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Scleroderma as an immune fibrotic disorder

Systemic sclerosis (scleroderma, SSc) is a connective tissue disease in which a dysregulated immune
process in the involved tissues is linked to persistent myofibroblast activation, resulting in skin and
organ fibrosis of varying severity (Allanore et al., 2015). Current concepts indicate that the disease
onset is triggered by environmental factors in individuals predisposed by genetic polymorphisms in
immune-regulatory genes (Mayes et al., 2014). Immune cells, including macrophages, mast cells, as
well as T helper cells, are recruited into the skin lesions at an early stage of the disease (Fleischmajer
et al., 1977, Roumm et al., 1984, Hawkins et al., 1985). It is believed that the aberrant local immune
response involving T helper cells and alternatively activated macrophages contribute to the pro-
fibrotic microenvironment (Wermuth and Jimenez, 2015, O'Reilly et al., 2012). Local resident
fibroblasts are activated to become myofibroblasts and other myofibroblast precursor cells derived
from circulating monocytes (fibrocytes) as well as cells undergoing EndoMT and possibly EMT are
drawn into the fibrotic lesions(Postlethwaite et al., 2004, Nikitorowicz-Buniak et al., 2015, Good et
al., 2015, Mathai et al., 2010). Mechanical stress in the extracellular matrix, autocrine stimulation
and epigenetic changes result in persistence of myofibroblasts through failure of apoptosis and
ongoing extracellular matrix (ECM) overproduction (Shiwen et al., 2015, Altorok et al., 2014).
Current strategies to treat this condition include immunosuppression or specific targeting of
pathogenic cytokines and growth factors, but none of these approaches are curative and all have
undesirable off-target effects (Khanna et al., 2016a, Lafyatis, 2014, Tashkin et al., 2016). Autologous
stem cell therapy may achieve remission in some patients but has a 10% risk of mortality in the first
year after treatment (van Laar et al., 2015). It is possible that improved understanding of the
factors recruiting immune and fibrotic cells into the lesions could lead to more specific therapies
with fewer off-target effects. Furthermore, the local production of chemo-attractants in the fibrotic
lesions could be manipulated to recruit cell based therapies into the lesions (Vignali and Kallikourdis,

2017) (http://fibrocell.com/pipeline-clinical-trials/fcx-013-gene-therapy-for-linear-scleroderma).

Chemokine background

Chemokines are small proteins of 8-10 kDa having two cysteine residues in conserved sites in the N
terminus(Le et al., 2004, Arimont et al., 2017). The conformation of the cysteine residues has been
used to classify these proteins as CC, having adjacent cysteine residues and typically involved in
macrophage and T cell recruitment, CXC having an intervening amino acid between cysteines and

typically involved in neutrophil recruitment, as well as CX3C which has 3 interposed amino acids and



comprises a single member, fraktalkine. Furthermore, the C subtype has a single cysteine residue
and includes lymphotactin-a and B. In general chemokines function as soluble factors which recruit
innate and adaptive immune cells into sites of injury or pathogen invasion, acting via seven
transmembrane receptors coupled to heterotrimeric G proteins which signal via phospholipase C
and alter migration through elevation of intracellular calcium (Kufareva, 2016). The chemokine-
chemokine receptor system has a high degree of redundancy so that multiple chemokines can act at
each receptor. Overall this leads to a highly complex network of chemokine related pathways
including at least 28 CCL proteins, 17 CXCL ligands each with overlapping effects on receptors CCRs
1-10 and CXCRs 1-6 as well as the fraktalkine receptor CX3CR1.

Furthermore, other secreted proteins can act as important chemo-attractants involved in the
response to tissue injury leading to optimal tissue repair, but induced in pathologic conditions,
including PDGF, which recruits myofibroblast precursors into wounds and fibrotic lesions(Seppa et
al., 1982), as well as stem cell factor (SCF)(Yamamoto et al., 2001), an attractant for c-kit positive
mast cells and progenitor cells, plus stromal cell-derived factor 1 (CXCL12) implicated in recruitment
of fibrocytes into lesions(Seppa et al., 1982, Bucala et al., 1994, Tourkina et al., 2011). As discussed
below it is likely that chemokines and these other chemo-attractants are involved at multiple steps
in the scleroderma disease process, following some disease initiating insult leading to their
expression in the damaged tissues. It is possible that therapeutics targeting the chemokines could be
of benefit overall in scleroderma, or in pathogenic subgroups of the disease. Limitations include the
multiple chemokines and chemoattractants involved and the molecular promiscuity of the

chemokine receptors.

Initiation of tissue injury in scleroderma

Scleroderma onset is linked to occupational exposure including exposure to organic solvents such as
trichloroethylene, working with polyvinyl chloride, and silica dust exposure (Stephens et al., 1994,
Englert et al., 2005, Marie and Gehanno, 2015). Furthermore certain geographical clusters have
been described in keeping with an environmental initiating factor. Concordance between siblings or
first degree relatives is often near-synchronous, implicating some common environmental exposure
(Arnett et al., 2001, Feghali-Bostwick et al., 2003). As with most complex autoimmune disorder,s
viral exposures have also been implicated in triggering the onset of the disease, and we have
experience of patients triggered by proven acute CMV infection for example (Goulabchand et al.,
2014, Arnson et al., 2009). Damage to and activation of environment-exposed integument cell
layers including epithelial and endothelial cells is seen at early stage in SSc (Aden et al., 2008, Aden

et al., 2010, Kahaleh and LeRoy, 1999). Multiple studies indicate that microvascular endothelial cell



damage is present at clinical onset in the majority of cases(Saito and Ishikawa, 1976, Freemont et al.,
1992). Microvascular endothelial cell apoptosis, adhesion molecule expression and elevated
reactive oxygen species (ROS) production are all seen, leading to enhanced adhesion and migration
of circuating immune cells (Gabrielli et al., 2009, Svegliati et al., 2014, Kuwana et al., 2004, Denton et
al., 1995). Recruitment of immune cells into the dermis or affected organs is likely to be driven by
local overproduction of chemokines and a gradient between the involved tissues and circulating

plasma.
Chemokines induced in the disease microenvironment in early and late stage disease

Monocyte chemoattractant proteins (MCP) are a subfamily within the CC chemokines strongly
implicated in scleroderma. MCP-1 (CCL2) was first identified as a monocyte-specific chemoattractant
secreted by glioma cells (Yoshimura et al., 1989). Overexpression of MCP-1 by scleroderma skin
fibroblasts was first shown to induce migration of macrophages across an endothelial monolayer
towards scleroderma fibroblasts overproducing the chemokine, and furthermore elevated MCP-1 in
scleroderma tissues has been demonstrated in multiple studies (Denton et al., 1998, Matsushita et
al., 2006, Hasegawa et al., 2011). In these analyses it was shown that multiple cell types within the
lesions are responsible for production of MCP-1, including fibroblasts, endothelial cells,
keratinocytes as well as mononuclear cells. The mechanistic importance of these findings is
supported by demonstration of co-localisation of macrophages expressing CCR2, the receptor for
MCP-1, with the cells expressing the chemokine in scleroderma tissues (Carulli et al., 2005).
Furthermore scleroderma fibroblasts continue to overexpress CCR2 in tissue culture, and induce
MCP-1 following stimulation by IFNy plus TNFa. Strong elevation of MCP-1 correlates with the more
severe diffuse cutaneous disease subset as well as with the development of pulmonary fibrosis,
indicating a role in the development of major fibrotic features (Carulli et al., 2008). Furthermore

MCP-1 has a role in Th2 polarisation consistent with a pro-fibrotic mechanism (Karpus et al 1997).

There are four further members of the MCP family which have a high degree of homology between
family members, of which MCP-3 (CCL7) has been studied in scleroderma (Ong et al., 2003, Yanaba
et al., 2006, Distler et al., 2009). MCP-3 binds to the same receptor as MCP-1, CCR2, but is also a
ligand at CCR1 and 3. In scleroderma tissues MCP-3 is overexpressed by basal layer keratinocytes,
dermal fibroblasts as well as mononuclear cells. MCP-3 has been shown in systematic studies to be
overproduced in scleroderma lesions and is believed to promote monocyte and T cell recruitment,
and to be a direct stimulant to fibroblasts leading to collagen | induction (Ong et al., 2003). MCP-3 is
implicated in mouse models of fibrosis and is induced in fibroblasts by the pro-fibrotic growth factor

TGFB.



Furthermore, other chemokines have been shown to be elevated in the disease tissue, including
RANTES, MIP-1a, MIP-1f as well as fractalkine and IP10, and the data are summarized in Table 1
(Hasegawa et al., 2005, Rabquer et al., 2011, Bandinelli et al., 2012, Corrado, 2014).

RANTES (CCL-5) interacts with CCR1, CCR3 and CCR5, and is chemotactic for T-cells, eosinophils and
basophils (Schall et al., 1988). MIP-1a (CCL-3) and MIP-1f3 (CCL-4) are structurally similar chemokines
produced by many cells, particularly macrophages, dendritic cells and lymphocytes (Sherry et al.,
1988). MIP-1a interacts with CCR1, CCR4, and CCR5, whereas MIP-1 shows specificity for CCR5.
Both MIP factors are involved in the recruitment and activation of many pro-inflammatory cells,
including polymorphonuclear cells, as well as CD4 and CD8 T-cells. MIP-1a and MIP-1( are
considered important chemo-attractants for activated T cells. This was demonstrated in tissue
culture where recombinant MIP-1 proteins only attracted T cells which had been activated by
monoclonal antibody to CD3. In fact recombinant MIP-1B attracted CD4+ T helper subset whereas
recombinant MIP-1a attracted predominantly CD8+ T lymphocytes. Furthermore, these factors

increased T cell adhesion to endothelial cells in tissue culture (Taub et al., 1993).

Elevated serum levels of RANTES, MIP-1a and MIP-1B has been observed in scleroderma patients
compared to controls (Bandinelli et al., 2012, Hasegawa et al., 2013) and increased production of
MIP-1a and MIP-B by peripheral blood derived monocytes has been demonstrated (Hasegawa et al.,
2013). Furthermore, increased cutaneous expression of RANTES and MIP-1a mRNA precedes skin
thickening in a murine model of scleroderma (Zhang et al., 2002), with RANTES showing greatest
early increase in expression and then falling more rapidly compared to MIP-1a.

Presence of these chemokines has also been demonstrated in tissues of organ affected in
scleroderma. Increased levels of RANTES and MIP-1a have been detected in the bronchoalveolar
lavage (BAL) fluid of scleroderma patients (Bolster et al., 1997). In this study, BAL fluid
concentrations of MIP-1a were significantly higher in scleroderma patients with alveolitis compared
to those without alveolitis and compared to healthy controls, whereas BAL fluid concentrations of
RANTES were significantly higher only in scleroderma patients without alveolitis compared to
healthy controls. Furthermore, abundant expression of RANTES mRNA has been observed in the skin
of scleroderma patients, with no expression seen in healthy controls in the same study (Anderegg et

al., 2000).

In one study MCP-1 was found to correlate with Modified Rodnan Skin Score (Bandinelli et al., 2012),
whereas RANTES and MIP-1a failed to correlate with diffuse or limited subgroups. The overall

abundance of MIP-1a was very low relative to RANTES and MCP-1.



Role of fractalkine: a unique class of chemokine which can be membrane bound or soluble

In 1997 Bazan reported a unique chemokine with CX3C structure, with unique tissue distribution,
termed fractalkine/CX3CL1 (Bazan et al., 1997). Fractalkine is synthesized as a transmembrane
molecule consisting the extracellular domain and a mucin-like stalk which can be cleaved from the
cell surface by metalloproteinases ADAM17 and ADAM10, and so can act both as an adhesion
molecule and soluble chemoattractant (Bourd-Boittin et al., 2009). Fractalkine acts as a
chemoattractant for monocytes, NK cells and T cells(lmai et al., 1997). Membrane bound fractalkine

can be induced on endothelial cells by inflammatory cytokines.

Fractalkine has been studied in scleroderma by Hasegawa et al 2005, showing enhanced expression
in the skin and lungs of patients. This increased expression augments the recruitment of
mononuclear cells into the affected tissue leading to inflammation (Hasegawa et al.,
2005)(Hasegawa et al., 2005). Polymorphisms of the fractalkine receptor CX3CR1 are associated with
susceptibility to scleroderma and scleroderma related complications (Marasini et al., 2005). The
4291 and 480M alleles are associated with the development of pulmonary hypertension in
scleroderma, whereas overall increased susceptibility is associated with the 2491l polymorphism
(Marasini et al 2005). Furthermore use of prostanoid infusions, which are a therapeutic for vascular
manifestations, were found to reduce serum fractalkine levels in scleroderma patients (Sicinska et al

2008).

Chemokines can also regulate angiogenesis

Chemokines, in addition to their immune chemoattractant properties, can act as regulators of
angiogenesis, a process which is significantly dysregulated in scleroderma (Kahaleh and LeRoy,
1999). Chemokines acting as inhibitors of angiogenesis include monokine induced by interferon-y
(IFN-y) (MIG/CXCL9) and IFN-inducible protein 10 (IP-10/CXCL10). These factors inhibit angiogenesis
through binding to CXCR3, whereas CXCL16 is believed to be pro-angiogenic acting through CXCR6.
This system has been studied in scleroderma by Rabquer and colleagues, indicating that the anti-
angiogenic factors IP-10 and MIG were elevated in serum of patients (Rabquer et al., 2011). A
complex picture emerged from these studies indicating that IP-10 and MIG/CXCL9 were elevated but
the CXCR3 receptor is decreased. Furthermore, the pro-angiogenic CXCL16 is overexpressed as is its
receptor in the scleroderma endothelial cells. These findings support a model of vascular injury and
dysregulated repair in scleroderma and parallel the findings with VEGF which is increased in the

disease but fails to restore vascular integrity. These aberrant vascular repair mechanisms may



explain chaotic vascular lesions seen in patients such as skin telangiectasia and gastric antral vascular

ectasia (GAVE).

Many studies suggest that the IP-10/CXCR3 axis has a role in autoimmune conditions and in fibrosis
in patients with scleroderma. A longitudinal study of IP10 plus MCP-1 have shown high levels of both
chemokines in recent onset scleroderma. Subsequently IP-10 declined during follow up whereas the
MCP-1 levels remained high. Furthermore, high baseline IP-10 correlated with severe clinical
involvement such as pulmonary and renal involvement. One possible interpretation of these data is
that IP10 is being released by Th1 cells in severe early disease, which switch to a Th2 response in
ongoing later stages of disease, indicating an inflammatory initiation phase and pro-fibrotic
downstream phase. Other studies have shown that IP-10 is a marker of a more aggressive
autoimmune process involving organs such as thyroid or lung. Fibroblasts from scleroderma patients
overproduce IP10 which can be induced further by IFNs. Furthermore, it has been suggested that the
IFN-inducible chemokine IP-10 is a stable serologic marker of a more severe form of scleroderma

and may be useful for risk stratification of patients, regardless of disease type (limited or diffuse).

Multiplex analysis of chemokines in tissue fluid: chemokine levels in early and late stage disease

In our own studies we have used dermal suction blister fluid sampling as a minimally invasive
method to gain insight into the levels of soluble chemokines present in the disease
microenvironment. These samples can be analysed by Luminex Multiplex analysis, or by further
technologies which are expanding in the capacity for analysis of multiple factors. When unbiased
hierarchical clustering was applied patients and chemokines were found to cluster into groups. The
patients were found to cluster into 3 clinically distinct groups; firstly a group with relatively early
diffuse scleroderma (mean disease duration 5 years, skin score 27), secondly a late stage diffuse
scleroderma group (late stage disease duration 14 years, skin score 21), and thirdly a group with
limited or mild diffuse with bland expression of chemokines and growth factors (mean disease
duration 7.5 years, skin score 10). The heat-map is shown in Figure 1. Based on this analysis a
cluster of chemokine expression in early disease was seen indicating high levels of MCP-1,
fractalkine, RANTES and MIP-1a and 1B which co-clustered with innate inflammatory cytokines such
as TNFq, IL-6 and IL-1a. In the late stage diffuse group MCP-3 and IP-10 were elevated and co-
clustered with Th2 cytokines IL-4, 5 and 13. Limitations of the study are the small number of patients

included who were untreated and in the very earliest stages.



The question of an early versus late role of these chemokines in fibrosis has been addressed in
mouse models of scleroderma. In these studies MCP-1, RANTES, and MIP-1a were all elevated in
early stages of the fibrotic model, with RANTES having the earliest role, whereas MCP-1 and MIP-1a
persisted while RANTES declined rapidly (Uguccioni et al 1995).

Studies from Japan have assessed the expression levels of chemokines longitudinally in scleroderma
patients. In one study annual plasma samples were assayed for 3 years, measuring IP-10, MIG
(CXCL9), IL-8 and correlation sought with clinical parameters. I1P10, MIG and IL-8 were significantly
elevated in scleroderma versus controls. MCP-1 correlated with skin score and lung involvement as
assessed by MRSS and FVC, indicating that MCP-1 was the most useful biomarker (Hasegawa et al.,
2011). In one further longitudinal study levels of these chemokines plus RANTES, were examined in
scleroderma patients, where annual blood samples were assayed longitudinally over a four year
period and compared to outcome including disability index HAQ-DI. Of the chemokines studied

baseline CXCL8 (IL-8) levels correlated with HAQ-DI at year 4 (Hasegawa et al., 2013).
Role of atypical chemokine receptor D6 in scleroderma

More recent evidence has indicated an atypical family of chemokine receptors which fail to signal
and act as an anti-inflammatory regulatory mechanism binding excess chemokines present in the
extracellular environment. Such receptors would be of therapeutic interest, since they bind multiple
agonists and could be manipulation to reduce chemokine levels in disease. D6 is one such
'scavenging' receptor, which binds CC chemokines and is thereof reo fin interest in systemic
sclerosis. An interesting study from Glasgow examined D6 expression levels in peripheral blood
mononuclear cells in scleroderma, and attempted to distinguish between D6 high expressing and
low expressing individuals (Codullo et al., 2011). D6 was found to be 10 fold elevated in scleroderma
peripheral blood mononuclear cells. Also, these studies confirmed elevation of MCP-1, IL-8, MIP-
1a&p. In general inflammatory cytokine levels did not differ between D6 high and low groups,
however MIP-1a levels were lower in D6 high patients consistent with absorption/neutralization by

D6.
Chemokines in scleroderma: implications for therapy

In recent years development of specific biologic therapies has enabled clinical trials in scleroderma
which not only inform potential therapies but also give the clearest experiment to test the
importance of the growth factors or cytokines targeted (Khanna et al., 2016b, Rice et al., 2015). In

this phase it might be possible to evaluate specific therapies blocking chemokines or



chemoattractants in order to test efficacy and determine the overall importance of the chemokine

or chemokine receptor involved.

Because of their implication in multiple immune and inflammatory conditions a very large of number
of therapeutics targeting chemokines or their receptors have been developed. Examples include an
MCP-1 mimetic which blocks the effect MCP-1 at CCR2, as well as orally active CCR2 signalling
inhibitors which have been shown to inhibit monocyte recruitment in mouse models. Monoclonals
against MCP-1 led to the unpredicted greatly elevated plasma levels of MCP-1 and worsening

systemic inflammation.

Antagonism of the protein-protein interactions between chemokines their receptors by small
molecules are considered challenging. However G-protein coupled receptors such as the chemokine
receptors are drugable targets, and multiple small molecule inhibitors have been developed.
Furthermore, elucidation of the 3-D structure of the chemokine receptors has enabled effective
inhibitors to be developed, leading to a large range of potential therapeutics. Of note in
scleroderma CCR2 antagonists are available (INCB3284 Incyte, BMS-741672 Bristol-Meyers
Squibb BMS-741672Bindarit  Angelini Bristol-Meyers Squibb, JNJ-17166864  Johnson &
Johnson) as well as antagonists of MCP-1, although none of these drugs has reached the clinical
market. Clinical failure has been for a variety of reasons but further drug development is ongoing. A
CCR2 antagonist, CCX-140, is in a Phase3 trial for Type 2 diabetes with diabetic nephropathy
(Hanefeld et al., 2012; Sullivan et al., 2013) and also a CCR9 antagonist CCX282 is in Phase 2 trials for
inflammatory bowel disease (Keshav et al., 2013). Furthermore the CCR1 inhibitor CCX354, has
completed a Phase 2 trial for rheumatoid arthritis being well tolerated and exhibiting possible
efficacy at higher dose (Tak et al., 2013). Furthermore, FX-125L is an orally-active small molecule
developed by Funxional Therapeutics, described as a somatotaxin acting through the type-2
somatostatin receptor and currently being evaluated by Boehringer Ingelheim as a treatment

for COPD, asthma and rheumatoid arthritis.

Chemokine receptor antagonist nanobodies have also shown efficacy in pre-clinical models,

broadening the repertoire of therapeutic approaches (Maussang et al., 2013).

Through these multiple potential strategies it might be possible to inhibit cellular recruitment into
the immune-fibrotic disease microenvironment in scleroderma patients (Figure 3). Furthermore, it
should be possible to individualise tailor-made therapy based on the individual chemokine

environment. We propose that the dermal blister fluid profiling method will be a key part of these



treatment approaches, enabling tailor made therapy. Repeat sampling after chemokine inhibitor

therapy could be used to demonstrate biologic effect and or silencing of the specific target.
Conclusions and future perspectives

Chemokines and their cognate receptors are important modulators of scleroderma. In particular their
altered expression, inappropriate activation and utilization are likely to plan important roles at all
stages of the disease process including the early vasculopathy, developing inflammatory phase leading
to autoimmunity, and the late stage of established scarring and fibrosis (Figure 3). These molecules
and their receptors have therefore in the last decade become highly attractive targets for multiple
therapeutic approaches (Proudfoot, 2002, Horuk, 2009, O’Hayre et al., 2010, Klarenbeek et al., 2012,
Blanchetot et al., 2013, Rees et al., 2015). The development of antibodies, antagonists and chemokine
binding proteins have all advanced the field, but have also highlighted the challenges including
chemokine and receptor redundancy, correct target selection, differential expression and diversity
(Klarenbeek et al. 2012). Effective application of chemokine/receptor therapies in scleroderma will
require a more thorough understanding of the complex interactions and involvement of these factors
in pathogenesis. This will no doubt require the use of these sophisticated therapies within disease
endotypes, targeting perhaps multiple or sequential chemokine/receptor pathways along the natural
history of the disease. Nonetheless, and despite these clear hurdles, chemokines and their receptors

are likely to remain critical targets and play a pivotal role in therapeutic strategies in the future.
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S

Cellular origin

Target cells

Putative role in scleroderma

Early versus late

Therapeutic antagonist

MCP1 (CCL2) CCR2 Fibroblasts, = endothelium, | T cells and Monocytes | Correlation with severity of | Early and then | CCR2 antagonists
keratinocytes, skin and lung fibrosis maintained
monocytes.
MCP3 (CCL7) CCR1,2 Keratinocytes, fibroblasts, | T cells and Monocytes Recruitment of immune cells | Early
&3 monocytes in early disease
Fracktalkine CX3CR Activated endothelium Adhesion/recruitment | Pulmonary hypertension risk | Early
of monocytes, NK cells | via SNPs
and T cells
IP10 Monocytes, endothelium, Severe disease biomarker Early then declining
fibroblasts
RANTES CCR1,3& | Tcells T cells, mast cells, | Cellular recruitment into | Very early (mouse
5 eosinophils lungs models).
MIPla CCR1,4& | Macrophages Activated CD8+ T cells Very early (mouse
5 models)
MIP1pB CCR5 Macrophages Activated CD4+ T cells
SCF c-Kit Keratinocytes, scleroderma | Mast cells, stem cells Recruitment of mast cells and | Not known Tyrosine kinase
fibroblasts progenitor cells inhibitors
CXCL12 CCR4 Fibrocytes Recruitment of fibrocytes | Not known
(SCDF) into areas of lung fibrosis
PDGF PDGFR1- | Platelets, macrophages Fibroblasts, fibroblast | Recruitment of fibroblasts | Not known Tyrosine kinase
4 precursors and fibroblast precursors. inhibitors

Table 1 Summary of the role of chemokines and other chemoattractants in scleroderma
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Figure 1 Heirarchial clustering of chemokines cytokines and growth factors in scleroderma.
Patients clustered in 3 groups; Group 1 with earl stage diffuse scleroderma, group 2 with late stage

diffuse scleroderma, and Group3 with limited scleroderma or mild diffuse.
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Potential impact of chemokines in scleroderma and therapeutic options

Late stage clinical disease
Early clinical disease

Very early disease

Inflammation & Tissue Scarring

Pathogenic Process [Mlcro-Vasculopathy]- Autoimmunity ) | Remodelling | ™= | g Fibrosis

Vascular permeability Leukocyte /macrophage Smooth muscle cell Fibroblast activation,
Chemokine Activity Endothelial cell activation activation, migration, influx phenotypic switching ~ migration and proliferation
Impaired angiogenesis and accumulation Epithelial cell activation Myofibroblast
Cytokine production Differentiation

ECM production
Mast cell activation
Autocrine growth factor

release
Inhibitors of chemokine Biologics - chemokine and Chemokine- matrix interactions  Chemokine receptor small
. Synthesis and chemokine chemokine receptor and chemokine binding proteins  molecule kinase inhibitors
Therapeutlc ApproaCh receptor antagonists antibodies/nanobodies Dual-receptor targeting

or antibody fragments

Figure 3. Potential impact of chemokines in scleroderma and therapeutic options



References.

ADEN, N., NUTTALL, A., SHIWEN, X., DE WINTER, P., LEASK, A., BLACK, C. M., DENTON, C. P,
ABRAHAM, D. J. & STRATTON, R. J. 2010. Epithelial cells promote fibroblast activation via IL-
lalpha in systemic sclerosis. J Invest Dermatol, 130, 2191-200.

ADEN, N., SHIWEN, X., ADEN, D., BLACK, C., NUTTALL, A., DENTON, C. P., LEASK, A., ABRAHAM, D. &
STRATTON, R. 2008. Proteomic analysis of scleroderma lesional skin reveals activated wound
healing phenotype of epidermal cell layer. Rheumatology (Oxford), 47, 1754-60.

ALLANORE, Y., SIMMS, R., DISTLER, O., TROJANOWSKA, M., POPE, J., DENTON, C. P. & VARGA, J.
2015. Systemic sclerosis. Nat Rev Dis Primers, 1, 15002.

ALTOROK, N., ALMESHAL, N., WANG, Y. & KAHALEH, B. 2014. Epigenetics, the holy grail in the
pathogenesis of systemic sclerosis. Rheumatology (Oxford).

ANDEREGG, U., SAALBACH, A. & HAUSTEIN, U. F. 2000. Chemokine release from activated human
dermal microvascular endothelial cells--implications for the pathophysiology of
scleroderma? Arch Dermatol Res, 292, 341-7.

ARIMONT, M., SUN, S. L., LEURS, R., SMIT, M., DE ESCH, I. J. P. & DE GRAAF, C. 2017. Structural
Analysis of Chemokine Receptor-Ligand Interactions. J Med Chem, 60, 4735-4779.

ARNETT, F. C., CHO, M., CHATTERIJEE, S., AGUILAR, M. B., REVEILLE, J. D. & MAYES, M. D. 2001.
Familial occurrence frequencies and relative risks for systemic sclerosis (scleroderma) in
three United States cohorts. Arthritis Rheum, 44, 1359-62.

ARNSON, Y., AMITAL, H., GUIDUCCI, S., MATUCCI-CERINIC, M., VALENTINI, G., BARZILAI, O., MAYA, R.
& SHOENFELD, Y. 2009. The role of infections in the immunopathogensis of systemic
sclerosis--evidence from serological studies. Ann N Y Acad Sci, 1173, 627-32.

BANDINELLI, F., DEL ROSSO, A., GABRIELLI, A., GIACOMELLI, R., BARTOLI, F., GUIDUCCI, S. &
MATUCCI CERINIC, M. 2012. CCL2, CCL3 and CCL5 chemokines in systemic sclerosis: the
correlation with SSc clinical features and the effect of prostaglandin E1 treatment. Clin Exp
Rheumatol, 30, S44-9.

BAZAN, J. F., BACON, K. B., HARDIMAN, G., WANG, W., SOO, K., ROSSI, D., GREAVES, D. R., ZLOTNIK,
A. & SCHALL, T. J. 1997. A new class of membrane-bound chemokine with a CX3C motif.
Nature, 385, 640-4.

BOLSTER, M. B., LUDWICKA, A., SUTHERLAND, S. E., STRANGE, C. & SILVER, R. M. 1997. Cytokine
concentrations in bronchoalveolar lavage fluid of patients with systemic sclerosis. Arthritis
Rheum, 40, 743-51.

BOURD-BOITTIN, K., BASSET, L., BONNIER, D., L'HELGOUALC'H, A., SAMSON, M. & THERET, N. 2009.
CX3CL1/fractalkine shedding by human hepatic stellate cells: contribution to chronic
inflammation in the liver. J Cell Mol Med, 13, 1526-35.

BUCALA, R,, SPIEGEL, L. A., CHESNEY, J., HOGAN, M. & CERAMI, A. 1994. Circulating fibrocytes define
a new leukocyte subpopulation that mediates tissue repair. Mol Med, 1, 71-81.

CARULLI, M. T., HANDLER, C., COGHLAN, J. G., BLACK, C. M. & DENTON, C. P. 2008. Can CCL2 serum
levels be used in risk stratification or to monitor treatment response in systemic sclerosis?
Ann Rheum Dis, 67, 105-9.

CARULLI, M. T., ONG, V. H., PONTICOS, M., SHIWEN, X., ABRAHAM, D. J., BLACK, C. M. & DENTON, C.
P. 2005. Chemokine receptor CCR2 expression by systemic sclerosis fibroblasts: evidence for
autocrine regulation of myofibroblast differentiation. Arthritis Rheum, 52, 3772-82.

CODULLO, V., BALDWIN, H. M., SINGH, M. D., FRASER, A. R., WILSON, C., GILMOUR, A., HUEBER, A. J.,
BONINO, C., MCINNES, I. B., MONTECUCCO, C. & GRAHAM, G. J. 2011. An investigation of
the inflammatory cytokine and chemokine network in systemic sclerosis. Ann Rheum Dis, 70,
1115-21.

CORRADO, A. 2014. The Th1 chemokine IP-10 in Systemic sclerosis. Clin Ter, 165, e436-41.



DENTON, C. P., BICKERSTAFF, M. C., SHIWEN, X., CARULLI, M. T., HASKARD, D. O., DUBOIS, R. M. &
BLACK, C. M. 1995. Serial circulating adhesion molecule levels reflect disease severity in
systemic sclerosis. Br J Rheumatol, 34, 1048-54.

DENTON, C. P., SHI-WEN, X., SUTTON, A., ABRAHAM, D. J., BLACK, C. M. & PEARSON, J. D. 1998.
Scleroderma fibroblasts promote migration of mononuclear leucocytes across endothelial
cell monolayers. Clin Exp Immunol, 114, 293-300.

DISTLER, J. H., AKHMETSHINA, A., SCHETT, G. & DISTLER, O. 2009. Monocyte chemoattractant
proteins in the pathogenesis of systemic sclerosis. Rheumatology (Oxford), 48, 98-103.

ENGLERT, H., JOYNER, E., BADE, R., THOMPSON, M., MORRIS, D., CHAMBERS, P., CARROLL, G. &
MANOLIOS, N. 2005. Systemic scleroderma: a spatiotemporal clustering. Intern Med J, 35,
228-33.

FEGHALI-BOSTWICK, C., MEDSGER, T. A., JR. & WRIGHT, T. M. 2003. Analysis of systemic sclerosis in
twins reveals low concordance for disease and high concordance for the presence of
antinuclear antibodies. Arthritis Rheum, 48, 1956-63.

FLEISCHMAIJER, R., PERLISH, J. S. & REEVES, J. R. 1977. Cellular infiltrates in scleroderma skin.
Arthritis Rheum, 20, 975-84.

FREEMONT, A. J., HOYLAND, J., FIELDING, P., HODSON, N. & JAYSON, M. I. 1992. Studies of the
microvascular endothelium in uninvolved skin of patients with systemic sclerosis: direct
evidence for a generalized microangiopathy. Br J Dermatol, 126, 561-8.

GABRIELLI, A., AVWVEDIMENTO, E. V. & KRIEG, T. 2009. Scleroderma. N Engl J Med, 360, 1989-2003.

GOOD, R. B., GILBANE, A. J., TRINDER, S. L., DENTON, C. P., COGHLAN, G., ABRAHAM, D. J. &
HOLMES, A. M. 2015. Endothelial to Mesenchymal Transition Contributes to Endothelial
Dysfunction in Pulmonary Arterial Hypertension. Am J Pathol, 185, 1850-8.

GOULABCHAND, R., KHELLAF, L., FORESTIER, A., COSTES, V., FOULONGNE, V., LE QUELLEC, A. &
GUILPAIN, P. 2014. Acute and regressive scleroderma concomitant to an acute CMV primary
infection. J Clin Virol, 61, 604-7.

HASEGAWA, M., ASANO, Y., ENDO, H., FUJIMOTO, M., GOTO, D., IHN, H., INOUE, K., ISHIKAWA, O.,
KAWAGUCHI, Y., KUWANA, M., OGAWA, F., TAKAHASHI, H., TANAKA, S., SATO, S. &
TAKEHARA, K. 2013. Serum chemokine levels as prognostic markers in patients with early
systemic sclerosis: a multicenter, prospective, observational study. Mod Rheumatol, 23,
1076-84.

HASEGAWA, M., FUJIMOTO, M., MATSUSHITA, T., HAMAGUCHI, Y., TAKEHARA, K. & SATO, S. 2011.
Serum chemokine and cytokine levels as indicators of disease activity in patients with
systemic sclerosis. Clin Rheumatol, 30, 231-7.

HASEGAWA, M., SATO, S., ECHIGO, T., HAMAGUCHI, Y., YASUI, M. & TAKEHARA, K. 2005. Up
regulated expression of fractalkine/CX3CL1 and CX3CR1 in patients with systemic sclerosis.
Ann Rheum Dis, 64, 21-8.

HAWKINS, R. A., CLAMAN, H. N., CLARK, R. A. & STEIGERWALD, J. C. 1985. Increased dermal mast cell
populations in progressive systemic sclerosis: a link in chronic fibrosis? Ann Intern Med, 102,
182-6.

IMAI, T., HIESHIMA, K., HASKELL, C., BABA, M., NAGIRA, M., NISHIMURA, M., KAKIZAKI, M., TAKAGI,
S., NOMIYAMA, H., SCHALL, T. J. & YOSHIE, O. 1997. Identification and molecular
characterization of fractalkine receptor CX3CR1, which mediates both leukocyte migration
and adhesion. Cell, 91, 521-30.

KAHALEH, M. B. & LERQY, E. C. 1999. Autoimmunity and vascular involvement in systemic sclerosis
(SSc). Autoimmunity, 31, 195-214.

KHANNA, D., DENTON, C. P., JAHREIS, A., VAN LAAR, J. M., FRECH, T. M., ANDERSON, M. E., BARON,
M., CHUNG, L., FIERLBECK, G., LAKSHMINARAYANAN, S., ALLANORE, Y., POPE, J. E.,
RIEMEKASTEN, G., STEEN, V., MULLER-LADNER, U., LAFYATIS, R., STIFANO, G., SPOTSWOOD,
H., CHEN-HARRIS, H., DZIADEK, S., MORIMOTO, A., SORNASSE, T., SIEGEL, J. & FURST, D. E.



2016a. Safety and efficacy of subcutaneous tocilizumab in adults with systemic sclerosis
(faSScinate): a phase 2, randomised, controlled trial. Lancet, 387, 2630-40.

KHANNA, D., DENTON, C. P., JAHREIS, A., VAN LAAR, J. M., FRECH, T. M., ANDERSON, M. E., BARON,
M., CHUNG, L., FIERLBECK, G., LAKSHMINARAYANAN, S., ALLANORE, Y., POPE, J. E.,
RIEMEKASTEN, G., STEEN, V., MULLER-LADNER, U., LAFYATIS, R., STIFANO, G., SPOTSWOOD,
H., CHEN-HARRIS, H., DZIADEK, S., MORIMOTO, A., SORNASSE, T., SIEGEL, J. & FURST, D. E.
2016b. Safety and efficacy of subcutaneous tocilizumab in adults with systemic sclerosis
(faSScinate): a phase 2, randomised, controlled trial. Lancet.

KUFAREVA, |. 2016. Chemokines and their receptors: insights from molecular modeling and
crystallography. Curr Opin Pharmacol, 30, 27-37.

KUWANA, M., OKAZAKI, Y., YASUOKA, H., KAWAKAMI, Y. & IKEDA, Y. 2004. Defective vasculogenesis
in systemic sclerosis. Lancet, 364, 603-10.

LAFYATIS, R. 2014. Transforming growth factor beta--at the centre of systemic sclerosis. Nat Rev
Rheumatol, 10, 706-19.

LE, Y., ZHOU, Y., IRIBARREN, P. & WANG, J. 2004. Chemokines and chemokine receptors: their
manifold roles in homeostasis and disease. Cell Mol Immunol, 1, 95-104.

MARASINI, B., COSSUTTA, R., SELMI, C., POZZI, M. R., GARDINALI, M., MASSAROTTI, M., ERARIO, M.,
BATTAGLIOLI, L. & BIONDI, M. L. 2005. Polymorphism of the fractalkine receptor CX3CR1 and
systemic sclerosis-associated pulmonary arterial hypertension. Clin Dev Immunol, 12, 275-9.

MARIE, |. & GEHANNO, J. F. 2015. Environmental risk factors of systemic sclerosis. Semin
Immunopathol, 37, 463-73.

MATHAI, S. K., GULATI, M., PENG, X., RUSSELL, T. R., SHAW, A. C., RUBINOWITZ, A. N., MURRAY, L. A.,
SINER, J. M., ANTIN-OZERKIS, D. E., MONTGOMERY, R. R., REILKOFF, R. A., BUCALA, R. J. &
HERZOG, E. L. 2010. Circulating monocytes from systemic sclerosis patients with interstitial
lung disease show an enhanced profibrotic phenotype. Lab Invest, 90, 812-23.

MATSUSHITA, T., HASEGAWA, M., HAMAGUCH]I, Y., TAKEHARA, K. & SATO, S. 2006. Longitudinal
analysis of serum cytokine concentrations in systemic sclerosis: association of interleukin 12
elevation with spontaneous regression of skin sclerosis. J Rheumatol, 33, 275-84.

MAYES, M. D., BOSSINI-CASTILLO, L., GORLOVA, O., MARTIN, J. E., ZHOU, X., CHEN, W. V., ASSASSI,
S., YING, J,, TAN, F. K., ARNETT, F. C., REVEILLE, J. D., GUERRA, S., TERUEL, M., CARMONA, F.
D., GREGERSEN, P. K., LEE, A. T., LOPEZ-ISAC, E., OCHOA, E., CARREIRA, P., SIMEON, C. P.,
CASTELLVI, I., GONZALEZ-GAY, M. A., ZHERNAKOVA, A., PADYUKOQV, L., ALARCON-RIQUELME,
M., WIJMENGA, C., BROWN, M., BERETTA, L., RIEMEKASTEN, G., WITTE, T., HUNZELMANN,
N., KREUTER, A., DISTLER, J. H., VOSKUYL, A. E., SCHUERWEGH, A. J., HESSELSTRAND, R.,
NORDIN, A., AIRO, P., LUNARDI, C., SHIELS, P., VAN LAAR, J. M., HERRICK, A,,
WORTHINGTON, J., DENTON, C., WIGLEY, F. M., HUMMERS, L. K., VARGA, J., HINCHCLIFF, M.
E., BARON, M., HUDSON, M., POPE, J. E., FURST, D. E., KHANNA, D., PHILLIPS, K., SCHIOPU, E.,
SEGAL, B. M., MOLITOR, J. A., SILVER, R. M., STEEN, V. D., SIMMS, R. W., LAFYATIS, R. A,,
FESSLER, B. J., FRECH, T. M., ALKASSAB, F., DOCHERTY, P., KAMINSKA, E., KHALIDI, N., JONES,
H. N., MARKLAND, J., ROBINSON, D., BROEN, J., RADSTAKE, T. R., FONSECA, C., KOELEMAN,
B. P. & MARTIN, J. 2014. Immunochip analysis identifies multiple susceptibility loci for
systemic sclerosis. Am J Hum Genet, 94, 47-61.

NIKITOROWICZ-BUNIAK, J., DENTON, C. P., ABRAHAM, D. & STRATTON, R. 2015. Partially Evoked
Epithelial-Mesenchymal Transition (EMT) Is Associated with Increased TGFbeta Sighaling
within Lesional Scleroderma Skin. PLoS One, 10, e0134092.

O'REILLY, S., HUGLE, T. & VAN LAAR, J. M. 2012. T cells in systemic sclerosis: a reappraisal.
Rheumatology (Oxford), 51, 1540-9.

ONG, V. H., EVANS, L. A., SHIWEN, X., FISHER, I. B., RAJKUMAR, V., ABRAHAM, D. J., BLACK, C. M. &
DENTON, C. P. 2003. Monocyte chemoattractant protein 3 as a mediator of fibrosis:
Overexpression in systemic sclerosis and the type 1 tight-skin mouse. Arthritis Rheum, 48,
1979-91.



POSTLETHWAITE, A. E., SHIGEMITSU, H. & KANANGAT, S. 2004. Cellular origins of fibroblasts:
possible implications for organ fibrosis in systemic sclerosis. Curr Opin Rheumatol, 16, 733-8.

RABQUER, B. J.,, TSOU, P. S., HOU, Y., THIRUNAVUKKARASU, E., HAINES, G. K., 3RD, IMPENS, A. J.,
PHILLIPS, K., KAHALEH, B., SEIBOLD, J. R. & KOCH, A. E. 2011. Dysregulated expression of
MIG/CXCL9, IP-10/CXCL10 and CXCL16 and their receptors in systemic sclerosis. Arthritis Res
Ther, 13, R18.

RICE, L. M., PADILLA, C. M., MCLAUGHLIN, S. R., MATHES, A., ZIEMEK, J., GOUMMIH, S.,
NAKERAKANTI, S., YORK, M., FARINA, G., WHITFIELD, M. L., SPIERA, R. F., CHRISTMANN, R.
B., GORDON, J. K., WEINBERG, J., SIMMS, R. W. & LAFYATIS, R. 2015. Fresolimumab
treatment decreases biomarkers and improves clinical symptoms in systemic sclerosis
patients. J Clin Invest, 125, 2795-807.

ROUMM, A. D., WHITESIDE, T. L., MEDSGER, T. A., JR. & RODNAN, G. P. 1984. Lymphocytes in the
skin of patients with progressive systemic sclerosis. Quantification, subtyping, and clinical
correlations. Arthritis Rheum, 27, 645-53.

SAITO, Y. & ISHIKAWA, H. 1976. Ultrastructure of the microvasculature in skin affected by systemic
scleroderma. J Dermatol, 3, 127-33.

SCHALL, T. J., JONGSTRA, J., DYER, B. J., JORGENSEN, J., CLAYBERGER, C., DAVIS, M. M. & KRENSKY, A.
M. 1988. A human T cell-specific molecule is a member of a new gene family. J Immunol,
141, 1018-25.

SEPPA, H., GROTENDORST, G., SEPPA, S., SCHIFFMANN, E. & MARTIN, G. R. 1982. Platelet-derived
growth factor in chemotactic for fibroblasts. J Cell Biol, 92, 584-8.

SHERRY, B., TEKAMP-OLSON, P., GALLEGOS, C., BAUER, D., DAVATELIS, G., WOLPE, S. D., MASIARZ,
F., COIT, D. & CERAMI, A. 1988. Resolution of the two components of macrophage
inflammatory protein 1, and cloning and characterization of one of those components,
macrophage inflammatory protein 1 beta. J Exp Med, 168, 2251-9.

SHIWEN, X., STRATTON, R., NIKITOROWICZ-BUNIAK, J., AHMED-ABDI, B., PONTICOS, M., DENTON, C,,
ABRAHAM, D., TAKAHASHI, A., SUKI, B., LAYNE, M. D., LAFYATIS, R. & SMITH, B. D. 2015. A
Role of Myocardin Related Transcription Factor-A (MRTF-A) in Scleroderma Related Fibrosis.
PLoS One, 10, e0126015.

STEPHENS, C. O., BRIGGS, D. C., WHYTE, J., ARTLETT, C. M., SCHERBAKOV, A. B., OLSEN, N., GUSSEVA,
N. G., MCHUGH, N. J.,, MADDISON, P. J., WELSH, K. I. & ET AL. 1994. Familial scleroderma--
evidence for environmental versus genetic trigger. Br J Rheumatol, 33, 1131-5.

SVEGLIATI, S., MARRONE, G., PEZONE, A., SPADONI, T., GRIECO, A., MORONCINI, G., GRIECO, D.,
VINCIGUERRA, M., AGNESE, S., JUNGEL, A., DISTLER, O., MUSTI, A. M., GABRIELLI, A. &
AVVEDIMENTO, E. V. 2014. Oxidative DNA damage induces the ATM-mediated
transcriptional suppression of the Wnt inhibitor WIF-1 in systemic sclerosis and fibrosis. Sci
Signal, 7, ra84.

TAK, P. P., BALANESCU, A., TSELUYKO, V., BOJIN, S., DRESCHER, E., DAIRAGHI, D., MIAO, S.,
MARCHESIN, V., JAEN, J., SCHALL, T. J. & BEKKER, P. 2013. Chemokine receptor CCR1
antagonist CCX354-C treatment for rheumatoid arthritis: CARAT-2, a randomised, placebo
controlled clinical trial. Ann Rheum Dis, 72, 337-44.

TASHKIN, D. P., ROTH, M. D., CLEMENTS, P. J., FURST, D. E., KHANNA, D., KLEERUP, E. C., GOLDIN, J.,
ARRIOLA, E., VOLKMANN, E. R., KAFAJA, S., SILVER, R., STEEN, V., STRANGE, C., WISE, R.,
WIGLEY, F., MAYES, M., RILEY, D. J., HUSSAIN, S., ASSASSI, S., HSU, V. M., PATEL, B., PHILLIPS,
K., MARTINEZ, F., GOLDEN, J., CONNOLLY, M. K., VARGA, J., DEMATTE, J., HINCHCLIFF, M. E.,
FISCHER, A., SWIGRIS, J., MEEHAN, R., THEODORE, A., SIMMS, R., VOLKOV, S.,
SCHRAUFNAGEL, D. E., SCHOLAND, M. B., FRECH, T., MOLITOR, J. A., HIGHLAND, K., READ, C.
A., FRITZLER, M. J., KIM, G. H., TSENG, C. H. & ELASHOFF, R. M. 2016. Mycophenolate mofetil
versus oral cyclophosphamide in scleroderma-related interstitial lung disease (SLS II): a
randomised controlled, double-blind, parallel group trial. Lancet Respir Med.



TAUB, D. D., CONLON, K., LLOYD, A. R., OPPENHEIM, J. J. & KELVIN, D. J. 1993. Preferential migration
of activated CD4+ and CD8+ T cells in response to MIP-1 alpha and MIP-1 beta. Science, 260,
355-8.

TOURKINA, E., BONNER, M., OATES, J., HOFBAUER, A., RICHARD, M., ZNOYKO, S., VISCONTI, R. P.,
ZHANG, J., HATFIELD, C. M., SILVER, R. M. & HOFFMAN, S. 2011. Altered monocyte and
fibrocyte phenotype and function in scleroderma interstitial lung disease: reversal by
caveolin-1 scaffolding domain peptide. Fibrogenesis Tissue Repair, 4, 15.

VAN LAAR, J. M., NARAGH]I, K. & TYNDALL, A. 2015. Haematopoietic stem cell transplantation for
poor-prognosis systemic sclerosis. Rheumatology (Oxford), 54, 2126-33.

VIGNALI, D. & KALLIKOURDIS, M. 2017. Improving homing in T cell therapy. Cytokine Growth Factor
Rev.

WERMUTH, P. J. & JIMENEZ, S. A. 2015. The significance of macrophage polarization subtypes for
animal models of tissue fibrosis and human fibrotic diseases. Clin Transl Med, 4, 2.

YAMAMOTO, T., HARTMANN, K., ECKES, B. & KRIEG, T. 2001. Role of stem cell factor and monocyte
chemoattractant protein-1 in the interaction between fibroblasts and mast cells in fibrosis. J
Dermatol Sci, 26, 106-11.

YANABA, K., KOMURA, K., KODERA, M., MATSUSHITA, T., HASEGAWA, M., TAKEHARA, K. & SATO, S.
2006. Serum levels of monocyte chemotactic protein-3/CCL7 are raised in patients with
systemic sclerosis: association with extent of skin sclerosis and severity of pulmonary
fibrosis. Ann Rheum Dis, 65, 124-6.

YOSHIMURA, T., YUHKI, N., MOORE, S. K., APPELLA, E., LERMAN, M. I. & LEONARD, E. J. 1989. Human
monocyte chemoattractant protein-1 (MCP-1). Full-length cDNA cloning, expression in
mitogen-stimulated blood mononuclear leukocytes, and sequence similarity to mouse
competence gene JE. FEBS Lett, 244, 487-93.

ZHANG, Y., MCCORMICK, L. L., DESAI, S. R., WU, C. & GILLIAM, A. C. 2002. Murine sclerodermatous
graft-versus-host disease, a model for human scleroderma: cutaneous cytokines,
chemokines, and immune cell activation. J Immunol, 168, 3088-98.



