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Cytokines are small proteins with well characterised effects on cell survival, migration and activation in a range of
biological systems and cell types. Currently, the best described activities of cytokine are those whose delivery has been
observed in a free soluble or cell tethered form. Interestingly, cytokines may also be delivered, and exert biological
functions, in association with extracellular vesicles (EVs). EVs are a heterogenous population of constitutively released
cellular material typically characterised by their size. EVs may for example be released by the direct blebbing of the cell
membrane and in doing so, may encapsulate cellular contents. Cargo laden EVs have been found to contain a wide array
of cargo, either via encapsulation or associated to the surface of EVs, and includes nucleic acids, lipid mediators and
proteins, such as cytokines. EV encapsulation provides cytokine cargo protection of degradation and allows the delivery of
cytokines far from the site of inflammation and injury. However, it is becoming more apparent that during
pathophysiological conditions, such as those observed during autoimmunity, EVs may represent a large reservoir of
‘stealth’ cytokine that might prove difficult to target with current therapies.
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| 1. Cytokines, Inflammation, and Autoimmunity

Secreted, soluble factors such as hormones, growth factors, and cytokines are key drivers of cellular communication.
Cytokines are small, soluble proteins weighing thirty kilodaltons or less that are synthesized and secreted by a range of
cells, including both immune cells, such as neutrophils, B-, and T-cells, and stromal cells, such as endothelial cells and
fibroblasts L. The effects of cytokines are pleiotropic in nature and any given mixture or single cytokine may result in
functionally different but stereotyped outcomes in a context-dependent manner 2l Their soluble nature enables
cytokines to act in the local microenvironment or to also exert their influence in an endocrine manner. Local cytokine
activity enables cells to self-regulate their expression and secretion with many feed-forward and negative feedback loops
existing in most cytokine systems/hierarchies. Cytokine release is possible in any organ and compartment throughout the
body and has far reaching effects on cell survival, differentiation, and activation [4. Interestingly, cytokine interactions with
their cognate receptors are high affinity and under physiological conditions occur at picomolar concentrations and as a
result, their release, and consumption, remains highly regulated &, Nevertheless, the half-life of any given cytokine is
relatively small, and degradation in extracellular fluids or blood occurs rapidly €. Cytokines are also able to act in a
manner independent of secretion and can act as cell surface ligands. While soluble cytokines may promote unidirectional
signalling into the target cells, cell surface cytokines can initiate bi-directional outside-in signalling .

The key physiological function of cytokines as a group of proteins is the initiation, maintenance, and resolution of
inflammatory responses &, Inflammation is the stereotyped, non-specific response to conserved peptides, motifs, and
signals, which may be pathogens or damage-associated molecular patterns. Under non-pathological conditions,
inflammatory responses are typically self-limiting and immune cell recruitment and clearance is a tightly regulated and
stepwise process . The initial release of pro-inflammatory cytokines, such as tumour necrosis factor alpha (TNF-a) and
interleukin 1 beta (IL-1pB), by tissue-resident cells induces the expression of adhesion molecules, such as selectins and
integrins, which facilitates immune cell recruitment 29, While the function of most pro-inflammatory cytokines might be
functionally redundant and overlapping, certain caveats exist. For example, TNF-a promotes adhesion molecule
expression on both leukocytes and endothelial cells, while IL-1B predominantly affects endothelial cells 111, Furthermore,
while TNF-a-mediated immune cell recruitment can efficiently occur independent of certain junctional proteins, recruitment
through the IL-1p stimulatory pathway is decreased 12, TNF-a is also capable of directly activating and stabilizing a pro-
inflammatory phenotype in a range of cells, such as neutrophils and monocytes, which in turn stimulates them to
upregulate the expression of their own range of cytokines and proteins in a self-amplifying loop L34 This cycle of
primary activation and secondary cytokine release can be observed with most pro-inflammatory cytokines [22IL8I17],



Interleukin-6 (IL-6) levels are elevated as a result of secondary secretion in response to both TNF-a and IL-1(,
interestingly, IL-6 feeds back to stimulate further TNF-a and IL-1p secretion 18], Zheng et al., amongst others, have shown
this to be true as it is possible to significantly decrease circulating IL-6, while also ameliorating clinical symptoms, in
immunologically challenged mice with global deletions in IL-1p 12 Finally, while pro-inflammatory cytokines are important
for the initiation and maintenance of inflammation the appropriate anti-inflammatory signals must be integrated into any
given system to terminate inflammation and promote immune cell clearance and tissue regeneration. Anti-inflammatory
cytokines, such as interlekin-10 (IL-10) are able to supress pro-inflammatory gene expression and skew the phenotypic
switch of immune cells away from a pro-inflammatory profile towards one that favours resolution and regeneration £, A
number of cytokines also exert differential effects depending on the environmental context in which they are active or
indeed the mechanism through which they may act. IL-6 is one such pro-inflammatory cytokine, whereby classical
signalling induces anti-inflammatory effects and trans-signalling induces inflammation B!,

When the activity of cytokines, such as TNF-q, IL-1(3, and IL-6, becomes dysregulated it is understood to be key in the
pathophysiology of autoimmune diseases 9. Autoimmunity is a broad term encompassing a range of diseases
characterized by the loss of central tolerance and the maintained, pro-inflammatory immune response directed at host
antigens. From an aetiological perspective, most autoimmune diseases have been reported to be multi-factorial with
genetic polymorphisms infectious and environmental factors playing a role in their pathophysiology. The full spectrum of
autoimmune disorders spans organ-specific to systemic diseases and includes conditions such as type 1 diabetes (T1D),
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and multiple sclerosis (MS) 4. The major autologous
antigens driving these diseases have been summarized by others (reviewed by Suurmond et al. [22)),

TNF-a is implicated across a range of autoimmune conditions and diseases and has received great attention as a
therapeutic target 23], Organ-specific increases in TNF-a have been shown to induce innate immune cell infiltration and
activation, tissue resident cell activation, and pro-inflammatory cytokine secretion [22l25126] |n particular, the blockade of
TNF-a has been shown to ameliorate the inflammatory symptoms of RA and attenuate the extent of joint and cartilage
erosion &, Similarly, increases in serum IL-6 levels have been reported as biomarkers of systemic B-cell activation, and
the extent of circulating IL-6 reflected radiographic RA progression (28l |L-6 stimulation of B-cells induces their
differentiation into plasma cells and is accompanied by elevated circulating immunoglobulin levels, especially relevant in
the circulating immune-complexes critical to the progression of lupus 2229 |-, as well as IL-1B, can also induce innate
immune cell recruitment, and inhibit the regulatory phenotype of CD4* T-cells [21. Levels of IL-1B have been found to be
elevated in the blood, cerebrospinal fluid, and central nervous system lesions of MS patients B2, Pro-inflammatory T-cells
from patients with MS have been shown to stimulate IL-13 production from myeloid cells, which in turn drives the
continued expansion of inflammatory T-cells 3l Similar increases in systemic IL-1p have been observed in patients with
RA, and the success of clinical trials for anti-IL-13 therapeutics demonstrates the significant and pathogenic role of IL-1[3
during autoimmunity. However, anti-IL-13 therapeutics, such as anakinra, have not managed to emulate similar success in
the clinic following concerns surrounding cost and off-target effects [24. Not only is the production of pro-inflammatory
cytokines exaggerated in disease, but the activity of anti-inflammatory cytokines inhibiting them is also dysregulated.
Interleukin-37 is a naturally occurring antagonist of IL-1 family member cytokines, its release by macrophages has been
shown to inhibit pro-inflammatory cytokine release in mast cells, the major pathological cell type in SLE. Paradoxically,
circulating I1L-37 is increased in patients with SLE, and it is thought that this reflects an IL-1/IL-37 negative feedback loop
in the context of mast cell insensitivity to IL-37 (23, Nevertheless, although the role of soluble factors, such as cytokines,
and physical cell-cell contact as mediators of cell communication and drivers of autoimmunity are well described,
extracellular vesicles (EVs) have remained largely underappreciated, that is, until recently B8],

| 2. The Role of EVs in Delivering Cytokines

Immune cells can constitutively release cytokines in order to mediate homeostatic functions B2, While it is understood that
homeostatic cytokine release can occur through specific pathways of exocytosis, many have also shown that EVs are also
utilized as tools for cytokine release/secretion B8, Using a range of conditioned culture media, tissue explants, and bodily
fluids, Fitzgerald et al. have shown a spectrum of heterogenous cytokine secretions in either free-soluble or EV-
associated forms. Rather than EV association, or not, being a characteristic of any given cytokine, the authors have
shown that, of the 33 cytokines assayed, the proportion of EV-associated versus free, soluble cytokine was dependent on
the system of origin. For example, of the range of cytokines explored, the majority were found in their soluble form in
placental villous explants. In contrast, the conditioned media from isolated T-cells and monocytes were found to contain
the same panel of cytokines in, mostly, an EV-associated form (encapsulated or surface tethered). While on the whole, all
cytokines were associated with EVs to some extent but eleven, in particular: IL-2, IL-4, IL-12p70, IL-17, IL-21, IL-22, IL-33,
IFN-y, C-X-C motif chemokine 11, transforming growth factor beta, and TNF-a, were observed to be associated with EVs
more often when compared to the amount in a soluble form. The authors also found that activation altered the distribution



of cytokines between soluble and EV-associated, to the extent where different pro-inflammatory stimuli, such as
lipopolysaccharide (LPS) or polyinosinic:polycytidylic acid, induced differential profiles of cytokine distribution.
Interestingly, different stimuli also altered whether the range of cytokines were either EV encapsulated or surface bound.
The authors have demonstrated that EV-associated cytokines maintained their functionality in reporter cell lines; however,
how free, EV-encapsulated, or EV-tethered cytokines may differ functionally remains to be seen B2,

Despite demonstrating biological activity, an important question must be considered, are circulating EV-associated
cytokines at levels that might be physiologically, and clinically, significant? Fitzgerald et al. have reported that levels of free
IL-1B and TNF-a in plasma from healthy donors were found at 7.5 and 4.9 picogram per millilitre (pg/mL), respectively.
The proportion of EV-associated IL-13 and TNF-a was observed to be comparable to the amount free, 5.5 and 6.5 pg/mL,
respectively B2, Im et al. have shown that in serum from healthy young individuals approximately 30 pg/mL of TNF-a is
associated with exosomes, and the proportion found in exosomes increases 3-fold with age, one of the largest risk factors
associated with autoimmunity 9. While the specific distribution during autoimmunity is not known, in vitro
experimentation can begin to shine a light on how they might be related. Cytokine-stimulated T-cells have been shown to
release IL-1p and TNF-a in EV-associated forms at average concentrations of 2.7 and 1.6 pg/mL, respectively, and only
0.1 pg/mL of both cytokines was found to exist in free form 2. The current evidence therefore suggests that cytokines
exist in an EV-associated form at significant levels. However, studies comparing the level of free, soluble cytokines and
EV-associated ones during autoimmunity are required. Due to EV heterogeneity, it is now understood that the levels of
certain cytokines, such as monocyte chemoattractant protein-1 (MCP-1), may vary between EVs of different sizes. Using
a pancreatic B-islet cell line treated with a cocktail of cytokines, Giri et al. showed that the largest EV type, apoptotic
bodies, had the greatest amount of MCP-1 associated with them (358 femtogram/7.6 x 10* particles/1 x 108 cells), while
medium-sized microvesicles were associated with lower amounts (127.5 femtogram/8.25 x 10° particles/1 x 10° cells) and
small extracellular vesicles were associated with the least (16.4 femtogram/9.1 x 107 particles/1 x 10° cells). The authors
also demonstrated a positive relationship between cytokine concentration and EV size for IFN-y, TNF-a, and IL-1p 44,
However, further investigation is warranted on whether this data reflects a paradigm whereby greater particle size
facilitates greater payload levels or a potential mechanism for selective cytokine packaging based on EV size.

Currently, one of the most well-studied cytokines in relation to its association with EVs is IL-13. On average, across
several biological systems, the abundance of IL-1B has been shown to be equally distributed between EVs and free,
soluble levels B2, Unlike most other cytokines, IL-1B lacks a signal sequence and therefore has a non-conventional
secretion pathway in association with EV release 2. Previously, IL-1p has been shown to be released associated with
exosomes from dendritic cells in patients with lupus 23, |L-1B synthesis and release via EVs is highly regulated and
dependent on the activation of the NOD-like receptor family pyrin domain containing 3 inflammasome. The inflammasome
is a multiprotein complex, which directs inflammatory signalling in a range of cells and its activity has been shown to be a
key driver in a range of autoimmune conditions, including RA and T1D 2443 |t has been demonstrated that non-classical
secretion of IL-1p is mediated by microvesicle shedding in monocytes, macrophages, dendritic cells, and microglia and
following the activation of purinergic receptors on the surface of EVs, IL-1f is released into the extracellular space (4811471
(48] |ncreased purinergic receptor expression and signalling has been reported in the inflamed synovial tissue of arthritic
rats and has been implicated in the pathogenesis of SLE B9 Activation of synovial fibroblasts with IL-1p induces an
arthritic phenotype, increasing cartilage degrading enzymes as well as IL-6 and vascular endothelial growth factor 5. The
pathogenic role of helper T-cells (Th cells) in autoimmunity has been well described; however in recent years, the role and
impact of IL-17-secreting T-cells during autoimmune conditions such as RA, psoriasis, and SLE have been reported 52,
Hebel et al. have shown that IL-1B activates CD4* T-cells, in conjunction with CD3 and CD28 stimulation, causing the
release of IL-17. Sustained IL-1B signalling in combination with TGF-B and/or IL-6 causes committal of T-cell
differentiation into a Th-17 fate 3. Interestingly, the authors showed that IL-1B stimulation also induced the release of
IFN-y, and others have shown that IFN-y induces the increased shedding of EVs by increasing the activity of EV-
packaging machinery, such as interferon-stimulated gene 15 B354l Ultimately, IFN-y stimulates further inflammasome
activation, therefore inducing further IL-13 synthesis and release via EVs in chronic inflammation. Stimulation by IL-1
family members has been seen to induce the release of IL-6-containing EVs from mast cells in a manner independent of
de-granulation B3l While the involvement of mast cells during autoimmunity is debated by some, data exists to support
their pathogenic role in RA and multiple sclerosis 58, In recent years, an autoimmune component has been implicated in
the pathogenesis of amyotrophic lateral sclerosis and the release of EVs containing IL-6 from astrocytes is thought to
contribute to disease pathogenesis and activity 27581,

Systemic levels of IL-6, in part regulated by the packaging and secretion of microvesicles, have been shown to be
increased in a range of autoimmune conditions B4, Interestingly, multiple mechanisms of IL-6 signalling exist, these
include traditional ligand—receptor interactions, receptor trans-signalling, and finally, IL-6/IL-6 receptor trans-presentation
(891 Moreover, IL-6 receptor expression has been reported on the surface of EVs L, Arnold et al. demonstrated that EV-



bound IL-6 receptors can be donated to cells lacking receptor expression by vesicular fusion. This process of IL-6
receptor transmission has been termed joint reconstituted signalling and, inherently, increases the bioactivity of circulating
IL-6 on a greater range of cells 82, Evidence exists for the relevance of IL-6 signalling in inducing T-cell homing to
pancreatic islets during T1D. However, this was not related to any increases in T-cell IL-6 levels, as observed by mRNA
levels, but the increased expression of IL-6 receptor on the surface of T-cells €3], Indeed, increased IL-6 signalling in T-
cells has been shown to contribute to T-cell differentiation into IL-17-secreting cells and resistance to regulatory T-cell
differentiation and their effector functions 4. More recently, a role for the gut microbiota and changes in systemic LPS
levels were found to drive the pathogenesis of autoimmune conditions 3. To this end, Obregon et al. have shown that
LPS-stimulated dendritic cells undergo exosome release, and these exosomes contain TNF-a, as well as, MHC-Il, CD40,
and CD83 (8], Others have shown that exosomal-tethered TNF-a derived from mature dendritic cells induces endothelial
inflammation 4. Interestingly, Zhang et al. have shown that exosomes with a surface-tethered form of TNF-a, isolated
from the synovial fibroblasts of RA patients, were also able to stimulate T-cells and in doing so, made them resistant to
activation-induced cell death 8. Liu et al. have reported similar effects of TNF-a associated exosomes on T-cells in
Crohn's disease 9. The current evidence suggests that EVs make robust vessels for the delivery of cytokines, at levels
that are clinically releavant during autoimmity. Therefore, is it possible to modulate EV activity in order to develop a
therapeutic tool for treating autoimmunity?
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