales with
increased GPA disease activity
Non-GC immunosuppression associated with ‘healthy’
nasal microbiome

Major findings

AAV, antineutrophil cytoplasmic antibody-associated vasculitides; BAL, bronchoalveolar lavage; BVAS, Birmingham vasculitis activity score; eGPA, eosinophilic granulomatosis with polyangiitis; ENT, ear, nose, throat;
GPA, granulomatosis with polyangitiis; GC, glucocorticoid; IgAV, IgA vasculitis; MPA, microscopic polyangiitis; qPCR, quantitative PCR; RA, rheumatoid arthritis; UMERS, unbiased nontargeted metagenomic sequencing.

98 Children
hospitalized with
IgAV in China

Chen
et al. [21]

Najem
et al. [20]

41 Healthy controls

60 GPA in USA

Rhee et al.
&
[13 ]

21 New
biopsy þ sarcoidosis
Data from Human
Microbiome Project
14 Healthy controls

Controls

Disease

Reference

Table 1. Summary of microbiome studies in the small vessel vasculitides, performed using culture-independent techniques
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gut microbiome in AAV patients in remission was
similar to that of controls. Use of immunosuppressive drugs, glucocorticoids and antibiotics were all
associated with reduced gut dysbiosis. With respect
to possible mechanisms, Krebs et al. [24] previously
demonstrated in a mouse model of AAV that Th17
cells may migrate from their place of residence in
the bowel wall lamina propria to the kidney, where
they contribute to glomerulonephritis. When mice
were raised in germ-free conditions or treated with
broad spectrum antibiotics, gut Th17 cells were
significantly reduced, as was renal inflammation.
Similarly, a recent case report describes the development of de novo biopsy-proven anti-myeloperoxidase (MPO) antibody-positive rapidly progressive
glomerulonephritis in a patient 3 weeks following
fecal transplant for recurrent Clostridium difficile
infection [25], supporting the possibility of a gutrenal axis in susceptible humans.

In IgAN, a phase 2B study of targeted-release
budesonide (designed to act specifically at Peyer’s
patches in the ileocolic junction) demonstrated a
significant reduction in proteinuria and stabilization of glomerular filtration rate (GFR) as compared
with supportive care alone, emphasizing the association between gut inflammation and nephritis [30].
Given the histopathologic similarities to IgAN, further descriptive and mechanistic studies of gut
microbiome interaction with host cells in IgAV
seem warranted.

THE MICROBIOME IN MEDIUM VESSEL
VASCULITIS
Kawasaki disease is the most common cause of
acquired cardiac disease in children in North America due to its propensity for coronary artery aneurysms. Recently, suspicions have been raised that
Kawasaki disease may in fact be a form of IgAV that
is mediated by gut inflammation [31 ]. In a mouse
model of Kawasaki disease, intestinal permeability
was found to be a critical, early component of the
disease, leading to increased serum IgA levels and
ultimately coronary artery aneurysm formation
with IgA deposition in vessel walls. When intestinal
permeability was blocked, vasculitis was ameliorated in mice [32 ]. Although limitations exist in
extrapolating this data to human Kawasaki disease,
autopsy data of children who died of ruptured coronary aneurysms from Kawasaki disease also demonstrated coronary artery IgA deposition [33]. In a
genetically susceptible host, it is hypothesized that
alterations in the gut microbiome as a result of age,
diet, infectious triggers [34] and/or antimicrobials
leads to immune system activation and ultimately
Kawasaki disease [35]. In keeping with this, the
highest incidence of Kawasaki disease is seen in
6–11-month olds, a time at which the gut microbiome is rapidly shifting due to maturation and the
introduction of solid foods [35]. Gastrointestinal
symptoms at Kawasaki disease onset are predictive
of intravenous immunoglobulin (IVIG) resistance
and associated with an increased risk of coronary
artery aneurysms [36], and previous antibiotic use is
associated with an increased risk for the development of Kawasaki disease (odds ratio 11.7) in a dosedependent manner [37 ]. Culture-based approaches
have shown higher levels of Gram-positive cocci
(Staphylococcus and Streptococcus) and less Lactobacillus spp. in stool of Kawasaki patients but have failed
to identify one specific pathogen for the condition
[35].
Using metagenomic sequencing, Kinumaki et al.
[38] longitudinally studied fecal samples of 28 Japanese Kawasaki disease patients. A single pathogen
&

MICROBIOME CONTRIBUTIONS TO
IMMUNE COMPLEX VASCULITIS
Similarly, a role for the gastrointestinal microbiome
has been suggested in IgA vasculitis (IgAV). With a
peak onset between the ages of 4 and 6 years, seasonal variation, and a frequently self-limited nature,
IgAV is felt likely to have an infectious trigger.
Increased serum levels and tissue deposition of
structurally abnormal IgA are a hallmark of this
disease – when IgA1 becomes glycosylated, antigens
at the hinge portion are exposed and stimulate
immune activation and immune complex formation [26 ]. The same glycosylation is observed in IgA
nephropathy (IgAN), a condition pathologically
indistinguishable from IgAV in the kidney [27 ].
In a mouse model of IgAN, bowel commensals were
shown to stimulate gut-associated lymphoid tissue
production of glycosylated IgA1 and exacerbate
nephritis, suggesting an interaction between host
factors, gut microbes and IgA secretion [28].
In humans, the oral microbiome of children
hospitalized with IgAV revealed increased microbial
diversity and Prevotella nanceiensis positively correlated with serum IgA levels [21]. In contrast, reduced
microbial diversity was identified in fecal samples of
85 patients with IgAV vs. healthy controls [22].
Parabacteroides and Enterococcus were more abundant in children with vasculitis, whereas Dialister,
Parasutterella and Roseburia (a known producer of
butyrate, which induces T-regulatory cells and has
anti-inflammatory effects on the colonic mucosa)
were reduced. Length of hospital stay was negatively
correlated with the levels of Roseburia and Paraprevotella. Gut dysbiosis has also been demonstrated in
patients hospitalized with IgAN [29 ].
&

&&

&
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Table 2. Summary of microbiome studies in medium vessel vasculitis, performed using culture-independent techniques
Reference

Disease

Controls

Site

Technique

Study design

Major findings/Comments

Kinumaki
et al. [38]

28 Children
hospitalized
with KD, Japan

None

Fecal

Metagenomic
sequencing
Stool culture
followed
by 16S rRNA

Longitudinal
Samples taken at
hospital
admission, and
4–6 months later

During acute phase, Streptococcus spp.
increased
Findings confirmed using stool culture
and 16S rRNA
In nonacute phase: increased Roseburia,
Ruminococcus, Faecalibacterium seen

Khan
&
et al. [39 ]

5 Children with
KD, China

3 Healthy
controls

Fecal

Bacterial
16S rRNA
(V4)

Longitudinal
Samples taken at
acute illness,
posttreatment and
at revisit

In acute KD: increased Streptococcus,
Fusobacteria and Shigella
Acinetobacter johnsonii, Anaerostipes
butyraticus and Paludibacter spp.
found only in acute KD
Posttreatment KD: Roseburia reappeared
Posttreatment KD: prevalence of
Bacteroidetes and Firmicutes increased
over time, and Fusobacterium fell and
disappeared at revisit

KD, Kawasaki disease.

could not be identified; however, Streptococcus (especially the mitis group) species were increased during
the acute phase of the illness, whereas the nonacute
phase of the illness was characterized by predominance of Ruminococcus, Roseburia, and Faecalibacterium (refer to Table 2 for medium vessel microbiome
study details). Recently, Khan et al. [39 ] also
assessed fecal samples from five Kawasaki disease
patients in China obtained pre and posttreatment.
Pathogenic bacteria dominated in samples collected
during the acute phase of illness and subsequently
fell posttreatment with IVIG and aspirin. Beneficial
bacteria were more abundant in control samples,
and were subsequently restored among treated
Kawasaki disease patients, suggesting an association
between gut dysbiosis and disease activity.
In May 2020, reports of a Kawasaki-like syndrome presenting in children following severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection emerged [40 ]. In June 2020, an Italian
study reported a 30-time increased incidence of
Kawasaki disease during the 2-month period
between February and April 2020, as compared with
the previous 5 years, corresponding to their surge of
SARS-CoV-2 cases [41]. Similar observations were
noted by UK [40 ], French [42] and US [43,44] investigators, resulting in the new term, multisystem
inflammatory syndrome in children (MIS-C). In
contrast to typical Kawasaki disease, MIS-C has a
predilection for children of African, rather than
Asian, descent [42], and older children and adolescents. Enteropathy is striking in MIS-C, as is myocarditis [44]. Skin biopsy from a single patient with
SARS-CoV-2 and MIS-C revealed leukocytoclastic
vasculitis with IgA deposition [45 ], suggesting possible overlap with IgAV. Additional data regarding
&

&

&

&

MIS-C, its association to SARS-CoV-2 and possible
relationship to Kawasaki disease or other vasculitides are expected as information from the pandemic
becomes available.

MICROBIOME IN GIANT CELL ARTERITIS
The cause of primary large vessel vasculitides
remains elusive, but in giant cell arteritis (GCA),
cyclical spikes in incidence [46], and known contributions of Th1 responses and IFNg production [47],
are suspicious for an underlying infectious trigger.
Historically, varicella zoster virus (VZV) has been of
special interest in GCA [48]. Although a high frequency of VZV antigen was detected in temporal
artery and aorta samples of GCA patients by one
group [49–52], results could not be replicated by
other centers in the United States and Italy [53,54],
suggesting that VZV is likely a mimic, not a cause
of GCA.
Traditionally considered sterile, increasing evidence suggests that blood vessels may possess their
own microbiome [55]. In 2013, the first study of the
temporal artery microbiome using unbiased DNA
sequencing was published [56]. No previously investigated pathogens and no novel microbes were identified. Skin contaminants were most abundant;
however, results may have been limited by use of
formalin fixation, and paraffin. Hoffman et al. [57 ]
then described the microbiome of snap-frozen temporal arteries from biopsy-positive and biopsy-negative GCA patients. GCA samples differed from
controls with respect to beta diversity, with no
differences between biopsy-positive and negative
patients appreciated. Fluorescence in-situ hybridization revealed bacterial rRNA localizing specifically
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to the media, suggesting contamination was
unlikely. The same group also described the microbial contents of the thoracic aorta [58 ]. Although
temporal artery and aorta samples were processed
simultaneously, significant differences between
these microbial communities were detected, suggesting that, like other niches in the body, different
vascular beds may contain different microbes.
Again, diversity was significantly reduced in aortitis
patients as compared with controls, but no differences noted between GCA and clinically isolated
aortitis subtypes, perhaps reflecting a shared
&

pathogenesis. Additional details of GCA and other
large vessel vasculitis (LVV) microbiome studies are
available in Table 3.

MICROBIAL CONTRIBUTIONS TO
TAKAYASU’S ARTERITIS AND A WORD
ON BEHCET SYNDROME
Although possessing a similar predilection for the
aorta and major branches, Takayasu’s arteritis (TAK)
is distinguished from GCA by its younger age of
onset and increased incidence in patients of Asian

Table 3. Summary of microbiome studies in large vessel vasculitis, performed using culture-independent techniques
Study
design

Reference

Disease

Controls

Site

Technique

Bhatt et al.
[56]

12 Biopsyproven
GCA, USA

5 Controls in
whom GCA
excluded

Temporal
artery (FF,
PE)

Unbiased DNA
sequencing

CrossPropionibacterium acnes, Escherichia
sectional
coli most abundant in both controls
and GCA (16/17 samples)
Moraxella catarrhalis most abundant in
1 control
No previously investigated pathogens
or unknown microbes identified

Hoffman
et al.
&
[57 ]

24 GCA, USA 23 Controls in whom
9 þTAB
GCA excluded
15 TAB

Temporal
artery
(snapfrozen)

Bacterial
16S rRNA
(V3, V4)
FISH with
oligonucleotide
probe for 16S
rRNA

CrossNo differences in alpha diversity
sectional Beta diversity differed between GCA
and controls
No differences between TABþ and
TAB GCA
Reduced Parasutterella, Bifidobacterium
in GCA
Increased Granulicatella, Streptococcus
in GCA
Bacterial rRNA localized to media of
artery in GCA and controls using
FISH

Getz et al.
&
[58 ]

26 Aortitis,
USA
14 GCA
12 CIA

23 Noninflammatory
controls

Thoracic aorta
(snapfrozen)

Bacterial
16S rRNA
(V3, V4)

CrossSignificant differences between
sectional
temporal artery and thoracic aorta
microbiomes
Significant differences in alpha and
beta diversity between aortitis and
controls
No differences in diversity in GCA vs.
CIA aortas
Increased Phascolarctobacterium in
aortitis
Decreased Prevotella, Acinetobacter,
Klebsiella, Staphylococcus,
Corynebacterium
Increased pathways for oxidative
phosphorylation and porphyrin
metabolism, downregulated
transcription factor pathways in
aortitis

10 GCA
6 Active
4 Remission
16 Healthy controls

Blood

Bacterial
16S rRNA

CrossIncreased Clostridia, Cytophagia,
sectional
Deltaproteobacteria in TAK vs.
healthy controls
Increased Bacillus, Staphylococcus in
controls
Active TAK associated with reduced
Staphylococcus
Increased Bacteroidia in TAK vs. GCA
In TAK: increased porphyrin and
chlorophyll pathways

Desbois
20 TAK
et al. [59] 10 Active
10 Remission

Major findings/Comments

CIA, clinically isolated aortitis; FF, formalin-fixed; FISH, fluorescence in-situ hybridization; GCA, giant cell arteritis; PE, paraffin-embedded; TAB, temporal artery
biopsy-negative; TABþ, temporal artery biopsy-positive; TAK, Takayasu’s arteritis.
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and South American, rather than Northern European, descent [60]. Of individual pathogens, the role
of Mycobacterium tuberculosis (TB) in TAK has been
most extensively studied to date. In TAK patients,
the reported prevalence for latent (20–82%) and
active (6.3–20%) TB infection ranges widely, as does
the prevalence of TB DNA in TAK aortic samples
(between 0 and 70%) [61]. Notably, TAK patients
often respond favorably to antitumor necrosis factor
therapy and have low rates of TB reactivation, suggesting this relationship is associative, not causal
[62].
Relevant to the microbiome discussion, TAK
and IBD may share a similar genetic predisposition
(HLA-B52) and co-occur more frequently than
would be expected by chance [63]. In TAK patients
with IBD, bowel inflammation tends to precede
vascular disease by an average of 7 years [64], raising
the possibility that gut dysbiosis may stimulate
immune dysregulation that results in both IBD
and vasculitis. In support of this theory, Kanıtez
et al. [65] performed random colon biopsies in 30
asymptomatic TAK patients, and found histologically proven colitis in 30%, more commonly those
with active vs. inactive TAK.
In addition to IBD, similarities also exist
between TAK and Behcet syndrome, an autoimmune disease characterized by gastrointestinal and
vascular inflammation, with an HLA-B51 association. In Behcet’s, like TAK, gastrointestinal manifestations usually precede vascular lesions, and
respond to antitumor necrosis factor therapy [64].
Gut microbiome studies in Behcet’s have revealed
dysbiosis [66,67 ], with reduction in anti-inflammatory butyrate-producing bacteria and an increase in
proinflammatory sulfate-reducing bacteria [67 ].
Fascinatingly, fecal transplant from Behcet’s
patients into a mouse model was shown to exacerbate uveitis, suggesting a causal link between gut
bacteria and systemic inflammation [67 ]. A randomized trial to assess the efficacy of dietary interventions for control of Behcet’s symptoms via
manipulation of the gut microbiome is currently
enrolling [68 ].
To date, preliminary data evaluating the blood
microbiome in patients with TAK is published [59]
(Table 3), but no descriptions of the gut microbiome
in either TAK or GCA are available. Such studies are
anticipated to shed light on possible common
mechanisms.
&

&

&

&&

CONCLUSION
Microbiome studies exploring the inhabitants of
various niches of the human body, have, in most
cases, revealed dysbiosis and reduced microbial

diversity in vasculitis patients. In some cases, ‘normalization’ of the healthy microbiome has been
documented with immunosuppression, but cause
or effect has not been determined. It is hypothesized
that in vasculitis patients, dysbiosis triggered by
common life events such as infection or antibiotic
use, stimulates an abnormal host immune response
mediated by their particular genetic-susceptibility
that leads to the development of systemic vasculitis.
Thus far, studies in vasculitis have been predominantly descriptive and associative. Going forward,
longitudinal studies in larger patient cohorts will be
needed to help inform the sequence of events and
distinguish cause from effect, whereas translational
studies will be critical to further explore hypotheses
and disease-specific mechanisms. In addition, we
hope to see expansion in the field of pharmacomicrobiomics in vasculitis as a potential tool to better
predict our patients’ response to medications and
risk for adverse events.
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Cerebral vasculitis associated with drug abuse
David S. Younger

Purpose of review
To review understand the epidemiology, background, neuropharmacology, and histopathology of literature
verified cases, and likely etiopathogenic mechanisms.
Recent findings
There are only a handful of histologically confirmed patients in the literature with cerebral vasculitis
because of drug abuse.
Summary
There is little justification for invasive laboratory investigation given the ready availability of highly accurate
vascular neuroimaging techniques to dictate management, which usually rests upon avoidance of further
exposure and minimizing the secondary neurotoxic effects of the abused substances and polypharmacy
use.
Keywords
central nervous system, cerebral vasculitis, stroke, substance abuse, vasculitis

INTRODUCTION
The vasculitides are heterogeneous clinicopathologic disorders that share the common feature of
vascular inflammation [1]. The resulting disorder
can vary depending on involvement of specific
organs, caliber of blood vessels, the underlying
inflammatory process, and individual host factors.
The cumulative result is diminished blood flow,
vascular alterations, and eventual occlusion with
variable ischemia, necrosis, and tissue damage. An
international classification [2 ] based upon the
2012 Revised Chapel Hill Consensus Conference
of 2012 [3] is the most widely used for the nosology
of primary and secondary systemic vasculitides. The
category of single-organ vasculitis (SOV) [3] provides for limited expression of a systemic vasculitis,
while vasculitis associated with a probable cause [3]
acknowledges that vasculitis may be associated with
a given cause, such as drug abuse.
As this article will show, drug abuse, as a category of vasculitis presents several challenges to
nosology. First, its prototypical clinical manifestation as a CNS or cerebral vasculitis reminiscent of
SOV. Second, the influence of polypharmacy that
makes it difficult to isolate the responsible drug.
Third, the contribution of infection that is common
in intravenous drug users (IVDU), especially HIV-1
and opportunistic infections associated with AIDS
that contribute to vasculitic brain lesions. Fourth,
reliance on brain neuroimaging to establish the
&&
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probable diagnosis of vasculitis rather than brain
and meningeal tissue biopsy to establish the diagnosis of cerebral vasculitis with certainty. Fifth, the
existence of only a handful of histologically proven
cases in life or at postmortem examination that
suggests that the disorder is decidedly rare
or underreported.

EPIDEMIOLOGY
The epidemiology of systemic and neurovasclitis
have been previously reviewed [4,5 ]. Estimates of
primary systemic vasculitis in population studies
cite a declining incidence from 2.3 per 100 000
between 1988 and 1998 to 1.1 per 100 000 [6] in
Australia and the United Kingdom (UK), whereas
estimates of its prevalence increased from 9.0 per
100 000 [7] to 30.7 per 100 000 [8] in the period 1990
and 2012 in the United States, suggesting the success
of effective treatment. de Boysson et al. [9] in the
French Cohort of patients with primary vasculitis of
the CNS (PVCNS) reported improved survival with
remission achieved in 95% of cases after initial
immunosuppressive induction treatment, and
&&
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KEY POINTS
 Drug abuse, as a category of vasculitis, presents
several challenges to nosology.
 Polypharmacy rather than a single abused illicit
substance is often present.
 Intravenous drug use and HIV/AIDS may contribute to
vasculitic brain lesions.
 Most cases rely upon classical features of brain
neuroimaging to establish the probable diagnosis of
vasculitis rather than brain and meningeal tissue biopsy
to establish the diagnosis with certainty.
 There are a handful of histologically proven cases in
life or at postmortem examination suggesting that the
disorder is decidedly rare or underreported.

prolonged remission without relapse in two-thirds
after a mean of 57 months follow-up. However, the
same cannot be stated in cerebral vasculitis associated with illicit drug use as there have been no
population studies. It is nonetheless important to
understand the contributing factors in this condition because of the mounting trend in lethal illicit
drug use.

Polypharmacy versus monopharmacy
It is far simpler to approach cerebral vasculitis associated with use of illicit drugs by focusing on the
predominant drug abused independent of other
substances; however, this ignores the contribution
of polypharmacy to the rise in lethal deaths for
decades. Observations by the Office of the Chief
Medical Examiner (OCME) of New York City
between 1990 and 1998 found that drug addicts
favor one or another class of illicit drugs and often
participate in polysubstance abuse. This in turn
accounts for rising trends in the increase in annual
overdose death rates using the census population
for age, sex, and race comparisons [10]. Opiates,
cocaine, and alcohol were the most commonly used
drugs in accidental overdose deaths accounting for
97.6%, with more than one-half used in combination. Changes in the rate of multidrug combination
deaths account for changes in overdose death rates,
whereas single drug overdose death rates remain
relatively stable. Estimated annual trend data from
Connecticut’s OCME, standardizing the number of
deaths per 100 000 population each year, and stratifying it further by polysubstance use for the period
2012–2018, found the rate of overdose deaths
increased 221% from 9.9 per 100 000 in 2012, to

28.5 per 100 000 in 2018, with the majority occurring among persons age 35–64 years (66%), men
(73%), and non-Hispanic whites (78.5%).
The investigation of the supply and demand of
illicit drugs offers some insight into the factors
influencing such lethal polypharmacy. The supply
side argues that increasing drug availability results
from the increased supply of addictive drugs for pain
by pharmaceutical companies and the willingness of
doctors to prescribe addictive analgesics. This was
evident in the promotion and marketing of OxyContin (Purdue Pharma, Stamford, Connecticut,
USA), a sustained-release oxycodone in 1996, with
sales that grew from $48 million in 1996 to almost
$1.1 billion in 2000 becoming the leading drug of
abuse in the United States by 2004 [11]. As awareness
of the dangers of misuse by physicians and patients
grew, policy changes restricted their supply and
form with a shift toward cheaper and illegal drugs,
first heroin and then the more lethal synthetic
fentanyl.
Research into the demand side has been more
interesting, suggesting a driving force of increasing
income inequality, and a changing economic and
social landscape over several decades. Case and
Deaton [12] found a marked increase in all-cause
mortality of middle-aged white non-Hispanic men
and women in the United States between 1999 and
2013 giving rise to the acronym, ‘deaths due to
despair,’ reminiscent of alcohol-related suicides during the Great Depression. The authors noted a midlife mortality reversal confined to white nonHispanics, with a commensurate fall in mortality
rates of black non-Hispanics, Hispanics and those
aged 65 years and above in every racial and ethnic
group. The increase for whites was accounted by
increasing death rates from drug and alcohol poisonings, suicide, chronic liver diseases and cirrhosis.
Increases in midlife mortality parallel increases in
self-reported midlife morbidity according to measures of self-assessed health status, pain, psychological distress, difficulty with activities of daily living,
and alcohol use.
Long-term trends in drug-related deaths analyzed from estimates derived from the Centers for
Disease Control and Prevention (CDC) offer new
insights [13]. On an age-related basis, drug-related
deaths rose by about 20% in 2002 to 25% in 2016,
following a very different trend than those for other
deaths of despair including alcoholism and suicide
as referred to by Case and Deaton [12]. The ageadjusted mortality rate from drug-related causes and
overdose in 2000 of 5.2 per 100 000, doubled in
10 years during which suicide and alcohol-related
deaths fell. By 2017, the rate had quadrupled at 20.5
per 100 000 whereas age-adjusted deaths of despair
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other than those drug-related, remained the same in
2017 as in 1975. Thus, the rise in drug overdoses
reflects a fundamental change in the supply, addictiveness, and lethality of drugs.

Contribution of HIV and AIDS
Recognition of the propensity for cerebral vasculitis
with HIV-1 infection and the AIDS has provided
insights into the mechanisms of cerebral vasculitis
in association with drug abuse. Early in the HIV/
AIDs epidemic, it was clear that it included a significant proportion of individuals who engaged in
intravenous drug user (IVDU). There is an extensive
literature suggesting an independent contribution
of IVDU to immune suppression, breakdown of the
blood–brain barrier (BBB), microglial activation, and
neuronal injury [14] with an additive or synergistic
reinforcement of HIV-related brain damage by IVDU
[15]. Two postulated periods in the neurobiology of
HIV-1 when autoimmune disease manifestations
appear to be significant for the development of
cerebral vasculitis are shortly after seroconversion
and before the spread of productive infection [16],
and after initiation of HAART in association with the
immune reconstitution syndrome (IRIS) [17].

HIV-seropositive, pre-AIDS
Postmortem series indicate an association of presymptomatic HIV-seropositive IVDU and cerebral
vessel inflammation including true vasculitis. Gray
et al. [16] studied two cohorts of 11 patients, one
HIV-seropositive and non-AIDS, and the other HIVseronegative heroin abusers, 10 patients of each died
from heroin overdose and another of a fatal gunshot
wound. Neuropathological studies showed varying
degrees of vascular inflammation including ‘true
vasculitis’ exemplified by dense vascular inflammation extending through the vessel wall, associated
with leptomeningitis in 6 of the 11 HIV-seropositive
AIDS-negative patients. Vascular inflammation was
comparatively mild or absent and restricted to a few
perivascular mononucleated cells associated with
pigment deposition, without transmural vascular
inflammation or meningitis in the HIV-seronegative
cohort. A year later, Bell et al. [18] described the
neuropathologic findings of 23 intravenous drug
users from the Edinburgh HIV Autopsy Cohort
who died suddenly after seroconversion but while
still in the presymptomatic stage of HIV infection in
comparison to 10 HIV-negative intravenous drug
users, 12 nonintravenous drug user controls, and
9 patients with full-blown AIDS, who also died
suddenly. Seven of the presymptomatic HIV-positive patients showed infiltration of T cells in the
26
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walls of veins in association with low-grade lymphocytic meningitis; seven others demonstrated isolated lymphocytic meningitis, and 1 patient had
focal perivascular lymphocytic cuffing and macrophage collections throughout the central white matter tissue of the brain and in basal ganglia.
Neuropathological examination in presymptomatic
HIV-seropositive patients fail to reveal characteristic
lesions of HIV encephalitis and none of the patients
showed immunocytochemical evidence of p24 antigen in brain tissue. Nearly a decade later, Bell et al.
[19] reiterated that in more than 50% of pre-AIDS
cases so studied, the brain was characterized by a
low-grade lymphocytic meningoencephalitis in
which T-cell infiltration is present in leptomeninges
and the perivascular compartment, with a very
occasional HIV-p24-positive lymphocyte in the
lymphocytic infiltrate, but no in brain parenchyma.

HIV/AIDS-associated immune reconstitution
syndrome literature patients
The introduction of HAART changed the incidence,
course, and prognosis of the neurological complications of HIV infection concomitant with almost
undetectable viral load in plasma and a rise in
circulating T lymphocytes [20]. One pathologically
confirmed patient with cerebral vasculitis and IRIS
has been described [21]. This HIV-seropositive
homosexual man developed dysarthria and dysphagia after HAART with worsening and appearance of
limb paresis after discontinuation of the medication. Treatment with corticosteroids preceded
recommencement of HAART but there was worsening with discontinuation of corticosteroids. Biopsy
of a hyperintense fronto-parietal lesion on T2weighted MRI showed small vessel lymphocytic
vasculitis, with microglial activation in the surrounding parenchyma. A severe demyelinating leukoencephalopathy in association with intense
perivascular infiltration by HIV-gp41 immunoreactive monocytes/macrophages and lymphocytes was
described by Langford et al. [22] in seven postmortem
patients. All were severely immunosuppressed and
treated with HAART with presumed IRIS however,
high not low levels of HIV replication; however, there
was no consideration of cerebral vasculitis.

AMPHETAMINES AND RELATED AGENTS
Background
The earliest reports of misuse of amphetamine sulfate were in late 1930s when students used it to
avoid sleep during examination periods [23]. This
was followed by reports of death by those who
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ingested the drug repeatedly as a stimulant for the
same purpose [24], in a suicide attempt that resulted
in a fatal intracerebral hemorrhage [25], or accidentally, when dexamphetamine and phenelzine were
fatally ingested together decades later [26]. During
the Second World War, amphetamine and methamphetamine was used clinically and illicitly but its
abuse soared in San Francisco after 1962 wherein it
was illegally produced and distributed [27]. In 2009,
the United Nations Office on Drugs and Crime
estimated that 16–51 million persons between the
age of 15 and 64 years consumed amphetamine
drugs, with more than half using methamphetamine [28], exceeding the combined consumption
of all other drugs of abuse except cannabis [29].
The neuropathology and neuropharmacology of
amphetamine, methamphetamine, and their derivatives have been reviewed [30]. Such drug agents
constitute a large spectrum of agents [31] available in
powder, capsule, tablet, and injectable fluid form that
can be swallowed, snorted or taken intranasally,
smoked or injected with highly variable purity and
dosage equivalence. Their potent effects, which
include elevation of blood pressure, pulse rate, and
increased level of alertness, sometimes in association
with insomnia, excitability, panic attacks, and
aggressive behavior, can also be associated with seizure and stroke. Their effect of methamphetamine,
are distributed throughout the brain [32]. Ecstasy
refers to the different hallucinogenic amphetamine
derivatives that contain 3,4-methylene-dioxymethamphetamine (MDMA) and 3,4-methylenedioxyethylamphetamine (MDE) as the main components
[33]. Ecstasy alters brain serotonin concentrations,
and postsynaptic 5-HT2 receptors play a role in the
regulation of brain microvessels. The CNS toxic
effects mitigate through blocking of the reuptake
of dopamine and stimulation of the release of dopamine and norepinephrine, as well as, possible
involvement upon serotonergic and endogenous opiate system. There can be dopamine receptor desensitization with marked reduction of dopamine
transporters and drug levels, as well as other dopaminergic axonal markers. The neurotoxic effects of
methamphetamine are mediated by multiple additional mechanisms including generation of free radicals, nitric oxide, excitotoxicity, mitochondrial
dysfunction, apoptosis, and the induction of immediate early inflammatory genes and transcription
factors. Methamphetamine is the most potent
amphetamine and the most commonly abused. All
forms of amphetamine administration increase the
risk of stroke that may be ischemic, hemorrhagic and
intraparenchymal [34], which may be up to four-fold
that of nonusers, surpassing the rate of hemorrhagic
stroke caused by cocaine use with odds ratios,

respectively of 4.95 versus 2.33 [35]. Still, amphetamines and methamphetamine are the second commonest cause of all strokes after cocaine, occurring
largely in persons younger than 45 years.

Pathologically verified cases
Cerebral vasculitis due to amphetamine, methamphetamine and related agents is exceedingly rare
with only three histopathologically verified cases
in the absence of other possible known causes
[36,37]. This is surprising given the number of substances that could cause this disorder if there was an
association. Amphetamine-related multiorgan arteritis including cerebral vasculitis was demonstrated by
Citron et al. [37] in a highly publicized report of 14 Los
Angeles multidrug abusers. The drug closest to a
common denominator was methamphetamine
using intravenously by all but two patients and exclusively by one. Acute vessel lesions of fibrinoid necrosis of the media and intima with infiltration by
polymorphonuclear cells, eosinophils, lymphocytes
and histiocytes, was followed by vascular elastic and
vascular smooth muscle destruction resulting in
lesions considered typical for polyarteritis nodosa
(PAN). Two patients, one abbreviated D.G. and the
other E.V., who injected methamphetamine via
intravenous injection had arterial lesions in cerebral
and cerebellar (D.G.) and brainstem pontine vessels
(D.G. and E.V.); however, detailed histopathologic
descriptions were not provided. Their report was
followed by correspondence by Gocke [38] who contended that exposure to the Australia antigen of
hepatitis B antigen was likely in their cohort conceivably associated with circulating immune complexes
and complement activation. The authors [39]
responded that no more than 30% of sera from drug
abuse patients ultimately tested positive for the
Australia antigen. Those with antigen-positive sera
who had used drugs others than methamphetamine
had no evidence of angiitis when on catheter angiography. Baden [40] commented that he had not
observed a causal relation between drug abuse and
necrotizing arteritis at the Office of Chief Medical
Examiner of New York City for the past one-half
century among thousands of autopsied drug abusers.
Citron and Peters [39] responded that evidence of
aneurysms so noted in 13 patients, was in their
opinion ample evidence of arteritis.
Almost two decades later, cerebral vasculitis was
demonstrated in a dubious report [36] of a 3-week
postpartum woman who took her first over-thecounter Dexatrim diet pill in many months containing phenylpropanolamine, without a history of
amphetamine abuse. This was followed 90 min
later by sudden headache, nausea vomiting and
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detection of subarachnoid blood on CT neuroimaging and a frontal lobe hematoma. Bilateral carotid
angiography demonstrated diffuse segmental narrowing and dilatation of small, medium and large
vessels and branches of the anterior and posterior
circulation. Evacuation and histopathologic analysis of the hematoma was performed showing necrotizing vasculitis of small arteries and veins with
infiltration of polymorphonuclear leukocytes particularly prominent in the intima with fragmentation of the elastic lamina and areas of vessel
occlusion. It was unclear whether the findings were
related to primary or drug-related CNS vasculitis.
However, treatment with cyclophosphamide for
6 months was associated with almost complete resolution of cerebral angiographic abnormalities.

Etiopathogenic mechanisms
After the report of Citron et al. [37], Rumbaugh et al.
[41] described the cerebral vascular changes of methamphetamine abuse in five rhesus monkeys given
amphetamine in dose ranges used by human addicts.
Two of the five monkeys developed generalized arterial spasm during a 2-week period following intravenous injection. Three of five animals demonstrated
decreased caliber of named cerebral artery branches
and flow of the contrast agent with normalization
1 day later whereas two others showing marked general decrease in small branches and large named
vessels that improved in one animal and progressed
in another. Histopathologic changes at postmortem
examination included microaneurysmal enlargement of arteriolar segments, mononuclear perivascular cuffing of small arterioles, parenchymal
necrosis, petechial hemorrhages, and swelling of
brain tissue, with most of the hemorrhagic lesions
centered on small-size arteriolar and capillary vessels.
Although reminiscent of the clinical and histopathologic findings of Citron et al. [37], necrotizing arteritis and transmural inflammation were lacking. Five
years later, Rumbaugh et al. [42] subjected monkeys
to short-duration (2 weeks) (5 animals), mediumduration (1 month) (3 monkeys), and long duration
(1 year) (3 monkeys) of thrice weekly (1.5 mg/kg body
weight) of intravenous amphetamine and related
agents including methamphetamine, secobarbital,
methylphenidate, and placebo, with performance
of cerebral angiography and documentation of the
resulting histopathology. Their studies showed relatively severe vascular injury and brain damage from
intravenous methamphetamine that included occlusions and slow blood flow in small cerebral vessels,
respectively in two each of the five monkeys in
the long-term administered drug, and in three
each of those given drug for intermediate and short
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durations, with some animals and controls unaffected. There was less injury caused by secobarbital
and methylphenidate. Vascular spasm because of
subarachnoid blood was excluded by lack of blood
at postmortem examination in the subarachnoid
space in any of the animals.

COCAINE
Background
A classic review of cocaine and stroke describes its
abuse potential [43]. Cocaine, which is derived from
the leaves of the Erythroxylum coca plant found
primarily in the eastern mountains of Peru, Ecuador,
and Bolivia, is available for abuse as cocaine hydrochloride, a water-soluble white salt in crystal, granular, and white powder that can be sniffed and
‘snorted’ intranasally or injected parenterally. The
‘free base’ alkaloid form known as ‘crack’ derives its
name from the cracking sound that occurs after
dissolution of the hydrochloride salt in water,
heated, and mixed with ammonia without or without baking soda. This chemical reaction converts
cocaine hydrochloride to a volatile form of the drug,
almost pure cocaine. Street cocaine or the noncrack
form is highly variable in purity, and often cut with
various agents. The alkaloid free-based form, which
is inhaled or smoked, is accompanied by higher
blood concentrations and more pronounced euphoria. When smoked as free-base, it is absorbed into the
pulmonary circulation and transmitted to the brain
in less than 10 s. After appearance in the bloodstream, cocaine is rapidly hydrolyzed to benzoylecgonine, which can be accurately tested in the urine;
however, levels may persist for up to 27–36 h
depending upon the route of administration and
host cholinesterase activity. In recent years, with
increasing availability and purity, and a drop in the
price of cocaine from early 1970, new cohorts from
all socioeconomic backgrounds and age groups have
been attracted to this highly addictive drug, and use
has continued to expand on a year-by-year basis.
Cocaine is a highly potent CNS stimulant that
rapidly crosses the BBB because of its highly lipophilic
properties. It is widely distributed through the brain
with its major metabolites binding at receptors with
varying affinities at presynaptic sites stimulating the
release of DA from synaptic vesicles and blocking its
reuptake resulting in enhanced neurotransmission.
The investigation of single nucleotide polymorphisms (SNP) that encode amino acid substitutions
in opioid receptors and ligands implicated in drug
addiction, particularly those of the mu-opioid receptor (MUP-r) gene system (OPRM1) reveal interesting
findings. The MUP-r system appears to release DA
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from neural synapse when activated, whereas kappa
receptors (KUP-r) instead lower extracellular DA levels supporting the observed variability in drug addiction among susceptible individuals [44].

Pathologically verified cases
Only 10 histologically verified patients have been
described in the absence of other possible known
causes [45–52]. In all but one patient, onset of
neurological symptoms immediately followed
cocaine use that was intranasal cocaine in six, intravenous in two, and acquired via unknown modality
in one. Cerebral vasculitis was associated with cerebral hemorrhage in three patients, and ischemia in
seven patients that typically presented with abrupt
onset of headache and focal hemiparesis, confusion
or agitation and grand mal seizures that progressed
to stupor, coma, and death in three patients. Lumbar cerebrospinal fluid (CSF) analysis showed lymphocytic pleocytosis of 10–65 cells/ml with elevation
of the protein content from 185 to 630 mg/dl, but
was completely normal in two patients. Cerebral
angiography performed in seven patients showed
an avascular mass in the patient with a putaminal,
abnormal large named vessel occlusions or segmental narrowing in three patients); poor filling and
irregularities in vessel appearance in two, and normal in one patient. The disorder of cerebral vasculitis was established by brain and meningeal biopsy in
life in seven patients; at postmortem examination in
two, and by both in one patient. The underlying
disorder of cerebral vasculitis was nonnecrotizing
with transmural mononuclear cell inflammation
affecting small arteries and veins in three patients
or veins alone in three patients, and perivascular
cuffing of small arteries and veins in another. In two
patients, there was necrosis of small cerebral vessels
associated with polymorphonuclear cell inflammation of small arteries and veins or large named
vessels. Among three patients so studied at postmortem examination, nonnecrotizing small vessel vasculitis was noted in the brains of two patients
without evidence of systemic involvement, whereas
necrotizing large vessel vasculitis was found in both
the brain and systemic organs. In all, treatment
consisting of corticosteroids was administered to
seven patients, five of whom improved and two
who died of refractory seizures despite anticonvulsant medication or because of infection, coma,
and decerebration.

Etiopathogenic mechanisms
Although cocaine-associated cerebral vasculitis has
not been rigorously studied, several independent

lines of experimental evidence suggest four possible
etiopathogenic mechanisms in susceptible individuals. The first is the observed effects of cocaine in the
induction of adhesion molecules and endothelial
leukocyte migration across cerebral blood vessel
endothelia walls particularly under inflammatory
conditions, which may disturb the function of the
blood–brain barrier. Cocaine increased the expression of the endothelial adhesion molecules intercellular adhesion molecule (ICAM)-1, vascular cell
adhesion molecule (VCAM)-1, and endothelial leukocyte adhesion molecule (ELAM)-1 on BMVEC
with a peak effect on ICAM-1 expression between
6 and 18 h after treatment in human brain microvascular endothelial cells (BMVEC) cultures and
increased monocyte migration in an in-vitro BBB
model [53–56] constructed with BMVEC and astrocytes [57]. These effects of cocaine, exerted through
a cascade of augmented expression of inflammatory
cytokines and endothelial adhesion molecules, may
contribute to the known cerebrovascular complications of cocaine abuse.
The second is the effect of cocaine on endothelial cell permeability and apoptosis as well as the
induction of chemokines and cytokines. The immunomodulatory effects of cocaine on brain microvascular endothelial cells and its proinflammatory
effects on induction of proinflammatory cytokines
and chemokines was investigated using a human
BBB model that included HIV-1 neuroinvasion [58].
Cocaine increased the in-vitro permeability of endothelial cells of the BBB model and induced apoptosis
of mouse thymocytes in cultures of BMVEC and
monocytes using an ELISA of generated accompanied by up-regulation of macrophage inflammatory
protein (MIP)-1, MIP-1a, inducible protein (IP)-10,
and interleukin (IL)-8 and TNF-a expression.
A third line of investigation is the observed
synergy of cocaine in facilitating pathogenic retroviral neuroinvasion, which may confer an independent risk factor for cerebral vasculitis. Both in-vitro
and in-vivo studies have provided valuable tools in
exploring the role of cocaine in mediating HIVassociated neuropathogenesis. The importance of
drug abuse in conjunction with HIV-1 has been
underscored by the ability of cocaine to induce
retroviral replication in mononuclear cells [59]
and enhance gp120-induced neurotoxicity [60].
A fourth and more recent insight is the possible
contribution of levamisole, an antihelminthic agent
[61] first detected traces in cocaine bricks by the US
Drug Enforcement Agency (DEA) in 2003 [62], and
increasing in frequency from 44.1% of specimens in
2008 to 73.2% in 2009 [63], signaling a rising public
health problem because of its highly addictive
potential and its association with vasculitis.
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Levamisole is 100- to 300-fold less potent than
cocaine in blocking norepinephrine and dopamine
uptake, and has a very low affinity for the serotonin
transporter; and it does not trigger an appreciable
substrate efflux. Nevertheless, the desired neuropharmacologic effects leads to its widespread contamination in cocaine production. Hofmaier et al. [64] have
studied its pharmacology. Although the adulterant
levamisole itself has only moderate inhibition of
dopamine reuptake forming amphetamine-like
metabolites, its metabolite, aminorex, exerts distinct
psychostimulant effects, and the two substances ‘kick
in’ after the cocaine effect ‘fades out’.
Exposure to levamisole-adulterated cocaine is
associated with a variety of well described hematological, skin, renal and pulmonary disorders [65].
It appears to induce antineutrophil cytoplasmic
antibodies (ANCA) and small vessel vasculitis
involving the ear lobes and the skin overlying zygomatic arch and lower extremities, often with purpuric plaques in a retiform pattern or central necrosis.
Skin biopsy shows pathological involvement of
superficial and deep dermal vessels associated with
numerous neutrophils and eosinophils that surrounding and invade the walls of dermal vessels
with extravasation of red blood cells, leukocytoclastic debris (nuclear dust), and fibrinoid necrosis on
hematoxylin and eosin-stained tissue sections. Such
findings are similar to children with chronic levamisole treated for nephrotic syndrome so noted in
a minority of children who developed purpuric
lesions of at least the ears and biopsies revealing
cutaneous vasculitis [66]. Although organ involvement is not characteristic of levamisole-adulterated
cocaine-induced autoimmune disease, there is an
established association with proteinuria or hematuria, acute renal injury, focal necrotizing and crescentic pauci-immune glomerulonephritis in some
cases, and increased titers to p-ANCA. As in other
drug-induced vasculitides, pulmonary involvement
can complete the triad of skin, kidney and lung
disorder in the form of diffuse alveolar hemorrhages, idiopathic pulmonary hypertension, or
other clinicopathologic presentations. There is a
causal association of levamisole-associated multifocal inflammatory leukoencephalopathy in cocaine
users [67]. Affected patients present with progressive
mental change and ataxia associated with periventricular white matter lesions on brain MRI. Pathological studies of brain biopsy specimens reveal
cerebral demyelination and perivascular inflammation similar to multiple sclerosis (MS).
The mechanisms underlying levamisole-adulterated cocaine-induced systemic disorder are not
well understood but a causal relation to ANCA-associated disease is suggested by the correlation of the
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clinical disorder, and relapse with detectable autoantibodies, sensitivity to immune modulatory and
immunosuppressive therapy, and predictable
levamisole-induced histopathology. Levamisole
potentiates the production of interferon and interleukins as well as increases T-cell activation and
proliferation, neutrophil mobility, adherence, and
chemotaxis and increases the formation of antibodies to antigens [61]. It acts as a hapten, triggering an
immune response resulting in opsonization and
leukocyte destruction. Levamisole may interact
with neutrophil extracellular traps (NET) composed
of a complex of deoxyribonucleic acid (DNA), histones, and neutrophil granules including myeloperoxidase (MPO), proteinease-3 (PR3), and human
neutrophil elastase (HNE). Neutrophil extracellular
traps release in response to stress and provide a
source of antigen that can activate the immune
system [65].
There has not been a postmortem-studied case of
MIL, and for unclear reasons such patients fail to
demonstrate cerebral vasculitis in brain biopsy tissue
or symptomatic systemic vasculitic disorder, renal,
hematologic, or pulmonary involvement in life

OPIOIDS
Background
The opioid drugs constitute a large number of agonists, antagonists, and mixed agonist-antagonists.
Opioid overdose accounts for at least 16 000 deaths
annually in the United States [68] and occurs across
sex, ethnic, age, and geographic strata, and involves
both medical and nonmedical opioid uses. According to the CDC, since 2003, opioid analgesic abuse
[69] overdose deaths involving opioid analgesics
exceeded those because of cocaine. For every unintentional overdose death related to an opioid analgesic, nine persons were admitted for substance
abuse treatment, 161 reported drug abuse or dependency, and 461 reported nonmedical uses of opioid
analgesic drugs [70]. Also known as diacetylmorphine, heroin was first synthesized by the Bayer
Company in 1889 as a less addictive morphine
sulfate substitute [71]; however, it has since become
cheaper and more readily available. There is extensive literature relating to the outcome of heroin
abuse and overdose [72] with a reported average
mortality rate of 2% in regularly injecting persons,
half of which is attributable to overdose and equal to
20 times the mortality rate expected in nondrug
using peers.
Opioids or narcotic drugs have pharmacologic
properties similar to those of morphine that
include the derivatives morphine, hydrocodone,
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oxycodone, hydromorphone, codeine, fentanyl,
meperidine, methadone, and opium. Whereas the
source of opioids is the exudate of seed from the
poppy plant, heroin is derived from acetylation of
morphine [21]. Heroin is administered intravenously, intranasally and subcutaneously. A higher
bioavailability of heroin is present after heating on
foil for inhalation compared with smoking after
heating. Intravenous injection leads to extreme
euphoria that peaks at 10 min followed by profound
sedation and analgesia that lasts for up to 1 h. Opiate
overdose produces the triad of coma, respiratory
depression and miosis. The medical complications
of long-term heroin exposure includes endocarditis,
pulmonary complications of embolism, pneumonia
and granulomatosis or fibrosis; nephropathy,
immunosuppression, infection at the site of injection because of cellulitis, thrombophlebitis, bacteremia and hepatitis because of needle sharing [73]. It
binds to endogenous opiate mu1 receptors, which
are responsible for most of the analgesic effects, and
for the actions of the CNS and cardiovascular system
leading to bradycardia, hypotension, and respiratory depression. Agonist actions at mu2 receptors are
responsible for respiratory depression, delayed gastrointestinal motility, miosis, and physical dependence. Agonist actions at kappa receptors lead to
separate analgesia. Circulating serum morphine is
transformed into morphine-3-glucuronide or morphine-6-glucuronide by the liver and the kidney.
Most fatal and nonfatal overdoses occur when heroin is injected intravenously.

Pathologically verified cases
This author was unable to identify any pathologically confirmed cases of heroin-induced cerebral
vasculitis reported in the literature, nor was cerebral
vasculitis suggested as a likely occurrence in heroin
abuse [74], heroin addiction [73,75] or acute overdose [76]. Moreover, detailed neuropathologic studies carried out on 134 victims of acute heroin
intoxication including 18 and survived for periods
of hours or days [77], and respectively demonstrated
cerebral edema in conjunction with vascular congestion, capillary engorgement, and perivascular
bleeding attributed to toxic primary respiratory failure; or ischemic nerve cell damage, showed no evidence of cerebral vasculitis, and only one focus of
lymphocytic perivascular inflammation. The brains
of 10 intravenous drug abusers who died from heroin overdoses, including one because of gunshot
injury [16], likewise showed no evidence of cerebral
vasculitis at postmortem examination, evidencing
only a few perivascular mononuclear cells associated
with pigment deposition.

Etiopathogenic mechanisms
The postulated mechanisms of opioid-related neuronal and CNS vascular injury include increased oxidative stress, induction of inflammatory cytokines, and
increased permeability of the BBB especially in intravenous drug abuse. However, Ramage et al. [78]
described increased deposition of hyperphosphorylated tau in entorhinal cortex and subiculum of the
hippocampus, AT8-positive neurofibrillary tangles in
entorhinal cortex, and increase in b-amyloid precursor protein (bAPP) in both the hippocampus and
brainstem of drug abusers compared with controls.
Several postulated causative mechanisms include
repeated head injury, hypoxic–ischemic injury associated with opioid-induced respiratory depression,
microglial associated cytokine release, and drugassociated neurotoxicity.

Clinical approach to cerebral vasculitis
associated with illicit drug use
Patients with suspected cerebral vasculitis because of
illicit drug use are at heightened risk for occlusive
and hemorrhagic stroke of diverse cause. Such
patients should be screened with one or more noninvasive studies to identify potential sites of inflammatory injury to cerebral vessels leading to luminal
and mural changes and ischemia of brain tissue.
Conventional MRI with T2-fluid attenuation inversion recovery (FLAIR) and diffusion weighted imaging (DWI) distinguishes areas of acute, subacute and
chronic brain ischemia. High-resolution (3-Tesla)
(h) MRI with gadolinium-enhanced fat-saturation
T1 spin echo detects vessel wall changes. Both MR
angiography (MRA) with time-of-flight (TOF)
sequencing and brain computed tomography angiography (CTA) are ideal modalities to image vessel
lumina and walls to detect aneurysms and potential
sites of hemorrhage. Catheter angiography is the
gold standard for the diagnosis of cerebral vasculitis
when it reveals alternating areas of vascular dilatation and stenosis along multiple vessels reminiscent
of a string of beads. The sensitivity of catheter
angiography for detecting vasculitis varies from 40
to 100% with a specificity no higher than 40%
depending upon the particular clinical, radiographic, and histopathologic definitions employed,
and the caliber of cerebral vessels affected. Lumbar
CSF analysis is performed in all suspected patients
with cerebral vasculitis to confirm an elevated protein content typically more than 100 mg/dl and
pleocytosis, and to exclude infection and malignancy. Adults with diagnostic catheter angiographic
features of cerebral vasculitis who show relentless
progression; and children with angiographynegative, biopsy-positive, SV-childhood PACNS
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(cPACNS) [79] are candidates for meningeal and
brain tissue biopsy to confirm the presence of vasculitis and direct further therapy with immunosuppressive therapy according to standard protocols
[80 ]. Vasculitis is rarely found after extensive evaluation, and such patients need supportive management with particular attention to imminent illicit
substance withdrawal and systemic toxicity.
&&

CONCLUSION
Drug abuse is an extremely rare cause of histopathologically verified cerebral vasculitis. Nonetheless,
the complications of illicit substance use on the
cerebral circulation can be highly lethal with secondary vasculopathy, hemorrhage and aneurysm
formation especially when the illicit substances
are taken parenterally. A likely diagnosis rests upon
the drug or combinations of illicit drugs abused, and
the clinical and neuroradiologic findings of a presumptive case. However, HIV/AIDS, IVDU, and
adulterants, such as levamisole, have introduced
new aspects of causation and patterns of polypharmacy-related brain insults.
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Aortitis: an update
Mustafa Erdogan

Purpose of review
Aortitis is the inflammation of the aorta due to various causes. Clinical presentations vary as well as the
imaging findings. Exact pathogenetic mechanisms or triggering factors, as well as the best diagnostic and
monitoring modalities and treatment strategies, are yet to be elucidated. We reviewed recent studies in
aortitis and associated diseases.
Recent findings
Multiple cohort studies reporting long-term outcomes in patients with noninfectious aortitis were recently
published. Comparative features of isolated aortitis were described. Six angiographic clusters for giant cell
arteritis and Takayasu have been identified. New classification criteria have been proposed for IgG4related disease by a data-driven method. The ultrasonographic slope sign and a halo score were described
as specific imaging parameters in giant cell arteritis. The promising role of PET-computed tomography, not
only in the diagnosis of aortitis but also in monitoring disease activity, has been noted. Results of in-vitro
studies on Janus kinase (JAK)/signal transducers and activators of transcription and mammalian target of
rapamycin (mTOR) pathways, comparative studies with leflunomide as an induction therapy, and a longterm follow-up study with tocilizumab may contribute to the management of Takayasu arteritis.
Summary
An impressive number of studies have addressed aortitis in recent years. However, there still is a lack of
robust data on causes, monitoring disease activity by imaging and biomarkers, and drugs providing
steroid-free remission in noninfectious aortitis.
Keywords
aortitis, giant cell arteritis, IgG4-related disease, PET-computed tomography, Takayasu’s arteritis

INTRODUCTION
Aortitis is an infectious or noninfectious inflammatory disorder of the aortic wall (Table 1). Either cause
can have similar clinical and imaging features. This
is challenging for the clinician since the management strategy can widely differ. Inflammatory aortitis can present as an isolated disease or related to a
systematic disease or a specific treatment [1]. While
the epidemiology of the aortitis has not been adequately addressed the most common conditions
associated with an aortitis are Takayasu arteritis
and giant cell arteritis (GCA). The prevalence, clinical, and imaging features can vary depending on
diagnostic methods and ethnicity, especially in the
era of new imaging modalities [2]. Aortitis can be
classified into four groups according to histopathological features: granulomatous, lymphocytic, neutrophilic, and mixed cellular [3]. In the case of
neutrophilic aortitis, an infection should first be
ruled out. The histopathological assessment is the
gold diagnostic tool, and this almost always requires
the availability of surgical or biopsy specimens.
Specific diagnostic serum biomarkers are lacking,
www.co-rheumatology.com

and imaging methods have been the primary diagnostic tool for years.
Nevertheless, no perfect imaging method has
been identified yet. Imaging is a useful tool not only
for diagnosis but also for monitoring disease activity
despite some controversies [4]. This review will
summarize the updated data on aortitis, mainly
through published articles during the previous
12 months.

EPIDEMIOLOGY
To pinpoint the underlying disease in a patient
with an aortic aneurysm can be difficult. Quimson
et al. [5] compared the demographic, clinical, and
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Table 1. Causes of aortitis

KEY POINTS
 Isolated aortitis has a worse event-free survival rate
than Takayasu arteritis and giant cell arteritis at longterm follow-up.
 JAK/signal transducers and activators of transcription
signaling pathway and mTOR hyperactivity are
involved in Takayasu arteritis pathogenesis. Thus, JAK
inhibitors and mTOR inhibitors may have promising
roles in treatment.

Inflammatory-associated
GCA (temporal arteritis)
Takayasu arteritis
IgG4-related disease
Behçet disease
Relapsing polychondritis
Cogan syndrome
Sarcoidosis

 Three new Takayasu arteritis clusters were defined:
abdominal predominant, symmetrical aortic arch
predominant, and asymmetrical focal disease.

Idiopathic retroperitoneal fibrosis

 Patients with Takayasu arteritis and carotidynia or arm
claudication, as well as patients with giant cell arteritis
and posterior headache, should be carefully assessed
for disease activity.

Spondyloarthropathies

 Leflunomide and Tocilizumab may have promising roles
in the treatment of Takayasu arteritis. However, there
are controversies.

Rheumatoid arthritis
Systemic lupus erythematosus
ANCA-associated vasculitides
Polyarteritis nodosa
Immune checkpoint inhibitors
G-CSF
Inflammatory-idiopathic
Isolated aortitis
Chronic periaortitis
Inflammatory aortic aneurysm

radiological characteristics of 262 patients who
underwent surgical aortic aneurysm repairs retrospectively. Older age at the time of surgery [odds
ratio (OR) 1.08 (95% confidence interval (CI) 1.03–
1.13)], female sex [OR 2.36 (95% CI 1.01–5.51)],
absence of coronary artery disease [OR 6.92 (95%
CI 2.14–22.34)], larger aneurysm diameter [OR 1.74
(95% CI 1.02–2.98)], and presence of arterial wall
thickening on imaging [OR 56.93 (95% CI 4.31–
752.33)] predicted aortitis-related aneurysmal disease. They also reported a faster increase in the size
of aneurysms, a higher rate of noncontiguous aortic
aneurysms, and wall thickening in extra aortic arteries in the aortitis group. The lack of C-reactive
protein (CRP) or erythrocyte sedimentation rate
(ESR) data before surgery was a significant limitation
of the study.
Several reports on outcome data of patients with
large-vessel vasculitis (LVV) have been published.
The French Study Group for LVV reported the longterm prognosis of 353 patients with noninfectious
aortitis with a median follow-up time of 52 months.
An event was defined as the occurrence of a new
aneurysm, dissection, revascularization, or death.
Aneurysms were identified in 42.5%, 25%, and
21% of patients with isolated aortitis, Takayasu
arteritis, and GCA. Five-year event-free survival
was 38% [interquartile range (IQR) (26; 55)], 67%
[IQR (57; 71)], and 73% [IQR (64; 82)], for patients
with isolated aortitis, Takayasu arteritis, and GCA,
respectively. In multivariate analyses, an isolated
aortitis [hazard ratio: 1.72 (95% CI: 0.72–2.01)]

Infectious
Salmonella spp.
Staphylococcus spp.
Streptococcus pneumoniae
Syphilis
Mycobacterial (i.e., Mycobacterium tuberculosis)
Fungal
ANCA, anti-neutrophil cytoplasmic antibody, GCA, giant cell arteritis, G-CSF,
granulocyte colony-stimulating factor.

and the male sex [hazard ratio: 1.77 (95% CI: 0.6–
1.44)] were independent risk factors for a new event
occurrence [6 ].
Clifford et al. reported the clinical features of
196 patients with biopsy-proven noninfectious aortitis diagnosed following aortic root/ascending
aorta or aortic arch surgery. The diagnoses were;
129 isolated aortitis, 42 GCA, 14 Takayasu arteritis,
and 11 other diseases [7]. Among 65 patients with
isolated aortitis and with serial imaging results, 14%
were diagnosed as systemic vasculitis, and new
vascular lesions developed in 45% in at least
6 months follow-up period. Nine patients (12%)
with isolated aortitis died in a median of 52 months
of follow-up.
A retrospective cohort study conducted in Israel
based on a medical database reported increased
mortality in the first 2 years and after 10 years of
GCA diagnosis compared with the age-matched
population [8]. On the contrary, Brekke et al. [9 ]
found no significant increased mortality at any time
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point. The mortality rates after 5 and 10 years were
20 and 50%. Cardiovascular disease (CVD) hazard
ratio: 1.31 (CI 95%: 1.13–1.51) is the usual risk
factor for mortality, while corrected analysis according to CVD risk factors could not be performed due
to lack of data.
Egebjerg et al. [10] conducted a nationwide
medical database survey of Takayasu arteritis in
Denmark and compared the risk of cardiovascular
events and mortality with a general age-matched
population. The incidence of Takayasu arteritis
was found 0.7/million/year. In patients with
Takayasu arteritis, mortality was higher in the first
3 years after diagnosis [hazard ratio: 8 (95% CI: 3–
21)], whereas minor and major cardiovascular
event (CVE) was higher both before and after
3 years.
The seasonal occurrence of a disease may be an
indirect evidence for an ‘infectious cause hypothesis.’ The seasonal occurrence of GCA has been
debated with conflicting reports [11,12]. A recent
study reported that summer months as a risk factor
for biopsy-proven GCA [13 ]. However, owing to the
lack of exact dates or distribution of first symptom
dates, these results do not support the seasonal
triggering hypothesis.
The literature on the rare types of aortitis, such
as aortitis related to relapsing polychondritis,
mostly relies on case reports and small retrospective
studies. Last year we performed a systemic review
and identified that aortic involvement in relapsing
polychondritis has a high mortality rate (27% in a
24-month follow-up). It can be asymptomatic in
19% of the patients, so screening for aortic involvement is essential when a patient is diagnosed as
relapsing polychondritis [14]. Patients with solid
or hematological malignancies may have paraneoplastic or drug-induced autoimmune clinical conditions. Case reports for Granulocyte colonystimulating factor (G-CSF) and immune checkpoint
inhibitors related to aortitis are being increasingly
reported [15–17]. Whether G-CSF is the main triggering or only the contributing factor in pathogenesis is a matter of debate because chemotherapeutic
agents may also cause immunomodulatory effects.
Clinicians should be aware of the drug-induced
vasculitis in patients receiving chemotherapy. A
new-onset fever, chest, or neck pain, and very high
serum CRP levels are in the first weeks of the G-CSFs,
and immune checkpoint inhibitors can indicate a
drug-induced vasculitis.
&

DISEASE MECHANISM STUDIES
The search for the pathogenesis of aortitis has been
problematic in general. In a study by Yoshizaki et al.
36
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[18], the expression level of IL-25 was increased in the
aorta. IL-25 perhaps led to the development of IL-1,
tumor necrosis factor, and IL-17A-mediated aortitis
in IL-1 receptor antagonist deficient mice. Li et al.
showed that the number and cytotoxic potential of
natural killer cells were reduced in Takayasu arteritis
patients. However, whether this was secondary to IL6-related inflammation or had a specific role in the
pathogenesis was not clear [19]. A study described the
role of IL-33 in 52 patients with GCA, of whom 14 had
aortitis. The authors found overexpression of IL-33
and its receptor, which cause an immunoregulatory
effect via increased Th2 and Treg activity [20].
Although macrophages have a substantial role in
Takayasu arteritis, which macrophage subtype has
the leading role is unknown. Dos Santos et al. compared M1 and M2 macrophage expression in the
aortic specimens of patients with Takayasu arteritis
to patients with atherosclerotic disease and heart
transplant donors. Overexpression of the CD206 (a
marker for M2 macrophages) compared with CD68 (a
marker for M1 macrophages) in the aorta from
Takayasu arteritis patients was identified [21]. This
finding, perhaps, may direct us to new molecular
treatment strategies.
The role of differentiation of T cells into Th1 and
Th17 cells plays a role in the pathogenesis of
Takayasu arteritis. However, the mechanism is not
clear [22]. Régnier et al. [23] investigated the role of
Janus kinase/signal transducers and activators of
transcription (JAK/STAT) signaling pathway in the
differentiation of T cells and interferon signature in
patients with Takayasu arteritis. They also tested the
effect of JAK/STAT inhibitors (JAKinibs) in vitro in
cell cultures acquired from patients with Takayasu
arteritis. They described that the JAK/STAT pathway
and upregulated type 1 interferon signature has a
proinflammatory effect in Takayasu arteritis.
Another study identified a triggering mechanism
related to the dysfunction of Th1 and Th17 cells
in patients with Takayasu arteritis. The proposed
mechanism is the hyperactivity of the mammalian
target of rapamycin (mTOR) [24 ]. Consequently,
JAKinibs and mTOR inhibitors may have a promising role in the treatment of Takayasu arteritis.
&

CLASSIFICATION
Clinical presentation and extent of vascular involvement vary among subgroups of patients with aortitis. A new classification system was proposed for
Takayasu arteritis, based on angiographic disease
patterns [25]. A cluster analysis was performed
with Takayasu arteritis cohorts from India and
North America. Three clusters were defined:
abdominal predominant, symmetrical aortic arch
Volume 33  Number 1  January 2021
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predominant, and asymmetrical focal disease.
Among patients with serial imaging follow-up data,
only one of the 92 patients changed cluster in a
median of 3.2 years. Another study also showed that
sequential vascular progress in Takayasu arteritis is
often not observed [26 ].
Whether Takayasu arteritis and GCA are the
same diseases with different clinical patterns has
been debated, even after some clinical and epidemiological differences had been identified [27]. In a
recent cluster analysis, six clusters with different
distribution patterns between Takayasu arteritis
and GCA were defined [28 ]. Patients with Takayasu
arteritis compared with patients with GCA were
significantly more likely to have involvement of
the left carotid, left subclavian, abdominal, mesenteric, and renal arteries. In contrast, patients with
GCA were more likely to have the descending thoracic aorta and axillary artery (left: 30.9 vs. 5.9%;
right: 31.8 vs. 5.4%) involvement.
The IgG4-related disease is a lately recognized
condition that can also involve the aorta. In the
derivation and validation cohort of the new The
2019 American College of Rheumatology/European
League against Rheumatism IgG4-related-disease criteria, aortic involvement was identified in 11% of the
patients [29 ]. According to the new criteria, a
patient with at least one inclusion criterium and
.without any exclusion criteria should have at least
20 points to be classified as having an IgG4-related
disease. The weighted points of ‘diffuse thickening of
the abdominal aortic wall’ and ‘circumferential, or
anterolateral soft tissue around the infrarenal aorta or
iliac arteries’ were þ4 and þ8 points, respectively.
There were two other recent important studies
about IgG4-related disease. The first one was a cluster analysis conducted to define subgroups [30]. One
subgroup was the ‘retroperitoneal fibrosis and/or
aortitis group,’ which accounted for 24% of the
493 patients in the derivation cohort. Significantly
the median serum IgG4 level was lowest in this
group compared with other groups. The second
study classified patients with IgG4-related aortitis
into four types according to the localization of
involvement; type 1, thoracic aorta; type 2a, abdominal aorta; type 2b, abdominal aorta, and iliac artery;
type 2c, iliac artery; type 3, thoracic and abdominal
aorta; and type 4, other arterial sites [31 ]. The
abdominal aorta was the most common site, followed by the iliac artery, thoracic aorta. The most
common distribution type was 2b (83%).
&&
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DIAGNOSIS AND MONITORING METHODS
Cross-sectional imaging techniques, including computed tomography (CT) and MRI angiography

(MRA), PET, and ultrasonography, replaced conventional angiography and have been the most critical
diagnostic and monitoring tool in LVV [4]. Due to
the wide variety of symptoms without specificity,
there is still a lack of information about the correlation of imaging findings and exact disease activity or
symptoms of LVV. Another issue is we still need a
standardized definition of remission, disease activity, and a set of outcome measures [32].
A recent study investigated the relationship
between measures of disease assessment, including
patient-reported outcomes (PRO), physician global
assessment (PhGlobal), laboratory, and imaging
outcomes (PETVAS scoring) in LVV [33]. Disease
activity was independently associated with PETVAS,
CRP, and PtGlobal in multivariate analyses.
Although PROs correlated with each other, they
did not correlate with fluorodeoxyglucose-positron
emission tomography (FDG-PET) findings, CRP,
ESR, and physician-reported outcomes. PROs have
a substantial role in the assessment of disease activity; hence it is still an area of research for skeptics to
generate functional composite outcome measures
consisting of PROs along with other activity
measures.
The Giant Cell Arteritis and PET Study assessed
the accuracy of a newer generation PET-CT as a firstline diagnostic tool for GCA [34 ]. Sixty-four
patients underwent time-of-flight PET-CT within
72 h of starting glucocorticoids and before a temporal artery biopsy (TAB). PET-CT had comparable
performance (sensitivity 92%, specificity 85%) with
TAB and a high negative predictive value (98%).
However, insufficient sensitivity was seen when
compared with a clinical diagnosis. These results
indicate that a negative PET-CT may obviate the
need for a for TAB. Although another retrospective
study indicated a lower diagnostic performance of
PET-CT among patients with a negative TAB, the
high proportion of patients with a history of corticosteroid treatment more than 3 days before imaging and the lack of standardization in diagnostic
procedures may explain the lower specificity [35].
Kang et al. [36] compared the performance of
PTX-3 and PETVAS to regional the maximum standardized uptake value (SUVmax) for monitoring
disease activity in patients with Takayasu arteritis.
PETVAS and Pentraxin-3 (PTX-3) were superior to
detect activity than regional SUVmax, CRP, and ESR.
PTX-3 also showed a better correlation with disease
activity index and PETVAS than CRP and ESR.
A debated issue of PET-CT is imaging acquisition
time. Quinn et al. [37] showed that delayed imaging
after FDG injection (2-h time point) could reveal
disease activity better than traditional imaging time
(1-h time point), and clinically active disease was
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significantly more common in patients in the
delayed active group (OR: 1.94, 95% CI 1.13–3.53).
Distinguishing whether a symptom is related to
activity or vascular damage is also challenging. A
study compared the association of symptoms with
vascular inflammation (assessed by FDG-PET) and
damage (assessed by MRA) in LVV [38 ]. In patients
with Takayasu arteritis, carotidynia indicated
inflammation in the carotid arteries (strong association); arm claudication indicated inflammation
(weak association) or damage (strong association)
in subclavian arteries. On the other hand, in
patients with GCA, posterior headache indicated
inflammation or damage. An increased risk of major
central nervous system events identified in patients
with an increased burden of neck artery (carotid and
vertebral arteries) disease. The specificity of PET-CT
to distinguish inflammation from atherosclerosis or
remodeling of the vessel wall can sometimes be
difficult. Somatostatin Receptor PET may be a promising modality for better selectivity, although it
needs to be confirmed by clinical studies [39].
Ultrasonography has been used widely as the
initial diagnostic test in GCA being free of radiation,
readily available, and inexpensive [4]. Slope sign in
axillary arteries was suggested as a specific feature of
GCA [40,41]. A cutoff for the slope sign (axillary to
brachial intima media thickness (IMT) ratio) yielded
87% sensitivity and 89% specificity for detecting
GCA [42]. In another study, adding an axillary
assessment to the temporal artery, ultrasonography
assessment increased the sensitivity of the ultrasonography from 52 to 71% without loss of specificity
[43].
A new scoring system was proposed to assess the
extent of vascular inflammation by counting the
number of temporal artery segments and axillary
arteries with a halo and calculating a composite halo
score by the thickness of each halo [44 ]. A halo
score of at least 10 was diagnostic with high specificity (>95%). A higher halo score of the temporal
artery and the presence of halo sign in axillary
arteries were associated with more systemic inflammation. Moreover, the halo counts scores were independent predictors of ocular ischemia. The presence
of a halo sign in at least two arteries, and a halo
score at least 3, predicted further ocular ischemia
with an OR of 12 [95% CI ¼ 1.430–100.705] and 9.8
[95% CI ¼ 1.137–85.887], respectively. Contrastenhanced ultrasonography (CEUS) was proposed
as a modality that can detect activity in LVV by
detecting vessel wall vascularization [45]. Although
the standardization has been lacking, new studies
confirmed the role of CEUS as a minimally invasive
and reproducible monitoring tool [46,47]. The specificity is another concern, and whether it is related
&&
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to the inability of CEUS to distinguish inflammation
from remodeling need to be elucidated.

TREATMENT
glucocorticoids are the first-line treatments in LVV
with or without adjunctive immunosuppressive
treatment. In the updated EULAR management recommendations for LVV, Tocilizumab is recommended over conventional disease-modifying
antirheumatic drugs (cDMARDs) and biologics as
first-line adjunctive treatment in selected patients
with GCA with a high level of evidence and agreement of experts. However, due to insufficient robust
data, it is recommended only as a second-line treatment option in patients with the recalcitrant disease
[48].
In a phase 3, placebo-controlled randomized
study of tocilizumab in patients with refractory
Takayasu arteritis (TAKT study), the primary endpoint (time to relapse) was not met, while the background glucocorticoids dose was tapered at a
standard rate (10% per week) [49]. Recently, the
long-term efficacy and safety were tested in an
open-label extension study in patients who completed the TAKT study [50]. The median glucocorticoids dose could be reduced to less than 0.1 mg/kg/
day in half of the patients, and significant improvement in health-related quality of life was identified.
Due to the noncomparative study design, these
results are not enough to conclude that tocilizumab
has a sufficient glucocorticoids sparing effect in
patients with Takayasu arteritis. Another study
assessed the effect of tocilizumab in thirteen treatment naı̈ve patients with Takayasu arteritis [51].
After seven infusions of tocilizumab along with
glucocorticoids 0.7 mg/kg/day, six patients could
discontinue glucocorticoids, and a significant
decrease in disease severity (assessed through
median National Institutes of Health (NIH) scale,
ITAS-2010, and ITAS-A score) was noted. Tocilizumab can also be effective in patients with other
types of aortitis, such as aortic involvement related
to relapsing polychondritis [14]. Despite conflicting
results, tocilizumab seems to be a promising treatment option in patients LVV regardless of associated
disease. Although substantial treatment effects were
observed with biologics, cDMARDs as induction or
maintenance treatment in LVV are still an enigma
due to insufficient robust data. A recent observational study favored leflunomide over cyclophosphamide as a more efficient and safer treatment in
patients with Takayasu arteritis [52 ].
Although cDMARDs and biologic agents provided notable success in LVV, some patients with
a recalcitrant LVV may still need further treatment.
&
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Autologous hematopoietic stem cell transplantation
(AHSCT) has been an opportunity to manage autoimmune diseases for decades. Despite the lack of
controlled studies, the results of a retrospective
study in six patients with Takayasu arteritis showed
that AHSCT might be a part of the management of
LVV [53].
Invasive vascular interventions may be needed
to repair vascular damage in patients with LVV, but
the timing and the kind of intervention were
debated. Providing remission before aortic surgery
is essential to prevent perioperative complications
in LVV [54]. This was confirmed in a recent study on
Behçet Syndrome, which also reported a promising
role of prosthetic wrapping technique to prevent
new aneurysm occurrence [55]. Finally, a study
compared the outcomes of patients with Takayasu
arteritis who were managed with different treatment
strategies over a median 4.5 years, consist of; the
percutaneous coronary intervention (PCI) group
(n ¼ 18), coronary artery bypass graft group
(n ¼ 10), and medical-therapy group (n ¼ 29) [56].
Active disease and PCI were independent factors
for the major cardiac event, which was defined as
a composite of cardiac death, myocardial infarction,
and coronary revascularization.
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Intracranial vessel wall imaging
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Purpose of review
To give an overview regarding the potential usefulness of vessel wall imaging (VWI) in distinguishing
various intracranial vascular diseases, their common imaging features, and potential pitfalls.
Recent findings
VWI provides direct visualization of the vessel wall and allows the discrimination of different diseases such as
vasculitis, atherosclerosis, dissection, Moyamoya disease, and reversible cerebral vasoconstriction syndrome.
Recent studies showed that concentric and eccentric involvement in the vessel wall, as well as the
enhancement pattern were found important for the distinguishing these diseases and evaluating their activity.
Summary
Most of the imaging techniques currently used are based on luminal imaging. However, these imaging
methods are not adequate to distinguish different diseases that can demonstrate similar radiological
findings. VWI is being increasingly used as a noninvasive imaging method to offset this limitation.
Keywords
central nervous system vasculitis, MRI, vessel wall imaging

INTRODUCTION
Vessel wall imaging (VWI) is a new imaging technique which is used in the diagnosis of intracranial
vascular diseases through MRI. This imaging
method allows a more detailed evaluation regarding
the vessel walls when compared with other conventional radiological modalities. This new imaging
tool is being used in routine patient care in many
centers in recent years [1].
VWI provides vascular wall-based imaging for
intracranial arteries and has many advantages over
conventional lumen-based angiography methods.
Different intracranial vasculopathies can be distinguished by VWI. Both cerebrospinal fluid (CSF) and
blood can be suppressed to provide a more detailed
view of the vessel walls [2,3]. The goal of this review
is to describe the technical requirements of VWI and
to present the clinical applications of VWI in different vascular diseases. VWI features of diseases are
summarized in Table 1.

TECHNICAL REQUIREMENTS AND
IMAGING
An appropriate imaging protocol and optimized
sequences are necessary for VWI [4]. To provide high
spatial resolution, 3 Tesla or higher magnet strength
is required. 3-Tesla magnets are used as standard
imaging for VWI with all necessary technical

requirements. Better image quality can be obtained
with 7-Tesla MRI compared with 3-Tesla MRI. However, artifacts and the strict magnetic resonance
security procedures are major disadvantages of ultrahigh magnet scanners. Moreover, peripheral resolution is provided better with 32-channel or 64channel head coils when compared with 8-channel
or 12-channel head coils [2].
Intracranial arteries normally have very thin
walls. This necessitates to perform VWI studies with
the lowest possible t voxels to accurately determine
the borders of the vascular wall and separate it from
surrounding structures [5]. There must be at least
two voxels inside to a structure in an image for
measuring the size or thickness. Thus, the optimal
voxel size should be half or less of the vessel wall
(0.2–0.3 mm). Voxel size is 0.4–0.7 mm in threedimensional VWI. Smaller voxel sizes are not used
due to the increased acquisition time and motion
artifacts.
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KEY POINTS
 VWI increases the accuracy of magnetic resonance
angiography from 8.3 to 95.8% in the diagnosis of
cerebral vasculitis.
 VWI is an effective method to determine the
appropriate localization for biopsy.
 VWI can be used to evaluate the treatment response in
the follow-up of patients with central nervous
system vasculitis.
 There is a positive relationship between plaque
enhancement in VWI and stroke recurrence.

Two-dimensional sequences were used initially
for VWI. Two-dimensional sequence and they provided sufficient spatial resolution and signal-tonoise ratio with acceptable acquisition time. Both
short and long axes of the vessels can be evaluated
using sequences in different planes (axial, sagittal,
and coronal). Moreover, it is highly dependent on
correct positioning of the field of view.
Three-dimensional sequences are more frequently
preferred in VWI. They provide multiple two-dimensional reformat images to be created in any plane by
processing the data obtained with isotropic voxels. In
this way, the partial volume averaging artifact arising

from the oblique and tortuous course of the intracranial arteries can be eliminated. However, these
sequences result in longer acquisition times [6,7],
requiring 3–7 min to produce an image.
The blood signals inside the vessel lumen and the
CSF signals outside the vessel wall must be suppressed
for VWI. At least one T1-weighted pre and postcontrast
sequence should be included in the imaging. Basically
spin-echo imaging, preregional saturation pulse, and a
double-inversion recovery-based sequence are used for
suppression of blood and CSF [8].
Three-dimensional turbo spin-echo sequences
with variable flip angle refocusing pulses are the
most common imaging techniques used in VWI
[3,4]. The names of these sequences vary based on
the vendor. VISTA (volume isotropic turbo spinecho acquisition; Philips Healthcare, Best, The
Netherlands), CUBE (GE Healthcare, Milwaukee,
Wisconsin, USA), and SPACE (sampling perfection
with application optimized contrasts by using different flip-angle evolutions; Siemens, Erlangen,
Germany) are main examples [2].

VASCULITIDES
Vasculitides represent a group of inflammatory diseases which primarily affect the vessel wall. They are
categorized according to the location and size of the
affected vessel [9]. Central nervous system (CNS)

Table 1. Vessel wall imaging features of intracranial diseases
Vessel wall thickening pattern

Disease

Lesion pattern

Location

CNS vasculitis

Asymmetric narrowings
and dilatations
Asymmetric narrowings
and dilatations

Multifocal areas, distal ICA
and vertebral arteries
Multifocal areas,
extracranial and
intracranial arteries

Concentric wall
thickening
Concentric wall
thickening

Almost always present

Intracranial
atherosclerosis

Multiple eccentric, focal
wall thickening and
remodeling

Multifocal areas, distal ICA
and vertebral arteries

Eccentric wall
thickening

Present or not present

After thrombectomy

Wall thickening

Thrombectomised segment

Eccentric or concentric
wall thickening

Often present

Arterial dissection

Aneurysmal dilatation,
intimal flap, intramural
hematoma

Distal ICA and vertebral
arteries

Eccentric wall
thickening

Often present

Reversible cerebral
vasoconstriction
syndrome

Smooth wall thickening
and segmental
narrowing

Widespread

Concentric wall
thickening

Often not present

Moyamoya disease

Marked narrowing, puff of
smoke appearance

Distal ICA and proximal
MCA

Concentric wall
thickening

Present or not present

Intracranial aneurysm

Depends on the type of
aneurysm

–

–

Presence of
enhancement is
associated with risk
of rupture

Giant cell arteritis

Wall enhancement

Often present

CNS, central nervous system; ICA, internal carotid artery; MCA, middle cerebral artery.
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involvement can occur in different ways. CNS vasculitis may occur as an isolated disease, or it may
occur as part of systemic vasculitis, infection or a
collagen – vascular disease.
Both clinical and radiological diagnosis of CNS
vasculitis is difficult. The diagnosis of primary CNS
vasculitis is a challenging process that requires
excluding many other possible intracranial vasculopathies [10,11].
CNS vasculitis can be detected at any age, but it is
predominantly seen in the 4th to 6th decades. Clinical presentation is nonspecific. Neurological symptoms in CNS vasculitis can manifest in a broad
spectrum and it usually consists of headache, cognitive dysfunction, focal neurological deficit, or stroke.
Clinical evaluation, noninvasive [magnetic resonance angiography (MRA), computed tomography
angiography (CTA)] or invasive [digital subtraction
angiography (DSA)] imaging methods and histopathological evaluation are required for the diagnosis of
CNS vasculitis [10]. CNS vasculitis has nonspecific
features on conventional MRI. Subcortical white matter, deep gray matter, deep white matter, and cerebral
cortex are more frequently affected areas on the MRI.
The most common finding in CNS vasculitis is infarction. Infarcts occur both in the large and small vessel
territories in the cortical and subcortical areas. T2/
FLAIR hyperintensities are the most common finding
in MRI. Mass-like lesions and leptomeningeal
enhancement are detected in 10 and 15% of patients,
respectively. Parenchymal or subarachnoid hemorrhage is rare [12,13].
DSA is the most important imaging method. However, its sensitivity varied between 27 and 30% in
different studies [14]. False-negative results can be seen
more frequently in CNS vasculitis with small vessel
involvement. Moreover, asymmetric narrowings and
dilatations with strings of bead appearance along the
vessel course are considered as classical angiographic
sign for CNS vasculitis and these findings can also be
detected in other diseases such as intracranial atherosclerosis, reversible cerebral vasoconstriction syndrome (RCVS) and radiation vasculitis. Thus, the
specificity of DSA is also very low [12]. Biopsy is the
gold standard method for the diagnosis of CNS vasculitis. However, false-negative results may occur due to
the segmental involvement of the vessels [14]. CTA and
MRA are more successful in evaluating the proximal
vascular involvement. However, they are not reliable
in the evaluation of distal vascular involvement.
VWI is a promising imaging method in the diagnosis of CNS vasculitis. It has a more common indication for use, especially in patients with suspected
vasculitis. Concentric thickening, homogeneous,
and strong contrast enhancement can be detected
in VWI (Fig. 1) [15–17]. VWI increases the accuracy of

FIGURE 1. Central nervous system vasculitis. (a) A 33-yearold female patient presented with features suggestive of a
transient ischemic attack. Time-of-flight magnetic resonance
angiography shows a low-caliber flow in the left internal
carotid artery. Vessel wall MRI performed (b) pre and (c)
postgadolinium images show luminal narrowing and
concentric enhancement in the left internal carotid artery
supraclinoid segment.
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FIGURE 2. Central nervous system vasculitis. (a) A 53-year-old male patient presented with features suggestive of a transient
ischemic attack. Time-of-flight magnetic resonance angiography and (b) three-dimensional digital subtraction angiography
were performed and these demonstrated stenosis of the left middle cerebral artery M1 segment. (c) Pre and (d) postgadolinium
images of vessel wall MRI show luminal narrowing and eccentric enhancement.

MRA from 8.3 to 95.8% in diagnosing of vasculitis [15].
Occasionally, eccentric enhancement may be
observed in the vessel wall (Fig. 2). Usually, multiple
vessel segments are involved [18]. Presence of contrast
enhancement in the vessel wall cannot help to distinguish of the different types of vasculitis. Clinical status
of the patients and the location of the involved vessel
segment are more useful in differentiating of the
different types of vasculitis [10]. A recent study by
Destrebecq et al. showed that VWI enables detection of
the nonocclusive intracranial vessel in CNS vasculitis
responsible for brain ischemic lesions. Thus, concentric wall thickening and contrast enhancement pattern may be detected in multiple intracranial arteries
which including the vessels responsible for the vascular territories corresponding to the clinical symptoms
and parenchymal lesions [19 ].
VWI can help differentiate CNS vasculitis from
other vascular diseases such as RCVS, intracranial
&
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atherosclerosis and dissection. In RCVS, which often
mimics the CNS vasculitis, eccentric vascular wall
thickening without contrast enhancement in the
vessel wall is observed in the VWI. In intracranial
atherosclerosis, unlike the vasculitis pattern, eccentric, and faint contrast enhancement can be detected
[1,6,17].
VWI can be used in the evaluation of treatment
response in patients with CNS vasculitis. Decrease in
vascular wall thickness and contrast enhancement
after treatment indicates regression [20]. Moreover,
VWI is an effective method to determine the accurate localization of a biopsy [21].
Giant cell arteritis is the most common chronic
inflammatory vasculitis of medium and large-sized
vessels [22]. Polymorphic granulomatous infiltrate
affecting all layers of the arterial vessel wall, especially in the tunica media, is observed. It can be
detected as segmented and multifocal distribution
Volume 33  Number 1  January 2021
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[23]. In a study comparing the diagnostic accuracy
of three-dimensional versus two-dimensional contrast-enhanced VWI by Poillon et al. [24 ], it was
shown that concentric wall thickening, mural
enhancement, and perivascular inflammatory infiltration were detected in extracranial and intracranial arteries on the VWI. Moreover, in this study,
three-dimensional contrast-enhanced VWI had
higher accuracy rates with 80% sensitivity and
100% specificity for a diagnosis of giant cell arteritis.
&&

INTRACRANIAL ATHEROSCLEROTIC
DISEASE
Atherosclerosis is the leading cause of ischemic
stroke, especially in the Asian population, AfricanAmericans, and Hispanics. Intracranial atherosclerotic disease (IAD) is responsible for 25% cause of
ischemic strokes [25]. Recent studies have reported
that IAD is more common than previously thought
and may be the most common cause of ischemic
stroke cause worldwide [26].
VWI enables us to directly evaluate the plaque in
the vessel wall in IAD. Components of the plaque
(fibrous cap, lipid core, hemorrhage, and calcification), distribution, vessel wall remodeling, and
enhancement can be evaluated [27,28]. Thus, it may
be helpful in determining the exact cause in stroke
patients with unknown cause [25]. VWI can also detect
unstable nonstenotic plaques [28]. In a study by
Schaafsma et al. [29 ], found that VWI has a substantial
impact on etiologic classification in stroke patients.
This method plays an important role in determining
the cause in patients with ischemic stroke or transient
ischemic attack. Thus, VWI can help to improve therapeutic decision in this patient group [29 ].
On imaging, an eccentric wall thickening can be
detected in IAD (Fig. 3). Plaques tend to be multiple,
focal, and may show enhancement [30]. The eccentric vascular wall involvement pattern is important in
distinguishing IAD from other diseases, especially
vasculitis and RCVS. A layered appearance can be
detected in post contrast series. An enhancing fibrous
capsule along the luminal surface, a nonenhancing
core, and a thin peripheral enhancing layer may be
detected [3]. Moreover, an increase in the size of the
artery due to plaque ‘positive remodeling’ is an
important finding in VWI. This is an adaptive remodeling pattern, resulting in less stenosis in the lumen.
Enhancement of the plaque in postcontrast
T1WI is associated with a strong inflammatory
response in the early period of ischemic stroke
and decreases over time after the acute phase [31].
Song et al. [32 ] confirmed a positive relationship
between plaque enhancement and stroke recurrence. Qiao et al. [33] reported that strong contrast
&

&

&

FIGURE 3. Atherosclerotic plaque. (a) A 65-year-old male
patient presented with features suggestive of a stroke.
Diffusion weighted imaging shows acute infarctions within
the right thalamus and posterior limb of the internal capsule.
(b) Time-of-flight magnetic resonance angiography shows
focal narrowing of the mid-basilar artery. (c) Vessel wall MRI
shows eccentric thickening of the basilar artery wall with
intermediate signal intensity. (d) Contrast-enhanced vessel
wall MRI shows enhancement of the plaque.

enhancement in a plaque was associated with a
vulnerable plaque. However, different studies have
reported that 23% of nonculprit plaques may show
enhancement [31]. So, further studies in larger populations are required to distinguish between a symptomatic and nonsymptomatic plaque.
Vessel wall thickening and enhancement may
be seen in patients undergoing mechanical thrombectomy [34]. These findings are less pronounced in
patients undergoing clot aspiration than in those
undergoing stent retriever thrombectomy.
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INTRACRANIAL ARTERIAL DISSECTION
Intracranial arterial dissection is an important cause
of stroke, especially in the young population. The
spectrum of clinical presentation may be broad,
ranging from headache to stroke or subarachnoid
hemorrhage [35]. Imaging findings are nonspecific,
such as stenosis, occlusion, irregularity in the vessel
wall, and aneurysmatic dilatation. Thus, it is difficult to differentiate it from other diseases such as
atherosclerosis, vasculitis, RCVS, and thromboembolic occlusion.
Intimal flaps, intramural hematomas, a double
lumen, and an aneurysmal dilatation can be

detected by angiographic methods. Especially, the
string and pearl sign (irregular aneurysmal enlargement) is a typical finding in DSA [35,36].
VWI increases the detection rate of intimal flap
significantly when combined with conventional
imaging methods [37]. Moreover, the hyperintense
intramural hematoma may be detected in the vessel
wall. However, the hematoma intensity may change
depending on the stage over time. T2 gradient echo
or susceptibility weighted imaging sequences may
be helpful to detect hematoma in the vessel wall.
Eccentric enhancement may be detected due to
inflammation, neovascularization or a false lumen
in some cases (Fig. 4).

FIGURE 4. Arterial dissection. (a) An 11-year-old male patient presented with weakness in the right upper limb. Time-of-flight
magnetic resonance angiography shows focal narrowing of the communicating segment of the left internal carotid artery.
Axial vessel wall (b) pre and (c) postgadolinium images show mild eccentric contrast enhancement. (d) Maximum intensity
projection image from three-dimensional time-of-flight magnetic resonance angiography shows a low-caliber flow in the left
internal carotid artery. (e) In the control time-of-flight magnetic resonance angiography of the same case, after 5 months,
normal flow of internal carotid artery is observed due to regression of the dissection.
46
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OTHER VASCULOPATHIES

CONCLUSION

RCVS is typically characterized by severe headache,
with or without focal neurological symptoms. RCVS
is one of the most important diseases in the differential diagnosis of CNS vasculitis. Unlike CNS vasculitis, RCVS shows smooth and minimal
thickening in the vessel wall. It shows segmental
narrowing of the arteries without contrast enhancement. Moreover, the narrowing in the vessel calibration usually shows regression within 3 months
[38].
Moyamoya disease is an idiopathic vaso-occlusive condition that affects the terminal segments of
bilateral internal carotid artery and the proximal
middle cerebral arteries, leading to progressive stenosis-occlusion. It is characterized by noninflammatory and nonatherosclerotic vasculopathy. The
classic ‘ puff of smoke ‘ collateral appearance may
not be detected at early stages of the disease [39].
There are different reports in the literature about
enhancement in the vascular wall in the Moyamoya
disease; however, the general opinion is that there is
marked narrowing and concentric enhancement in
VWI. A study by Kathuveetil et al. showed that wall
thickening and enhancement are not common in
Moyamoya disease. However, marked enhancement
of the vessel wall in Moyamoya disease is related
with symptomatic disease and increased risk of
stroke [40 ].
One other indication for use of VWI in intracranial aneurysms is to detect the ruptured aneurysm in
a patient with multiple aneurysms and a subarachnoid hemorrhage [41]. In addition, the risk of rupture
in stable aneurysms can be evaluated with VWI.
Edjlali et al. [42] and Larsen et al. [43] reported that
the contrast enhancement in the wall of nonruptured
aneurysms is associated with the increased risk of
rupture. Another study with a large series showed
that the lack of contrast enhancement in the aneurysm wall indicates the stability of the aneurysm [44].

VWI is an important radiological imaging method
that allows direct evaluation of the vascular wall
rather than just the visualization of the vessel
lumen. It enables us to distinguish various diseases
that show similar findings with conventional radiological methods. Therefore, in clinical practice, VWI
should be a part of vascular imaging in addition to
conventional imaging methods.

&

PITFALLS
VWI is being increasingly used as a diagnostic tool in
daily practice. However, it is important to know the
limitations and potential pitfalls besides the many
advantages of VWI. VWI is sensitive to motion
artifacts due to relatively long acquisition times.
The enhancement of the venous structures adjacent
to arteries or low-velocity flow within the vessel
lumen resulting in loss of flow voids can mimic
vessel wall enhancement [1]. Moreover, the vasa
vasorum of intracranial arteries may cause concentric arterial wall thickening and enhancement, leading to false positive interpretations for the presence
of a CNS vasculitis [1].
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Coronavirus 2019: clinical and
neuropathological aspects
David S. Younger

Purpose of review
To understand the role of postinfectious autoimmune vascular inflammation in the pathogenesis of
coronavirus disease 2019-related neurological illness caused by the novel severe acute respiratory
syndrome coronavirus 2 virus and its effects on the brain in children and adults.
Recent findings
There are a very small number of postmortem neuropathological series of coronavirus disease 2019-related
cerebrovascular and parenchymal disease. However, they fall into at least three major categories, with the
majority manifesting those of terminal hypoxia, and others demonstrating inflammatory vascular
leptomeningeal, cerebral and brainstem interstitial changes suspicious for encephalitis in a minority of
cases. It remains uncertain whether these histopathological features have a relationship to post-infectious
inflammatory immune mechanisms and microscopic vasculitis in adults as it appears to be in affected
children with multisystem inflammatory syndrome.
Summary
The reasons for this dichotomy are unclear but may related to inherent and epigenetic factors that remain
poorly understood. Treatment addressing postinfectious mechanisms of pulmonary, systemic, and nervous
system injury may avert early mortality.
Keywords
autoimmunity, coronavirus disease 2019, neurological disease, pediatric multisystem inflammatory syndrome,
severe acute respiratory syndrome coronavirus 2, vasculitis

INTRODUCTION
The earliest reports of clusters of patients with pneumonia of unknown origin linked to exposure at a
seafood and wet animal market in Wuhan (Hubei
Province, China) [1 ] were rapidly identified as a
new beta coronavirus named severe or novel acute
respiratory syndrome-coronavirus-2 (SARS-nCoV-2
or SARS-CoV-2). These single-stranded RNA enveloped viruses have the largest known RNA genome,
ranging from 26.2 to 31.7 kilobases that encodes an
important spike glycoprotein that mediates viral
entry and determines the range of potential hostcell tropism and disease pathogenesis, hence it has
been a major source of vaccine interest [2]. Six
coronavirus species cause human disease [3] types
widely prevalent in the population that are associated with the common cold symptoms and two
others, severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), the causal agent of the SARS
outbreaks in 2002 and 2003 of Guangdong Province,
China [4], and the Middle East Respiratory Syndrome or Middle East respiratory syndrome coronavirus (MERS-CoV), responsible for outbreaks in 2012
&

[5] are zoonotic beta coronaviruses and linked to
fatal illness [6]. SARS-CoV-1 and SARS-CoV-2 use
angiotensin-converting enzyme 2 (ACE 2) receptor
binding site to infect ciliated bronchial epithelial
cells and type II pneumocystis, which explains the
affinity of pulmonary involvement.

EPIDEMIOLOGY
With five of seven human coronavirus isolated in
this century, coronaviruses have assumed an important place in 21st century [7]. SARS-CoV-2 also
originated in bats and reached humans via badgers,
Himalayan palm civets and raccoon dogs, showing a
similar capacity to infect humans, first by jumping
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KEY POINTS
 Novel coronaviruses are likely continue to proliferate.
 With them comes the foreseeable risk of rising fatality
and neurological complications.
 Adults with severe acute respiratory syndrome coronavirus
1 and the coronavirus disease 2 have shown CNS
inflammatory vasculopathy but not frank vasculitis.
 Children with multisystem inflammatory syndrome
appear to be a heightened risk for Kawasaki disease.
 Immunotherapy aims at modulating or preventing a
postinfectious autoimmune inflammatory response.
 Long-awaited vaccination for severe acute respiratory
syndrome-coronavirus-2 is underway in different
platforms but may pose uncertain risks in healthy
recipients and others with asymptomatic infection.

across species from bat reservoirs. A decade later,
MERS-CoV originated in bats utilizing camels as
intermediate hosts to human. A zoonotic origin of
SARS-CoV-2 was confirmed with viral isolation from
reservoirs in bats that infected, as intermediate
hosts, the Malayan pangolin and other wildlife used
for food in China [8,9]. All three outbreaks confirm
the high infectivity and lethality of the coronaviruses and the serious public health threat they pose.
There are animal models that convincingly demonstrate the capacity of coronaviruses to enter the
central nervous system (CNS) across the blood brain
barrier (BBB). Older immunodeficient BALB/c mice
exhibit a clinical syndrome, with increasing age as a
risk factor [10]. Transgenic K18-hACE2 mice infected
with SARS-CoV [11] invoke infiltration of macrophages and lymphocytes to the lungs and a local
release of proinflammatory cytokines reminiscent
of the cytokine storm postulated in SARS-CoV-2.
An analysis of 425 initial cases of coronavirus
(2019-CoV)–infected pneumonia of the Wuhan,
Hubei Province of China, from December 2019 to
January 2020 lends understanding of the associated
epidemiology [12]. Early laboratory confirmed cases
of were identified through surveillance of pneumonia of unknown cause with fever (38 8C), radiographic evidence of pneumonia, low or normal
white-cell count or low lymphocyte count, and no
symptomatic improvement after antimicrobial
treatment for 3–5 days after standard therapy;
and substantiated by WHO laboratory assays [13]
that extracted 2019-CoV RNA by real-time PCR (RTPCR) using specific primers and probes in upper and
lower respiratory tract specimens. Epidemic curves
showed an exponential growth rate of 0.10/day
50
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[95% confidence interval (CI), 0.050–0.16] with a
doubling time of 7.4 days (95% CI, 4.2–14) and a
reproductive rate (R0) of 2.2 (95% CI, 1.4–3.9),
meaning that on average, each patient is spread
infection to 2.2 others. The goal of control measures
is now to reduce the reproductive number to less
than 1 to prevent exponential growth by interrupting human-to-human transmission in small communities through quarantining, careful infection
control; tracing, testing and isolation of affected
contacts, and use of social distancing and facial
masks in the general population.

SUSCEPTIBILITY TO INFECTION
Adults
All individuals are generally susceptible to coronavirus disease 2019 (Covid-19). A convenience sampling of Chinese individuals returning to work from
Covid-19 [14] identified females, the elderly, residents with chronic diseases, and children as perceived higher risk and in need of special attention in
healthcare management. In small case series, the
clinical characteristics of pregnant women with
confirmed Covid-19 infection are similar to nonpregnant adult but may be more susceptible to
infection versus the general population [15] and
should have greater health counseling, screening,
and follow-ups to ensure maternal and fetal safety.
The risk of severe infection and mortality increases
with age, and mortality heightens by comorbid
cardiovascular disease, hypertension, diabetes, pulmonary disease, and cancer.
A multicenter retrospective Cox-proportionalhazards regression analysis of 147 critically ill Chinese patients with Covid-19 [16] revealed that age
older than 65 years, thrombocytopenia at ICU admission, acute respiratory distress syndrome (ARDS), and
acute kidney injury independently predicted higher
60-day mortality. Epidemiological data reflect lower
susceptibility among children compared with adults,
and milder severity of disease compared to adults
however, the large proportion of asymptomatic children makes epidemic surveillance more difficult.

Children
The susceptibility of children to SARS-CoV-2 infection and development of Covid-19 illness is uncertain however; one particularly severe affliction has
been noted. Incident cases of fever and mucocutaneous manifestations resembling Kawasaki disease
[17], a rare vasculitis of childhood that causes coronary-artery aneurysms, emerged in Europe [18 ]
during school closures after UK pediatricians alerted
&&
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the National Health Service to an unusual inflammatory illness. Two contemporaneous reports in the
New England Journal of Medicine describe the epidemiology and clinical features of the US disorder
[19 ,20]. With approximately 1000 cases of socalled multisystem inflammatory disorder in children (MIS-C) worldwide, the incidence is considerably lower than SARS-CoV-2 for individuals less
than 21 years of age. Epidemic curves of laboratory-confirmed SARS-CoV-2 infection among persons less than 21 years of age in New York State
show a peak in the number of MIS-C cases that
follows the peak in the number of laboratory-confirmed SARS-CoV-2 infections by 31 days (from
March to 10 May 2020), with an incidence of 322
in 100 000 persons compared with two per 100 000
cases of MIS-C for the same age of less than 21 years
[19 ]. Among children with laboratory confirmed
MIS-C manifesting prototypical febrile hyperinflammatory syndrome of dermatologic, mucocutaneous,
gastrointestinal manifestations and cardiac dysfunction, 48% of patients 0–5 years of age, 43% of
patients 6–12 years of age, and 12% of those 13–
20 years of age present with typical or suggestive of
Kawasaki disease (KD). In view of the overlapping
clinical features and the lack of a diagnostic test for
either KD or MIS-C, attributing a causal relationship
remains enigmatic for several reasons. First, the
epidemiology of the two disorders does not follow
the same trend in all cases. While KD has been
virtually identical in all countries in the world for
the past 50 years or more, with 80% of cases occurring in children <5 years of age and with a peak
incidence at 10 months of age, MIS-C typically
affects older children. Second, although SARS-CoV2 in not a definite cause of MIS-C, the appearance of
MIS-C during outbreaks of COVID-19 in Europe and
the US, although not Asia, is highly suggestive.
Third, although children with MIS-C may display
some of the clinical features of KD such as fever,
dilation of conjunctival blood vessels, rash and
redness of the oropharynx, they are not specific
for any one diagnosis and can be observed in other
childhood infectious diseases. Yet, while the etiology of KD remains largely elusive, there is mounting
interest in identifying infectious agents that trigger
the cascade that causes the observed cytokine storm
with high serum IL-6 levels, coronary aneurysms,
and necessary inotropic support to maintain cardiac
output and avert shock. The question therefore
remains whether MIS-C and KD are the same entity
and if SARS-CoV-2 viral infection is one trigger
among many for KD. There is a trial recruiting for
the collection of clinical data and tissue samples to
characterize MIS-C and its relationship to KD (ClinicalTrials.gov Identifier: NCT04538495).
&&

&&

NEUROLOGICAL MANIFESTATIONS AND
COMPLICATIONS
The neurologic manifestations of SARS-CoV-2 infection results from a variety of mechanisms including
virus-induced hyperinflammatory and hypercoagulable states, and direct virus infection of neurons.
There is still a paucity of rigorous case observations
of acute, subacute and chronic clinical and laboratory neurological involvement in SARS-CoV-2 infection. Three large case series totaling 425 hospitalized
patients illustrate the current state of knowledge
including 214 retrospectively studied cases from
January to February 2020 in China’s Wuhan Provence [21]; 58 prospectively studied Covid-19 cases
between March and April 2020 in France [22]; and
153 cases surveyed during April 2020 in the United
Kingdom [23]. The retrospective, observational
study of Wuhan cases was carried out at three centers early in the pandemic [21] noting 36.4% CNS
manifestations among them dizziness (16.8%) and
headache (13.1%); and 8.9% overall peripheral nervous system manifestations affecting taste (5.6%)
and smell (5.1%). There was no mention of brain
neuroimaging, lumbar cerebrospinal fluid (CSF)
analysis, neuromuscular biopsy findings, or the
prognostic contribution to mortality of any particular neurological syndrome.
Among the 58 consecutive French patients seen
somewhat later in the pandemic at one hospital
with Covid-19-related ARDS [22], investigators
noted neurological manifestations in 84%, including encephalopathy, prominent agitation, confusion and corticospinal tract signs each in twothirds of cases. Two of 13 patients who underwent
brain MRI had single acute ischemic strokes, and 13
showed perfusion abnormalities with leptomeningeal involvement in two-thirds. Nonspecific findings seen on electroencephalography suggested
encephalopathy. Examination of CSF samples
obtained from seven patients showed no cells;
two patients had oligoclonal bands identical to
electrophoretic serum patterns; and all were negative or SARS-CoV-2 by RT-PCR assay.
Among 153 UK patients enrolled in a surveillance study of the acute neurological and psychiatric
complications of Covid-19 in the month of April
2020 [23], two-thirds (62%) of patients overall presented with a cerebrovascular event including stroke
(74%), intracerebral hemorrhage (12%), and CNS
vasculitis (1%); and a third of patients presented
with mental status changes that included encephalopathy (23%) and encephalitis (18%), and the
remainder (59%) suggested new presentation of
psychosis, dementia, and affective disorder. Altered
mental status was the second most common neurological manifestation, affecting patients both older
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and younger than age 60 years, while the commonest neurological presentation, that of acute cerebrovascular events, preferentially affected older
individuals more often than younger counterparts
(82 versus 18%).

in an overlapping fashion over a relatively
short period.
Younger (51) recently summarized the neuropathological findings of Covid-19 illness in the first
50 cases with detailed brain findings [30 –32 ,
33,34 ,35 ]. Older age, male gender, increased
serum cytokine and pro-coagulation markers, and
critical care hospitalization for 10 days prior to
death characterized the cohort [49]. Serum cytokine
and procoagulant were consistently elevated in those
so studied. The vast majority of patients were critically ill and managed in an intensive care unit (ICU)
where the immediate causes of death was generally
ascribed to cardiopulmonary failure. SARS-CoV-2
staining in brain tissue by polymerase chain reaction
was negative in all cases [31 ,32 ,34 ,35 ], while a
third of cases (36%) (30-34) showed focal or diffuse
cortical and brain leptomeningeal or interstitial
inflammation, characterized mainly as T-cell-mediated based upon flow cytometry. Six patients [32 ]
between the ages of 58 and 82 years, who presented
with somnolence (in 3 with an average Glasgow
Coma Scale [GCS] of 11.3) or no neurological symptoms and a normal GCS of 15), (in the other 3)
without preponderant comorbidities, showed histopathological features of encephalitis. These included
localized perivascular and interstitial infiltrates with
neuronal cell loss and axonal degeneration involving
brainstem nuclei and tracts without territorial infarctions, or evidence of virus infiltration. Sparse T-cell
infiltrates with clusters of macrophages and axonal
injury tr)acking along vessels resembling acute disseminated encephalomyelitis (ADEM) were noted in
two other cases, including one with neuronophagia
and microglial nodules [34 ], and another with expression of angiotensin converting enzyme (ACE)2
receptor along capillary endothelia cells [31 ].
Younger’s analysis [51] of critically ill Covid-19
cases reveal several important findings and implications. First, hypoxia-ischemia evident does not
account for all relevant neuropathological features
of severe Covid-19. Second, patients presenting with
elevated levels of circulating interleukin (IL)-6, IL-8,
and tumor necrosis factor (TNF)-a, suggests activation of innate and adaptive immunity indicative of a
cytokine storm. Together with increased serum Ddimer and markers of hypercoagulability in 42% of
cases, affected patients are at risk for thrombotic and
hemorrhagic parenchymal tissue infarction so
noted in nine (18%) of cases. Third, the findings
of 16% of cases with ADEM-like features or indolent
brainstem encephalitis suggests the need for a high
index of suspicion in patients presenting with
altered sensorium, early brainstem signs including
those with fluctuating vital signs and early ventilator dependence.
&&

&&

CLINICOPATHOLOGICAL CORRELATION
Severe acute respiratory syndrome
coronavirus 1
Cases of the 2002 SARS-CoV-1 epidemic have shown
neurological manifestations including seizures and
encephalitis [24,25]. Complementing these reports,
among four patients who died suddenly of dissecting aneurysms, ectopic pregnancy, and cerebral
hemorrhage [26] there was positive staining by
murine mAbs specific for SARS-CoV-1 nucleoprotein
and probes specific for a SARS-CoV-1 RNA polymerase gene fragment for immunohistochemistry. Insitu hybridization of the cerebrum at postmortem
included localized perivasculitis of cerebral veins.

Middle East respiratory syndrome
coronavirus
There are no published data regarding human postmortem neuropathological findings of MERS-CoV
yet the disorder is still a relevant threat for populations in the Middle East with high lethality (close to
35%) [27]. However, three reported living patients
manifested initial fever followed by coma, ataxia,
focal motor deficits, and peripheral nerve symptoms
[28 ] and four of 23 other patients treated at a single
hospital reported delayed neurological symptoms
up to 3 weeks consistent with concomitant Bickerstaff’s encephalitis overlapping with Guillain–Barré
syndrome, ICU-acquired weakness, and toxic or
infectious neuropathies [29 ].
&&

&&

Severe acute respiratory syndromecoronavirus-2
The postmortem findings of Covid-19 illness have
been described in 391 patients succumbing to
Covid-19 illness [30 –32 ,33,34 ,35 ,36–50,41],
which is miniscule in relation to the number of
confirmed cases and reported deaths in the United
States and worldwide. Nevertheless, they are both
very revealing and important in understanding
the likely pathogenic mechanisms associated with
SARS-CoV-2 infection. What was initially thought
to be a self-limited disease almost exclusively
involving the lungs now is being recognized as
one that involves multiple organ systems including
the brain with the unique capacity for both invasive
and post-infectious dysimmune phases that evolve
&&
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There were several limitations of this small
cohort analysis of literature cases. First, case series
were often small and unselected often with missing
demographic data and causes of death. Second,
there were often contradictory conclusions about
the significance of inflammatory vascular brain
changes; moreover, there were all critically ill
patients and there were no comparisons to control
patients with sepsis. Third, it was uncertain whether
negative in-situ SARS-CoV-2 RNA PCR results in
those so studied makes a secondary inflammatory
immune mechanisms of injury more likely.
An updated clinicopathologic analysis of 141
Covid-19 cases shown in Table 1 that comprised 91
additional cases, including 31 cases [39,40] excluded
from the series of Younger [51] for lack of description
neuropathology, and 60 histopathologically documented cases [36–38] show four notable findings.
The first was the increased number of positive
SARS-CoV-2 genome by PCR testing, accounting for
13 (48%) of 27 examined brains in the study by
Matschke and colleagues [36]; in 4 (80%) of 5 brain
tissue specimens studied by Hanley and coworkers
[37]; and in 8 (38%) of 21 brain specimens examined
by Puelles and coinvestigators [40]. Remarkably,
SARS-CoV-2 presence did not correlate with the
severity of neuropathological findings [36]. It
remains unclear whether a comparably low viral
genome levels detectable by qRT-PCR in brain tissue
could be blood-derived.
A second finding was the increase in leptomeningeal and interstitial brainstem inflammation
characterized as cytotoxic T-cells in 34 (79%) cases
according to Matschke and colleagues [36], coinciding with the localization of SARS-CoV-2 viral proteins
in cranial nerves and interstitial areas of the lower
brainstem. The detection of SARS-CoV-2 RNA specifically in olfactory bulb neurons and glial cells in 4
(57%) of 7 patients in another study cohort [38], but
not in any other brain regions, lends support to a
route of viral entry via the olfactory system and the
importance of anosmia as an early clinical sign of
Covid-19. While activated microglia localize to the
olfactory bulb and medulla oblongata in Covid-19
brain tissues suggesting a point of viral entry, similar
findings noted in control brains of patients who
deceased under septic condition [38]. Considering
the capability of SARS-CoV-2 to infect human gastrointestinal enterocytes as well as pneumocytes, it bears
consideration whether the vagus nerve derived from
the medulla could be another route of entry to
the brain.
A third finding was the detection of microglial
activation and sparse perivascular and leptomeningeal T-cell infiltrates in Covid-19 brains, as well as in
controls with sepsis or systemic inflammation in a

small series [38] suggesting a histopathological correlate of critical illness-related encephalopathy
rather than a disease-specific finding.
Fourth, Matschke and colleagues [36] were interested in the neuronal cell types prone to SARS-CoV-2
infection, thereby screening gene expression datasets for signatures related to viral entry and persistence. The authors noted high expression of ACE2 in
oligodendrocytes, and increased expression of transmembrane serine proteases 2 and 4 (TMPRSS2 and
TMPRSS4) in neurons that respectively encode proteins implicated in host viral entry (ACE2) and
pruning of the viral-decorating spikes (TMPRSS2).
There are several implications of these findings
in regards the immunoinflammatory and neurotoxic response of SARS-CoV-2 to neurons that has
recently been captured in a study by Ramani and
coworkers [52 ] who employed a brain organoid
model to examine whether SARS-CoV-2 directly
targets neurons and can lead to productive infection
and neurotoxicity. Cells from mock organoids displayed a healthy nucleus that is labelled with 40 ,6diamidino-2-phenylindole (DAPI) compared to
SARS-CoV-2 exposed organoids that display
increased terminal deoxynucleotidyl transferase
dUTP nick end labeling) staining (TUNEL) which
detects the DNA breaks formed when DNA fragmentation occurs in the last phase of apoptosis. While
most of the SARS-CoV-2-positive cells are TUNELpositive, some were caspase-positive displaying
pT231 Tau localization at the cell soma not observed
in mock organoids. pT231-tau is highly neurotoxic
and acts as an early driver of tauopathy in neurodegenerative diseases such as Alzheimer disease. This
model offers insight into the fore mentioned findings in the most recent Covid-19 series. For example,
if neurons are indeed a target for SARS-CoV-2, a basal
(low) level of ACE2 expression may be sufficient for
viral entry into neurons. This could explain why
SARS-CoV-2 has a broad spectrum of target organs
and cell types as suggested by Puelles and colleagues
[40]. In so much as Tau abnormalities in SARS-CoV-2
positive neurons could result from infection, it
could also result from triggering of a cascade of
downstream effects that results in immune-inflammation, neuronal stress, and direct neurotoxicity,
all of which warrant future investigations. Moreover, as organoids are an experimentally tractable
human in vitro system and convenient to culture as
well as infection, organoid models can serve as a
test-bed for anti-SARS-CoV-2 therapeutic agents.
&&

Immunotherapy
The Covid-19 pandemic is proving to be associated
with high-case fatalities in both children and adults
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Table 1. Updated clinical and neuropathologic findings of 141 Covid-19 fatalities
Observation

Number of cases

Reference

Male

72

[28 –32 ,33,34 ,36,38]

Female

31

[28 ,30 ,31 ,33,34 ,36]

Sex
&&

&&

&&

&&

&&

&&

&&

Age
0

<21
1–49

1

[33]

50–64

17

[30 ,33,34 ,36]

>65

66

[29 ,30 ,32 ,33,34 ,36,38]

Elevated

21

[28 ,29 ]

Normal

0

&&

&&

&&

&&

&&

&&

Serum cytokine and procoagulant levels
&&

&&

Duration of hospital illness to death (days)
0–1

5

[31 ,32 ,33]

1–10

18

[29 –31 ,33]

>10

14

[30 ,31 ,33,36]

Hospital

86

[28 –32 ,33,34 ,36]

Nursing Home

6

[34 ]

Home

5

[34 ]

Massive intracranial hemorrhage

3

[30 ,32 ]

Pulmonary embolism

2

[30 ,33]

Cardiopulmonary failure

50

[30 ,33,34 ,36]

Multisystem organ failure

6

[29 ,34 ,38]

Positive

24

[34 ,35 ,38]

Negative

61

[28 ,31 ,34 ,36,38]

Acute microscopic ischemic infarcts

10

[28 ,34 ]

Acute microscopic hemorrhagic infarcts

3

[28 ,29 ,35 ]

Petechial hemorrhage

3

[30 ]

Focal perivascular parenchymal T-cell infiltrates

8

[28 ,29 ,32 ,35 ]

&&

&&

&&

&&

&&

&&

Place of death
&&

&&

&&

&&

&&

Cause of death
&&

&&

&&

&&

&&

&&

&&

SARS-CoV-2 RNA reactivity in brain sections
&&

&&

&&

&&

&&

Neuropathology
&&

&&

&&

&&

&&

&&

&&

&&

&&

Diffuse perivascular parenchymal T-cell infiltrates

2

[29 ,32 ]

Leptomeningeal inflammation

41

[30 ,31 ,34 ]

Interstitial brainstem inflammation

10

[30 ,34 ]

&&

&&

&&

&&

&&

&&

&&

&&

Capillary endothelium expression of ACE2 receptor

1

[29 ]

Microglial nodules

1

[32 ]

Hypoxic ischemia changes and neuronal loss

27

[28 ,31 ,32 ,33,36]

No abnormalities

3

[36,37]

Chronic infarction

8

[31 ,34 ]

Alzheimer disease

5

[30 ,31 ]

Lewy body disease

3

[31 ,36]

Primary brain tumor

1

[31 ]

Multiple sclerosis

1

[36]

Metastatic cancer

1

[34 ]

&&

&&

&&

&&

&&

Associated findings:
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due to a dysregulated, postinfectious autoimmunity
response, analogous to the cytokine storm of severe
viral influenza illness [53]. Recognizing the importance of a given patient’s immune response to the
SARS-CoV-2 exposure, patients have been recruited
to participate in studies to examine B-cell and T-cell
repertoire and immune responses during the
acute and resolved phases of Covid-19 infection at
home and in the hospital (ClinicalTrials.gov Identifier: NCT04362865). Four immunotherapeutic
approaches are being used to stem the Covid-19
pandemic by targeting the immune system, in keeping with the multiplier effect of infection, immunity, and inflammation known as I-Cubed (I3) [54].
The oral antimalarial drug hydroxychloroquine was
the first highly publicized agent recognized for its
immune-mediated mechanisms of chemotaxis,
phagocytosis and superoxide production by neutrophils to inhibit SARS in vitro. It was administered in
an open-label nonrandomized clinical trial of 20
adults and minors with severe Covid-19 illness with
improvement, and later made widely available as
prophylaxis [55]. An observational study of 1446
hospitalized adult patients at a New York City hospital with Covid-19 illness did not show a significant
association between hydroxychloroquine use and
intubation or death (hazard ratio, 1.04, 95% CI,
0.82–1.32), with similar findings in multiple sensitivity analyses [56].
The biological agent remdesivir, a nucleotide
analogue prodrug that inhibits viral RNA polymerases is showing the greatest promise in reducing
fatality due to its vitro activity against SARS-CoV2 by inhibiting the activity of RNA-dependent
RNA polymerase [57]. A clinical protocol allowing
expanded access to remdesivir (ClinicalTrials.gov
Identifier: NCT04323761), and several clinical studies have begun recruiting subjects in an randomized,
open-label, controlled clinical trials, in collaboration with the WHO (ClinicalTrials.gov Identifier:
NCT04330690). A phase III randomized study comparing the safety and efficacy and antiviral activity
of two remdesivir regimens with respect to clinical
status is recruiting subjects (ClinicalTrials.gov Identifier: NCT04292899).
Convalescent plasma transfusion of SARS-CoV2-specific IgG and neutralizing antibodies have been
administered in uncontrolled case series to critically
ill adult patients with Covid-19 with clinical
improvement [58]. These preliminary findings suggest a role for transfusion therapy in the treatment
of critically ill patients with Covid-19. A pilot prospective study collecting plasma to measure neutralizing antibodies to SARS-CoV-2 in recovered
subjects is recruiting subjects (ClinicalTrials.gov
Identifier: NCT04344977).

Treatment with 2 g/kg high-dose intravenous
immune globulin (IVIg) therapy administered to
three adult patients over 4–5 consecutive days in
the early stages of clinically apparent SARS-CoV-2
viremia, alone (one patient) or in association with
antiviral and antibacterial antibiotics showed clinical stabilization and were uneventfully discharged
from the hospital [59]. Early administration of IVIg
is first-line therapy in children with KD that
appears to be missed or delayed during the
Covid-19 pandemic etiologically related to SARSCoV-2 infection prompted a single-center, randomized, open-label, controlled study in Peking
China to evaluate the safety of IVIg in conjunction
with standard care for severe 2019-nCov pneumonia has not started recruiting subjects (ClinicalTrials.gov identifier NCT04261426). However, no
similarly available studies have been announced in
the United States.
An anecdotal prospective analysis of 55 children
and adults treated with maintenance (400 mg/kg
monthly) and high-dose (2 g/kg) IVIg therapy to
treat diverse acquired and postinfectious autoimmune neurological disorders, found no new cases
of SARS-CoV-2 stratified by a single home infusion
service via phone interviews at the height of the
Covid-19 pandemic (when it would have been
impermissible for a nurse to enter the home)
[60 ]. This uncontrolled observation suggests that
Ig therapy delivered via intravenous, subcutaneous,
or intramuscular routes may yet have an important
role in Covid-19 illness prevention among vulnerable individuals. However, a longer period of followup of this cohort will be necessary to confirm these
observations, as are further controlled studies to
identify the dose and frequency of IVIg treatment
to confer prophylactic efficacy.
Efforts to develop a safe and efficacious 2019nCoV vaccine were underway in early 2020. Whole,
live-attenuated or inactive whole virus vaccines represent a classic strategy for viral vaccinations similar
to the Ebola vaccine platform employing an adenoviral vector. However, live virus vaccines often
require extensive additional testing to confirm their
safety. This is especially an issue for coronavirus
vaccines, given the findings of increased infectivity
following immunization with live or killed whole
virus SARS coronavirus vaccines. Subunit vaccines
for both SARS coronaviruses rely on eliciting an
immune response against the spike protein to prevent its docking with the host ACE2 receptor. There
are also advanced nucleic acid vaccine platforms for
Covid-19. More recently, new modifications and
formulations have improved nucleic acid performance in humans, with an expectation that this
approach might eventually lead to the first licensed
&&
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human nucleic acid vaccine. There are now at least
half-dozen candidates, including live viruses,
recombinant protein subunits, and nucleic acids
that may ultimately offer promise as preventive
vaccines. However, each require additional
manufacturing steps and formal toxicology testing
before submitting a regulatory package to national
regulatory agencies to be able to commence the
clinical development, proceeding through first with
phase 1 clinical trials for safety and immunogenicity, and later, phase 2 and phase 3 trials for both
safety and efficacy [61]. However, the induction of
protective immunity comes with a possibility of
adverse effects. A preponderant emergence of postvaccination vasculitis [62 ] led to formal guidelines
for case definition [63].
&

CONCLUSION
Given their high prevalence and wide distribution,
prominent genetic diversity, genomic recombination, and human–animal interface activities in certain parts of the world, the Covid-19 pandemic and
other novel coronaviruses will likely continue to
proliferate [64]. This depends upon multiple factors
not the least of which is superspreading that occurs
when single patients infect a disproportionate number of contacts across continents enhanced by travel
[65]. With them comes the foreseeable risk of rising
fatality and expected neurological complications.
Adults with SARS-CoV-1 and the CoV-2 show
inflammatory vasculopathy, encephalitis, and silent
infarctions at postmortem examination, with variable SARS-CoV-2 RNA genomes by PCR. Children
with MIC are purported to have a clinical syndrome
that may resemble KD, however histopathology in
life or at postmortem has not been documented in
these cases. This has led to innovative treatments
aimed at viral eradication and immunotherapy
directed at heightened postinfectious inflammatory
response termed I-cubed that expresses the multiplier effect of infection, immunity and inflammation in the context of genetics and other
environmental exposures.
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Rheumatology in the era of precision medicine:
synovial tissue molecular patterns and treatment
response in rheumatoid arthritis
Amit Lakhanpal a, Melanie H. Smith a, and Laura T. Donlin b,c

Purpose of review
A critical unmet need in rheumatoid arthritis (RA) is the identification of biomarkers that predict which of
the available medications will be most effective for an individual in order to lower disease activity sooner
than is afforded by the current treat-to-target approach. Here we will discuss recent reports examining the
potential for synovial tissue molecular, cellular, and spatial profiling in defining objective measures of
treatment response and therein developing personalized medicine for RA.
Recent findings
Recent high-dimensional molecular profiling of RA synovium has provided unprecedented resolution of the
cell types and pathways in tissues affected by rheumatic diseases. Heightened attention to tissue
architecture is also emerging as a means to classify individual disease variation that may allow patients to
be further stratified by therapeutic response. Although this wealth of data may have already pinpointed
promising biomarkers, additional studies, likely including tissue-based functional drug response assays, will
be required to demonstrate how the complex tissue environment responds.
Summary
Molecular, cellular, and more recently spatial profiling of the RA synovium are uncovering fundamental
features of the disease. Current investigations are examining whether this information will provide
meaningful biomarkers for individualized medicine in RA.
Keywords
individualized medicine, molecular profile, precision medicine, rheumatology

INTRODUCTION
Heterogeneity in the manifestation of rheumatic
diseases imparts extensive difficulty in diagnosis
and treatment. This includes patients with rheumatoid arthritis (RA) who vary clinically in the severity
and distribution of affected joints; the presence of
autoantibodies; and their response to treatment.
Biomarkers for stratifying patients according to
treatment responsiveness are of considerable interest. In the absence of such guidance, treatment often
involves an iterative approach to find an effective
therapy, during which irreversible damage may
advance uncontrolled. Given the ease of access to
blood samples, many studies have sought to identify
circulating biomarkers for better diagnosis and
prognostication (Table 1). However, even with complex multipanel approaches, there has not been a
finding of sufficient magnitude or reliability to
augment routine clinical practice. Further, although
www.co-rheumatology.com

susceptibility genes for RA have been established,
we are only beginning to understand the many
effects of genetic variation on treatment response
(Table 2).
Here, we will discuss recent studies aimed at testing whether certain molecular and cellular patterns in
RA joint tissue might predict treatment response, and
therein could be used for individualized medicine
strategies. We will also present studies suggesting that
further experimental assays are needed to define how
a
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KEY POINTS
 Efficacy of RA treatment is limited by our inability to
predict who will respond to which therapeutic.
 Although many potential serum biomarkers and
response-associated SNPs have been identified, none
have been shown to be robust predictors of
therapeutic response.
 Characterization of synovial tissue samples may
elucidate differences in underlying abnormalities that
will allow us to individualize therapy and advance the
possibility of precision medicine in RA.
 Functional assays using perturbation of synovial or
blood-derived cells may further elucidate dominant
pathologic pathways that are effective therapeutic
targets across RA patient tissues or for a subset
of individuals.
 Prediction of therapeutic responses may require
integration of multiple sources of data: genetic,
epigenetic, histologic, and synovial gene expression.

identifiable patient-specific tissue patterns impact
response to various medications.

PIVOTING BIOMARKER FOCUS TOWARDS
THE JOINT
Although RA has extra-articular manifestations,
such as cardiovascular and interstitial lung disease
[21,22], and findings suggest loss of self-tolerance
may initiate at mucosal surfaces [23], the primary
target tissue is the synovium. In light of this
understanding, pathologic features within the
Table 1. Blood biomarkers: high hopes, but limited utility
Seropositivity predicts response to rituximab [1] and abatacept
[2,3], but has had mixed results in predicting response to TNF
inhibitors [4].
As reviewed by Nouri and colleagues [5], multiple studies have
assessed possible serum biomarkers for the prediction of
response to IL-6 receptor blockade. However, results need to be
independently replicated with larger sample sizes to establish
clinical utility.
Although there are no serum biomarkers in clinical use to predict
response to methotrexate monotherapy, a recent pilot study
identified four molecules (C-reactive protein, leptin, TNF-RI and
VCAM-1) that, in combination, may predict response to
methotrexate [6].
The only commercially available multibiomarker disease activity
(MBDA) test for RA (VECTRA DA) has shown some efficacy in
determining disease activity and risk of progression; however,
has been less useful in guiding management decisions [7] and
may not be correlate as well with other markers of disease
activity, such as CDAI or DAS28-CRP after cytokine-directed
treatment [8].

synovium may hold the key to identifying biomarkers that clinicians can use to predict treatment
response. Accordingly, considerable recent emphasis has been placed on high-dimensional molecular
profiling of tissue sampled directly from the diseased joint. Across a large number of patients, these
efforts may develop an overall disease framework,
within which per-patient variations of clinical significance may be identified. This approach is well
rooted in the historical discoveries of tumor biomarkers where molecular profiling led to the discovery of oncogenic driver mutations. These definitive
objective molecular biomarkers have led to precision medicine testing, tailored therapeutics, and
most recently circulating blood biomarkers in the
form of the tumor cell-free DNA. Although somatic
DNA lesions are not necessarily the biomarkers we
anticipate for RA, this discovery trajectory is a
reminder of the potential importance of starting
with the target tissue itself, which may over time
lead to the identification of a circulating biomarker.

SYNOVIAL TISSUE ATTRIBUTES AND
DRUG RESPONSIVENESS
There is extensive literature over the years probing
the cellular composition of the synovium in affected
RA joints, particularly the features of the immune
cell infiltrates. From early work defining the lymphocytic infiltrate [24], technologic advances for
high-dimensional identification of cell types,
molecular pathways, and histologic patterns have
begun to provide a more comprehensive understanding [25 ,26,27,28 ,29–32]. Moving forward,
this detailed tissue framework may be used to categorize synovial tissue from individual patients and
test if any features relate to treatment response.
Prior to these contemporary technologies, studies used synovial biopsies combined with methods
such as histopathologic scoring and gene expression
(via microarray or bulk RNA-sequencing). Reports
examining these features in relation to treatment
with conventional synthetic and biologic diseasemodifying antirheumatic drugs (csDMARDs and
bDMARDs, respectively) have been extensively
reviewed [33]. Some of the more recent studies in
this domain are described here.
Several reports from patients in the Pathobiology of Early Arthritis Cohort have recently connected synovial histology, gene expression, and
clinical characteristics with RA progression and
response to treatment [34 ,35 ,36 ]. Synovial histology was found to be classifiable into three types –
lympho-myeloid, diffuse-myeloid, and pauciimmune fibroid – which correlated to profiles of
synovial gene expression defined either by
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Table 2. The promise of genetics and pharmacogenomics
Both pathway-focused and unbiased genome-wide genetic
association studies have sought connections between genetic
variants and the response to steroids [9], methotrexate [10,11],
TNF inhibition [12,13], and IL-6 inhibition [14–17]. Other recent
advances that may help realize the possibility of personalized
medicine include:
Epigenetic modifications, including DNA methylation, play a
central role in determining gene expression and cellular
phenotypes. In a small study of RA patients started on
methotrexate, Nair and colleagues [18] showed that changes in
DNA methylation in four CpG positions between baseline and
4 weeks into therapy were associated with therapeutic response
at 6 months.
Integration of genetic information with epigenetics and
immunophenotyping may provide additional insight as shown by
Spiliopoulou and colleagues [19]. They introduced a new
approach for localizing genetic effects of a response to TNF
inhibition using GWAS-identified SNPs, heritable immune cell
traits and whole blood expression and methylation.
The emerging field of pharmacomicrobiomics, which studies the
interactions between drugs and the microbiome, has the potential
to further elucidate variables that may influence therapeutic
response in RA [20].
GWAS, genome-wide association study; RA, rheumatic arthritis; TNF, tumor
necrosis factor.

previously determined immune cell expression or
by unsupervised clustering on the observed data.
Both the histologic type and gene expression profiles were found to correlate with response to
csDMARD, with changes between pretreatment
and posttreatment gene signature mostly correlating with baseline disease severity [34 ]. By including
synovial gene expression data in addition to clinical
features, the area under the curve for predicting
DMARD responsiveness at 12 months was improved
[36 ].
Another study using synovial biopsies and synovial histopathology classification into the same
three groups looked at 37 established RA patients
before and after anti-tumor necrosis factor (TNF)
treatment. Here the authors found that both myeloid histopathologies were substantially more likely
to respond to certolizumab than the pauci-immune
histology [37]. Focusing on B-cell infiltration of
the synovium, Pitzalis and colleagues compared
synovial biopsies between 165 treatment-naı̈ve early
RA patients and 164 established RA patients who
had not responded to TNF inhibition [38]. When
compared with treatment-naı̈ve patients, those
patients who did not respond to TNF inhibition
were more likely to have synovial B-cell enrichment.
Mass cytometry on CD4þ T cells from inflamed
RA synovium discovered an expanded population
that is PD-1hi/CXCR5-, described as ‘peripheral
helper’ cells, that promote B-cell activity [39].
&

&
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Subsequently, in a study of 11 RA patients who
had failed csDMARD treatment, synovial biopsies
taken before and after anti-TNF therapy underwent
transcriptomic analysis with deconvolution for celltype distribution inference, which revealed that the
absence of the PD-1hi/CXCR5- peripheral helper T
cells in the synovium correlated significantly with
better response to TNF inhibition [40].
Microarray expression data from synovial biopsies has also been integrated with genome-wide
association study (GWAS) data to identify predictors
of response to TNF inhibition [41]. Using synovial
biopsies of active RA patients starting anti-TNF therapy, Julià and colleagues found modules of coexpressed genes that correlated with treatment
response. They then compared those modules with
the list of genes related to single nucleotide polymorphisms (SNPs) found to be associated with
response to TNF inhibition from a GWAS and identified two co-expression modules that associated
with response to specific TNF inhibitors.
In the future, applications of newer techniques
which have enabled spatially resolved transcriptomics in synovial tissue, as applied to RA [42] and
psoriatic arthritis [43], and other multiparameter
histologic techniques, may elucidate both the dominant pathways in synovial microenvironments and
their effects on therapeutic response.

FUNCTIONAL DRUG RESPONSE ASSAYS
FOR PATIENT SYNOVIAL TISSUE
Synovial biopsy data alone is limited as a static
snapshot, wherein inferences regarding the underlying dynamics and responses to interventions can
only be drawn indirectly. By contrast, assays of
functional response in various tissues to therapeutic
perturbations have been attempted with the aim of
characterizing the dynamics of the pathologic state,
and potentially prefiguring the response of those
tissues to therapies. Stimulation assays on whole
blood or peripheral blood mononuclear cells
(PBMCs) have been widely used to describe
responses of circulating immune cells to particular
immunogenic stimuli. Recent advances in highthroughput assays and computational techniques
for integrating data between these has allowed for
more informative characterization [44], and helped
uncover dominant cytokine responses that can lead
to therapeutic decisions [45 ]. Perturbation assays
on extracts from rheumatoid synovium that vary in
the extent to which synovial architecture is replicated have also been reported.
At one extreme, disaggregated cells are isolated
and cultured in two dimensions, such as with rheumatoid joint fibroblast-like synoviocytes in [46]
&&
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where features including TNFa-stimulated cytokine
production, migration speed, and invasiveness were
found to be affected by treatments including methotrexate, hydroxychloroquine, and artesunate. Dissociated RA synovial tissue has also been recently
cultured in ex-vivo drug assays [47 ]. Kuo and colleagues showed that treatment of the dissociated
synovium with anti-inflammatory therapies (antiTNF antibodies, tofacitinib, naproxen, and dexamethasone) resulted in a negative enrichment in
genes associated with an inflammatory macrophage
population, indicating these cells may be one of the
targets of common RA therapies. The response,
however, to each medication resulted in a distinct
macrophage expression pattern, which may ultimately affect outcomes differentially. Whether
these initial studies lay the groundwork for individualized medicine assays for RA patients will require
more detailed mechanistic understanding of drug
responses and broad testing across patient tissues.
An organoid-like system that employs microfluidic devices has been used to model the effect
of potential therapeutics on synovial fibroblast
interaction with bone [48]. Further morphologic
verisimilitude in three-dimensional cultures and
analysis with continuous light-scatter imaging has
recently been reported [49], with synovial fibroblasts recapitulating a tight surface versus loose
sub-surface architecture within which the effect of
TNF on motility and proliferation could be measured. A three-dimensional organoid co-culture of
synovial fibroblasts and endothelial cells in [30]
revealed aspects of fibroblast differentiation that
were instructed by the endothelial cells. The potential to use such systems to screen drug candidates is
clear, although the ability to detect useful compounds whose effect depends on disease-specific
interactions between multiple cell types would
require extending the system to include more of
the tissue-associating and disease-associating
cell types.
At the most-organized end of the spectrum,
whole tissue explants have been isolated and maintained to monitor their response to stimuli. Specifically, to elucidate features of response to JAK/STAT
inhibition, McGarry and colleagues [50] obtained
seven rheumatoid synovial explants and cultured
them with tofacitinib. They defined changes in
gene expression (including mitochondrial genes
involved in apoptosis), metabolic state, and cytokine secretion after treatment, all of which had
the effect of reducing synovial fibroblast invasion
and outgrowths in the explants. Although not a
particular focus of that study, it is reasonable
to test the theory that the effect size in treated
synovial explants might predict disease response
&

to treatment in the patient, allowing personalization of the treatment strategy without the lengthy
trial-and-error approach that is presently the norm.

CONCLUSION
The increasing availability of high-throughput
molecular and spatial technologies has enabled
more extensive characterization of the pathologic
activity in the rheumatoid synovium. The next
challenge is developing data analysis tools to
extract generalizable biologic and clinical insights
from this wealth of data. This is a very active field in
which a variety of complementary approaches have
recently been reviewed by Ma and colleagues. [51].
Dimensional reduction of the high-throughput
data by projection onto the most informative axes
has been employed and optimized extensively in
individual modalities, and naturally extended to
combinations of data (e.g. single-cell RNA sequencing and proteomic data). Beyond integrating different data types within a single experiment, barriers
to combining data with differences in experimental
and biological factors have been addressed by algorithms such as Harmony [52] and Seurat3 [53].
Improvements in these algorithms and their usability will hopefully drive discovery of novel cell types
and interactions in the rheumatoid synovium that
may eventually guide exploration of more accessible signals of disease activity and responsiveness
to treatment.
As we have discussed, an important unmet clinical question is whether any given RA patient is
more or less likely to respond to a specific treatment,
not only because of the related delay in disease
control for individual patients, but also because
new agents which may in fact be highly effective
in a subset of the disease can fail to show efficacy in
unselected trial populations, leading to rejection of
what could be useful therapeutics. The additional
insight into disease pathogenesis derived from studies of the sort discussed here can be incorporated
into more narrowly tailored clinical trial designs as
described by [54 ] and is in the process of being
realized for agents including rituximab, tocilizumab, and etanercept in the R4-RA and STRAP trials.
&
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The transition from enthesis physiological
responses in health to aberrant responses that
underpin spondyloarthritis mechanisms
Sibel Zehra Aydin a, Charles Bridgewood b, Alen Zabotti c, Nicolò Girolimetto d,
and Dennis McGonagle b

Purpose of review
Despite immunology and translational therapeutics advances in inflammatory arthritis over the past two
decades, the enthesis, which is the epicentric of the spondyloarthritis family pathological process, retains
many mysteries because of tissue inaccessibility that hampers direct immune study. As entheses are subject
to almost continuous mechanical stress and spondyloarthritis is linked to microdamage or injury and joint
stress, it is cardinal to understand the physiological changes occurring within the entheses not only to be
able to differentiate disease from health but also to understand the transition normal physiology break
down and its merges into spondyloarthritis-related disease.
Recent findings
Imaging has played a major role in understanding the enthesis in human. Remarkable insights from
enthesis functioning and microdamage in normal and with ageing including those linked to body mass
index is emerging. The impact of mechanical stress and degenerative conditions on the development of the
secondary entheseal vascular changes is not understood. Of note, ultrasound studies in psoriasis have
shown higher power Doppler changes compared to controls pointing towards a role for vascular changes
in the development of enthesitis in psoriatic arthritis.
Summary
The literature pertaining to normal entheses changes with age, microdamage and vascular changes in
health is providing a roadmap for understanding of the enthesis and its potential role in evolution of
spondyloarthritis including psoriatic arthritis.
Keywords
enthesis, psoriatic arthritis, spondyloarthritis, ultrasound

INTRODUCTION
The enthesis is the transitional zone between ligament/tendon or capsule and bone anchorage and
includes the classically described four regions of
dense fibrous connective tissue, uncalcified fibrocartilage, calcified fibrocartilage and underlying
bone [1,2]. Beyond the anchorage point, fibrocartilage tissue may also line adjacent bone and tendon
forming what is termed the synovio-entheseal complex that facilitates smooth locomotion and stress
dissipation over a wide area [3,4]. There is also the
functional integration with the adjacent bone and
the entire structure is termed as the enthesis organ.
There are two types of enthesis histologically: fibrocartilaginous and fibrous entheses with the latter
being uncommon, e.g. the deltoid muscle insertion,
which is not a common site of disease in inflammatory arthritis [5].
www.co-rheumatology.com

In addition to these, despite not being an actual
insertion, the tendons that wrap around the bones
are exposed to similar biomechanical stress as the
insertion and share histological similarities including the presence of fibrocartilage, and similar
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KEY POINTS
 In the absence of histological data for the entheses
because of tissue inaccessibility, imaging modalities
such as ultrasound, provide valuable information on
tissue characteristics in the health and spondyloarthritis.
 The healthy entheses may have signs of inflammation
and damage on ultrasound, in response to factors, such
as increased age and BMI, male sex and high physical
activity, without any clinical symptoms, mirroring
pathological changes occurring in spondyloarthritis.
 The observed changes within the entheses on
ultrasound may improve the understanding of how
mechanical loading activates the entheseal immune
system towards arthritis development.

patterns of osteitis disorder and have been called
‘functional enthesis’ [6]. Extensor tendons over
small joints that fuse with the extensor capsules also
form a type of functional enthesis, the relevance of
which leads to disorder localization in psoriatic
arthritis (PsA), but not rheumatoid arthritis [7].
Another type of functional enthesis occurs in the
digital flexor tendons’ accessory pulleys, which
appear to be a major target for the dactylitis. That
is distinct from the wrap around tendons of the ankle
that compress bone for being soft tissue based without an osseous component [8]. Both the classically
described and functional entheses are very difficult to
study histologically because of the major issue of
tissue inaccessibility. In this review, we further discuss entheseal defence mechanisms against injury in
relationship to imaging findings and also discuss the
transition from the health to disease state. We look
further at both the osseous and soft tissue changes
that occur in normal and diseased entheses. We also
focus on emerging data from perturbations of functional entheses and how this may impact on the
transition from normality to disease.

ENTHESEAL BIOMECHANICAL STRESS IN
HEALTH
There are three major patterns of biomechanical
stressing applied to the enthesis in the course of
normal activity: compression (superficial tissue
pressing down on deeper layer tissue on locomotion), tension (direct tractional forces on tendon/
ligament) and shear forces (because of impact of
gliding movements of adjacent tissue layers) [9 ].
To protect against the ravages of complex and large
lifelong force application, several mechanisms exist
and allow maintenance of enthesis integrity and
function to minimize risk of injury including
&&

rupture or avulsion. The key factors are the dissipation of force over a wide area by the enthesis organ,
intrinsic repair mechanisms and lubrication of the
enthesis organ by the synovio-entheseal complex
[4,10].
The human entheses including the Achilles and
many others that are the target of spondyloarthritis
are very difficult to study at the cellular and immune
level in vivo, unlike studies into the readily accessible
synovium in either rheumatoid arthritis or PsA. Furthermore, small animal models including mice may
be poor surrogates for the much larger entheseal
structure involvement in man. Fortunately, modern
imaging, and ultrasound in particular, are well suited
to understanding entheseal microanatomy in man,
given their resolution and ability to dynamically
visualise tissue inflammation, degenerative changes,
osseous remodelling and erosion and vascularity.
Indeed, there had been many ultrasound studies to
date focusing on entheseal findings in patients with
diseases, mostly spondyloarthritis including PsA and
ankylosing spondylitis [11–15]. Importantly, there is
emerging ultrasound-derived data on entheseal
changes in healthy subjects including the impact
of age, BMI and exercise on entheseal structure.
Given the link between PsA with the three factors
of age, BMI and injury, the role of ultrasound imaging
in deciphering potential disease-related factors is
both novel and noninvasive [16–18].
The fact that ultrasound features of spondyloarthritis, degenerative or mechanical enthesopathies
overlapping is also interesting and likely relevant for
a better understanding of enthesis disease mechanisms. Three studies have recently been published
specifically investigating the ultrasound findings of
the healthy entheses and factors leading to asymptomatic imaging abnormalities. Guldberg-Moller
et al. [19] focussed on large entheses of the lower
extremity and demonstrated abnormalities in 23% of
all insertions examined with 73% (47/64) persons
having at least one ultrasound imaging abnormality
(including inflammatory features and damage). A
second study of the same anatomical sites by Di
Matteo et al. [20] reported one or more inflammatory
features (hypoechogenicity, thickening and/or
Doppler signals) in at least one enthesis in 30 out
of 82 healthy participants (34%) and in 69/820 evaluated entheses (8.4%). Finally, our group recently
published the ultrasound findings in 80 healthy participants, showing that older age, male sex, higher
BMI, and high physical activity were independent
predictors of enthesitis scores on ultrasound with
some major differences among the younger (<50)
and older (50) [21 ]. Collectively, the aforementioned studies improve our understanding of
how changes associated with healthy entheses
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homeostasis may imperceptibly merge with changes
that are commonly seen in diseases. Of course, histological validation of what changes in different settings represents is lacking.

Soft tissue changes in health
Development of enthesis fibrocartilage in
health
In the murine setting, entheseal fibrocartilage is
absent at birth with only the presence of insertional
fibroblasts. These fibroblasts undergo metaplasia
and convert to fibrocartilage tissue with time,
between 2 weeks and 2 months. However, fibrocartilage development is not spontaneous but is linked
to muscular tissue biomechanical stressing, which
was deduced from observations that botulinum
toxin injection with muscle movement neutralization prevented the development of fibrocartilage
[22]. Thus, with elimination of the limb biomechanical forces, fibrocartilage tissue did not develop,
emphasizing the key role of movement and stress.
With the repeated loading, the fibroblasts proliferate with ensuing type II collagen and proteoglycan
production as part of a chondrocytic cellular differentiation programme in the peripheral enthesis
[23]. Due to this chondrogenic differentiation process with the concomitant absence of insertional

blood vessels, the insertion is rendered more resistant to trauma. The avascular nature of the insertion
is a key feature, which both prevents microvascularinduced damage, because of vascular exclusion, and
acts as a physical barrier for immune cell migration.
By implication, the ability of fibrocartilage to both
withstand physical damage and vascular microinvasion may also be critical to homeostasis and health
with normal ageing.
Neovascularization of the entheses
As stated above, a key feature of the fibrocartilage
tissue is its avascular nature. Fibrocartilage oxygenation is sustained by diffusion from the surrounding
vascular tissues including the adjacent bone, periligamentous or tendinous vascular supply and the
adjacent synovio-entheseal complex, wherever present [24]. With age, nondiseased joint fibrocartilage
shows microdamage and infiltration with microvessels, which may be part of the normal physiological
repair process, which was also supported by ultrasound studies in human [25,26]. These microvascular changes are associated with immune cells
ingression or presence at these sites (Fig. 1). The
presence of immune cells including both myeloid
and lymphoid cells may contribute to enchondral
bone formation. Healthy people may have evident
entheseal vascularity as shown by ultrasound determined Doppler signal, although not frequently. In a

FIGURE 1. (a) In younger subjects, entheses are thin with very good elasticity, which protects against injury and
microdamage. (b) With age, entheses show thickening because of changes in the collagen compositions. Higher BMI also
contributes to thickening. The known age-related loss of musculoskeletal tissue flexibility likely makes the tissue more prone to
microdamage and injury. This is associated with hypoechoic thickening of enthesis and occasional Doppler changes in older
subjects, which has been confirmed in cadaveric studies where vascular abnormalities at the enthesis have been reported.
Also, microscopic inflammatory changes have been reported in normal aged enthesis. (c) Age-related and BMI-related
changes at the normal enthesis suggest a scenario whereby the enthesis ‘fertile soil’ parameters develop over time in PsA and
lag psoriasis but the immunogenetic ‘seed’ then eventually manifests as joint disease. Therefore, It is proposed that changes in
the biomechanical environment is associated with clinically demonstrable enthesitis in genetically susceptible people.
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recent study on healthy people, our group has
shown that only 1.1% (11/960) of the scanned
entheses had Doppler signals, although it corresponded to 10% of the participants [21 ]. It is important to note that the majority of the Doppler
positivity were only mild in severity and/or seen
limited to one isolated site. These numbers are
similar to what has been observed by Di Matteo
et al. [20] and slightly higher than Guldberg-Muller
et al. [19]. Given that vascular lesions are commoner
in psoriasis patients without PsA compared with
healthy participants then they may be a harbinger
of enthesis homeostasis dysregulation that predispose to chronic immune activation with inflammation [27]. Such entheseal lesions may also regress
under biological therapy for psoriasis, which potentially points to the ability to prevent PsA evolution
[28]. More work is needed to understand the topography of these vascular lesions as being peri-entheseal in vascular tissue or linked to actual
fibrocartilage vascular ingression.
&

Thickening of the entheses
Hypoechogenic entheseal thickening is certainly a
feature of both inflammatory enthesitis and degenerative enthesopathies [29]. However, increased
entheseal and tendon thickness has also frequently
been reported in ultrasound studies in healthy people. The thickening may be because of two different
processes: a) increased intra-tendinous collagen synthesis and b) due to immune cells infiltration or
local proliferation of fibroblasts, although there is
no histology data to prove that mechanism. The first
mechanism, increased collagen synthesis, has been
shown to occur as a response to strenuous exercise in
human tendon and muscle in preexercise and postexercise biopsies [30]. Interestingly imaging studies
that investigated the thickening as a response to
short-term intense exercise have conflicting results.
The increase in tendon thickness as a response to
exercise have only been observed in younger participants (<25 years old) and not in the elderly
population that is over 60 years old [31–33]. However, the imaging studies with cross sectional analysis, instead of pre-exercise and postexercise, usually
suggest an increased thickening with age including
the elderly population. The adaptation may be different during the skeletal development in the younger population, being more responsive by inducing
collagen synthesis whereas the thickening in the
elderly may be more multifactorial with loss
of elasticity.
The two mechanisms of thickening would be
expected to be visualized differently on ultrasound.
If the thickening of the enthesis is because of an
inflammatory process, it would be expected to see

the irregular changes in the echogenicity of the
structure, for example, the inflammatory deposition
that separates the entheseal fibers from each other
leading to thickening, whereas increased collagen
synthesis would be expected to lead to homogenous
changes, keeping the fibrillary echotexture of the
tendon intact as shown in Fig. 2. Notwithstanding
lack of histological data, the general perception
among sonographers is to avoid measuring entheseal thickness as a sole surrogate in clinical practice
to define a disorder but rather seek evidence for
other additional key features of enthesitis, such as
Doppler signals and/or erosions.
In addition to age, sex and BMI has been found
as factors contributing to entheseal thickening in
healthy people [21 ]. A high BMI leads commensurate and sustained higher mechanical stress on the
entheses, especially in the lower extremities. Sex
differences may be because of properties of the
muscle tissue, including architectural characteristics, fibre types, biomechanical characteristics and
neural activity [34–36]. Therefore, the thickness of
the entheses needs to be taken into account in the
context of these variables and associated findings/
features that lead to thickening to differentiate a
healthy adaptive response to biomechanical stress
from abnormal responses at the entheseal level.
&

Bone changes in health
New bone formation at normal peripheral
entheses
Entheseal bony spurs (enthesophytes) have long
been recognized as incidental findings on radiographs and in cadaveric tissue studies of nondiseased people in addition to being recognized also
in inflammatory, degenerative or metabolic enthesopathies [37]. The advent of ultrasound studies in
healthy entheses in recent years has brought a new
dimension to the study of entheseal new bone in
normal (Fig. 3). The frequency of enthesophytes on
ultrasound are highly variable depending on the
anatomical site, usually being more frequent at
the Achilles tendon insertion and as high as 78%
of the healthy Achilles enthesis [21 ]. At the Achilles, it is clear that enthesophytes generally develop
on the outer aspect of the insertion where tension is
maximal during normal functioning whereas erosion occur more proximally. This likely reflects the
differences in forces application between the bone
in between the proximal and distal entheseal fibres,
whereby bone forms along sites of tension being
linked to enthesophytes mostly occurring at the
distal insertion in accordance with Wolfs law
(Fig. 3). This type of new bone formation may occur
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FIGURE 2. Entheseal thickening on longitudinal scans of the Achilles enthesis on ultrasound. The upper limit for the Achilles
enthesis thickness is 5.29 mms. (a) Thickening of the Achilles enthesis with normal fibrillary echotexture (distance between the
þ signs; thickness 5.8 mm); (b) Thickening (line) because of infiltrates () separating the entheseal fibers. AT, Achilles tendon.

via an endochondral like bone formation with calcification of the entheseal fibrocartilage, uncoupled
from an inflammatory process [37]. The typical
distal enthesophytes do not always reflect disorders,
especially when they are small in size, and these are
more common with age, BMI and healthy men.
One mechanism for enthesophyte development
is bony microtrabecular stress fractures and subsequent repair processes. Transverse microtears at the
fibrocartilage-bone interface are subsequently filled
with adipose tissue and the longitudinal microtears
repair with proliferation of fibrocartilage cells and
filled with amorphous material [38]. Benjamin et al.
showed that this amorphous material can eventually become calcified and may mimic enthesophytes
on the radiographs. We hypothesize that these calcifications that occur as a reaction to microcracks
mimicking enthesophytes may be seen more proximally to the traditional enthesophytes. Our
68
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observations that lead to this hypothesis originates
from the typical locations of the entheseal erosions.
The erosions almost always occur more proximal to
the enthesophytes, possibly because of the differences in biomechanical forces proximally and distally with the proximal operation of compression
and shear leading to erosion (Fig. 4). Due to the type
of these forces, microcracks or erosions may eventually lead to calcification as a repair and may lead to
new bone formation at more atypical locations,
such as the proximal entheseal insertion, unlike
the typical enthesophytes that are because of the
tractional forces, leading to increased bony surface.
Interestingly one study from Spain demonstrated
the change in entheseal erosions in spondyloarthritis using 2D and 3D ultrasound and showed that
erosions can disappear over time [39]. This is powerful evidence indicating how microdamage with
repair and tissue homeostasis restoration is a key
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FIGURE 3. Enthesophytes in health and types of enthesophytes on ultrasound. (a) Longitudinal scan of the Achilles enthesis of
a healthy person on ultrasound. A small enthesophyte is seen at the distal insertion (arrow) with no other disorders of the
Achilles enthesis. AT, Achilles tendon. (b) Longitudinal scan of the Patellar ligament on ultrasound. Enthesophyte seen in the
typical location at the border with increased tension at the origin of the patellar ligament (arrow). (c) Longitudinal scan of the
Patellar ligament on ultrasound. Enthesophyte in the atypical location (arrow head), being in the middle of the entheseal
insertion into the tibial tuberosity.

feature of the normal enthesis and that this repair
response may become exaggerated during disease.

Entheseal response in spondyloarthritis
patients and subtypes
Unlike the physical examination, which classifies
the enthesitis as a binary finding, the ultrasound
imaging allows to further characterize the entheseal
changes and to potentially define and understand
different phenotypes of enthesitis [40]. For example,

our group has shown that comparing PsA and ankylosing spondylitis, the PsA enthesis shows approximately four times more damage – mostly being
enthesophytes. This was despite having slightly less
entheseal inflammation as determined by hypoechogenicity, thickening and Doppler signals on
ultrasound [41]. In another patient population, in
axial spondyloarthritis, psoriasis was again shown to
be a risk factor for entheseal damage, mostly enthesophytes, but not for entheseal inflammation [42].
In PsA, the Koebner phenomenon that is observed as
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FIGURE 4. Entheseal erosions. (a) Entheseal erosions and repair process: 1: depicts normal microdamage and microfracture
at enthesis and increased vascularity (arrows), 2: erosion filled with amorphous material as a repair process, 3: the repair
process mimicking enthesophytes in atypical locations. (b) Tissue repair response with new bone on outside aspect of normal
enthesis, which can also be a normal age-related finding. (c) Longitudinal scans of the Achilles enthesis on ultrasound in a
patient with PsA. Typical erosions (arrow) are seen more proximal to the enthesophyte ().

an exacerbated response at the level of the skin, is
likely to be occurring at the deeper tissues as well,
where larger and bulkier enthesophytes are detected
that may be preceding an increased vascularity
[27,41,42]. In parallel to this, the bulkier syndesmophytes in PsA have well been defined suggesting a
similar mechanism affecting the spine and the
peripheral enthesis [43]. Regardless of the underlying mechanism of the new bone formation, the
ossification is preceded by vascular invasion in histology [37]. This is supported by ultrasound with the
increased vascularity around the new bone formation that may or may not be proportional to
the degree of other soft tissue changes. These
70
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observations may point to a vascular and/or new
bone forming phenotype in spondyloarthritis. The
preliminary assessment of the entheseal features in
spondyloarthritis phenotypes may reflect the different mechanisms being involved, which may also
partially explain the different treatment outcomes
in axial disease in response to the treatments of the
same modes of actions [44].

Functional enthesis responses
It has recently emerged that the mini-entheses that
constrain bowstringing of the extensor and flexor
tendons are an important target of inflammation in
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the PsA. In disease, this is associated with Doppler
signals as well as thickening and the epicentre of
disease appears to be the A1 accessory pulley – a key
microenthesis structure to minimize bowstringing
[8,45]. Furthermore, imaging studies confirms that
PsA presents inflammation affecting soft tissue, tendons and synovium. The sonographic detection of
synovio-entheseal complex inflammation at metacarpophalangeal joints (i.e. extensor peritendinitis
with or without synovitis) and at proximal interphalangeal joints (i.e. central slip enthesitis with or
without synovitis) were common sonographic features in early PsA and useful for the differentiation
with rheumatoid arthritis [7,46,47]. A common
noninflammatory condition that arises in the A1
pulley is trigger finger that typically occurs in older
subjects where presumed age-related changes in the
pulley are a major contributory factor to the
disorder.

Subcutaneous changes of the digit in healthy
In the context of dactylitis or peripheral arthritis in
PsA, the link between tendons and accessory pulley
functional entheses and pathological changes in the
subcutaneous tissues is well described [48,49]. Subcutaneous inflammation of the digit is visualized by
the loss of normal B-mode pattern with diffuse or
localized hypoechoic areas on ultrasound, usually
associated with Doppler signals. These changes
could be interpreted as edema subsequent to vasodilation and neo-angiogenesis and/or as inflammatory involvement of the function entheseal skeleton
of the digit that link skin to pulleys and flexor
tendon. There is only one study that focuses on soft
tissue of the digit in healthy. Rebollo-Giménez et al.
found a positive correlation between ultrasound
thickness of the subcutaneous tissue with age, male
sex, BMI and the dominant hand compared with the
nondominant hands [50]. These results are reminiscent of the ultrasound of enthesis in healthy and
corroborate the need to study the skeleton of the
digit during dactylitis and hands arthritis in PsA.

A NOVEL IMAGING INSIGHT INTO ACUTE
AND CHRONIC DACTYLITIS
The pivotal role of the accessory pulleys as part of
the functional enthesis network driving disease in
PsA has also emerged. Recent cross sectional studies
reported significant extracapsular inflammation
(flexor tenosynovitis and soft tissue oedema) in
early phases of dactylitis and a higher prevalence
of joint synovitis in later stages [51]. Moreover,
flexor tenosynovitis and soft tissue oedema have
been reported strongly associated with local

symptoms in course of dactylitis [52]. Painless dactylitis in established PsA appears related to synovial
disease. Given that the accessory pulleys are thicker
in subjects with a history of dactylitis and are the
epicentre of dactylitis – an enthesitis-associated disorder linked to very high regional stressing of functional entheses may be leading to a chronic synovial
pathology. Although preliminary, these data suggest a microanatomical link between extrasynovial
inflammatory changes, dactylitis duration and
symptoms, which could be important to understand
the pathogenesis of dactylitis. Further work is
needed to evaluate this concept whereby an enthesis
organ-centric disorder may eventually drive a
chronic synovitis.

THE IMMUNE SYSTEM OF THE ENTHESIS
What is the basis for imaging changes at the normal
enthesis that share features of disease in spondyloarthritis in terms of imaging localization and thickening and new bone formation? We believe that tissue
homeostatic mechanism including immune repair
mechanisms are operational in the normal enthesis.
The concept that the enthesis organ has its own
immune system has gained traction over the last
decade with seminal experiments in murine models
[53]. In the last decade, it has emerged that the
tissues immediately adjacent to the fibrocartilage
have resident populations of immune cells including myeloid cells, ILCs, gamma delta T cells and
conventional CD4þ and CD8þ T cells [54–56].
Therefore, the changes that we describe in health
are occurring in a territory where both innate and
adaptive immune cell populations are universally
present in health. How the immune system may
sculpt these changes that lead to new bone formation, entheseal thickening and erosion and how age
impacts on this has not hitherto being considered.
Despite the growing acceptance that the enthesis has its own immune system, little is known about
how this is interlinked with the concepts of Immunosenescence and Inflamm-Aging [57]. Immunosenescence is the age-associated decline of the
immune system, and is theorized to contribute to
increased incidence of disease in the elderly but very
little is known about age-related immune changes in
subjects in the fourth and fifth decades. Adaptive
immune B and T-cell responses decline with older
age which may be relevant for understanding why
extremely old subjects wiht lots of enthesis microdamage have little new onset PsA [57]. InflammAging refers to a chronic low-grade inflammation
that develops with age. As adaptive immune
responses decline with age, this may be counteracted or compensated by increased innate immune
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responses in older subjects but the lack of triggered
adaptive immune response against joint antigens
may account for the less severe inflammatory reactions [58].

CONCLUSION
Herein we described how enthesis biomechanical
stressing in health may play a key role, reflected with
age and BMI-related subclinical changes that mirror
pathological changes occuring during disease.
Experimental entheseal unloading in mice have
unequivocally shown that mechanical activation
is required for arthritis development, most notably
from stromal cell cytokine production. How
mechanical stress activates the entheseal immune
system is an active area of research. It looks like
factors that impact on entheseal loading and agerelated microdamage in normal may be big determinants of disease development. Further studies
exploring mechanisms behind the physiological
changes within the entheses are essential to understand the pathogenesis of spondyloarthritis and
differentiate disease from health.
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Posttraumatic osteoarthritis: what have we learned
to advance osteoarthritis?
Fiona E. Watt

Purpose of review
Current thinking in the study of posttraumatic osteoarthritis (PTOA) is overviewed: the osteoarthritis which
follows acute joint injury. The review particularly highlights important publications in the last 18 months,
also reflecting on key older literature, in terms of what have we have we learned and have yet to learn
from PTOA, which can advance the osteoarthritis field as a whole.
Recent findings
PTOA is a mechanically driven disease, giving insight into mechanical drivers for osteoarthritis. A
mechanosensitive molecular tissue injury response (which includes activation of pain, degradative and also
repair pathways) is triggered by acute joint injury and seen in osteoarthritis. Imaging features of PTOA are
highly similar to osteoarthritis, arguing against it being a different phenotype. The inflammatory pathways
activated by injury contribute to early joint symptoms. However, later structural changes appear to be
dissociated from traditional measures of synovial inflammation.
Summary
PTOA remains an important niche in which to understand processes underlying osteoarthritis and seek
interventional targets. Whether PTOA has true molecular or clinical differences to osteoarthritis as a whole
remains to be understood. This knowledge is important for a field where animal modelling of the disease
relies heavily on the link between injury and osteoarthritis.
Keywords
inflammation, injury, mechanical, osteoarthritis, posttraumatic

INTRODUCTION
Musculoskeletal disorders are the second largest
cause of years lived with disability worldwide: this
is mostly because of the high prevalence of osteoarthritis, the most common form of arthritis, affecting
21 million people in the United States alone [1].
Representing a major societal challenge, osteoarthritis has arguably received less focus than it deserves.
Perhaps in part this is because of a misconception
that osteoarthritis is an inevitable part of ageing.
Although ageing is an important risk factor, only
50% of people develop disease in their lifetime.
Much of our modern understanding of disease pathogenesis has arisen from work interrogating the link
between tissue damage or joint injury and osteoarthritis, in the laboratory, in preclinical models and
in humans. The osteoarthritis which follows significant joint injury is so-called ‘posttraumatic osteoarthritis’ (PTOA) [2].
Significant knee joint injury, such as anterior
cruciate ligament (ACL) rupture and acute meniscal
tear is one of the single biggest risk factors for knee
osteoarthritis and increasing in incidence [3,4]. For
www.co-rheumatology.com

any given knee injury, 50% of individuals will
develop subsequent symptomatic disease, irrespective of whether surgical intervention occurs [5,6 ].
PTOA in its purest form is thought to account
for 12% of all cases of osteoarthritis [7]. Some
believe that PTOA represents a disease ‘subgroup’
or phenotype, that is, a different manifestation of
the disease.
Often silent at onset, insidious and intensively
variable in its progression, with molecular and structural change often predating symptoms by many
years, interrogating the earliest processes of osteoarthritis has often felt intractable. Studying and
&
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Epidemiology

KEY POINTS
 PTOA is a mechanically driven disease, which has
provided insight into mechanically driven processes
underlying osteoarthritis as a whole.
 A cellular, mechanosensitive, inflammatory injury
response in joint tissues is triggered by acute joint
injury and this response is also seen in osteoarthritis.
 Imaging features of PTOA are highly similar to
osteoarthritis, arguing against it being a different
phenotype but true similarities and differences need to
be better understood.
 PTOA may allow us to approach the development of
targeted novel therapeutics, which seek to
prevent osteoarthritis.
 PTOA remains an important and tractable niche in
which to better understand processes
underlying osteoarthritis.

Identifying major aetiological factors for osteoarthritis which are likely to predict risk at an individual level has been exemplified by injury. Joint injury
increases the risk of osteoarthritis 4–7-fold, being
more common in professional sports people
[12 ,13,14]. This is a major public health problem,
affecting people during their young, working lives
[3]. Just considering ACL rupture, one of a host of
clinically significant soft tissue injuries at the knee
alone, in the United States, there are an estimated
252 000 ACL injuries per year, for example, and this
incidence appears to be increasing [4,7,15,16]. It is
thought that approximately 50% of people with
significant knee joint injuries, such as ACL rupture
and/or acute meniscal tear subsequently develop
symptomatic radiographic osteoarthritis within
10 years [5]; at least 33% of those with acute ACL
rupture will have MRI-defined whole joint osteoarthritis after 5 years [17 ,18], with higher prevalence
in the longer term [19 ]. The presence of meniscal
tear or chondral lesions have been reproducibly
shown to be independent predictors of adverse outcome after ACL rupture [20–22,23 ]. This reaffirms
the importance of the integrity of the meniscus in
knee osteoarthritis as a whole. Extrusion or defunctioning of the medial meniscus, acutely or chronically, appears to be a central step for many
developing medial knee osteoarthritis [24,25]. It
may be that these groups of individuals with either
acute traumatic meniscal tear or acute symptomatic
degenerative meniscal tear and associated osteoarthritis are interesting ‘bridging’ groups with translational potential for our understanding of
osteoarthritis as a whole [26,27].
&

&

&

intervening in advanced human disease requires
consideration of many different factors, for example, the individual experience of pain and its influences (on which many patient-reported outcomes
depend) and the influence of comorbidities on the
onset and course of disease [8,9]. The advantage of
following those with joint trauma is that they are
typically younger, with less comorbidity (at least at
the outset) and the exact timing of the risk exposure
is typically known, so initiating processes can be
more easily studied. Animal models of PTOA also
exist, which are well established, tractable platforms
for studying osteoarthritis, in which translation of
findings to human cohorts and the clinic is possible
[10,11].
This review overviews current thinking, particularly seeking to not only highlight important publications in the last 18 months but also reflecting on
key older literature, in terms of what have we
learned, and have yet to learn from PTOA, which
can advance the osteoarthritis field as a whole.

MECHANICAL LOAD, INJURIOUS OR
OTHERWISE, IS CENTRAL TO
OSTEOARTHRITIS PATHOGENESIS
There has been an increasing understanding that
osteoarthritis is a mechanically driven, active cellular
process with potential for intervention and cartilage
regeneration, which is associated with not only
substantial genetic but also other individual identifiable risk. Much, but not all of this knowledge has
relied on investigating the relationship between injurious load and osteoarthritis in different settings.

&

Laboratory and animal studies
Modelling tissue injury in the laboratory is a translational approach which seeks to exploit the association of joint injury with osteoarthritis. It has
arguably taught us about processes in normal joint
tissue physiology as well as responses in tissues
which might lead to degradation [28]. It has been
known for some time that connective tissues, such
as articular cartilage respond directly to experimental injury by activation of intracellular signalling
pathways leading to degradation and tissue repair
[29–31]. Activation of these same pathways is also
seen in osteoarthritis , suggesting that studies of
injured tissues may shed light on processes relevant
to osteoarthritis as a whole.
This connective tissue injury response is a discrete cellular response characterised by a rapid wave
(within seconds) of inflammatory signalling and
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subsequent inflammatory gene transcription
[31,32]. This is similar to, but distinct from that
induced by interleukin-(IL)-1. IL-1 has been frequently used to activate similar pathways to study
degradation in articular cartilage in vitro. However,
there is a lack of definitive evidence that classical
inflammatory cytokines, such as IL-1 or TNFa are
induced or secreted at biologically significant levels
during either injury or osteoarthritis , or that they
are pathological drivers of this process in the way
they are in, for example, rheumatoid arthritis (RA)
[33]. FGF-2 release from the matrix on tissue injury
mediates some of the inflammatory pathway activation and appears to be an important physiological
regulator in cartilage [31,34]. It was first isolated
because of its large-scale release from articular cartilage on experimental sharp injury [35]. However, a
pro-inflammatory factor secreted following tissue
injury, which is responsible for the remaining
inflammatory signalling activation has never been
identified, suggesting that this may in fact be a ‘hard
wired’ tissue response, directly responding to
mechanical injury per se. The JNK-2 pathway would
appear important for much IL-1-induced aggrecan
degradation in vitro [36] and also after experimental
acute meniscal destabilisation [37]; it is not clear if
this is true of injury-induced pathways in humans.
Several injury-induced models of osteoarthritis ,
primarily in rodents, are now in wide use with
differing levels of validation. These rely on various
forms of experimental joint injury reliably leading
to osteoarthritic features, particularly in genetically
homogeneous models. Some models acutely destabilize the joint by surgical transection, by destabilisation or removal of the medial meniscus, or
anterior cruciate ligament transection (ACLT).
Others use some form of controlled external loading
to cause injuries, such as acute ACL rupture (ACLr)
or osteochondral fracture [38–41]. There are considerations for use of each particular model [38]. ACLT/
r models will reliably lead to blood in the joint

Abnormal
mechanical loading

(haemarthrosis), likely to be an important clinical
factor in some injuries, which benefits from its
inclusion [42]. On the other hand, removing the
effects of blood and other less well controlled tissue
trauma may lead to a more reliable signal and easier
interrogation of the connective tissue response to
the mechanical destabilisation itself. One particularly utilised model is destabilisation of the medial
meniscus (DMM). Here, the medial meniscus of the
mouse knee is surgically destabilised by transecting
the meniscotibial ligament leading to acute extrusion of the meniscus, similar to an acute peripheral
detachment of medial meniscus seen in humans
[10,27,30].
Several experimental observations come from
this model, which are arguably highly relevant to
our approach to investigation of human disease: the
joint injury response and subsequent osteoarthritis
development is variable rather than inevitable,
dependent on a number of individual factors (for
example, sex and genetic strain modify rates of
disease substantially) [43]; some reparative elements
of the mechanosensitive molecular response to initial injury and destabilisation are protective of later
osteoarthritis [44,45]; subsequent relevant signalling and disease in an acutely unstable joint is
largely dependent on mechanical joint loading
[30,46]; and this is a process in which we can successfully intervene (e.g. joint offloading or modifying certain signalling pathways reduces subsequent
osteoarthritis) [30,47,48] (Fig. 1).

Clinical studies and trials
The immediate tissue injury response is also detectable after joint injury at a protein level in synovial
fluid (SF) in humans in vivo, with raised levels of
most proteins falling over time [49–52]. This initial
molecular response has been associated with measures of joint degradation and later structural outcomes [53,54]. Although this response is detectable

Inﬂammatory
signalling

Proteases
Degradaon
Repair

OA

FIGURE 1. The pathway from injury to osteoarthritis: what have we learned from animal models? Destabilising injuries bring
about abnormal mechanical load by surgical or nonsurgical surrogate injury. The subsequent abnormal loading across the
joint appears necessary to initiate signalling pathways, which bring about joint damage and later osteoarthritis. Although this
appears a linear process, it would appear both a modifiable and potentially reversible one, influenced by many individual
and exogenous factors in both humans and mice (see Fig. 4).
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systemically, there are often far lower protein levels
in serum/plasma with poor correlation with SF
[51,52]. SF is an ultrafiltrate of plasma but bathes
the connective tissues in the joint, so more closely
reflects molecular changes in the secretome of these
joint-facing tissues. Serum and plasma proteins are
in addition also influenced by nonjoint sources.
This appears to be an important consideration when
searching for biomarkers of the joint injury response
or indeed for osteoarthritis in general, where reliability and clinical utility are sought.
One hypothesis is that many of the pathways
responsible for PTOA progression might also be
common to nontraumatic osteoarthritis , through
common pathways relating to mechanical overload
or micro-injury. Such theories are best tested in
cohort or experimental medicine studies. Cohort
studies of individuals with degenerative meniscal
tear find that SF biomarker findings often recapitulate the findings in joint injury, and may also be
associated with outcomes, such as knee pain
[51,52,55].
Does re-stabilisation of the knee joint protect
from osteoarthritis after injury? Surgical reconstructive surgery after ACL remains controversial in terms
of whether it protects from osteoarthritis in the
shorter, or longer term [6 ,18,19 ]. But studies are
usually in comparison to physiotherapy, which also
seeks to restabilise the joint, with both likely having
an effect. If mechanical overload is detrimental or
even causative in osteoarthritis , is there other evidence that offloading may be positive for the joint?
In a relatively experimental surgical intervention for
osteoarthritis, joint distraction, an external fixator
causes joint surfaces to be pulled apart (‘distracted’)
by 5 mm. Groups in the Netherlands and in Japan
have reported apparent clinical benefits for several
years following this 6-week intervention [56,57].
This ‘offloading’ of the joint would intriguingly
appear to lead to cartilage regeneration in the most
affected compartment by MRI [58]. As the biological
effects appear to be mechanically induced, can
markers of the injury response give us any insight
into the molecular processes underlying this apparent successful cartilage repair? A panel of 10 markers
from the DMM mouse model, validated in a cohort
of those with acute human knee joint injury was
measured in the SF of just 20 individuals at three
time points during the distraction period and their
change related to patient-reported outcome [59 ].
Interestingly 6/10 markers modulated by injury
were also influenced by this offloading. An increase
in two molecules over the course of distraction, FGF2 and TGFb was associated with clinical response
over a 6-month period. This study suggests that
mechanoresponsive genes and markers identified
&

in a joint injury setting may be informative translational markers for osteoarthritis as a whole.

INFLAMMATORY PATHWAYS ARE
MECHANICALLY ACTIVATED TARGETS IN
JOINT INJURY AND IN OSTEOARTHRITIS
It is clear then that when we refer to inflammatory
pathways in osteoarthritis that this is largely tissuebased inflammation, perhaps associated with innate
immune pathway activation [60,61] (rather than a
humoral response as is seen in RA). It is impossible to
discuss this in isolation from mechanosensitive
pathways as these appear one and the same. However, it is worthwhile examining some of the inflammatory targets that have come out of injury/
PTOA studies.
It is worth reminding ourselves of the striking
molecular similarities particularly relating to the
outcome of inflammatory pathway activation,
matrix-olysis in the injured knee and the osteoarthritic knee, albeit with difference in the magnitude
of elevations of fragments of COMP, collagen II and
aggrecan, suggesting a similar process, acute versus
chronic [62–66].

&

&

Laboratory and animal studies
Recent studies in DMM have identified molecules,
which if blocked modify disease-relevant readouts
and would thus appear to be potential therapeutic
targets; for example, molecules driving pain, such as
NGF (for which blockade by monoclonal antibodies
has completed late phase human trials) or CCL-2
(MCP-1), a molecule, which has been variously targeted in oncological and inflammatory disease [67–
69]. Other pathways if enhanced may lead to regeneration, such as TGFb, CTGF and FGF-2, albeit with
safety considerations in humans [45].
IL-6 or its signalling pathway have also been
implicated in the pathogenesis of murine PTOA
[48]. However, experiments in animal models can
give conflicting findings [70]. IL-6 has been associated with osteoarthritis progression in the disease as
a whole, having been targeted in recent clinical trials
of established osteoarthritis [71,72]. Translational
studies in humans are needed to deconvolute the
role of IL-6 and its signalling pathway and whether
or not it truly represents a treatment target in either
PTOA, established disease or both [2].

Clinical studies and trials
There is currently no accepted model for delivering
prevention of osteoarthritis studies after joint injury
(conventional outcomes, such as radiography would
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require these trials to be many years long). However,
short-term studies, primarily focussing on kneebased symptomatic outcomes or molecular outcomes have been carried out for two agents in this
space. An initial proof-of-concept randomised controlled trial (RCT) delivering (a recombinant interleukin-1 (IL-1) receptor antagonist anakinra) or
placebo to just 11 participants [73] sought to shift
this paradigm, reporting possible effects over a fairly
short time frame. The second RCT was in young
people with ACL injury, with patient-reported outcomes and biomarkers collected after randomisation to intra-articular dexamethasone or isotonic
saline [74]. This showed a substantial effect of dexamethasone on measures such as the collagen degradation maker in SF, CTX-II. Injury, and its resolution
or otherwise, would appear to be a critical time for
the joint. What relative effects corticosteroids
have on simultaneous repair pathways and how
they influence longer term clinical outcomes are
yet to be understood. This is of interest, given the
reports of negative effects on cartilage of repeated
steroid treatments in knee osteoarthritis progression
[75].
There have been a number of disappointments
for inflammatory targets in osteoarthritis clinical
trials; it seemed an obvious hypothesis that traditional antirheumatic drugs and biologics used in the
treatment of RA might suppress the inflammatory
processes and associated symptoms in osteoarthritis. But their outcome is less than resounding, and
has left many questioning whether this rules out
rather than rules in ‘classical inflammation’ as a
disease target in human osteoarthritis [76–78]. Part
of this assumption was that synovial inflammation
present in osteoarthritis was a treatment target as it
is in RA. But insight from the PTOA setting is that
synovial inflammation may be dislinked from other
processes in the disease or simply a bystander or
secondary phenomenon. Its presence by MRI or
biomarker measurement at 2 years after knee injury
did not correlate with later outcomes, either structural [17 ] or patient-reported [79]. More work is
needed to understand whether measurement of
processes nearer to the time of injury may have
more bearing on these outcomes.
Not all inflammation is the same. Modulating a
single potentially adverse but often short-lived process near to an injury may be very different to
attempting to modulate such pathways in a chronic
way in perhaps irreversibly damaged joint tissue or
an irreversibly mechanically challenged joint environment, as may be true in established radiographic
disease. Joint injury may be quite different to osteoarthritis in this respect but we have done little so far
to test this.
&
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INSIGHTS FROM IMAGING
POSTTRAUMATIC OSTEOARTHRITIS
Imaging outcomes have been challenging in osteoarthritis research, with many agreeing that issues of
sensitivity and specificity of X-ray and MRI outcomes, respectively, have held back progress in the
field generally, reducing our ability to take potentially viable targets through clinical trials [80]. Assessment of joint injury by these two modalities has
thrown a spotlight on some particular issues and
unanswered questions for the field as a whole. How
can cartilage swell (get thicker) on MRI after injury
but yet be associated with joint space narrowing on Xray? [81] Why should we focus on articular cartilage
change when the bone changes in response to joint
destabilisation arguably occur far earlier [82,83 ]. It is
also intriguing that the pattern of flattening and
condylar osteophytosis, whether in an ACL-deficient
knee or primary osteoarthritic knee appears the same
[83 ] and mirrors that seen in DMM in the mouse [84].
This suggests that, whatever the cause, the effects of
mechanical forces in the disease may be fairly universal, and the shared aspects of PTOA and non-PTOA
are perhaps greater than the perceived differences.
&

&

POSTTRAUMATIC OSTEOARTHRITIS AS
A PLATFORM FOR DESIGNING
EXPERIMENTAL MEDICINE STUDIES
AND TRIALS
Interventional studies at or near the time of joint
injury, which seek to prevent an adverse process in
the joint in the longer term are a form of secondary
prevention (where preventing the injury in the first
place would be primary prevention) [85]. Such an
approach is really quite different to what we seek to
do in drug trials in established osteoarthritis (Fig. 2).
In recent years, considerations about the definition of early osteoarthritis have followed guidelines
around the conduct of trials in established osteoarthritis. These are important if we are to successfully
intervene earlier in the disease [86,87]. However,
there is no international consensus on the design
and conduct of trials testing interventions seeking
to prevent osteoarthritis after joint injury and a
number of challenges and opportunities have been
identified by triallists in this area [88,89]. As such,
there is no Food and Drug Administration (FDA)
‘label’ for osteoarthritis prevention, creating a barrier to clinical translation.
In 2017, an international consensus workshop
of international experts and stakeholders produced
the first considerations in this therapeutic area [90 ].
One of the identified key unmet research needs was
for valid biomarkers, which can stratify patients for
trials (selecting those at highest risk to weight trials
&
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Prevenve
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Disease-modifying
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“Biological window of opportunity”

Post-traumac OA

FIGURE 2. Intervening to prevent posttraumatic osteoarthritis. A preventive intervention in the context of injury can be
delivered in a ‘window of opportunity’, near to the time of the injury. This is a different approach to delivering disease–
modifying interventions in early or established disease and is a therapeutic opportunity which is unique to PTOA, but could
inform our approach to treatment of OA. OA, osteoarthritis; PTOA, posttraumatic osteoarthritis.

towards ‘success’ in identifying a signal) or act as
surrogate endpoints (to shorten trials and make
them financially viable). It is interesting to consider
that these have been recognised as arguably two of
the biggest priorities for osteoarthritis research overall [91,92].
If we are to develop and translate our findings to
the clinic, continued validation work in cohorts to
support guidelines development including all
aspects of design and delivery is necessary (Fig. 3).
Involving Pharma and regulators would seem essential in accelerating drug development and potentially opening up a fresh approach for osteoarthritis
therapeutics.

Changing the paradigm: stratification and
intervening to prevent
Not all osteoarthritis progresses: there is evidence
that it may reverse or stabilise in a substantial

number [93]. Whilst risk factors for osteoarthritis
progression are fairly well established, there is no
clinically accepted way of predicting outcome at an
individual level or even in populations with osteoarthritis. Recently a large FNIH-OARSI consortium
was created to identify biomarkers of progression.
To date, most work has been performed in serum or
plasma, primarily measuring cartilage matrix proteins or their fragments, which are lost upon degeneration. Although effects in prognostic models were
seen, for CTX-II and urinary NTX-1, for example [94]
and certain imaging biomarkers [95], their effects
once other factors are accounted for appear relatively weak. It is difficult to see how this will map
to an algorithm fit for clinical trials or the clinic.
Clinical factors, such as age, sex and obesity and the
radiographic stage of the disease are still the most
reliable predictors of progression in osteoarthritis.
So can we do better in PTOA? If we can identify
molecular pathways or their markers which predict

Intervenon
Comparator

Pre-trial

Populaon

Intervenon/Comparator

PROMs
Novel
imaging
Other
biomarker

Surrogate endpoint

X-ray/MR
Imaging

Outcome

FIGURE 3. Considerations for the design and delivery of interventional studies at the time of injury. In designing studies at the time
of joint injury, aspects such as governance and approvals, who to include (and exclude) in such trials using approaches including
stratification, when interventions need to occur (the ‘window of opportunity’) and how they should be delivered (mode, challenges of
intra-articular delivery) should be considered. An additional consideration is what molecular, clinical and imaging outcomes are
informative, how they relate to each other and whether true ‘surrogate endpoints’ can be established, which shorten studies.
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at the time of their joint injury those individuals at
high risk of later PTOA, we can make progress in
intervening in this process to prevent osteoarthritis.
There are a number of positives here. There is a
strong clinical argument for stratification in this
setting. Patients want to know their risk; those at
highest risk would likely benefit from an effective
therapeutic, but safety and cost would likely argue
against treating all (given the proportion who do
well). There is less comorbidity and other pharmacology to confound outcomes than are seen in
established osteoarthritis cohorts seeking valid biomarkers, and the ability to make measurements at
the time of injury and sequentially from this point
theoretically makes any biomarker easier to follow
in a population.

HOW SIMILAR IS POSTTRAUMATIC
OSTEOARTHRITIS TO NONTRAUMATIC
OSTEOARTHRITIS ?
One of the biggest questions for this field is how
similar (or different) PTOA and other posttraumatic
osteoarthritis truly are. Whether there are any subgroups that are actually definable in osteoarthritis
remains uncertain [96]. There have been reports that
PTOA is different as it occurs in younger people
(because of when these injuries occur) or is faster
progressing (still uncertain given the risk of ascertainment bias here). However, there remains little
compelling radiological, clinical or molecular evidence that truly delineates PTOA as a different disease or even a true subgroup or different phenotype
of osteoarthritis. The clinical endpoint looks
remarkably similar, albeit in an often younger person (’young people with old knees’-L.S.

Lohmander). The structural appearances look the
same [83 ] and the molecular changes within the
joint look similar at the point of developing disease,
as far as has been described at a candidate protein
level [62,97]. Is a person with PTOA someone who
has brought forward the osteoarthritis that they
would have developed anyway, because of other
risk factors? Or are there different processes at play,
which are governed by different genetic risk and
predisposing factors? We know that obesity, ageing,
malalignment and a defunctioning meniscus are
important in predicting accelerated knee osteoarthritis , whether you have been exposed to joint
trauma or not [98,99] (Fig. 4). Those developing
accelerated knee osteoarthritis which is nontraumatic were twice as likely to have degeneration of
ACL, again suggesting a common pathway may be
likely [100].
Are PTOA and more ‘usual’ osteoarthritis genetically the same, or different? Knowing what genes
confer risk of PTOA would be invaluable in answering this. About 60% of all knee osteoarthritis risk is
estimated to be heritable. Despite large-scale
genome-wide association studies (GWAS) in osteoarthritis, which often exclude cases of PTOA, there
are no validated genetic predictive markers for knee
osteoarthritis , although this approach has reproducibly identified a number of loci and relevant
biological pathways. Now a total of 90 loci have
been associated with osteoarthritis , with a growing
number as case–control studies get ever larger
[101,102]. It is interesting to note that several ‘hits’
are in genes known to be mechanosensitive, or in
repair pathways. However, an individual’s genetic
risk of osteoarthritis after an acute joint injury is
unknown, as is the extent of any such risk being
&

No knee OA
Biological factors
Tissue response to injury
Capacity to repair
Systemic response to injury Genecs

Acute joint injury
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Nature of injury
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FIGURE 4. Factors influencing development of posttraumatic osteoarthritis are similar to osteoarthritis. A number of factors
influence or predict the development of PTOA, although more work is needed to fully understand their relative influence. These
can be divided into related groups of injury factors, person factors and biological factors. It can be seen that there is likely to
be much overlap with OA as a whole. OA, osteoarthritis; PTOA, posttraumatic osteoarthritis.
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shared with those at risk of nontraumatic osteoarthritis. Interestingly, some osteoarthritis risk variants conferred higher risk in those giving a
retrospective history of knee injury than that seen
in nontraumatic cases [103]. However, retrospective
injury ascertainment likely lacks specificity, including those with early osteoarthritis presentation. No
genomics studies have been performed in prospective acute knee injury cohorts or examined more
recently identified loci. Testing whether some of
these genes might mediate their effects via mechanically induced pathways might be amenable to a
PTOA setting.

CONCLUSION
Clinically significant injury to a joint can be
thought of as a ‘joint attack’, akin to a heart attack:
a dangerous situation for some with an opportunity
for prevention and outcome modification, which is
time urgent. Whether considered as a subgroup of
osteoarthritis or the same disease, studies in PTOA to
date have been an achievable way of making traction in our understanding of osteoarthritis. We need
to discover more about individual responses to tissue injury, whether these are governed by genetic
variants and indeed whether there are true osteoarthritis ‘subgroups’. This will allow us to stratify and
move to treat those at risk. Careful analysis, testing
unproven hypotheses around disease phenotyping
is much needed. PTOA may be a minority sport, but
researching a well defined niche will likely allow us a
much-needed foothold on the insurmountable
problem of osteoarthritis.
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Role of adipose tissues in osteoarthritis
Natalia Zapata-Linares a, Florent Eymard b,c,
Francis Berenbaum a,d, and Xavier Houard a

Purpose of review
Epidemiologic studies reveal that the link between obesity and osteoarthritis cannot be uniquely explained
by overweight-associated mechanical overload. For this reason, much attention focuses on the endocrine
activity of adipose tissues. In addition to the systemic role of visceral and subcutaneous adipose tissues,
many arguments highlight the involvement of local adipose tissues in osteoarthritis.
Recent findings
Alteration in MRI signal intensity of the infrapatellar fat pad may predict both accelerated knee
osteoarthritis and joint replacement. In this context, recent studies show that mesenchymal stromal cells
could play a pivotal role in the pathological remodelling of intra-articular adipose tissues (IAATs) in
osteoarthritis. In parallel, recent findings underline bone marrow adipose tissue as a major player in the
control of the bone microenvironment, suggesting its possible role in osteoarthritis.
Summary
The recent description of adipose tissues of various phenotypes within an osteoarthritic joint allows us to
evoke their direct involvement in the initiation and progression of the osteoarthritic process. We can expect
in the near future the discovery of novel molecules targeting these tissues.
Keywords
adipokines, adipose tissue, bone marrow adipose tissue, intra-articular adipose tissues, osteoarthritis

INTRODUCTION
Osteoarthritis is the most common musculoskeletal
disease and is one of the leading causes of disability
worldwide. The disability-adjusted life years index
for osteoarthritis rose by 34.8% between 2005 and
2015 [1]. The increase in the number of osteoarthritis patients cannot be explained solely by the ageing
of the world population, highlighting the importance of other risk factors. Obesity is the main
modifiable risk factor for osteoarthritis [2]. The
WHO estimates that the worldwide prevalence of
obesity nearly tripled since 1975 with more than 1.9
billion adults overweight in 2016, among them 650
million were obese.
The role of overweight-associated mechanical
overload has long been pointed out to explain the
link between osteoarthritis and obesity. Clinical studies indeed described positive correlations between
BMI and both the incidence and the progression of
knee osteoarthritis [3,4]. However, obesity also
impacts nonweight bearing joints [5], suggesting that
factors other than mechanical overload also contribute to joint damage in obese patients.
In addition to their role in energetic metabolism, adipose tissues are endocrine organs releasing
factors acting on distant organs. These factors, of
www.co-rheumatology.com

which the prototype and the better known is leptin,
are defined as adipokines [6]. Blood levels of leptin
increase with BMI as they are in osteoarthritis
patients [7,8]. Evidence argue for a role of leptin
in osteoarthritis [9]. Numerous other adipokines are
produced by adipose tissues and their secretion
pattern is also affected by obesity [10]. This altered
secretion pattern of adipose tissues related to obesity
reflects modifications in their tissue composition as
well as modifications in the phenotype of cells
present within adipose tissues.
Adipose tissues do not constitute a unique
entity. White and brown adipose tissues have been
described, differing by their developmental origin,
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KEY POINTS
 Visceral and subcutaneous adipose tissues secrete
adipokines, which differentially affect joint
tissue homeostasis.
 IAAT fibrosis and inflammation are early events in
osteoarthritis and alteration in MRI signal intensity of
infrapatellar fat pad may predict both accelerated knee
osteoarthritis and replacement.
 Inflammatory and remodelling factors secreted by IAAT
may be responsible for cell and tissue damages of both
IAAT and synovium, as components of a same
functional unit.
 Bone marrow adipose tissue is a newly studied adipose
tissue and a known regulator of bone
microenvironment. Its volume changes in
pathophysiological conditions associated with
osteoarthritis and its composition is enriched in n 6
fatty acids, especially arachidonic acid, in osteoarthritic
patients, suggesting that it may be a new adipose
tissue playing role in osteoarthritis.

the phenotype of their adipocytes and their function in energetic metabolism and thermogenesis.
Moreover, multiple white adipose tissues (WAT)
exist, present in the whole body as separate fat pads
with specific features. In this review, we will describe
the known features of different adipose tissues,
including subcutaneous, visceral, intra-articular
and bone marrow adipose tissues (BMATs), and will
focus on their potential roles in osteoarthritis.

METHODOLOGY
A search for original articles published between
January 2017 and October 2020 was performed on
PubMed. The search terms used were ‘Adipose tissue
AND Osteoarthritis’ for reviews, ‘Adipokines AND
Osteoarthritis’, ‘Lipodistrophy AND joint health’,
‘Leptin’, ‘Adiponectin’, ‘Visfatin’, ‘Resistin’, ‘Chemerin-1’, ‘Progranulin’, ‘Omentin’, ‘Lipocalin-2’,
‘infapatellar fat pad’, ‘intra-articular fat pad’ and
‘Bone marrow adipose tissue AND lipids’. All articles
identified were English-language articles. In addition relevant references from selected publications
and relevant references were identified.

ROLE OF SYSTEMIC ADIPOSE TISSUES
Description and physiology
Adipose tissues can be related to osteoarthritis progression by biomechanical and metabolic mechanisms (Fig. 1). The biomechanical ones refer to an

increase in body weight due to adipose tissues gain
leading to abnormal loading on the joints. The
metabolic ones include abnormal lipid profile and
secretion of adipokines by adipocytes. Herein, we
summarize the implication of subcutaneous adipose
tissues (SCAT) and visceral adipose tissues (VAT) on
those mechanisms.
SCAT is situated beneath the skin whereas VAT
fills the peritoneal cavity and the space between
internal organs. Augmentation on either of them
implies an increase on body weight and on joint
loading. Mechanical stress is an important factor on
osteoarthritis initiation and development [11–13].
Exercise produces a loss of adipose tissues weight
which alleviates pain symptoms in osteoarthritis
patients. Regarding the metabolic component,
SCAT explants from osteoarthritis patients stimulated with IL1b have been reported to increase
proinflammatory and anti-inflammatory signals
[14]. Visceral adipocytes seem to be more active in
terms of lipolysis and lipogenesis and a major source
of adipokines and cytokines in comparison with
other types of adipocytes. Adipocytes are also found
in the middle of skeletal muscles and their accumulation on females is correlated with osteoarthritis
progression [11,15]. Below we mention some of the
most studied adipokines secreted by these different
tissues and how they are related to osteoarthritis.

Systemic adipokines and osteoarthritis
Adipokines may play a role in early diagnosis and
management of osteoarthritis symptoms due to their
role on cartilage degradation, synovial inflammation
and bone remodelling (Table 1). The evaluation of
adipokine content in clinical and experimental models is obtained from serum, plasma or synovial fluid.
Asides of adipose tissues, joint tissues participate in
adipokines secretion. A great amount of adipokines
have been correlated to osteoarthritis onset, development and progression, being leptin the most studied one, followed by adiponectin, resistin and
visfatin. The table summarizes recently published
data on adipokines, whereas the text below focuses
on the best described adipokines. These adipokines in
osteoarthritis drive pathways directly related to
inflammation, cartilage degradation, infiltration of
joint tissues by immune cells, mesenchymal stem
cells (MSCs) differentiation, chondrocytes dedifferentiation or osteoclast activation [16–18]. In addition, resistin and visfatin have been described as
markers of knee function while leptin and adiponectin as pain markers in osteoarthritis [19,20], but
further studies need to be performed.
Omentin-1 and vaspin have been reported to be
secreted exclusively by VAT but their role seems to
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FIGURE 1. Roles of the different adipose tissues on osteoarthritis progression by biomechanical and metabolic mechanisms.
Increases on systemic adipose tissues like subcutaneous adipose tissue, visceral adipose tissue and intra-muscular adipose
tissue contribute to abnormal loading of the joint, this mechanical stress have been shown to be part of osteoarthritis onset and
progression. Lipocalin adipokine family has emerged as sensors of mechanical load, inflammatory status and catabolic stimuli
of the joint, suggesting its involvement in osteoarthritis pathophysiology. On the other hand, the paracrine role of
subcutaneous adipose tissue, visceral adipose tissues, intra-muscular adipose tissues and local adipose tissues bone marrow
adipose tissue and intra-articular adipose tissue affect joint health. The adipokines secreted by all those tissues have proven to
promote directly: 1. Secretion of inflammatory cytokines like IL-1b and TNF-a which are well documented for their active
involvement in the pathophysiology of osteoarthritis, 2. Cartilage catabolism, including inhibition of proliferation in
chondrocytes and degradation of the matrix components, collagen type 2 and agrecan, 3. Immune response by the infiltration
of joint tissues by monocytes and leucocytes which increases even more the inflmmatory signals present on the joint affected,
4. Loss of balance between osteoclast and osteoblast affecting directly bone remodelling, changes on bone constitution are
part of osteoarthritis pathophysiology and 5. Changes on stem-cell principal characteristics like prolifereation and
differentiation capacity.

be opposed to the rest of other adipokines. In vitro,
they display chondro-protective activity and are
negatively related to osteoarthritis severity [17 ].
Leptin, adiponectin and visfatin could also act
under specific conditions as anti-inflammatory
and anticatabolic agents, avoiding tissue degradation. Chemerin for instance could be a marker for
obesity-associated osteoarthritis and with a possible
role on innate immune system-associated inflammation on those patients, while lipocalin-2 has been
&
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suggested to be a mechano-responsive adipokine
[17 ,18]. Significantly, apelin is the only adipokine
described so far to be directly involved with synovium angiogenesis, a known marker of severity in
osteoarthritis [35]. Many other adipokines have
been shown to have a possible role on osteoarthritis
[17 ,40]. Researchers keep testing if those interesting
molecules could serve on the early diagnosis of
osteoarthritis as well as targets for future therapeutic
strategies.
&

&
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Table 1. Adipokines in osteoarthritis
Adipokine

Source of detection

Described action

References 2018–2020

Leptin

Plasma

Biomarker in synovial fluid for human knee OA

[21,22]

Serum

Remarkable diagnostic value in the incidence of
human knee OA

[23]

Synovial fluid

Leptin and its receptor may be an emerging target
for intervention in human metabolic-associated
OA

[9,24]

Serum

Promising biomarker on human OA pathogenesis

[25]

Synovial fluid

Low levels observed in synovial fluids patients of
lower OA grades

[22]

Gene polymorphism intensifies the risk of human
knee OA

[26]

Oxidative stress induction in human OA
synoviocytes

[27,28]

Human cartilage catabolic effects (apoptosis,
matrix degradation, oxidative stress)

[29]

Bone remodelling on pig OA model

[30]

Plasma

Modulates OA miRs with visfatin

[27]

Serum

Progression and pathogenesis of human knee OA

[31]

Synovial fluid

Novel and reliable biomarker for human OA
severity
Proinflammatory effects in human OA

[32]

Serum

Cartilage degradation

[33]

Adiponectin

Visfatin

Resistin

Chemerin

Synovial fluid

Inflammation
Found on serums of patients with primary OA of
the hand, knee or hip
Omentin-1

Synovial fluid serum

Possible chondroprotective role in human cells

[16]

Vaspin

In vitro

Possible anticatabolic effect in human cartilage

[16]

Possible anti-inflammatory effect
Lipocalin-2

Synovial fluid

Proinflammatory effects in human OA

[34]

Its downregulation reduces chondrocyte
inflammation and cartilage degradation
Apelin

In-vitro human cells

Synovium angiogenesis

[35]

Catabolic effects
Progranulin

In vitro human cells

Triggers anabolic markers

[36,37]

Anti-inflammatory and anticatabolic effects
Nesfatin-1
RBP4
New adipokines
(SERPINE2, WISP2,
GPBMB, ITIH5)

In-vitro human cells

Possible protective role in the development of OA

[38]

Animal model

Upregulated in OA chondrocytes

[39]

Synovial fluid

Matrix degradation in human cartilage

[40]

Blood samples

Positive correlation with other OA adipokines

In vitro

Secreted by human OA chondrocytes, human OA
sclerotic subchondral bone, human OA synovial
tissues and human OA IAAT

[41–44]

IAAT, intra-articular adipose tissue; OA, osteoarthritis.

ROLE OF INTRA-ARTICULAR ADIPOSE
TISSUES
Description and physiology
Intra-articular adipose tissues (IAAT) are fat pads
found between the synovium and the joint capsule.
The best characterized and the largest IAAT is the
infrapatellar fat pad (IFP). IAAT are WAT as SCAT

and VAT. Although their characteristics are close to
those of VAT, IAAT share common features with
SCAT that distinguish them from VAT [45]. There is
no clear consequence of high fat diet on adipocyte
size or inflammation of IFP in mice, with contradictory published results [46–48]. Recent data on
human osteoarthritis patients reported an absence
of link between obesity and IFP volume [49] or
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between BMI of osteoarthritis patients and either
adipocyte or inflammatory features of IFP [50], suggesting that IAAT may be different to SCAT and VAT
and display specific functions.
The physiological roles of IAAT are still not well
characterized. IFP was initially supposed by Clopton
Harvers at the end of 17th Century to secrete the
synovial fluid and latter, by Jean Cruveilhier in the
19th Century, to fill gaps in the joint. By increasing
the synovial surface, IFP facilitates the distribution
of the synovial fluid. It may protect the patellar
tendon and the anterior horns of the menisci and
may supply nutriments to the patellar ligament [51].
IFP is also supposed to act as a shock absorber during
joint movement. More recently, it was shown that
IFP secrete factors [52,53], especially prostaglandin
F2a and prostaglandin E2, which induce a fibrotic
and inflammatory response in fibroblast-like synoviocytes [54,55], suggesting that IAAT and synovium are partners of a same functional unit [45,56].

Intra-articular adipose tissue and
osteoarthritis
A debate exists for several years on the protective or
detrimental effect of IAAT on osteoarthritis. The role
of IFP as a shock absorber has been pointed out to
explain its possible protective effect, as recently
reviewed [11,57]. A protective effect of IFP-secreted
factors and IFP-derived MSCs have been also proposed
[11,57]. Nevertheless, meta-analyses showed little if
any detrimental effect of IFP resection on clinical
outcomes after total knee arthroplasty [58–60]. On
the other side, alteration in MRI signal intensity of IFP
has been linked to osteoarthritis progression [61] and
may predict both accelerated knee osteoarthritis
[62,63] and knee replacement [64 ]. Significantly, with
the aim of an early detection of osteoarthritis progressors, Bonakdari et al. [65] developed a method to
predict the volume of IFP. Although the relationship
between IFP volume and osteoarthritis remains
unclear, IFP volume is related to patello–femoral joint
osteoarthritis pain [66]. IFP contains numerous sensitive fibers [67] and is considered as a major source of
knee pain [68,69]. Osteoarthritis IAAT are characterized by inflammatory cell infiltration, fibrosis and
increased vascularization [45,70,71]. Fibrosis and
inflammation of IFP are known features of anterior
knee pain. They are associated with an increased
vascularization and calcitonin-positive nerve fibers
in the fibrotic areas of IFP [72]. Similar observations
were obtained with the monoiodoacetic acid model of
osteoarthritis, in which IFP changes occurred before
cartilage degradation [73,74].
IAAT secrete factors with proinflammatory and
tissue remodelling activities [45,52,53,55,71] (Fig. 1).
&
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Significantly, IFP from patients with osteoarthritis
and rheumatoid arthritis display distinct fatty acid
(FA) signatures [75], suggesting disease-specific phenotypes for IFP. The osteoarthritis-specific secretory
phenotype of IAAT may be directly involved in synovial inflammation and fibrosis [45,54,55] since IFP
remodelling precedes synovitis [74].
IAAT cellular composition comprises adipocytes,
leukocytes, endothelial and mesenchymal cells, all
participating in the osteoarthritis-specific secretory
phenotype of IAAT [71,76,77]. Although the specific
roles of IAAT macrophages remains unknown
[78,79], those of MSCs are more understood. Initially,
an anti-inflammatory activity of IFP-derived MSCs
from osteoarthritis patients has been reported [80]. It
has been recently proposed that IFP-derived MSCs
may be deleterious in osteoarthritis via their secretion
of inflammatory factors, their ability to recruit monocytes and their exacerbated response to an inflammatory stimulus [76,77]. In addition, cell lineage tracing
experiments identified IFP perivascular MSCs as able
to transdifferentiate into myofibroblasts and induce
IFP fibrosis in posttraumatic osteoarthritis model
[81,82 ]. Moreover, fibroblasts isolated from fibrotic
IFP have been involved in inflammatory cell recruitment and pain [83 ].
&

&

ROLE OF BONE MARROW ADIPOSE
TISSUE
Description and physiology
BMAT constitutes over 10% of total adipose mass
and 70% of the bone marrow volume in young lean
healthy human adults. The initial concept of BMAT
as a passive fat storage depot has been challenged in
the recent years although little is known about its
physiological roles. It is now well accepted that
BMAT has a unique development, molecular profile,
regulation and modulation of the anatomical context that make it different from the other types of
adipose tissues.
BMAT volume changes upon the pathophysiological conditions; it increases with ageing, obesity,
type 2 diabetes, osteoporosis or skeletal unloading
[84], whereas it decreases with exercise [85],
mechanical loading and hormonal changes
(Fig. 2). BMAT can be classified into constitutive
BMAT (cBMAT) and regulated BMAT (rBMAT). Both
of them differ by the time of their development,
their localization in the skeleton, their gene expression pattern and their content in saturated/unsatured lipids [86]. These differences could indicate
different functions and even different progenitors.
Nevertheless, rBMAT could also change to a cBMAT
phenotype under specific conditions [84].
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FIGURE 2. General characteristics of bone marrow adipose tissue. Bone marrow adipose tissue is currently considered as a
tissue with significant paracrine and endocrine activities which make it a major player on different pathologies. Bone marrow
adipocytes’ gene expression pattern is similar to white-like adipocytes, they have one unilocular lipid droplet with abundant
mitochondria and recent study has proved the progenitors to be more white-like. Their secretory profile includes extracellular
vesicles and numerous molecules like inflammatory factors, adipokines or RANKL. Bone marrow adipose tissue is a unique
adipose tissue which functions are still to be revelled. Bone marrow adipose tissue has a high intrinsic plasticity, increases with
age as well as in other pathological contexts like: obesity, type 2 diabetes or osteoporosis. Bone marrow adipose tissue
content can also decrease with exercise, mechanical loading or hormonal changes. In terms of development it can be
classified into constitutive bone marrow adipose tissue or constitutive bone marrow adipose tissue and regulated bone marrow
adipose tissue or regulated bone marrow adipose tissue. Constitutive bone marrow adipose tissue developed early in life,
located in the distal skeleton, repository of unsaturated lipids and constituted by adipocytes larger in size with reduced
expression of adipogenic markers. On the other hand, regulated bone marrow adipose tissue increases with age, is located in
the proximal skeleton where the adipocytes contain saturated lipids and express high levels of known adipogenic markers.

Bone marrow adipocytes (BMAds) have one unilocular lipid droplet with abundant mitochondria
[87] and their gene expression pattern is similar to
white adipocytes [84]. It is believed that BMAds arise
from bone marrow MSCs, probably the same progenitors as osteoblasts. A recent study has proved
the progenitors to be more white-like [88] even
though it is possible multiple populations within
the BMAds could exist [89]. BMAds secrete extracellular vesicles and numerous soluble factors, which
may control bone microenvironment [84,90 ]. Zou
et al. [91 ] indeed recently showed that BMAds
ablation provokes massive bone formation due to
the activation of bone morphogenetic protein
receptor signalling pathway in MSCs. In addition,
lack of adipo-progenitors on mice produces bone
loss and abnormal vasculature [92 ].
Aside of its paracrine role, BMAT could regulate
systemic metabolism. Moreover, patients with
BMAT alteration frequently develop ectopic storage
of fat resulting on insulin resistance [93]. BMAT
lipogenesis is triggered by short-term cold exposure
and is less dependent on insulin than WAT [88].
Little is known about the lipolysis mechanisms on
&&

&&

&&

BMAT, but it could be either cytoplasmic lipasemediated or by lipophagy [90 ,94 ]. Specifically,
the uptake and esterification of FAs is greater in
BMAT than in WAT and those FAs fuel hematopoietic tumours and their oxidation is crucial for
hematopoietic stem-cell maintenance [95,96].
Suchacki et al. [88] have shown that BMAds have
high basal glucose uptake that is greater in the axial
skeleton than in long bones, suggesting that BMAT
may influence systemic glucose homeostasis and
that this characteristic is needed to support normal
metabolic function and de-novo lipogenesis.
&&

&

Bone marrow adipose tissue and
osteoarthritis
Pathophysiological conditions where bone homeostasis is lost have been directly related to an increase
in BMAT. Surprisingly, they all constitute osteoarthritis risk factors. In addition, osteoarthritis entails
subchondral bone remodelling and bone marrow is
the only tissue where adipocytes and bone cells are
in close association. All of these argue for a possible
role of BMAT on osteoarthritis (Fig. 1). Moreover,
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FIGURE 3. Possible role of bone marrow adiposity in joint health. Bone marrow adipose tissue may play a role on
inflammation, subchondral bone sclerosis, aberrant angiogenesis, adipogenic differentiation and bone remodelling all of them
involved on joint health and osteoarthritis development and progression. Femoral heads from osteoarthritis patients contain
high amounts of fat, especially arachidonic acid precursor of prostaglandin E2 a known participant on osteoarthritis
inflammation [97]. Lipodystrophic mice were protected from spontaneous or posttraumatic osteoarthritis, this study proposes
that adipose tissue is a critical antagonist of cartilage health and integrity due precisely to the paracrine signalling from fat
[98]. Mice without adiponectin-positive progenitors had elevated trabecular bone mass and their vessels within the bone
marrow were less in number and high in diameter; characteristics that were far from normal. Sclerostin produced by the bonemechanosensing osteocytes inhibits Wnt signalling stimulated adipogenesis of mouse mesenchymal stem cells and human
mesenchymal stem cells [100]. Nevertheless, the cross-talk between all joint tissues and bone marrow adipose tissue is far
from being unveiled and more studies are needed to describe the mechanisms, adipokines, pathways and signalling involved
on osteoarthritis pathogenesis. OA, osteoarthritis; OA BMAd, bone marrow adipocytes from osteoarthritis patients; Pre-BMAd,
bone marrow adipocyte precursors.

the femoral heads from osteoarthritis patients contained high amounts of fat and of n 6 FAs, especially arachidonic acid [97] (Fig. 3). Early this year,
Collins et al. [98] proposed that knee joints of lipodystrophic mice were protected from spontaneous
or posttraumatic osteoarthritis, independently from
diet. Susceptibility to posttraumatic osteoarthritis
was reintroduced using implantation of adipose
tissues derived from wild type animals, probably
due to the paracrine signalling from fat [98]. Nevertheless, lipodystrophic patients have multiple bone
abnormalities such as subchondral bone sclerosis,
similar to osteoarthritis patients [99]. Significantly,
osteoblasts and osteocytes can also accumulate lipids [90 ]. The cross-talk between BMAT and joint
tissues is far from being unveiled and more studies
&&
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are needed to describe the mechanisms involved on
osteoarthritis pathogenesis.
Since all joint tissues are of mesenchymal origin
and osteoarthritis is a whole joint disease, it is
possible that osteoarthritis affects MSC features.
Both the synthesis of a poorly mineralized matrix
and high content of fat characterize osteoarthritis
bone. This may result from a defect on the differentiation capacity of MSCs favouring preferentially
adipogenic over osteogenic lineage. Moreover, a
direct role of sclerostin in inducing bone marrow
adipogenesis through inhibiting Wnt signalling
has recently been reported [101]. The inhibition
of Wnt signalling increased the expression of adipogenic transcription factors Pparg and Cebpa and
stimulated adipogenesis [100]. However, lack of
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adiponectin-positive progenitors in mice leads to
both bone and angiogenic defects [92 ].
The role of BMAT in osteoarthritis still remains
speculative but numerous arguments indicate that it
could be involved in the dysregulation of joint tissues
in osteoarthritis. Future studies are needed to explore
in detail the role of BMAT in osteoarthritis.
&&

CONCLUSION
The discovery of the role of low-grade inflammation
in certain phenotypes of osteoarthritis has opened
up new physiopathological hypotheses involving
adipose tissues. The recent description of adipose
tissues of various phenotypes within an osteoarthritic joint allows us to evoke their direct involvement in the initiation and progression of the
osteoarthritic process (Fig. 1). We can expect in
the near future the discovery of novel molecules
targeting these tissues.
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Recent advances in targeted drug delivery for
treatment of osteoarthritis
Shikhar Mehta a,, Tengfei He a,, and Ambika G. Bajpayee a,b

Purpose of review
Osteoarthritis is associated with severe joint pain, inflammation, and cartilage degeneration. Drugs injected
directly into intra-articular joint space clear out rapidly providing only short-term benefit. Their transport into
cartilage to reach cellular targets is hindered by the tissue’s dense, negatively charged extracellular matrix.
This has limited, despite strong preclinical data, the clinical translation of osteoarthritis drugs. Recent work
has focused on developing intra-joint and intra-cartilage targeting drug delivery systems (DDS) to enable
long-term therapeutic response, which is presented here.
Recent findings
Synovial joint targeting hybrid systems utilizing combinations of hydrogels, liposomes, and particle-based
carriers are in consideration for pain-inflammation relief. Cartilage penetrating DDS target intra-cartilage
constituents like aggrecans, collagen II, and chondrocytes such that drugs can reach their cellular and intracellular targets, which can enable clinical translation of disease-modifying osteoarthritis drugs including
gene therapy.
Summary
Recent years have witnessed significant increase in both fundamental and clinical studies evaluating DDS
for osteoarthritis. Steroid encapsulating polymeric microparticles for longer lasting pain relief were recently
approved for clinical use. Electrically charged biomaterials for intra-cartilage targeting have shown
promising disease-modifying response in preclinical models. Clinical trials evaluating safety of viral vectors
are ongoing whose success can pave the way for gene therapy as osteoarthritis treatment.
Keywords
cartilage targeting, drug delivery, nanoparticles, osteoarthritis, pain and function treatment

INTRODUCTION
Musculoskeletal diseases, such as osteoarthritis
(OA), rheumatoid arthritis (RA), and low back pain
represent the second leading cause of disability
globally, imposing a significant physiologic and
economic burden on society [1,2]. Such diseases
are characterized by tissue degeneration and inflammatory activity that can cause chronic pain and
severe joint damage [3]. Specifically, osteoarthritic
joints are most affected by articular cartilage degradation and synovial inflammation because of their
load-bearing nature, which over time result in loss of
joint function and mobility. Overexpression of biological factors, such as inflammatory cytokines [e.g.
interleukin (IL)-1, IL-6, tumor necrosis factor a
(TNFa)] and degradative enzymes [e.g. matrix metalloproteinase (MMP)13, a disintegrin metalloproteinase with thrombospondin motifs 5 (ADAMTS5)]
accelerate progression to osteoarthritis, especially in
case of joint injury [4]. The avascular nature of
cartilage limits its self-regenerative capacity; timely
www.co-rheumatology.com

therapeutic intervention is thus needed to repair the
tissue and inhibit further disease progression [5].
In the early stages of osteoarthritis, patients
usually experience mild pain and stiffness after performing routine activities, which is typically treated
by either topical or oral nonsteroidal anti-inflammatory drugs (NSAIDs) and analgesics [6]. As the
disease progresses to its mid-stage, joint space begins
to narrow and shows signs of osteophyte formation
and cartilage damage whereas chondrocytes begin
to experience a hypertrophic state in an effort to
a
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KEY POINTS
 Drug delivery for osteoarthritis therapy remains a
challenge because of rapid joint clearance following
intra-articular administration and the inability to
penetrate through the dense cartilage matrix to reach
target cells.
 To prolong joint residence times and provide sustained
drug release intended for pain and inflammation relief,
delivery systems like hydrogels, micelles, polymeric
particles are in consideration owing to their large size
or viscous nature.
 Steroid encapsulating polymeric micron sized particles
for providing longer lasting pain relief were recently
approved for clinical use.
 To restore joint structure and function, osteoarthritis
drugs must penetrate through the full thickness of
cartilage to reach their cellular and intra-cellular
targets; electrically charged carriers targeting
negatively charged aggrecans have shown promise in
preclinical models.
 Current clinical trials are evaluating the safety of viralvectors whose success can pave the way for gene
therapy as osteoarthritis treatment.

restore tissue damage [6]. At this stage, interventions, such as intra-articular (IA) injections of highdose corticosteroids or viscosupplements like hyaluronic acid are often recommended for relieving
some of the pain and inflammation [7]. However,
the aforementioned methods only provide temporary relief and fail to initiate any disease-modifying
effect. As the disease progresses to end-stage osteoarthritis, surgical interventions using tissue engineering approaches [8], microfracture, and joint
arthroplasty may be considered but eventually total
joint replacement is required [7]. Early-stage intervention with disease-modifying osteoarthritis drugs
(DMOADs) has the potential to slow down osteoarthritis progression and restore joint structure and
function [9] but no such drugs have translated to
clinical practice, in part because of a lack of effective
delivery systems that can penetrate through the
dense meshwork of cartilage to target chondrocytes
and provide controlled low drug doses over a period
of time with minimal off target effects [10,11 ].
Most small molecule drugs clear out rapidly
from the synovial joint (with half-lives of 1–4 h)
following their intra-articular administration
because of fast exchange of synovial fluid requiring
multiple injections of high drug doses that cause
toxicity [12]. In order to prolong joint residence
times and provide sustained drug release intended
for pain and inflammation relief, delivery systems
&

like hydrogels, micelles, polymeric particles are in
consideration owing to their large size or viscous
nature [13] (Fig. 1). These systems can only target
the synovium or the synovial fluid and use high
drug doses, thus are only useful for providing pain
relief. To achieve cartilage protection – that is to
inhibit catabolism and stimulate regeneration,
DMOADs must penetrate through the full thickness
of cartilage and reach chondrocytes and other
matrix target sites, a majority of which lie within
the tissue deep zone [10]. Therefore, nanosized carriers that can penetrate into the cartilage and bind
within to provide sustained drug release are under
consideration [11 ].
This review presents recent basic science and
clinical developments in nanoparticle-based delivery
systems for prolonging drug residence time within
the joint space for pain-inflammation relief and
targeting specific intra-cartilage components to
restore joint structure and function for osteoarthritis
therapy.
&

INTRA-JOINT DELIVERY
In the native knee, the primary source of pain arises
from intra-joint components, such as the synovium,
outer-third of meniscus, and osteochondral junction [14]. This is because the capillary network
present in these regions begins to multiply (angiogenesis) in osteoarthritis, and contributes towards
synovitis (hypertrophy of synovial macrophages
and fibroblast-like synoviocytes), osteochondral
damage, and osteophyte formation [14]. Thus, current efforts in the design of drug delivery systems
(DDS) are focused on prolonging intra-joint residence time of intra-articular administered pain
and inflammation relievers to enable efficacy over
an extended period of time with a single low-dose
administration. We have discussed recent advances
in intra-joint DDS under three categories (Table 1):
hybrid systems, smart environment responsive systems, and systems with specificity to intra-joint
components, such as synoviocytes and vasculature.
Hybrid systems combine a variety of particlebased and hydrogel-based DDS to leverage their
advantages. For example, micelles formed by antioxidant, eicosapentaenoic acid (EPA) encapsulated
within a gelatin hydrogel enabled controlled drug
release over 4 weeks in mouse joints [15 ]. Following
intra-articular injection of EPA hydrogels into DMM
(destabilization of medial meniscus) mice, significantly greater suppression of glycosaminoglycan
(GAG) loss and IL-1b and MMP13 expression was
observed at 8 weeks’ time compared with EPA alone
[15 ]. Another study tagged gold nanoparticles (possessing antioxidant activity) with fish oil protein
&

&
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FIGURE 1. Schematic showing healthy and mid-stage osteoarthritis of the knee. In osteoarthritis, the synovium undergoes
hypertrophy with an increase in synovial macrophages and fibroblast-like synoviocytes (FLS) accompanied by an outgrowth of
blood and lymphatic vessels (angiogenesis), which contribute towards significant pain and inflammation. The environment of the
synovial fluid becomes acidic and infiltrated by macrophages and cartilage degradation products. Cartilage and its matrix
components (aggrecan and collagen II) begin to degrade, while chondrocytes enter a hypertrophic and apoptotic state. To prolong
drug residence and provide long-term osteoarthritis therapy, drugs can be administered via intra-articular injection and modified in
the form of drug delivery systems (DDS) to specifically target intra-joint components as shown in the synovium (top), synovial fluid
(middle) and cartilage (bottom) insets. DDS can be designed for targeting the synovium (FLS, macrophages, microvasculature
endothelium), prolonging synovial fluid residence or targeting the cartilage (aggrecan, collagen II, chondrocytes).
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Fish oil protein
Kartogenin

Gold NP and liposomes

Liposome and hydrogel

HA

PCA

Curcumin
Dex

NO, Notch1
siRNA
MK2-inhibiting
peptide

PLGA NP encapsulated with NH4HCO3

MOF modified with HA

PBAE modified with Curcumin

MoS2 nanosheet modified with chitosan

Hemoglobin and PLGA-PEG NP
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Dex

Liposome modified with CKPFDRALC

RA – rat MTB injection

RA – rat AIA and CIA

PTOA – rat MMT

OA – mouse MIA injection

PTOA – mouse ACLT

OA – rat MIA injection

PTOA – IL-1b chondrocytes;
healthy – rat

OA – mouse papain injection

OA – mouse papain injection

OA – mouse MIA injection

PTOA – rat ACLT

PTOA – mouse DMM

OA – Rat MIA injection

OA – Mouse bacterial
collagenase injection
PTOA – Rat DMM

PTOA – mouse DMM

In-vivo model

MVE targeting

MVE targeting

FLS Targeting

Macrophage
targeting

Macrophage
targeting
Macrophage
targeting

NIR radiation
triggered
Temperature
responsive

NIR radiation
triggered

pH responsive

pH responsive

pH responsive

pH responsive

Suppression of IL-1b, IL-6, TNFa secretion, inhibition of CO release,
depletes ROS in OA joints for 23 days
4-day joint retention; both drugs release rapidly at pH 5.4 and release
steadily at pH 7.4 over 24 h; rescuing of mitochondrial function,
inhibition of cartilage degradation for 4 weeks
24 h drug release; targeting specificity for SR-A on macrophages;
alleviation of structural cartilage damage and pro-inflammatory
cytokine expression for 3 weeks
Specific binding to rat and human synoviocytes; trapped withing
synovial membrane, 3-week intra-joint retention with no degenerative
changes
Specific homing to MVE, accumulation in inflamed joints; prevented
AIA and CIA at low dose and lower frequency, prevention of neoangiogenesis and synovial inflammation
Enhanced endothelial cell binding, 6-day intra-joint retention;
improvement in arthritis scores, no further adverse effects

68.9% release at pH 6.0, 21.7% release at pH 7.0 over 24 h;
improvements in paw withdrawal threshold, articular surface erosion
and joint effusion
Joint retention over 35 days, sustained drug release over 10 days at
pH 5.0; reduced osteophyte formation, did not worsen OA
progression over 35 days
13% release at pH 7.4, 23% at pH 5.6 over 24 h; reduction in
synovial inflammation, downregulation of inflammatory markers,
promotion of cartilage-specific marker expression for 8 weeks
Sustained release over 7 days at pH 6.0; suppression of IL-1 and TNF-a
production, improvements in articular surface erosion at 28 days
Dex released on demand by controlling the NIR light source chitosan,
prolonged residence time; attenuated cartilage erosion, reduced
toxicity, suppression of MMP13, ADAMTS5 over 28 days
24 h joint retention; photothermal-triggered NO release; inhibition of
pro-inflammatory cytokine expression, prevention of cartilage erosion
Joint retention time over 7 days, sustained release over 5 days at 378C;
suppression of IL-6 production for 4 days

4-week sustained release; suppression of GAG loss, expression levels of IL-1b and MMP13
and NF-kB ÿignalling pathway for 8 weeks
Release over 24 h; suppression of expression levels of TNFa and IL-6 and NF-kB ÿignalling
pathway over 15 days
5-week joint retention; 75% sustained release over 25 days; reduction of osteophytes,
lesser decrease in aggrecan and type II collagen expression

Major outcomes
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Ab, Aantibody; ACLT, Anterior cruciate ligament transection; ADAMTS, a disintegrin and metalloproteinase with a thrombospondin motif; AIA, antigen-induced arthritis; CAT, catalase; CIA, collagen-induced arthritis;
CORM, carbon monoxide release molecules; Dex, dexamethasone; DMM, destabilization of the medial meniscus; EPA, eicosapentanoic acid; FA, folic acid; FLS, fibroblast-like synoviocyte; GAG, glycosaminoglycan;
HA, hyaluronic acid; HMS, hollow mesoporous silica; IL, interleukin; MIA, monosodium iodoacetate; MK2, mitogen-activated protein kinase-activated protein kinase 2; MMP, matrix metalloproteinase; MMT, medial
meniscus transection; MOF, metal organic framework; MTB, Mycobacterium tuberculosis; MVE, microvasculature endothelium; NF-kB, nuclear factor kB; NIR, near infrared; NO, nitric oxide; OA, osteoarthritis; PBAE,
poly-beta-amino-ester; PCA, protocatechuic acid; PDN, peptide dendrimer nanogel; PEG, polyethylene glycol; PLGA, poly-lactic co-glycolic acid; PTOA, posttraumatic OA; RA, rheumatoid arthritis; ROS, reactive oxygen
species; SMT, S-methylisothiourea hemisulfate salt; SR-A, scavenger receptor class A; TCA, triamcinolone acetonide; TNFa, tumor necrosis factor a; ZIF, zeolitic imidazolate framework.

Methotrexate

PLA-PCL-PEG NP modified with CKSTHDRLC

TCA

Dextran sulfate-TCA

–

SMT, CAT

ZIF-8 NP modified with anti-CD16/32 Ab

Microgel with PLGA, modified with HAP-1

CORM-401

PDN surfaced with FA-modified HA ligand

Targeted systems

N-isopropyl acrylamide

Celastrol

HMS NP modified with chitosan

Smart joint environnent responsive systems

EPA

Drug

Micelle and hydrogel

Hybrid systems

DDS

Table 1. Recent developments in intra-joint drug delivery systems
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(antiarthritic and anti-inflammatory) to create a
hydrophilic structure, which was then encapsulated
within a hydrophobic dipalmitoyl phosphatidylcholine (DPPC) liposome (295 nm diameter) to
increase joint retention time and provide lubrication [16 ]. The liposomal encapsulation of nanoparticles led to further suppression of NF-kB and
iNOS among other synovial fluid catabolic markers
obtained from osteoarthritis mouse knees compared
with fish oil-tagged gold nanoparticles alone at
15 days following treatment [16 ]. Another hybrid
system incorporated Kartogenin (KGN), a chondrogenic drug, within a liposome loaded into a photocrosslinkable Gelatin methacryloyl (GelMA) matrix
in order to improve the drug stability and release
from liposomes [17 ]. The microinjectable hydrogel
composite system (GelMa@Lipo@KGN, 100 mm
diameter) was retained within rat DMM joints for
over 5 weeks (compared with 2 weeks for liposomes),
contributing to 75% KGN release over 25 days and
resulting in reduction of osteophyte formation [17 ].
Smart DDS incorporate pH or thermoresponsive
materials. For example, to utilize the acidic osteoarthritic environment within synovial fluid, a hydrophobic drug, Celastrol, was loaded into pHresponsive, chitosan-coated, hollow, 275 nm sized
mesoporous silica nanoparticles (CSL@HMSNs-Cs)
[18 ]. Greater than three-fold higher drug release
was observed in acidic condition (pH 6) compared
with a neutral pH 7 environment over 24 h in vitro.
Following intra-articular administration, CSL@
HMSNs-Cs led to greater improvements in paw withdrawal threshold and reduced cartilage erosion at
8 weeks following MIA (monosodium iodoacetate)
induction in rats compared with free Celastrol and
drug-free nanoparticles [18 ]. Similarly, polylactic
co-glycolic acid (PLGA) nanoparticles were encapsulated with ammonium bicarbonate for pH sensitivity and hyaluronic acid, yielding sustained
hyaluronic acid release over 10 days at pH 5. They
were retained within the knee joints of DMM mice
for 35 days and suppressed the incidence of osteophyte formation significantly greater than non-pHresponsive nanoparticles [19 ]. Metal-organic
frameworks (MOF) possessing pH sensitivity (23%
drug release at pH 5.6 compared with 13% at pH 7.4)
were modified with hyaluronic acid and loaded with
an anti-inflammatory drug, leading to enhanced
reductions in synovial inflammation and inflammatory marker expression measured at 8 weeks in ACLT
(anterior cruciate ligament transection) rats compared with free drug [20 ]. Acid-activatable polybeta-amino-ester (PBAE) curcumin nanoparticles,
because of protonable tertiary amine groups present
on its backbone, were shown to enhance drug
release over 7 days in acidic conditions and
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decreased inflammatory cytokine production
greater than unmodified curcumin in osteoarthritis
mice joints over 28 days [21 ]. Thermoresponsive
DDS, chitosan-modified MoS2 (molybdenum disulfide), was shown to release a small molecule drug,
dexamethasone (Dex) inside the mouse knee joint
cavity, when near-infrared (NIR) light was applied
on the joint from outside the body [22 ]. NIR triggered photothermal conversion of MoS2 to provide
controlled site-specific drug delivery and resulted in
greater suppression of joint TNFa, IL-1b and IL-8
expression levels for 28 days following treatment
compared with free Dex or NIR-free Dex-loaded
nanoparticles [22 ]. Hemoglobin, a molecule possessing photothermal properties, was recently conjugated with nitric oxide (NO) and Notch1 siRNA
prior to encapsulation within a PLGA-polyethylene
glycol (PEG) vesicle (NHsPP) [23 ]. Application of
NIR light at 650 nm wavelength triggered a 24 h NO
release in vitro and was able to further inhibit inflammatory cytokine expression in osteoarthritis mice
for 36 days compared with nanoparticles without
drug [23 ]. Deloney et al. [24 ] utilized the thermosensitive property of N-isopropyl acrylamide
(NIPAm) to generate ‘hollow’ core nanoparticles;
preparation of these particles at 48C (below the
lower critical solution temperature) allows for the
structure to swell, facilitating removal of noncrosslinked cores to increase the drug-loading capacity.
These ‘hollow’ core nanoparticles were capable of
loading and releasing significantly higher amounts
of MK2 (mitogen-activated protein kinase-activated
protein kinase 2) inhibiting peptides compared with
solid nanoparticles, contributing to enhanced suppression of IL-1b-stimulated IL-6 production in
chondrocytes [24 ]. Additionally, these particles
possessed the ability to reduce their size to
200 nm in diameter at 37 8C because of deswelling,
preventing any inflammatory response often seen
with larger-sized particles [24 ]. These nanoparticle
were shown to be retained within the rat knee joints
for 7 days following their intra-articular administration [24 ].
DDS design has also focused on targeting macrophages, fibroblast-like synoviocytes (FLS), microvasculature endothelium (MVE) and angiogenesis, all
of which are overexpressed in an inflamed joint. For
example, a positively charged peptide dendrimer
nanogel (PDN, constituted of crosslinked polyhedral oligomeric silsesquioxane core-based generation 3 poly (L-lysine) dendrimers), was constructed
by physically encapsulating carbon monoxide (CO)
release molecules and tagging their surface with
folic acid-modified hyaluronic acid to target macrophages [25 ]. A macrophage-targeted and pHresponsive zeolitic imidazolate framework (ZIF)-8
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was modified with anti-CD16/32 antibody, resulting
in a prolonged synovial macrophage and intra-joint
retention [26 ]. Another study reported the design
and preparation of dextran sulfate–triamcinolone
acetonide conjugate (DS-TCA) nanoparticles for
treating osteoarthritis by specifically targeting scavenger receptor class A (SR-A) on activated macrophages leading to alleviation of cartilage damage for
3 weeks [27 ]. Surface modification of polylactic acid
(PLA)-PEG nanoparticles with adenosine, via binding to A2A adenosine receptor to stimulate cAMP
production to prevent or treat osteoarthritis, was
designed to target both the macrophages and chondrocytes to exhibit an anti-inflammatory effect in
both in vitro and in vivo [28].
FLS targeting has previously been achieved
using peptide SFHQFARATLAS (HAP-1) [29]. In a
recent study, HAP-1-modified microgels containing
PLGA nanoparticles were found to be bound to rat
and human synoviocytes in vitro and were retained
within the synovial membrane and joint space of
rats for 3 weeks without inducing degenerative
activity [30 ]. Peptide sequence CKSTHDRLC
coated on a PLA, polycaprolactone and PEG nanoparticle, specifically homed to the synovial MVE
over 7 days following intravenous injection and
suppressed arthritic activity in rats upon delivery
of peptide-nanoparticle encapsulated methotrexate
[31 ]. Another MVE-targeting peptide, CKPFDRALC
was coated onto Dex-encapsulated liposomes, leading to effective inhibition of arthritis progression in
rats over a period of 3 weeks [32].
Hybrid systems, smart, environmentally sensitive and synovium-targeting methods, thus have the
potential to increase intra-joint residence time of
drugs, providing controlled drug release and
enabling long-term therapeutic benefit. However,
these strategies require complex formulation processes that can hinder their clinical translatability.
Additionally, as these carriers cannot penetrate into
the cartilage deep zones where most of the target
sites reside, their use is limited to pain and
inflammation relief.
&&
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INTRA-CARTILAGE DELIVERY
Articular cartilage is a dense, avascular tissue constituting of a meshwork of a high density of negatively
charges aggrecans (35% dry weight), collagen II (50–
60% dry weight) and a low density of chondrocytes
(<5% dry weight), which together contribute to the
tissue’s structure and function [11 ]. Aggrecans contain several highly sulfated GAG side chains conferring high negative fixed charge density (FCD) to the
tissue that provides hydration, swelling pressures
and compressive stiffness [11 ,33]. As joints are
&

&

loaded, increased electrostatic repulsion between
the intra-cartilage negatively charged groups helps
resist deformation enabling the tissue to re-swell
and regain back its original shape [33]. Although
these negatively charged aggrecans are critical for
tissue function, they make penetration and drug
delivery into cartilage extremely difficult; it is
imperative that drugs and drug carriers reach the
tissue deep zones as a majority of cells and matrix
target sites reside there [10,34 ]. Below, we present a
variety of intra-cartilage nano-carrier-based drug
delivery systems designed to target either the aggrecans, collagen II or chondrocytes enabling multistage drug delivery at tissue, cellular and intracellular levels (Table 2).
&

Aggrecan targeting
Bajpayee et al. [35] showed that particles have to be
smaller than 10 nm in hydrodynamic diameter to be
able to penetrate through the full thickness of normal cartilage; larger sized particles are sterically
hindered and get trapped within the tissue’s superficial zones. They showed that the high negative
FCD of tissues can be converted from a barrier to
drug entry into a drug depot by modifying drugs
with optimally charged cationic domains such that
the weak-reversible nature of electrostatic interactions can enhance their intra-cartilage transport,
uptake and retention [35–38]. Avidin, a cationic
glycoprotein, because of its optimal size (<10 nm
in hydrodynamic diameter) and net charge
(between þ6 and þ20) penetrated through the full
thickness of rabbit cartilage in high concentrations
and was present within the tissue even after 2 weeks
of its intra-articular administration in a rabbit ACLT
model of posttraumatic osteoarthritis (PTOA) [38].
Avidin was conjugated to four moles of a broad
spectrum glucocorticoid, Dexamethasone (Dex),
using hydrolysable ester linkers and administered
in a single low-dose intra-articular injection 1 week
following ACLT in a rabbit model [39]. Avidin-Dex
suppressed injury-induced joint inflammation,
synovitis and reduced incidence and severity of
osteophyte formation significantly greater than free
Dex [39]. To increase the drug-loading content of
this delivery system, recently multiarm Avidin
(mAv) constituting of branched PEG chains was
developed providing 28 sites for covalent conjugation of small molecule drugs [Fig. 2a(i)]) [40 ].
Similar to Avidin, mAv also penetrated through
the full thickness of healthy and osteoarthritis cartilage explants [Fig. 2a(ii)] [40 ]. mAv was conjugated to Dex (mAv-Dex) using a combination of
hydrolysable ester linkers enabling controlled Dex
release over a period of 2 weeks [41]; its single low-
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Table 2. Recent developments in intra-cartilage nanoparticle-based drug delivery systems targeting aggrecans, collagen type
II, chondrocytes for applications in gene delivery
Targeted carrier

Drug

Model

Major outcomes

References

Multiarm Avidin

Dexamethasone

Avidin grafted
dextran
Cationic peptide
carriers (CPC)
Cysteine dense
peptides (CDP)
Supercharged –
green fluorescent
proteins (S-GFP)
MnO2 NP

–

PTOA – bovine cartilage
explants
LBP – bovine nucleus
pulposus explants
Healthy and OA – bovine
cartilage explants
RA – rat collagen-induced
arthritis
Healthy – human, bovine
cartilage explants

Full depth cartilage penetration, 2-week sustained release; suppression of
GAG loss, cell death, inflammation
Month long intra-tissue retention through combined effects of size and
charge
Rapid full thickness penetration, high uptake and 7-day retention with CPC
þ 14; weak and reversible binding required for full depth penetration
Cartilage accumulation with CDP-11R following systemic IV injection;
reduction of joint inflammation and off-target toxicities
High-uptake and fast transport through full thickness with S-GFP þ 9 and SGFP þ 15

–

PTOA – bovine cartilage
explants; healthy rats

Dexamethasone

PTOA – bovine cartilage
explants
PTOA – rat ACLT

Full depth cartilage and chondrocyte penetration, suppression of IL-1induced GAG loss and NO release; less than 1-week intra-joint
residence, accumulation on chondral surfaces
Increased dexamethasone uptake eight-fold, prevented IL-1-induced
cartilage degradation
10-fold increase in joint residence time for 30 days; reduced cartilage
degradation and osteophyte burden

Aggrecan

Poly-beta-aminoesters (PBAE)
PAMAM

–
Dexamethasone,
TCA
–

IGF-1
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[51]

Type II collagen
WYRGRL

Dexamethasone

WRYGRL

PTOA – bovine cartilage
Deep zone retention; reduced inflammatory markers, GAG loss
explants
Hydroxychloroquine OA – mice papain injection 14-day retention; suppression of synovial inflammation

WRYGRL

Metformin

OA – mice papain injection 3–4-week retention; reduced inflammation

WYRGRL

–

PTOA – rat MMT

&

[53 ]
&

[54 ]
[55]

Specific binding to bovine articular cartilage, increased intra-joint half-life
and retention in vivo for 26 days
Enhanced reduction in MMP13 expression; improved OARSI scores

[30

1-month retention; enhanced suppression of IL-6

[57
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]
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[56 ]

mAbCII

MMP13 siRNA

Avimer M26

IL-1Ra

PTOA – mice repetitive
joint loading
PTOA – rat IL-1b injection

DWRVIIPPRPSA

Hesperetin

PTOA – mice ACLT

Alleviation of gradual degeneration of cartilage via TLR-2 inhibition

[61 ]

p5RHH

NF-kB p65
siRNA

PTOA – bovine cartilage
explants

3-week suppression of p65; attenuation of cell death

[63 ]

AAV9

Follistatin
RHEB

HDAV w/Ef1 or
NF-kB promoter

PRG4, IL-1Ra

PTOA – mouse DMM or
CLT

HDAV w/NF-kB
promoter

IL-1Ra

PTOA – mouse CLT

Reduction in cartilage degeneration, synovitis, pro-inflammatory cytokine
expression and mechanical algesia at 12 weeks; enhanced muscle growth
Inhibition of OA progression at 8 weeks, regulation of ADAMTS5 and
MMP13, reduction in apoptosis
Enhanced preservation of articular cartilage volume, surface area,
increased expression of cartilage matrix genes with combination
therapy at 10 weeks
Lowered OA scores, increased cartilage volume and surface area

[70 ]

AV

PTOA – high-fat diet mice
DMM
PTOA – mouse DMM

Target gene

Model

Major outcomes

AAV w/
CRISPR-Cas9

MMP13, IL-1b,
NGF

PTOA – mouse partial
meniscectomy

[74

Ribonucleoprotein
complexes w/
CRISP-Cas9
PLGA NP w/
siRNA

MMP13

Healthy and OA – human
chondrocytes

Alleviation of pain but worsening of joint damage with NGF ablation,
attenuation of structural damage with deletion of MMP13 and IL-1b;
combination therapy mitigates adverse events of NGF ablation at 3 months
Significant reduction in MMP13 secretion and activity levels, enhanced
type II collagen accumulation for 7 days

p66shc

OA – rat MIA injection

[76 ]

P47phox

OA – Rat MIA injection

96.4% release in 48 h in vitro; attenuation of ROS production,
amelioration of pain behavior, cartilage damage and IL-1b, TNFa,
COX2 production levels for 21 days
53.2% burst release at 24 h; attenuation of oxidative stress, proteoglycan
loss, articular cartilage calcification and apoptosis for 14 days

&&

]

Chondrocyte
&

&

Gene delivery

Targeted carrier

&

&

[71 ]
&

[72 ]

[73]

Referencess

Gene editing

PLGA NP w/
siRNA

&&

]

[75]

&

[77]

AAV, adeno-associated virus; ACLT, anterior cruciate ligament transection; AV, adenovirus; CDP, cysteine dense peptide; CLT, cruciate ligaments transection;
CPC, cationic peptide carrier; DMAB, didodecyldimethylammonium bromide; DMM, destabilization of the medial meniscus; Ef1, elongation factor 1; GAG,
glycosaminoglycan; HDAV, helper-dependent adenovirus; IGF-1, insulin-like growth factor-1; IL, interleukin; IL-1Ra, interleukin-1 receptor antagonist; IV,
intravenous; LBP, low back pain; MIA, monosodium Iodoacetate; MMP, matrix metalloproteinase; MnO2, manganese dioxide; NF-kB, nuclear factor kB; NGF,
nerve growth factor; NO, nitric oxide; OA, osteoarthritis; PAMAM, polyamidoamine; PBAE, poly-beta-amino-ester; PLGA, poly-lactic co-glycolic acid; PRG4,
proteoglycan 4; PTOA, posttraumatic OA; RA, rheumatoid arthritis; RHEB, Ras homolog enriched in brain; S-GFP, supercharged green fluorescent protein; siRNA,
small interfering RNA; TCA, triamcinolone acetonide; TNFa, tumor Necrosis Factor a.
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FIGURE 2. (a, I) Multiarm Avidin conjugated to Dex (mAv-Dex) via controlled release ester linkers. (ii) Confocal imaging
showing full thickness penetration from superficial zone (SZ) to deep zone (DZ) of mAv-Dex in healthy and GAG-depleted
cartilage explants within 24 h. (iii) A single low dose of mAv-Dex suppressed IL-1-induced GAG loss significantly greater than
free Dex at 16 days as shown by Safranin-O/fast green staining of cartilage explants. Adapted with permission from
reference [40 ]. (b, I) X-ray crystallography showing structure ribbon (top) and molecular surface representations (bottom) of
CDP-11R (a-helices: red; b-strands: yellow; random coil: green; disulfide bonds: gold). Positive (blue) and negative (red)
electrostatic potentials are also shown. (ii) Mouse knee joint stained with Toluidine Blue (left). Cy5.5 and DAPI channel
fluorescent images of CDP-11R-Cy5.5 (red) localized to articular cartilage following intravenous injection. (iii) Suppression of
CIA rat ankle joint swelling following intravenous injection of CDP-11R–DMA–TCA on treatment day 4. Adapted with
&&
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dose suppressed IL-1-induced GAG loss [Fig. 2a(iii)]
and chondrocyte death in cartilage explants significantly more effectively than free Dex [40 ]. Avidinbased targeting strategies have also been used for
targeting other negatively charged and aggrecanrich tissues, such as the nucleus pulposus of intervertebral disks. Wagner et al. [42 ] designed Avidingrafted dextran nanostructures with multiple drug
conjugation sites to enable electrostatic binding
with aggrecans, providing a month-long intra-discal
retention. Using short-length arginine and lysinerich cationic peptide carriers (CPCs, 3 kDa) of
varying net charge, it was recently shown that there
exists an optimal net cationic charge that a drug of
given size should possess to target a tissue of known
negative FCD to rapidly penetrate through the full
thickness of tissue in high concentrations [43 ].
Intra-cartilage uptake did not monotonically
increase with net charge of CPCs; CPC þ 14 had
the highest uptake (400 higher than an uncharged
solute), greater than both CPC þ 8 and CPC þ 20, all
of which had similar sizes [43 ]. CPC þ 8 and
CPC þ 14 penetrated through the full cartilage
thickness whereas CPC þ 20 did not, owing to stronger binding interactions with negatively charged
aggrecans that hindered its penetrability and uptake
[43 ]. This work highlighted that the optimal net
charge on a carrier should be chosen to take advantage of Donnan partitioning-induced enhanced
transport, such that charge interactions are weak
enough for the carriers to rapidly get past the tissue
superficial zones but strong enough to bind within
tissue-deep zones for long-term retention
[10,11 ,43 ]. Another key finding was that shortrange binding interactions like hydrophobic and Hbonds can synergistically stabilize long-range charge
interactions, and thus can enhance drug retention
within arthritic tissues, which have lost a majority of
GAGs, and thus have lower negative FCD [43 ]; a
feature that can be incorporated in carrier design.
Sangar et al. [44 ] recently identified cationic
cysteine-dense peptide, CDP-11R, as a carrier that
accumulates within cartilage because of its distribution of positive charge and disulfide-bonded tertiary
structure, even when administered systemically via
intravenous injection in healthy mice [Fig. 2b(i and
ii)]. Upon conjugation of CDP-11R with triamcinolone acetonide (TCA), ankle joint inflammation
&&

&

&&

&&

&&

&

&&

&&

&&

[Fig. 2b(iii)] and off-target toxicities in RA rats were
suppressed for 4 days following treatment [44 ].
Another study explored the use of variously charged
green fluorescent proteins for enhancing cartilage
penetration and retention as well [45 ]. Sharma and
co-workers modified PLGA nanoparticles (260–
290 nm) with didodecyldimethylammonium bromide (DMAB) containing a quaternary ammonium
cation and showed six-fold greater retention in
healthy bovine cartilage explants because of binding
with the tissue superficial zone compared with
anionic polyvinyl alcohol (PVA)-modified PLGA
nanoparticles. However, retention of cationic nanoparticles was reduced two-fold in presence of negatively charged synovial fluid and 2.9-fold in arthritic
tissue, indicating the charge-dependency of nanoparticle retention [46]. They also demonstrated cationic PLGA nanoparticles for delivering KGN, a
chondrogenic drug, coupled with a cartilage-binding bioadhesive to improve retention [47]. A more
recent study focused on the scavenging of reactive
oxygen species (ROS) utilized cationic manganese
dioxide (MnO2) nanoparticles for full depth cartilage penetration and chondrocyte targeting, leading
to suppression of IL-1b-induced GAG loss and NO
release from cartilage explants [48 ]. In-vivo rat
studies revealed intra-joint residence for over 1 week
with the nanoparticle accumulating on chondral
surfaces [48 ].
PBAEs have also been considered as they are
inexpensive, biocompatible, cationic and can be
end-capped with therapeutics [49]. Perni et al.
recently chemically modified and optimized PBAE
components (amine, acrylate and end-capping) for
enhancing their ability to target and bind with
cartilage. The optimized PBAE chain conjugated
to Dex showed an eight-fold increase in cartilage
uptake compared with free Dex [49,50], likely owing
to adsorption within the cartilage superficial zones.
This DDS resulted in significantly reduced IL-1induced cartilage degradation compared with free
drug in vitro [49]. Positively charged sixth generation
polyamidoamine (PAMAM) dendrimers (6.7 nm in
diameter) have also been utilized for enhancing
intra-cartilage penetration and retention of insulin-like growth factor-1 (IGF-1) in rat knee joints.
PAMAM-IGF-1 significantly suppressed cartilage
degeneration and osteophyte formation compared
&&

&

&
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permission from reference [44 ]. (c, I) IVIS imaging showing collagen II-binding Avimer (CII-M26) being retained within rat
knee joint for 28 days after intra-articular injection compared with negative control (NC), which was cleared within 1 day.
Region of interest of each image is plotted as fluorescence vs. time. DAPI (nucleus: blue) and AF657 staining (Avimer: red) of
articular cartilage confirms intra-tissue presence of CII-M26 for 28 days through confocal imaging. (ii) IL-1Ra-M26 [given either
at the same time as (day 0) or 7 days prior to IL-1b intra-articular injection) suppresses IL-6 expression in synovial fluid of rat
knees at 4 h following treatment. P 0.001 or less. Adapted with permission from from reference [57 ].
&&
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with untreated control and unmodified IGF-1 in a
rat ACLT model at 4 weeks postsurgery [51].

Collagen II targeting
Using phage display, a collagen II-binding peptide
sequence, WYRGRL was discovered and it has been
widely used for cartilage targeting [52]. This peptide
was shown to be retained within the deep zones of
healthy and GAG-depleted osteoarthritis cartilage
for 48 h, whereas cationic chitosan suffered from a
significant drop in retention in GAG-depleted cartilage compared with that in normal tissue [53 ].
Following conjugation to Dex using ester linkers,
the collagen-targeting prodrug demonstrated a
drug-release half-life of 35.8  9.0 h in presence of
PBS that remained unchanged in low concentration
esterase solution [53 ]. The prodrug was able to
significantly reduce IL-1b induced GAG loss in an
in-vitro bovine cartilage explant model [53 ]. In
another study, WRYGRL was genetically displayed
onto an MMP13 and pH-responsive ferritin nanocage for delivery of anti-inflammatory drug hydroxychloroquine (HCQ) to cartilage [54 ]. This HCQ
nanostructure was retained for 14 days in osteoarthritis mice cartilage, resulting in suppression of
synovial inflammation [54 ]. Ferritin nanocages
functionalized with this peptide have also been used
for metformin delivery [55]. A recent study utilized
this peptide for delivering microgels containing
PLGA nanoparticles tagged with rhodamine B to
healthy and osteoarthritis rats, leading to significant
binding with articular cartilage as well as increased
residence time (up to 26 days) compared with free
dye [30 ]. Bedingfield et al. [56 ] recently utilized a
monoclonal antibody that specifically targets type II
collagen (mAbCII) for delivering MMP13 siRNA. In a
mouse PTOA model, significantly higher MMP13
silencing was achieved compared with noncollagen-targeting
siRNA,
contributing
towards
improved OARSI scores [56 ]. A newly devised strategy for targeting type II collagen is the use of
Avimers, which are small derivations of cell surface
protein A-domains involved in protein–protein
interactions [57 ]. Avimer M26 displayed high collagen II specificity, allowing for 1 month intra-joint
and intra-cartilage retention following intra-articular injection into rat knees [Fig. 2c(i)] [57 ]. Furthermore, intra-articular delivery of IL-1Ra fused M26
suppressed IL-1 induced IL-6 expression more significantly than free IL-1Ra [Fig. 2c(ii)] [57 ]. It
should be noted that unlike charge interactions,
strong binding of nanocarriers with collagen II
can hinder their transport and penetration through
the full thickness of normal or early-stage osteoarthritis cartilage [11 ]. Most of the above discussed
&

&

work has utilized mouse or rat models that have very
thin cartilage, and thus the transport data from
these studies should be interpreted cautiously as
these models are not appropriate for studying
intra-articular transport kinetics and drug delivery
[37,38]. Solutes penetrate much faster through thin
cartilage than thick, as the diffusion time scales as
the square of tissue thickness [38]. It is imperative to
validate these results using larger animal models
with thicker cartilage more like that of humans as
the performance of the DDS not only depends on its
size and surface properties but also on the biophysical properties of the animal joint [10,38]. Therefore,
targeting collagen II for drug binding should be
considered especially in later stages of the disease
where a majority of aggrecans in cartilage have been
degraded and results should be validated in large
animal models [11 ].
&

&

&

&
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Chondrocyte targeting
As the drug ultimately has to be delivered to cell
receptors, drug carriers are functionalized with
chondrocyte- targeting motifs in combination with
aggrecan and collagen-targeting strategies to facilitate multistage drug delivery [58,59,60 ]. A chondrocyte
affinity
peptide,
DWRVIIPPRPSA,
discovered by Pi et al. [59] was recently functionalized on hesperetin-loaded GD2(CO3)3 nanoparticles [61 ]. In ACLT mice, the construct exhibited
strong cartilage specificity, alleviating cartilage degradation and IL-1-induced apoptosis and inflammation [61 ]. Melittin-derived positively charged
peptide VLTTGLPALISWIRRRHRRHC (p5RHH) was
previously shown to have strong chondrocyte and
cartilage-penetrating ability (up to 700 mm depth)
[62]; it was recently modified for delivery of NF-kB
p65 siRNA to IL-1 treated cartilage explants, resulting in suppression of p65 for 3 weeks and attenuating cell death [63 ].
&

&
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Gene delivery
Gene therapy has emerged as a promising strategy
for manipulation of expression levels of diseaseassociated genes via a controlled and targeted mechanism [64]. Genetic materials are introduced into
cells via viral or nonviral vectors to induce longterm overexpression or silence a selected gene,
thereby creating a prolonged therapeutic response.
This technique is especially advantageous for slowprogressing diseases like osteoarthritis, where ablation of catabolic (ADAMTS5, MMP13) and proinflammatory (IL-1, TNFa) genes or introduction
of anabolic [IGF-1, transforming growth factor b
(TGFb)] and anti-inflammatory [IL-1 receptor
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antagonist (IL-1Ra), IL-4] genes have the potential to
prevent further cartilage damage while promoting
tissue regeneration [64,65].
Early gene therapy strategies utilized recombinant adenoviruses to encode human IGF-1 into
rabbit knees, resulting in increased matrix synthesis
from the joint cartilage [66]. Frisbie et al. [67] used an
adenoviral vector to overexpress intra-articular IL1Ra in an equine osteoarthritis model and showed
elevated expression for 28 days leading to significant
improvements in pain, cartilage preservation and
synovial membrane histological parameters. However, the most successful strategy to date has been
the use of adeno-associated (AAV) or helper-dependent adeno-viruses (HDAV) as carriers for genes for
in-vivo transduction. These are small (20–25 nm
diameter), nonenveloped, single-stranded DNA
viruses that are dependent upon a helper virus –
either adenovirus or herpesvirus, for replication
[68]. Therefore, despite their limited transgene
capacity (<4.8 kb), the absence of all viral-coding
sequences makes AAVs less immunogenic and a
more attractive option for a well tolerated gene
delivery system [69]. Recently, Tang et al. [70 ]
showed that AAV-mediated delivery of follistatin
– a protein involved in enhancing muscle formation
by neutralizing members of the TGF-b superfamily,
to mice prior to medial meniscus destabilization
prevented posttraumatic osteoarthritis like changes
within the joint. In a similar mouse model, Ashraf
et al. delivered Ras homolog enriched in brain
(RHEB) gene via intra-articular injection, resulting
in suppression of ADAMTS5 and MMP13 and overexpression of COL2A1 immunohistochemical staining, while reducing apoptosis [71 ]. It was recently
suggested that a combination of genes, such as IL1Ra with proteoglycan 4 (PRG4) on individual
HDAV carriers can provide enhanced therapeutic
benefit over monotherapy when delivered to mice
suffering from PTOA [72 ]. Recent work has incorporated promoters within the delivery systems to
ensure that only diseased cells express and secrete
the desired gene [72 ,73].
&

&

expressing CRISPR/Cas9 to mice via intra-articular
injection to target genes encoding MMP13, IL-1b
and nerve growth factor (NGF). NGF ablation was
able to mitigate pain induced by partial meniscectomy while disruption of MMP13 and IL-1b reduced
the expression levels of cartilage-degrading enzymes
[74 ]. Similarly, Seidl et al. [75] demonstrated
reduced MMP13 levels and enhanced type II collagen accumulation in healthy and osteoarthritis
human articular chondrocytes when administered
ribonucleoprotein complexes containing CRISPR/
Cas9 technology targeting the MMP13 gene. RNA
interference (RNAi) is another strategy for inhibiting
gene expression or translation via targeting of
mRNA molecules. Small interfering RNA (siRNA) –
double-stranded noncoding RNA molecules of 20–
25 bp length, targeting the silencing of the p66shc
gene were encapsulated within PLGA nanoparticles
and delivered via intra-articular injection to osteoarthritic mice [76 ]. Silencing of the p66shc gene,
which is implicated in the generation of mitochondrial reactive oxygen species (mtROS), resulted in
alleviation of cartilage damage and pain behavior as
well was suppression of IL-1b, TNFa and Cyclooxygenase 2 (COX2) expression levels [76 ]. Using the
same PLGA-based nanoparticle system, Shin et al.
[77] also silenced p47phox to reduce ROS-induced
chondrocyte damage in an osteoarthritis rat model.
On the basis of the success shown in preclinical
models and its current development in clinical trials, AAV and HDAV seem to be the most well tolerated and promising carriers for genes for
osteoarthritis therapy. Overexpression of anabolic
and anti-inflammatory genes have the potential to
prevent further cartilage damage and related catabolic activity within the joint, while gene ablation
and silencing through CRISPR/Cas9 and RNAi
approaches remain interesting areas of future
research.
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OSTEOARTHRITIS DRUG DELIVERY
SYSTEMS IN CLINICAL TRIALS
Particle-based delivery systems

Gene editing
A new development in osteoarthritis therapy is the
use of CRISPR/Cas9 technology to ablate diseasecausing genes. An efficient gene-editing technique,
this strategy employs a complex of Cas9 proteins
and an engineered single guide RNA, which recognize and introduce a double-stranded break in the
target DNA [74 ]. The DNA undergoes a repair
process, which causes insertions or deletions resulting in disruption, thereby eliminating gene expression [74 ]. Zhao et al. [74 ] delivered an AAV
&&
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Taiwan Liposome Company (TLC) developed
TLC599, a Dex-sodium phosphate incorporated
liposome (130 nm), for intra-articular delivery
for knee osteoarthritis patients (Table 3). The hydrophobic surface of liposome particles enhances
their binding within the hydrophobic synovial fluid
and their large size prevents them from exiting
via the lymphatics. In a phase II clinical trial
(NCT03005873), intra-articular injection of 12 mg
TLC599 resulted in greater suppression of pain from
week 1 through week 24 compared with placebo
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Table 3. Ongoing clinical trials evaluating drug delivery systems for treatment of knee osteoarthritis
Trial (start year)

Phase

Sponsor

Product

Drug

Delivery system

Clinical outcomes

TLC599

Dexamethasone

Liposome

PK parameters, AE

Particle-based delivery systems
NCT03754049
(2019)

II

Taiwan Liposome
Company

NCT04123561
(2019)

III

NCT03529942
(2018)

III

NCT03895840
(2018)

IV

NCT04120402
(2020)

II

WOMAC, PGIC
Flexion
Therapeutics

Zilretta
(FX006)

Triamcinolone
Acetonide

PLGA

Synovial volume
Chair standing test,
Fast paced walking
test, Stair climb,
KOOS, NRS for pain

Eupraxia
Pharmaceuticals

EP-104IAR

Fluticasone
propionate

PVA

WOMAC,
OMERACT-OARSI

Hydrogel-based delivery systems
NCT04231318
(2020)

III

Anika Therapeutics

Cingal

Triamcinolone
Hexacetonide

Crosslinked
HA hydrogel

WOMAC

NCT03209362
(2017)

II

Seikagaku
Corporation

SI-613

Diclofenac

HA hydrogel

WOMAC

NCT02790723
(2019)

I

Mayo Clinic

sc-rAAV2.5
IL-1Ra

Interleukin-1
Receptor
Antagonist
(IL-1Ra)

Self-complementary
recombinant
adeno-associated
virus

AE

NCT04119687
(2019)

I

Flexion
Therapeutics

FX201

IL-1Ra

Helper-dependent
adenoviral vector

AE, systemic biodistribution

NCT03769662
(2019)

I

Xalud
Therapeutics

XT-150

Interleukin-10
(IL-10)

Plasmid DNA

AE, KOOS, Verbal Numeric
Rating Score, Clinical
Global Improvement

NCT03203330
(2018)

III

Kolon
TissueGene

TissueGene-C

Transforming
Growth
Factor b-1
(TGF-b1)

Transduced and
nontransduced
chondrocytes

WOMAC, VAS, MRI,
Physical Component
Score, Health Assessment

Gene delivery

Primary clinical outcomes bolded. AE, adverse events; HA, hyaluronic acid; KOOS, Knee Injury and Osteoarthritis Outcome Score; NRS, Numeric Rating Scale;
OMERACT-OARSI, Outcome Measures in Rheumatology-Osteoarthritis Research Society International; PGIC, Patient Global Impression of Change; PK,
pharmacokinetics; PLGA, poly-lactic-co-glycolic acid; PVA, polyvinyl alcohol; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

[78 ]. Currently, there are two ongoing clinical
trials targeting knee osteoarthritis with TLC599.
NCT03754049 is a 90 participant phase II study
focused on pharmacokinetic evaluation [79]
whereas NCT04123561 is a 500 participant phase
III study focused on efficacy [80].
Recently, intra-joint sustained release formulation of TCA encapsulated within micron-sized PLGA
particles (Flexion Therapeutics product FX006, Zilretta) received clinical approval for osteoarthritis
pain relief as it showed prolonged synovial fluid
joint residency for 12 weeks, owing to its large
micron size (20–100 mm), following a single intraarticular injection in patients with knee osteoarthritis [81]. The efficacy of FX006 in patients with
unilateral knee osteoarthritis was evaluated in a
phase III study with results showing significant
improvements in WOMAC and ADP (average&

daily-pain) scores compared with saline and free
drug over 24 weeks [82 ]. Following approval, this
product has been under review in clinical trials for
24-week synovial inflammation (NCT03529942)
[83 ] and performance measures in bilateral knee
osteoarthritis
patients (NCT03895840)
[84].
Another microparticle product, EP-104IAR (60–
150 mm) developed by Eupraxia Pharmaceuticals,
formulated fluticasone propionate and PVA for
intra-articular treatment of osteoarthritis [85]. A
238 patient phase II study evaluating safety, efficacy
and pharmacokinetics is currently in the prerecruitment stage (NCT04120402) [86].
&&
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Hydrogel-based delivery systems
Cingal, a chemically cross-linked hyaluronic acid
gel loaded with triamcinolone hexacetonide is
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currently under review in a phase III trial for pain
relief evaluation at 26 weeks (NCT04231318) [87 ].
A clinical trial for knee osteoarthritis pain,
NCT03209362, evaluated intra-articular injections
of SI-613, an injectable hyaluronic acid-based formulation incorporating diclofenac, however, results
are still pending [88]. A similar DDS, encapsulating
polynucleotides, was administered to knee osteoarthritis patients, however, no significant differences
in WOMAC score were reported at 6 months time
point (NCT02417610) [89].

warranting studies with larger animal models. With
ongoing clinical trials, gene delivery has the potential to become an effective therapy especially if
disease biomarkers at various stages of osteoarthritis
can be detected and targeted at early timepoint to
prevent further disease progression.

Gene delivery systems
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Clinically, IL-1Ra (interleukin-1 receptor antagonist) is most commonly employed osteoarthritis
therapeutic for gene delivery; currently there are
two ongoing trials for intra-articular delivery using
an AAV (NCT02790723) [90 ] and an HDAV
(NCT04119687) [91 ]. A phase I study delivering
XT-150 – a plasmid DNA with a variant of IL-10,
was recently completed, however, results have not
yet been published [92]. Use of most other types of
viral and nonviral vectors for osteoarthritis therapy
have faced difficulty in transducing chondrocytes
in their in-vivo environment [93]. Thus, their use in
ex-vivo approaches, where patient cells can be
extracted and then transduced with a gene prior
to depositing them back into the joint space, is of
interest [93]. This strategy has been commonly
employed with synoviocytes to deliver IL-1Ra and
IL-10 genes in experimental models of osteoarthritis [94,95]. Invossa, a product combining TGF-b1
transduced and nontransduced chondrocytes for
intra-articular delivery has been approved for treating osteoarthritis in South Korea and is currently
under review in a phase III clinical trial
(NCT03203330) [96 ]. A complete list of ongoing
clinical trials evaluating drug delivery systems for
treatment of knee osteoarthritis can be found in
Table 3.
&
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CONCLUSION
Synovial joint and cartilage-targeting strategies can
enable clinical translation of a variety of osteoarthritis drugs that despite strong preclinical evidence
have not translated to practice yet. Recent years
have witnessed significant increase in both basic
science and clinical studies evaluating drug delivery
systems for osteoarthritis treatment. Steroid-encapsulating polymeric micron particles for providing
longer lasting pain relief were recently approved for
clinical use. Electrically charged biomaterials for
intra-cartilage targeting and delivery of DMOADs
have shown promising results in preclinical models
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nanoparticles via TLR-2/NF-(B/Akt ÿignalling. Biomaterials 2019; 205:
50–63.
A chondrocyte-targeted peptide carrier is presented here, which is able to deliver
hesperetin to alleviate PTOA-induced cartilage degradation in mice.
62. Hou KK, Pan H, Lanza GM, Wickline SA. Melittin derived peptides for
nanoparticle based siRNA transfection. Biomaterials 2013; 34:3110–
3119.
63. Yan H, Duan X, Pan H, et al. Development of a peptide-siRNA
&
nanocomplex targeting NF-(B for efficient cartilage delivery. Sci Rep 2019;
9:1–7.
The chondrocyte-penetrating peptide used in this study also possesses the ability
to penetrate deep through the cartilage matrix, therefore, it is able to target more
chondrocytes and elicit a more effective biological response.
64. Madry H, Cucchiarini M. Advances and challenges in gene-based approaches
for osteoarthritis. J Gene Med 2013; 15:343–355.
65. Evans CH, Gouze J, Gouze E, et al. Osteoarthritis gene therapy. Gene Ther
2004; 11:379–389.
66. Mi Z, Ghivizzani SC, Lechman ER, et al. Adenovirus-mediated gene transfer of
insulin-like growth factor 1 stimulates proteoglycan synthesis in rabbit joints.
Arthritis Rheum 2000; 43:2563–2570.
67. Frisbie D, Ghivizzani S, Robbins PD, et al. Treatment of experimental equine
osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist
gene. Gene Ther 2002; 9:12–20.

108

www.co-rheumatology.com

68. Lai CM, Lai YK, Rakoczy PE. Adenovirus and adeno-associated virus vectors.
DNA Cell Biol 2002; 21:895–913.
69. Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery systems for
gene delivery. Adv Biomed Res 2012; 1:27.
70. Tang R, Harasymowicz NS, Wu C-L, et al. Gene therapy for follistatin
&
mitigates systemic metabolic inflammation and posttraumatic arthritis in
high-fat diet–induced obesity. Sci Adv 2020; 6:eaaz7492.
This study shows the ability of AAV-follistatin delivery to not only mitigate osteoarthritis but also to alleviate obesity-induced changes in mice.
71. Ashraf S, Kim B, Park S, et al. RHEB gene therapy maintains the chondrogenic
&
characteristics and protects cartilage tissue from degenerative damage
during experimental murine osteoarthritis. Osteoarthritis Cartilage 2019;
27:1508–1517.
This is the first study to show the anti-osteoarthritis activity of RHEB gene in vivo.
72. Stone A, Grol MW, Ruan M, et al. Combinatorial Prg4 and IL-1ra gene therapy
&
protects against hyperalgesia and cartilage degeneration in posttraumatic
osteoarthritis. Human Gene Ther 2019; 30:225–235.
Delivery of a combination of genes on HDAVs is shown to have improved benefit
over single gene administration.
73. Lee B, Guse K, Ruan Z. Adenoviral-based biological delivery and expression
system for use in the treatment of osteoarthritis. US Patent. 2019.
US10301647B2.
74. Zhao L, Huang J, Fan Y, et al. Exploration of CRISPR/Cas9-based
&&
gene editing as therapy for osteoarthritis. Ann Rheum Dis 2019;
78:676 – 682.
This is the first study to show the in-vivo efficacy of CRISPR/Cas9 technology in
treating preventing PTOA-induced changes. Further, a combination of multiple
gene ablation provides increased therapeutic benefit as suppression of both pain
and degradative changes can be achieved.
75. Seidl C, Fulga T, Murphy C. CRISPR-Cas9 targeting of MMP13 in human
chondrocytes leads to significantly reduced levels of the metalloproteinase
and enhanced type II collagen accumulation. Osteoarthritis Cartilage 2019;
27:140–147.
76. Shin HJ, Park H, Shin N, et al. p66shc siRNA nanoparticles ameliorate
&
chondrocytic mitochondrial dysfunction in osteoarthritis. Int J Nanomed
2020; 15:2379.
Application of PLGA nanoparticles encapsulating siRNA-silencing oxidative
stress-related genes for osteoarthritis therapy is described here.
77. Shin HJ, Park H, Shin N, et al. p47phox siRNA-Loaded PLGA nanoparticles
suppress ROS/oxidative stress-induced chondrocyte damage in osteoarthritis. Polymers 2020; 12:443.
78. Brown C, Wu C-F, Chuang W, Shih S-F. Single intra-articular injection of
&
TLC599 in patients with osteoarthritis knee pain: subgroup analyses of a
placebo-controlled 24-week phase 2 trial. Osteoarthritis Cartilage 2020;
28:S481–S482.
This is the first completed clinical trial to show significant long-term pain suppression following intra-articular delivery of liposomal encapsulated Dex.
79. ClinicalTrials.gov. A phase 2, open label, PK study of TLC599 in subject with
osteoarthritis of the knee. NCT03754049. 2019.
80. ClinicalTrials.gov. Extended and controlled release liposomal formulated
dexamethasone for chronic knee OA pain. NCT04123561. 2019.
81. Byers-Kraus V, Aazami H, Mehra P, et al. Synovial and systemic pharmacokinetics of triamcinolone acetonide following intra-articular injection of an
extended release formulation (FX006) or standard crystalline suspension in
patients with knee osteoarthritis. Osteoarthritis Cartilage 2017; 25:
S431.
82. Langworthy MJ, Conaghan PG, Ruane JJ, et al. Efficacy of triamcinolone
&&
acetonide extended-release in participants with unilateral knee osteoarthritis:
a post hoc analysis. Adv Ther 2019; 36:1398–1411.
This is the only clinically approved corticosteroid delivery system for treating
osteoarthritis-related knee pain. FX006 is a microsphere PLGA particle system
that delivers TCA via intra-articular injection for prolonged joint residency, resulting
in significant pain improvement over 24 weeks.
83. ClinicalTrials.gov. Study to evaluate the effect of FX006 on synovial inflam&
mation in patients with OA of the knee. NCT03529942. 2018.
FX006 is under review in this trial for synovial inflammation, which is a key
component to diagnosing early stage osteoarthritis for early intervention.
84. ClinicalTrials.gov. The effect of intra-articular bilateral knee injections of
zilretta on performance measures in adults with knee OA. NCT03895840.
2018.
85. Helliwell JA, Malone AM, Smith TJ, Baum MM. Injectable sustained release
composition and method of using the same for treating inflammation in joints
and pain associated therewith. US Patent. 2018. US20180071222A1.
86. ClinicalTrials.gov. Study to evaluate the efficacy and safety of EP104IAR in patients with osteoarthritis of the knee. NCT04120402.
2020.
87. ClinicalTrials.gov. Study of Cingal1 and triamcinolone hexacetonide for the
&
relief of knee osteoarthritis pain. NCT04231318. 2020.
This clinical trial represents two common osteoarthritis treatments combining intraarticular corticosteroid delivery via hydrogel encapsulation.
88. ClinicalTrials.gov. SI-613 study for knee osteoarthritis. NCT03209362. 2017.
89. ClinicalTrials.gov. Comparative assessment of viscosupplementation with
polynucleotides and hyaluronic acid. NCT02417610. 2014.

Volume 33  Number 1  January 2021

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

Targeted drug delivery for osteoarthritis treatment Mehta et al.
90. ClinicalTrials.gov. Safety of intra-articular Sc-rAAV2.5IL-1Ra in subjects with
moderate knee OA. NCT02790723. 2019.
This clinical trial delivers IL-1Ra cDNA on a self-complementary adeno-associated
virus for knee osteoarthritis therapy.
91. ClinicalTrials.gov. Study to evaluate the safety and tolerability of FX201 in
&
patients with osteoarthritis of the knee. NCT04119687. 2019.
Flexion Therapeutics, in addition to FX006, is also investigating the safety of IL-1Ra
gene delivery for treating knee OA.
92. ClinicalTrials.gov. Follow on extension of XT-150-1-0201. NCT03769662.
2019. https://clinicaltrials.gov/ct2/show/NCT03769662
93. Madry H, Cucchiarini M. Gene therapy for human osteoarthritis: principles and
clinical translation. Expert Opin Biol Ther 2016; 16:331–346.
&

94. Bandara G, Mueller G, Galea-Lauri J, et al. Intraarticular expression of
biologically active interleukin 1-receptor-antagonist protein by ex vivo gene
transfer. Proc Natl Acad Sci U S A 1993; 90:10764–10768.
95. Zhang X, Mao Z, Yu C. Suppression of early experimental osteoarthritis by
gene transfer of interleukin-1 receptor antagonist and interleukin-10. J Orthop
Res 2004; 22:742–750.
96. ClinicalTrials.gov. A study to determine the safety and efficacy of TG-C in
&
subjects with Kellgren and Lawrence grade 2 or 3 osteoarthritis of the knee.
NCT03203330. 2018.
This is a clinically approved (in South Korea) ex-vivo gene therapy strategy
combining transduced and nontransduced chondrocytes for knee osteoarthritis
therapy.

1040-8711 Copyright ß 2020 Wolters Kluwer Health, Inc. All rights reserved.

www.co-rheumatology.com

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

109

