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Abstract
IL-17 promotes inflammation through the recruitment of monocytes and induction
of various chemokines and inflammatory cytokines.

Monocytes respond to IL-17

through the heteromeric IL-17 receptor (IL-17R) composed of subunits IL-17RA and IL17RC. Together, monocytes and IL-17 amplify inflammation. Controlling the cellular
response to IL-17 is crucial to prevent hyperactivation of inflammatory responses, which
could lead to chronic inflammatory diseases. The cellular response to increased IL-17
levels may be limited by controlling the receptor levels. Before we understand how
monocytes respond to IL-17 during infection, we must first characterize the expression of
IL-17R in these cells in response to LPS, a well-characterized pro-inflammatory signal.
The aim of this study is to understand the mechanisms which regulate IL-17R levels in
human monocytes. IL-17R mRNA and protein levels were measured in response to LPS
by RT-PCR and Western blot analysis in primary human monocytes, peripheral blood
mononuclear cells (PBMC), and the human monocytic cell line, THP-1. LPS enhanced
IL-17RA and RC transcript levels in monocytes and PBMC.
protein levels decreased with LPS treatment in these cells.

In contrast, IL-17RA
Investigation into

mechanisms regulating IL-17RA protein levels lead to the observation that IL-17RA
undergoes receptor degradation in response to LPS. This work identifies for the first time
that 1) LPS enhances transcript levels of IL-17R and 2) after LPS treatment, IL-17RA
protein levels are reduced via an endosome-dependent degradation pathway.
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Chapter 1
Introduction
The body defends against pathogens through the coordination of the innate and
adaptive immune responses via cytokines. Cytokines are soluble proteins produced by
immune cells that play a prominent role in the regulation of immune responses. Cytokine
mediated effects range from impacting immune cell migration to sites of injury, to
regulating the inflammatory responses, and to determining the differentiation of immune
cells. A key player in the adaptive response is the CD4+ T helper (Th) cell. These cells
are crucial in mediating specific pathogen responses that come later than the innate
response, but are more robust and specific to the pathogen. In 1986, Mossman and
Coffman first proposed the model of two distinct species of Th cells: Th1 and Th2[1-2].
It is now known that when a naïve T cell (T0) first engages an antigen offered by an
antigen presenting cell via the T-cell receptor (TCR), it can differentiate either to Th1 or
Th2 depending on the cytokine milieu. Interleukin (IL)-12 induces transcription factor Tbet for differentiation to Th1 cells, which are involved in cell mediated responses,
whereas IL-4 induces GATA 3 transcription factor for production of Th2 cells, which are
involved in antibody mediated responses[3]. Additionally, there is a T cell population
termed regulatory T cells (Treg) that is immunomodulatory, which is important in
maintaining immune system homeostasis and tolerating self-antigens.

IL-10 and

transforming growth factor β (TGF-β) upregulate Foxp3 transcription factor for Treg
1

differentiation[4]. Recently, a new subset of T cells has emerged, Th17, which is termed
after its main effector cytokine IL-17 (Figure 1). IL-17/Th17 cells are drawing attention
due to their crucial role in inflammation and autoimmune diseases.
IL-17 mediates a stronger inflammatory response than either Th1 or Th2
cytokines through several ways that will be reviewed below. Cellular response to IL-17
is mediated by ligand binding and activation of IL-17 receptor (IL-17R), which initiates
the downstream signaling cascade.

During infection, monocytes are one of the main

mediators of inflammation and these cells are also one of the main immune cells that
respond to IL-17. Currently, there is much unknown about IL-17R such as its structure
and functional domains, recruitment of signaling molecules and its expression levels
during infection. The focus of this thesis is the characterization of IL-17R levels and the
post-translational regulatory mechanisms of IL-17R in monocytes, the main immune cell
responders to IL-17, in response to LPS.

2

Figure 1: Different T cell lineages from naïve CD4+ T cell engagement with an
antigen presenting cell. Th1 and Th2 were the first Th cell subsets to be classified,
later followed by the Treg, and finally the Th17 cells. IL-12 which consists of p40
and p35 subunits binds IL-12Rβ1 and IL-12Rβ2 receptor subunits, respectively on
naïve T cells to induce Th1 cell differentiation by upregulating the transcription factor
T-bet. Th1 cells specialize in cellular immunity and secrete classical Th1 cytokines
such as IFN-γ and IL-12. IL-4 drives Th2 cell population differentiation by
upregulating the GATA3 transcription factor. Th2 cells secrete IL-4 and IL-5, and
specialize in humoral immunity by recruiting B cells and promoting antibody
production. IL-10 and TGF-β drive Treg differentiation by inducing the Foxp3
transcription factor. Tregs suppress immune response by secreting anti-inflammatory
cytokines such as IL-10, and TGF-β. Finally, Th17 differentiation is driven by the
presence of both TGF-β and IL-6. IL-23, which consists of p40 and p19 subunits,
binds IL-23 receptor subunits IL-12Rβ1 and IL-23R, respectively, to act as a
maturation factor. These cytokines signal through RORc, STAT3, and RUNX-1 to
drive Th17 development and increase production of IL-17, the prototypic Th17
cytokine, as well as IL-22 and TNF-.
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Chapter 2
Literature Review
2.1 IL-17/Th17 discovery:
IL-17 was first identified in 1993 as CTLA8, a rodent cDNA transcript[5].
Initially, it was not recognized as a cytokine due to its unusual amino acid sequence,
which showed 58% homology to an open reading frame in Herpesvirus saimiri[5-7]. The
functional significance of viral IL-17A is unknown. Evidence that suggested IL-17 was
an interleukin came when it was found to promote the production of other cytokines and
chemokines, such as IL-6, IL-8, and granulocyte colony stimulating factor (G-CSF) from
various cell types including cells such as epithelial, endothelial cells, and fibroblasts [89].
While IL-17 was first discovered in 1993, focus on the cytokine did not come
until 2003 when the Th17 cell population was first characterized and found to be
involved in autoimmune diseases. The discovery of this Th17 subset came from studies
on experimentally induced multiple sclerosis (MS) - experimental autoimmune
encephalomyelitis (EAE).

Both diseases are characterized by the demyelination of

neurons, which leads to physical and cognitive impairment [10]. These studies expanded
our understanding of T cell mediated immunity, leading to a revision of the classical
model of T cell populations.
Initially, Th1 cells were thought to be the culprit of autoimmunity, with
incriminating evidence linking the characteristic Th1 cytokines, interferon (IFN)-γ and
4

IL-12, to the induction of EAE [11-14]. Expression of IFN-γ, a hallmark Th1 cytokine,
has been shown to play paradoxical roles in EAE. While IFN-γ levels were observed to
increase with the onset of EAE and to decrease with disease remission[12], other research
showed mice with decreased IFN-γ production still suffered from EAE[15]. Moreover,
IFN-γ depletion, either through genetic or antibody-mediated manipulation, actually
enhanced EAE[16]. For example, mice that failed to produce IFN-γ were not protected
from EAE, rather they developed more severe diseases [17-18]. Furthermore, IFN-γ
injection in Lewis rats has been observed to block EAE[19]. This apparent contradictory
role of IFN-γ challenged the traditional view of the role of Th1 cells in autoimmunity in
that blocking Th1 responses did not provide immunity to EAE. This suggested that Th1
cells act as regulator cells rather than promoters of chronic inflammation. The inability
of IFN-γ to account for the appearance of EAE in mice with blocked Th1 functions
suggested the involvement of another subset of cells, eventually identified as CD4 Th17
cells.
Identification of this new subset of T cells came about through studies of EAE in
IL-12-deficient mice. IL-12 consists of p40 and p35 heterodimer. EAE failed to develop
in p40 deficient mice, but not in p35-deficient mice[20]. In 2000, the p40 subunit of IL12 was observed to pair with a unique p19 subunit to form a novel cytokine termed IL23[21]. The importance of IL-23 and IL-17 in EAE development was demonstrated in
IL-23p19 deficient mouse models, which showed decreased levels of IL-17 producing T
cells due to failure of receptor activation and further downstream signaling of IL-23 [22],
5

thereby protecting mice from EAE.

This receptor was later discovered to be a

heterodimer that consisted of IL-12Rβ1, the docking site for the common p40 subunit,
and a unique receptor subunit termed IL-23R that bound p19[21].

IL-23 was

demonstrated to promote and expand a T cell population producing IL-17, a
proinflammatory cytokine. Due to the unique cytokine profile that IL-23 induced, these
T cells were determined to be distinctive from either Th1 or Th2 and thus termed Th17
after its major effector cytokine IL-17 [22-23].

2.2 IL-17 family members:
Sequencing of vertebrate species’ genomes revealed that there are at least six IL17 members: IL-17A to IL-17F [24-25]. In order to better understand the characteristics
of IL-17, the crystal structure of IL-17F was determined. It revealed a tertiary protein
structure that is distinct from other interleukins. Although IL-17F adopts a fold similar to
that of the cystine knot superfamily of proteins[26], such as platelet-derived growth
factors (PDGFs) and the TGF-β family, there is deviation from the typical cystine knot
structure. Specifically, IL-17F contains only two of the three distinctive cystine linkages
that lend the family its name[26]. This distinctive folding is likely to be present in other
IL-17 members as well. It also hints at a unique receptor structure that is needed to
accommodate the ligand.

6

IL-17A and IL-17F
Of the six members of the IL-17 family, IL-17A and IL-17F are the best
characterized. These two may also be the closest related since they are the only members
that are encoded adjacent to each other on the same chromosome, while others are
encoded on different chromosomes. Specifically, Il17a and Il17f are encoded on mouse
chromosome 1 and human chromosome 6 [27] . The two members bear 44% homology,
compared to other members that are limited to 15-27% homology [28]. IL-17A is the
dominant product of Th17 cells and is commonly referred to as IL-17.
IL-17A and IL-17F exist as homodimers but heterodimers of IL-17A-IL-17F have
also been observed [29]. These heterodimers are present at higher levels than IL-17A
homodimers in human peripheral blood mononuclear cells (PBMC) in vitro, but the in
vivo dominant form is undefined [30]. While both are pro-inflammatory, IL-17A and IL17F do vary subtly in their immunological roles. From studies of Il17a-/-and Il17f-/-, IL17A is shown to be the major player in autoimmunity[30-31]. This may be due to more
potent and sustained signaling of IL-17A compared to IL-17F. IL-17F induced responses
were 10-30 times weaker in terms of downstream gene activation than IL-17A[29].
IL-17B, IL-17C, IL-17D and IL-17E
As for the rest of the family members, their roles are less well defined. However,
they all have been shown to stimulate transcription of similar proinflammatory genes as
those stimulated by IL-17A and IL-17F[32-33]. Additionally, experimental evidence
suggests a similar involvement of these cytokines in autoimmunity.
7

For example,

increased expression of IL-17B and IL-17C exacerbated collagen-induced arthritis (CIA),
while antibodies against IL-17B partially suppressed CIA[34]. IL-17E also has been
shown to induce pathological changes such as inflammatory cell infiltration, epithelial
hyperplasia and hypertrophy of the liver, heart and lung [28].
However, IL-17E, also known as IL-25, is somewhat different from IL-17A in
that it is produced by Th2 cells, not Th17 cells[7, 35]. Transgenic overexpression of IL17E promotes Th2 type cytokines, such as IL-4, IL-5, IL-10, and IL-13 [28], in addition
to inducing cells and antibodies specializing in allergic responses. The implication of this
link to Th2 cells is unknown. These IL-17 family members may become better defined in
the future using gene knockouts and characterization of the function of the receptors.

2.3 Sources of IL-17:
Th17 cells are not the sole source of IL-17. While Th17 cells are the main
producers of IL-17, innate IL-17 producing cells have also been found in recombination
activating gene (RAG) deficient mice [36]. Innate sources of IL-17 include γδ T cells,
lymphoid-tissue inducer (LTi)-like cells, natural killer (NK) cells and myeloid cells[37].
These cells play important roles in tissue surveillance in the gut, lung and skin. Their
ability to produce IL-17 independent of memory T cell formation is important for early
inflammatory response and host defense. The regulation of innate sources of IL-17 is
different from that of Th17 cells. A comparison of the development of these IL-17
producing cells is shown in Figure 2.
8

A) Th17 cell differentiation

B) IL-17 producing innate cell development

Figure 2: Comparison of CD4 positive Th17 and IL-17 producing innate γδ T cell
development. IL-17 can be produced from the CD4 positive Th17 cells or the innate
 T cells. A) Development of Th17 cells from naive T cells requires engagement
with antigen presenting cell, and presence of TGF-β and IL-6, with IL-23 as a
maturation factor to upregulate transcription factors RORc, STAT3, and RUNX1.
After differentiation and proliferation, Th17 cells migrate from lymph node to the sites
of infection, which may take up to five days in vivo. B) IL-17 production from innate
sources such as γδ T cells requires the presence of IL-1β and/or IL-23 secreted from
antigen presenting cells stimulated with PAMPs or pathogen metabolites. These
PAMPs and pathogen metabolites may also act directly on the innate cells that in
combination with IL-1β and IL-23, upregulate RORc, STAT3, and RUNX1 to induce
production of IL-17. Innate cells may produce IL-17 within 8 hours of induction.
9

IL-17 production from Th17 cells is highly regulated, requiring developmental
factors IL-6, TGF-β, IL-21, and IL-23, and various transcription factors such as RUNX-1,
STAT3, and RORc. The combination of IL-6 and TGF-β is necessary to provide the
primary driving force in Th17 differentiation. In the early stages of differentiation, Th17
cells produce IL-21 that acts in an autocrine fashion to further amplify this population
[27, 38-39]. In addition, IL-23 acts as a maturation factor that stabilizes and maintains
Th17 cells. IL-23 is essential for the expansion and survival of Th17 effector memory
cells[40]. Upon reinfection, these memory cells can rapidly be recruited and amplified
for IL-17 production to quickly control infection.
On the other hand, innate sources of IL-17 can produce IL-17 independent of the
presence of IL-6, a key differentiating factor for Th17 cells. IL-17 producing cells were
observed in IL-6 knock out (KO) mice, which cannot produce Th17 cells [41].

These

innate cells can be activated by IL-23 and IL-1β, alone or in combination with pathogenassociated molecular pattern (PAMP) binding to pattern recognition receptors (PPRs) or
through TCR activation[37].

Many of these innate IL-17 producing cells also

constitutively express IL-23R and IL-1R1 [42-44], both of which are crucial in Th17 cell
development. γδ T cells stimulated with IL-1β or IL-23, rapidly secrete IL-17 [45]. This
response was also observed in LTi and NK cells. Innate cell secretion of IL-17 is very
important in early inflammatory response to sequester and eliminate pathogens.
Of the innate sources, the γδ T cell subset is the main source of IL-17 [37, 45]. It
is an intraepithelial lymphocyte found mainly at the mucosal barrier [37].
10

The exact

functional role of these cells has not yet been elucidated. These γδ T cells can be sorted
based on cell surface markers and ability to produce IFN-γ or IL-17. It is thought that the
differentiation of γδ T cells is based on the strength of the signal from TCR engagement
within the thymus. A strong interaction favors the IFN-γ production lineage, whereas a
weak or lack of interaction favors the IL-17 production lineage [37]. CD27 surface
expression marks cells as IFN-γ producing γδ T cells [46], whereas CC-chemokine
receptor 6 (CCR6) are expressed by IL-17 producing γδ T cells.

2.4 IL-17 function:
The primary function of IL-17 is mediating inflammation not adequately handled
by cytokines from the Th1 and Th2 subsets. IL-17 protect against extracellular bacterial
infections such as Klebsiella pneumoniae and fungal infections such as Candida
albicans[27, 47]. IL-17 mediates an adaptive response against pathogens through the
recruitment of cells primarily involved in innate responses such as neutrophils, and
monocytes and macrophages (M/M). Like IL-17, M/M coordinate the immune system
between the innate and adaptive branches of immunity. They are one of the first cells to
arrive at the site of injury, where they engulf microbes and present the microbial peptides
to the T cells. M/M also release cytokines such as IL-6, IL-1β, and tumor necrosis factor
α (TNF-α) at sites of injury to promote inflammation and sequester pathogens at the site
of injury. M/M were shown to be responsive to IL-17A, in that upon IL-17A binding,
human macrophages have been shown to produce IL-1β and TNF-α [48]. Furthermore,
11

IL-17R is expressed in airway smooth muscle that upon binding to IL-17 induces CXCL8
expression which enhances integrin expression in monocytes and adherence to
endothelial cells[49].
IL-17 mediates a strong proinflammatory tissue response through several
mechanisms. Firstly, it induces the production of chemokines such as IL-8[50], monocyte
chemoattractant protein-1 (MCP-1)[51], and growth-regulated oncogene α (Groα)[52]
from target cells such as epithelial cells, fibroblasts and endothelial cells. Secondly, IL17 stimulates local production of IL-6 and PGE2, which further enhances
inflammation[53]. Thirdly, it increases the proliferation of M/M from local stromal cells
through stimulating the production of hematopoietic cytokine G-CSF and granulocyte
macrophage (GM)-CSF in target cells to perpetuate the inflammatory responses [28, 54].
Chemokines, proinflammatory cytokines and M/M and neutrophils, together, act in a
positive

feedback

loop

that

amplifies

the

overall

inflammatory

response.

Understandably, deregulation of such a potent cytokine could lead to chronic
inflammation and induction of autoimmune diseases.
IL-17 produced from innate sources can also induce secretion of G-CSF from
stromal cells and recruitment of neutrophils. IL-17 synergizes with other cytokines such
as IL-6 and TNF to promote neutrophil infiltration for elimination of extracellular
pathogens[37]. In the lung during Mycobacterium tuberculosis infection, γδ T cells
produce IL-17, which enhances adaptive immunity by recruiting Th1 cells and inducing
IFNγ production[47].
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IL-17 also plays a role in maintaining intestinal integrity by enhancing production
of tight junction proteins such as claudin and zona occludens 1[37].

These proteins

promote formation of interconnecting structures between epithelial cells to keep out
luminal content and infectious agents from entering the bloodstream. IL-17 can also
promote antimicrobial protein production such as defensins and S100 proteins from
epithelial cells [37].

2.5 The IL-17 receptor family:
As there are multiple members of the IL-17 family, so are there multiple subunits
comprising the IL-17R family, which consists of five receptor members: IL-17RA to IL17RE[28]. IL-17RA is the largest member of the family and is the most defined in
structure and signaling. IL-17RA is indispensable in mediating the inflammatory effects
of IL-17. For example, IL-17RA KO mice are predisposed to K. pneumoniae[55] and C.
albicans infection [56]. IL-17RA KO mice also have increased mortality rates with
Toxoplasma gondii infection due to lack of neutrophil trafficking to infection site[57]. It
is a signaling subunit used by at least four members of IL-17 family: IL-17A, IL-17F, IL17D and IL-17E[58]. Binding assays using radiolabeled iodide IL-17 showed that IL-17
binds to IL-17RA with low affinity [59]. This was surprising since IL-17 is capable of
inducing biological activity at low concentrations, suggesting that probably other
subunits associate with IL-17RA to increase affinity towards the ligand. Indeed, further
experiments confirm this.

IL-17RA was shown to complex with IL-17RC using
13

fluorescence resonance energy transfer (FRET) [60] and co-immunoprecipitation
studies[61]. The exact mechanism of how these receptor subunits interact to form a
functional receptor for signaling has not been clarified. However, it does seem that IL17A behaves like other cytokine receptors, where subunits exist as monomers within the
membrane and oligomerize with other subunits upon ligand binding, bringing signaling
domains to close proximity to initiate downstream cascades.
Expression of IL-17R members differ depending on the tissue type. While the
main production of IL-17 is limited to Th17 cells, IL-17 receptors are expressed
throughout the body on cells[62]. For instance, IL-17RB is expressed on organs such as
the liver and kidneys, as well as Th2 cells, to bind IL-17E[24]. Meanwhile, IL-17RA is
highly expressed on hematopoietic cells and poorly expressed on non-hematopoietic cells
such as osteoblasts, fibroblasts, endothelial cells and epithelial cells [27]. In contrast, IL17RC is poorly expressed on hematopoietic cells and highly expressed on nonhematopoietic cells. This differential expression of IL-17R subunits could provide tissue
specific signaling of IL-17.

2.6 IL-17 receptor structure
IL-17 has been shown to assume a distinctive structure that deviates from the
cystine knot family. IL-17R, unsurprisingly, also has distinguishing domains that lend to
the unique functions of IL-17.

All of the receptor subunits are type I single span

transmembrane proteins[27, 58]. They consist of conserved structural motifs, such as an
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extracellular fibronectin III-like domain and a cytoplasmic SEF/IL-17R (SEFIR) domain
[7]. The SEFIR domain was discovered through bioinformatics analysis, which revealed
that a conserved motif in the cytoplasmic tail of IL-17R was markedly homologous to the
already known Toll/IL-1R (TIR) domain[63]. The TIR domain is essential for further
downstream adaptors such as MYD88, which play important roles in Toll-like receptor
signaling[64]. SEFIR similarity to TIR domain suggests similar downstream effects in
upregulating pro-inflammatory mRNA transcripts.

SEFIR was shown to play an

important role in IL-17RA signaling as its deletion impairs the activation of NF-κB, a
critical transcription factor, downstream of IL-17RA[65-66]. Although SEFIR bears
some resemblance to TIR, it lacks certain elements present in the TIR domain, such as
the TIR box 3 subdomain and the BB-loop, both of which are essential in determining
specificity in TIR protein-protein interactions [67-68]. This difference suggests that
SEFIR does not bind the same adaptor proteins as TIR, rather SEFIR would recruit a
unique set of downstream molecules.

Exactly what these molecules are and what

functions they modulate require further research.
A region at the carboxy-terminal side of the SEFIR domain is homologous to BBloops and is essential to IL-17RA function. IL-17RA is non-functional with mutations in
this region which was termed TIR-like loop (TILL)[66]. This domain is unique to IL17RA, which may explain why IL-17RA is a common subunit shared by other receptors
in the family. Through TILL, IL-17RA likely recruits essential downstream signaling
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molecules in order to perpetuate the pro-inflammatory effects of various IL-17 family
members.
A third functional domain exists at the carboxy-terminal region and is not
required for NF-κB and MAPK pathways activation. However, this region is essential for
the downstream expression of CCAAT/enhancer binding protein (C/EBP) β, and was
thus termed the C/EBPβ-activation domain (CBAD)[7]. C/EBP is another transcription
factor IL-17A directly activates.

2.7 IL-17 signaling:
Currently there is no clear outline of the IL-17 signaling pathway. Unlike other
cytokines such as IL-6 and IL-12 where the Janus kinase/signal transducers and activators
of transcription (JAK/STAT) pathway is strongly induced for cellular response, IL-17
poorly induces JAK activation. Weak activation of STATs 1, 2, 3, and 4 have been
reported, but may be due to secondary effects from IL-17 induced production of IL-6 that
acts in an autocrine manner to upregulate STAT activation[69].
However, several signaling proteins have been identified (Figure 3). Through coimmunoprecipitaiton studies, it was shown that one of the upstream molecules that
associates with IL-17RA is Act1, an adaptor protein that can lead to the activation of NFκB[65, 67]. Deficiency of Act1 using either knockout mice or siRNA addition led to
inhibition of NF-κB induction upon IL-17RA signaling[70-71] . Act1 was also shown to

16

Figure 3: The IL-17A homodimer binds to a heteromeric receptor composed of IL-17RC
and IL-17RA subunits whose cytoplasmic tail consists of three unique functional
domains: SEFIR, TILL and CBAD. SEFIR is important for recruitment of downstream
adaptor protein Act1, which in turn recruits TRAF6, a crucial upstream factor of the NFκB pathway. Act1 recruitment also activates all three MAPK members, with ERK being
the most strongly and rapidly phosphorylated. TILL has a sequence similar to the
Toll/IL-1R (TIR) BB loop that recruits Myd88 in TLR. The exact function of TILL is
not well defined, however, it is expected that it provides unique docking sites for
downstream signaling molecules. CBAD is essential for phosphorylation of C/EBPβ,
which downregulates transcription of IL-17A induced genes.
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play a role in stabilizing target mRNAs of cytokines and chemokines. For example, Act1
is essential in stabilization of Cxcl1 (CXC-chemokine ligand 1) mRNA[72]. Therefore,
from this experimental evidence, Act1 appears to be an important element in the
downstream cascade of IL-17RA.

Act1 recruits TNF receptor-associated factor 6

(TRAF6), which is also important in mediating IL-17A signaling. Act1 contains binding
domains for TRAF6 and TRAF3 which are adaptor proteins and required upstream
factors in the canonical NF-κB signaling pathway[65].

TRAF6 knockout mouse

embryonic fibroblasts failed to exhibit IL-17A signaling[73].
IL-17 has also been shown to activate all three subtypes of MAPK, which are Jun
NH-terminal kinases (JNK), p38, and ERK[62], the last of which is the most rapidly
phosphorylated and activated[58]. Like Act1, MAPKs also serve to stabilize mRNA
through inhibition of destabilizing proteins such as tristetraprolin (TTP).

These

destabilizing proteins bind AU-rich elements (AREs) in mRNA transcripts, which are
typically present in cytokine and proto-oncogene transcripts, and target them to exosome
complexes for degradation[58]. TTP phosphorylation via MAPKs increases mRNA halflife by blocking its trafficking to the degradative machinery. Studies show that MAPKs
increase the concentration of chemokine and cytokine gene transcripts induced by IL-17
[69], marking this class of signaling molecules as a positive contributor to IL-17 function.
Through microarray screenings for IL-17A induced genes, it was shown that in
addition to NF-κB, C/EBP transcription factors are also involved[74]. Two variants,
C/EBPβ and C/EBPδ, are induced downstream of IL-17A. As with most signaling
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molecules, phosphorylation serves as an important regulatory mechanism of IL-17A
signaling. IL-17A signaling triggers dual, sequential phosphorylation of a regulatory site
within C/EBPβ [75], the first of which is mediated by ERK [71] (Figure 4).
Phosphorylation of C/EBPβ downregulates transcriptional activity, suggesting
that it is an inhibitory signal of IL-17RA[71]. While C/EBPδ is regulated by IL-17RA
through the canonical NF-κB pathway to upregulate IL-17A target genes, there is a
simultaneous induction and phosphorylation of C/EBPβ that downregulates the target
genes[76].

This could mean that even as the cell is trying to respond to IL-17, it is

simultaneously upregulating inhibitory signals to prevent an over-response. The complex
interplay between C/EBPβ and C/EBPδ could allow fine tuning of transcriptional control
of C/EBP-dependent genes. However, there remains much to be understood about how
C/EBP and other transcription factors interact with each other to coordinate a controlled
increase of IL-17 target genes.

2.8 Receptor regulatory mechanisms
At the receptor level, the regulation of IL-17RA is highly dynamic. For example,
IL-21, an inducer of Th17 development, upregulates IL-17RA expression by CD8+ T
cells[77], while phosphoinositol 3-kinase (PI3K) from IL-2 induction in T helper cells
limits IL-17RA expression[78]. The regulation of IL-17RA is important because levels
of IL-17RA expression correlate with IL-17A signaling strength. Cellular response to IL17 is dependent on high levels of IL-17RA [66]. Therefore, even during IL-17 increase,
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Figure 4: CCAAT/enhancer binding protein(C/EBP) is a transcription factor induced
by IL-17. C/EBP upregulates pro-inflammatory cytokine gene transcripts that are
stabilized by the addition of poly A tails in posttranscriptional modification, possibly
mediated by p38. Activated ERK can phosphorylate C/EBPβ, which inhibits C/EBPβ
binding to the promoter and therefore downregulates transcription.
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receptor regulation can prevent hyper-immune responses and damage to the tissues.
Receptors can be regulated by several mechanisms. In the following paragraphs,
mechanisms that have been found to be related to IL-17 receptors will be discussed.
Generation of soluble cytokine receptors is a common way for cells to control ligand
binding and signaling.

Soluble cytokine receptors are important in regulating

inflammation and immunity. There are many soluble isoforms of cytokine receptors,
such as soluble IL-6 receptor (sIL-6R) and TNF receptors[79]. sIL-6 is derived either
from

proteolytic

cleavage

of

the

extracellular

domain

via

disintegrin

and

metalloproteinase domain-containing protein (ADAM) or by alternative splicing[79].
Soluble isoforms can either act as signaling agonists, for example, sIL-6[80] or signaling
antagonists, for example sgp130 and IL-1R type II [81]. Soluble isoforms of IL-17RB
and IL-17RC with conserved ligand binding capacity have been predicted[27]. At least
90 splice variants of IL-17RC has been found compared to IL-17RA which is not
alternatively spliced[82]. These soluble isoforms can serve as decoys that bind IL-17
without causing signaling.
Another mechanism that regulates IL-17R is receptor internalization. Upon IL-17
binding, IL-17RA surface expression was shown to be rapidly decreased[78], which
potentially serves as a negative feedback system to limit IL-17 signaling. The exact
receptor internalization pathway has not been investigated; however, receptor
internalization is a well known way used by cells to control signaling. There are two
endocytic pathways- clathrin dependent, which is used in uptake of IL-5R[83] and TGF-β
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receptors [84], and caveolae dependent, which is utilized in uptake of IL-2Rβ [85]. In
clathrin mediated endocytosis, soluble clathrin is recruited from cytoplasm to the plasma
membrane, where clathrin proteins assemble into a polygonal lattice that buds and
pinches off from the membrane. This is facilitated by dynamin, a GTPase, with the aid of
adaptor protein-2 (AP2) to release clathrin coated vesicles [86]. Clathrin then dissociates
from the vesicle that fuses with the early endosome, which serves as a key control point
for sorting receptors. At this point, receptors can be directed to the recycling endosome
and back to the cell surface or shunted to multivesicular bodies (MVBs) to the lysosome
for degradation, depending on intracellular signals such as the Rab proteins[86]. With
respect to the caveolae dependent pathways, a clear delineation of the cellular
mechanisms is unknown. However, once internalized, the vesicles would probably traffic
to similar intracellular compartments as during clathrin mediated endocytosis.
Intracellular trafficking has been studied with the vacuolar-type H(+)-ATPase inhibitors
bafilomycin and the lysophilic weak base chloroquine, which inhibits lysosomal
acidification[87-88].
Ubiquitination is another way that the cells control cell signaling. Ubiquitin is a
highly conserved 76-amino acid polypeptide that can be attached covalently to lysines in
target proteins in an enzyme dependent manner[89]. First, E1 activates the ubiquitin by
hydrolyzing ATP to add an adenyl to an ubiquitin molecule. The activated ubiquitin is
transferred to a conjugating enzyme, E2. Finally, E3, the ubiquitin ligase, catalyzes the
transfer of ubiquitin from E2 to the target protein[90]. Ubiquitination was thought to be a
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signal for protein degradation by proteasomes. However, subsequently it has also been
shown to serve as a signal for endosomal trafficking, depending on whether it is
monoubiquitinated or polyubiquitinated[90].

Polyubiquitination is the sequential

addition of at least four ubiquitin residues to lysine 48 on the target protein. This signals
the protein to be targeted to the proteosome for degradation[90]. Monoubiquitinated
proteins are targeted to vesicles by endosomal sorting complexes required for transport
(ESCRT) machinery to form MVBs that eventually fuse with lysosomes (Figure 5) [89].
It has been shown that multiubiquitination, which is the addition of several
monoubiquitin molecules to a target protein, is a key signal for degradative sorting[86].
One study showed IL-17 can trigger ubiquitination of IL-17RA, which may involve
TRAF6 that acts as E3 ligase[91]. The study showed that with aTRAF6 mutant, IL-17RA
was not ubiquintated. This study also demonstrated that IL-17F but not IL-17A induced
IL-17R ubiquintaiton via TRAF6. However, rather than triggering degradation following
ubiquitination, luciferase reporter activity of an IL-17 driven gene was increased
suggesting that ubiquitination was a positive regulator of cell signaling. Since IL-17A is
the most potent IL-17 member, it calls into question whether ubiquitination is the main
and necessary signaling mechanism. Receptor regulation through intra and extracellular
signaling, soluble isoforms, receptor internalization and ubiquitination are potentially
employed by the cells responsive to IL-17 as ways to control response to IL-17 to prevent
over-activation that could lead to chronic inflammation.
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KEY:

Figure 5: Receptor internalization can either traffic to recycling endosomes or lysosomes
for degradation. Upon ligand binding (1), a receptor can be activated to induce
downstream signaling.
One way that the cell regulates signaling is via (2)
monoubiquitination which leads to (3) receptor internalization. Vesicles may traffic to
early endosomes that can either fuse with (4) recycling endosomes or to (5) endocytic
intermediate organelles in the lysosomal degradative pathways called multiple vesicular
bodies (MVB), depending on internal trafficking proteins such as RabGTPases. In the
recycling endosome, ubiquitin molecules are removed to allow receptors to traffic to
plasma membrane. When fused with MVB, receptors are targeted to lysosomal
degradation, which would further inhibit signaling. Bafiloymcin and chloroquine (6) act
on lysosome and endosome structures to prevent protein degradation. Bafilomycin is a
specific inhibitor of vacuolar-type H(+)-ATPase. Chloroquine is a lysophilic weak base
that rapidly becomes protonated within the endocytic vesicles, thereby neutralizing the
acidic environment. With the pH change, enzymes in endosome compartments are
denatured and lose bioactivity. By inhibiting degradation, both drugs cause protein
accumulation.
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Response to IL-17 is tightly regulated due to the strong inflammatory reaction that
IL-17 induces, from its production to its binding to receptors and signaling to the nucleus.
Currently, there are still unanswered questions to ligand-receptor interactions of IL-17
and receptors, IL-17 signaling and in vivo function of IL-17. Of particular interest is the
IL-17 receptor and signaling molecules. Regulation of IL-17R is important as receptors
provide the first level of control in cellular response. By better understanding ligandreceptor and receptor activation of downstream signaling, effective treatments may be
developed against receptors involved in autoimmunity while preserving necessary IL-17
inflammatory effects.

2.9 Role of IL-17 in diseases:
Th17 cells are now well recognized to be major players in autoimmune diseases
such as MS, colitis, psoriases, and rheumatoid arthritis (RA). As the major effector
cytokine of Th17, IL-17 is implicated in chronic inflammatory diseases and organ
transplant rejection[62]. While the cytokine is important in controlling some pathogen
types, certain pathogens that do not need IL-17 to be cleared, still induce its production.
For example, bacteria such as Pseudomonas aeruginosa[92] and fungi such as
Aspergillus fumigates[93] induce IL-17 production, while both type of infections can be
cleared without strong neutrophil recruitment[94]. In such cases, IL-17 driven
inflammation may not be protective but rather increases the risk of chronic inflammation.
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Monocytes and macrophages are important in mediating IL-17 pro-inflammatory
effects. Although the half-life of a macrophage varies depending on the organ, it is
known that in chronically inflamed organs such as in asthmatic lungs, macrophage
survival is enhanced [95]. This may be associated with survival factors that IL-17
produces such as IL-1β, TNF-α, and GM-CSF[96]. Recently, IL-17 has been shown to
induce airway macrophage migration and survival [97] as well as monocyte migration in
synovial fluid of RA patients[98], leading to tissue destruction. Neutralization of either
IL-17 or its receptors significantly reduced monocyte migration[98].
RA is a chronic inflammatory disease that leads to the destruction of bone and
cartilage. IL-17 is found in synovial fluids of RA patients, where it stimulates production
of catabolic enzymes in human chondrocytes that results in decreased chondrocyte
proliferation[99].

IL-17 along with IL-1β and TNFα, stimulate secretion of further

growth factor and pro-inflammatory cytokines such as GM-CSF and IL-6. Additionally,
IL-17 induces matrix metalloproteinases in synoviocytes, which leads to proteolytic
degradation of cartilage [100]. In these cases, IL-17 is a double edged sword. The same
functions that IL-17 mediates to control infections become damaging to the host through
the release of cytokines such as IL-6, IL-8 and IL-1β.
While IL-17 deregulation is associated with autoimmune diseases, more recently
it has also been linked to human immunodeficiency virus (HIV) infection. This virus
impairs the immune system by targeting immune cells such as T cells and monocytes,
leading to an increased risk of opportunistic infections. Whereas IL-17 function is
26

exaggerated in autoimmunity, suppression of IL-17 by HIV infection could be one
mechanism that increases susceptibility to infections.
Th17 cells play important roles in mucosal immunity, as they are found in high
concentration in the lamina propria of the GI tract[101]. Th17 cells prevent microbial
translocation across mucosal surfaces by enhancing expression of antimicrobial peptides
and mobilizing neutrophils to the infected site. Gut-associated lymphoid tissue (GALT) is
also a major reservoir for CD4+ T cell, the source of Th17 cells, and a key site of HIV
replication[39]. Mucosal surface transmission of HIV is one major route of entry and site
of viral infection. Therefore, understanding how Th17 cells are dysregulated by HIV
infection is crucial to restoring Th17 population and function. Dysregulation of IL-17
function and Th17 cells at the mucosal surface during HIV infection may increase
opportunistic infections that Th17 cells normally protect against.
Current literatures do not agree on how IL-17 is affected by HIV infection. The
first report that associated HIV infection with IL-17 showed an increase of IL-17
production by CD4+ T cells in the peripheral blood of HIV patients[102]. However, this
was contradicted in a later report that showed HIV-1 infected children with a plasma viral
load below 50 copies/ml had detectable IL-17 production, in contrast to those with
detectable viremia who had no observable IL-17 production[103]. This suggested viral
mediated impairment of Th17 cells, which led to decreased levels of IL-17. Additionally,
Yue et al, demonstrated that IL-17 producing T cells were detectable only in early HIV-1
infection[104]. These data suggest that IL-17 production is likely to be negatively
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correlated with the progression of disease, which increasingly deregulates the immune
system. IL-17 may initially increase to fight viral infection, but is later suppressed as
Th17 cells are depleted towards end stage disease.
Current research on HIV and Th17 has focused on the involvement of the T cell
itself, which is the primary target of HIV infection. However, M/M are also major targets
of HIV infection. They serve as the main reservoirs for HIV to replicate and contribute
to persistent viral infection. Upon HIV infection, M/M become functionally impaired,
leading to deregulation of cytokine production and function[105] and consequently, a
decrease in inflammatory response against pathogens. Because monocyte is one of the
first responders to an injury, it is important to understand how IL-17 signaling is
deregulated in these cells, so that pharmacological therapies may be developed. Drugs
targeting specific molecules in the signaling cascade can preserve the important proinflammatory function of IL-17 while prevent against the diseased state.

2.10 Rationale, Objectives and Hypothesis
Rationale:
During extracellular bacterial or fungal infections, Th17 cells produce IL-17,
which enhances inflammation primarily through the recruitment and induction of
proliferation of monocytes [51, 54]. Monocytes are one of the first responders during
infection. They are important in processing and presenting microbial peptides to T cells
to mount a robust adaptive immune response. They are also one of the major mediators
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of inflammation [106-107].

Both IL-17 and monocytes have been implicated in chronic

inflammatory diseases such as RA [98] and allergic airway inflammation[97].
Since monocytes respond to IL-17 to amplify inflammation, it is important to
understand the signaling process in these cells. Monocytes must first express IL-17R to
prepare for IL-17 binding later during infection. Therefore, before we can understand
how monocytes respond to IL-17, we must first characterize the IL-17R levels in these
cells during inflammatory responses. To this end, we used lipopolysaccharide (LPS), a
well-characterized pro-inflammatory signal. LPS found in the cell membrane of Gram
negative bacteria, is a pyrogen that activates monocytes and upregulates the inflammatory
properties of these cells[108]. LPS was used to simulate a bacterial infected state, during
which IL-17R levels in monocytes was measured. Understanding the IL-17R response
towards LPS is important because IL-17R initiates the downstream signaling responses
leading to upregulation of pro-inflammatory cytokines and chemokines.

By better

understanding regulation of IL-17R in human monocytes, monocyte signaling in response
to IL-17 may become better elucidated.

Overall Aim: To understand the mechanisms which influence IL-17R levels in human
monocytes in response to LPS
Specific aims:
1) Are IL-17RA and IL-17RC expressed in human monocytes?
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2) What are the post-translational regulatory mechanisms regulating IL-17RA levels
in response to LPS in human monocytes?
Hypothesis: LPS induces upregulation of IL-17RA and IL-17RC levels in human
monocytes.
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Chapter 3
Material and Methods
Cell Culture and Reagents:
THP-1 cells stably transfected with a plasmid containing CD14 cDNA sequences
(CD14 THP-1) were provided by Dr. R. Ulevitch (The Scripps Research Institute, La
Jolla, CA) [109]. CD14 THP-1, human peripheral blood mononuclear cells (PBMC), and
primary monocytes were cultured in Iscoves’ Modified Dulbecco Medium (IMDM) with
10% fetal calf serum at 37°C with 5% CO2. CD14 THP-1 and primary cells, were
stimulated with lipopolysaccaride (LPS) from Escherichia coli 0111:B4 at 1 μg/ml
(Sigma), or IL-27 at 120ng/ml, or phorbol myristate acetate (PMA) at 20ng/ml over
indicated time periods. Bafilomycin (Sigma Cat #B1793), an ATPase inhibitor and
chloroquine, a lysophilic weak base, (Sigma Cat# C6628) were used to inhibit protein
degradation.

Isolation of Primary Monocytes:
Primary human monocytes were isolated from healthy whole blood obtained as
per Queen's University Research Ethics Board approval. Whole blood was diluted 1:1
ratio with PBS-EDTA-2% FCS and overlayed onto Lympholyte (Cedarlane Laboratories)
in a 4:3 ratio of diluted blood to Lympholyte. Overlay tubes were centrifuged for 20min
at 1200g, at room temperature with the brake off. The PBMC fraction was washed twice
with PBS-EDTA-2%FCS and used to isolate primary monocytes using the protocol of
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negative selection from the Human Monocyte Enrichment Kit without CD16 Depletion
[Cat #19058, Stem Cell Technology]. Briefly, washed PBMC were resuspended in PBSEDTA-2% FCS at 5x107cells/ml.

Antibody cocktail was added to PBMC at a

concentration of 50 μg/ml and incubated for 10 minutes at room temperature. Antibody
cocktail contains a combination of mouse monoclonal IgG1 antibodies and an FcR
blocker of class IgG2b to prevent non specific binding to monocytes. Dextran coated
magnetic beads used for labeling unwanted cells using Tetrameric Antibody Complexes
(TAC) were vortexed for 30 seconds for homogenization and added at 50 μg/ml to
PBMC and incubated for 5 minutes at room temperature. The PBMC suspension was
brought to a total volume of 5ml with PBS-EDTA-2% FCS, and inserted with the cap off
into a magnet for 2 minutes and 30 seconds to allow for separation of unlabeled target
cells from magnetically labeled cells. The purified monocytes were poured into a fresh
conical tube and were cultured as described above.

RNA isolation:
Total RNA was isolated from cells using the Tri Reagent method (Sigma).
Briefly, pellets were lysed in 1 ml of TRI reagent per 5-10 x 106 cells. The homogenate
was supplemented with 50μl of 4-bromoanisole (Sigma) per ml of TRI reagent. The
samples were vortexed for 15 seconds and centrifuged at 12,000g for 15 minutes at 4°C.
The upper aqueous phase was collected and transferred to fresh tubes.

0.5ml of

isopropanol (BioShop Canada) was added to precipitate RNA and the samples were
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incubated for 10 minutes and centrifuged at 12,000g for 5minutes at 4°C. Supernatant
was discarded and the RNA pellet was washed with 1ml of 75% of ethanol by vortexing
and subsequent centrifugation at 12000g for 5minutes at 4°C. The ethanol was removed
and RNA pellet was dissolved in 50μl of RNase free water.

RT-PCR analysis:
RNA OD was measured using an ND1000 spectrophotometer (Fisher Scientific).
RNA samples were diluted using RNase free dH2O to obtain 1μg of RNA. RNA(1μg)
was reverse transcribed with random primers, dNTP, 5X buffer and Moloney Murine
Leukemia Virus Reverse Transcriptase Enzyme (Invitrogen Cat. #28025-013). The RTPCR cycling condition was 25°C for 15 minutes, 42°C for 1 hr, followed by 95°C for 5
minutes. cDNA was added to specific primers: IL-17RA, IL-17RC, IL-6 or TNFα, or 18s
primer sets, with Taq Polymerase 5X master mix (New England Biolabs Cat #M0285L)
containing dNTPs, MgCl2, KCl and stabilizers. Sequences are shown in Table 1.
Primer cycling parameters were optimized on a Px2 Thermal Cycler (Thermo
Electron Corporation) and their expected sizes were calculated using BLAST (Basic
Local Alignment Search Tool). Cycling conditions for each primer set are shown in
Table 2. PCR products (12μl) were loaded with 2μl of 6X loading dye and run on a 1.2%
agarose gel with ethidium bromide in 0.5X TBE buffer at 75V until bands of desired size
were separated. Gels were imaged on an HD2 Alpha-Innotech imager (Fisher Scientific).
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Table 1: Sequences of primers and their expected sizes.
Primer

Forward Sequence

Reverse Sequence

Expected
Size

18s

5’

5’ CCA GAC AAA TCG CTC 200

ACTCAACACGGGAA

CAC CAAC 3’

ACCTCAC 3’
IL-17RA

IL-17RC

IL-6

TNF-α

5’

5’

TGACAGCTGGATTC

TGGTGTTCAGCTGCAGGACAG

ACCCTCGAAA 3’

ATA 3’

5’

5’

AGGTTCTCGAGTTC

TGAAGTACAGCCACTGGGTTC

CCATTGCTGA 3’

CAA 3’

5’

5’

GAACTCCTTCTCCA

GAATCCAGATTGGAAGCATCC

CAAGCG 3’

3’

5’GAGTGACAAGCCT

5’GGCAATGATGATCCCAAAG

GTAGCCCATGTTGT

TAGACCTGCCCAGACT 3’

187

196

300

AGCA 3’

34

440

Table 2: Cycling conditions for primers
Primer

Cycling Conditions

Number of cycles

18s, IL-17RA, IL-6

95°C for 10 min

40 cycles

95°C for 45 sec
55°C for 60 sec
72° C for 45 sec
72° C for 10 min
IL-17RC

95°C for 10 min

50 cycles

95°C for 45 sec
54°C for 60 sec
72° C for 45 sec
72° C for 10 min
TNF-α

95°C for 10 min
95°C for 60 sec
65°C for 60 sec
72° C for 60 sec
72° C for 10 min
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30 cycles

Concentrating Supernatant Protein:
PBMC were stimulated with LPS for 24h and cell supernatants were collected.
Proteins in the supernatant were concentrated using the Total Protein Concentration Kit
(Norgen Cat #22000).

Briefly, a spin column was assembled with the collection tube

and 400μl of Column Activation and Wash Buffer. The tubes were centrifuged for 2
minutes at 7000 rpm, and flowthrough was discarded. The column activation step was
repeated two more times.

Supernatant (500μl) was diluted in 500μl of PBS and

supplemented with 40μl of pH Binding Buffer that was provided.

Protein solution

(500μl) was added to column and centrifuged for 2 minutes at 7000 rpm. This was
repeated once more with remaining supernatant dilution. Column was washed with 400μl
of Column Activation and Wash Buffer and centrifuged for 2 minutes. This was repeated
once more. Neutralizer (9.3μl) was added to a fresh 1.7ml Elution Tube. The spin
column was transferred into the Elution Tube and 100μl of Elution Buffer was applied to
the column and centrifuged for 2 minutes to elute bound proteins. Concentrated proteins
were separated by SDS-PAGE and analyzed by Western blot as described in the
following section. Media alone and media with FCS were also concentrated down using
the same procedure as control.

Cell lysis for whole cell protein:
Cells were collected and lysed in lysis buffer [1M HEPES, 0.5M NaF, 0.5M EGTA,
2.5M NaCl, 1M MgCl2, 100% glycerol, 100% Triton-X-100], containing a protease
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inhibitor cocktail (serine and cysteine, and calpain protease inhibitors) (Pierce #78410).
The Bradford Assay was used to determine protein concentration. Absorbencies were
measured with Varioskan Rev. 2.0 (Thermo Electron Corporation) 96-well plate reader.
Negative control cell lysate from bone, heart and skeletal muscles were obtained from
ProSci.

SDS-PAGE and Western blot analysis:
IL-17 RA and IL-17RC protein levels were measured by Western blot analysis.
50μg of total protein were resolved on 10% polyacrylamide gels and were transferred to
polyvinylidene fluoride membranes (Millipore) and blocked for 1hr with 2.5% bovine
serum albumin (BSA) at room temperature. Membranes were probed with IL-17RA Nterminus (Santa Cruz Cat # 30175) diluted 1:1000 in BSA, IL-17RC (R&D Cat AF2269)
diluted at 1:1000

overnight at 4°C with gentle agitation.

Appropriate secondary

antibody (horseradish peroxidase-conjugated rabbit anti-goat, goat anti-rabbit, or goat
anti-mouse polyclonal antibody [Santa Cruz Biotechnology]) were added to the
membranes at 1:10000 for 1 hour and washed with TBST buffer (150 mM Tris-HCl, 1 M
NaCl, and 1% Tween 20). Blots were visualized with Enhanced Chemiluminescence
(ECL) (Amersham Biosciences) on an HD2 Alpha-Innotech imager. Membranes were
stripped (1 M Tris-HCl (pH 6.8), β-mercaptoethanol, 2% SDS, and 0.7 mM
dithiothreitol) at 50 °C and washed with TBST buffer seven times followed by re-probing
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with 1:5000 alpha-tubulin (Sigma) or 1:1000 heat-shock protein 90 antibody (Santa Cruz
Cat #7947) as loading controls.

ELISA:
PBMC were stimulated with LPS for 24hr and the cell supernatants were
collected.

96 well microplates were coated overnight at 4°C with 50μl of capture

antibody IL-17R (R&D Cat #: MAB 1771) at 2μg/ml diluted with coating buffer A (8.0g
NaCl, 1.13 g Na2HPO4, 0.2g KH2PO4, 0.2g KCl, and 0.1% ProClin in 1L of dH2O, pH
7.4). Plates were washed and blocked for 1hr at room temperature with 300μl of assay
buffer (8.0g NaCl, 1.13 g Na2HPO4, 0.2g KH2PO4, 0.2g KCl, 5.0g bovine serum albumin,
1ml Tween 20 and 0.5% ProClin in 1L of dH2O, pH 7.4). Standard recombinant human
IL-17R protein (R&D Cat #: 177-IR) was diluted to 1000 pg/ml and serially diluted two
fold in 450μl of assay buffer. Standards or stock sample supernatant was added for 2hrs
before addition of 25μl of biotinylated IL-17R antibody (R&D Cat #: BAF177) at
0.1μg/ml diluted with assay buffer.

This was incubated for 2hrs more at room

temperature with continual shaking. The plate was washed with 300μl of 1X washing
buffer (Wash buffer 25X: 0.2g KH2PO4, 1.9g K2HPO4- 3H2O, 0.4g EDTA, 0.5ml Tween
20 in 1L of dH2O, pH to 7.4), incubated with 50μl of streptavidin-HRP, washed again
before addition of TMB Stabilized Chromogen (Biosource). 100μl of 1.8N H2SO4 was
added to stop the reaction and absorbencies were immediately measured on BioTek
ELx800 Absorbance Microplate Reader at 595nm.
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Detection of IL-6 (Biosource CHC1263) and TNF-α (Biosource CHC1753)
followed the manufacturer’s protocol. Briefly, plates were coated with capture IL-6 at 1
μg/ml, or TNF-α at 2μg/ml. Plates were washed and blocked for 1hr, followed by
addition of standards or samples, 1:50 dilution for IL-6, and stock sample for TNF-α.
Detection antibody was added immediately to microplates (IL-6: 0.16 μg/ml, or TNF-α:
0.32 μg/ml) and incubated for 2 hr with continual shaking. The plate was washed with
300μl of 1X washing buffer (Wash buffer 25X: 0.2g KH2PO4, 1.9g K2HPO4- 3H2O, 0.4g
EDTA, 0.5ml Tween 20 in 1L of dH2O, pH to 7.4), incubated with 50μl of streptavidinHRP, washed again before addition of TMB Stabilized Chromogen (Biosource). 100μl
of 1.8N H2SO4 was added to stop the reaction and absorbencies were immediately
measured on BioTek ELx800 Absorbance Microplate Reader at 595nm.
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Chapter 4
Results
4.1 IL-17R response to LPS
The expression of IL-17RA is ubiquitous throughout tissues in the body, with
higher expression on hematopoietic cells. In order to respond to IL-17, IL-17RA must
complex with IL-17RC, which is expressed poorly on hematopoietic cells, to form
functioning signaling receptor [7, 61].

IL-17 promotes monocyte recruitment and

proliferation [54]. These cells are precursors of macrophages and are the first responders
during infection.

Currently levels of IL-17R in monocytes, in particular during

inflammatory responses, are not well characterized. Therefore, in this study we focus on
the regulation of IL-17 receptor components in response to inflammatory signals given by
LPS in human monocytic cells.

4.1.1 LPS induces IL-17RA mRNA in primary human immune cells
Here, we determined mRNA levels of IL-17RA and IL-17RC in CD14 THP-1
cells, PBMC, and monocytes. We hypothesized that LPS, which upregulates a variety of
cytokines such as IL-6, IL-12, and TNF-α [110-111], will also enhance mRNA levels of
IL-17R. All three types of cells were stimulated with LPS for a time course of 0 to 24
hours to measure mRNA expression of IL-17RA using primers directed at the coding
sequence for the extracellular region.
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mRNA expression of IL-17RA was observed to

increase over 24 hours in

PMBCs and monocytes (Figure 6A). IL-17RA mRNA expression increased significantly
at 16hr in PBMC whereas in primary monocytes, increased transcript levels were
observed at 8hrs. However, no increase in mRNA expression was observed in the CD14
THP-1 cell line. It is interesting to note that the kinetics of increased IL-17RA transcript
level differed between PBMC and monocytes. This may be because monocytes only
constitute up 10-20% of PBMC, and the responses observed in PBMC may be
contributed more by lymphocytes such as T cells that constitute up to 50% of PBMC.
Since levels of IL-17RA mRNA are upregulated relatively late in response to
LPS, we wanted to ensure that the cells were able to respond to LPS at earlier time
points. Therefore, we examined IL-6 and TNF-α expression in primary cells. In PBMC,
both cytokine transcript levels were shown to increase over the 24hr period with maximal
induction at 4hr (Figure 6C).

A similar trend was observed in monocytes over a 16hr

period.

4.1.2 LPS induces IL-17RC mRNA in CD14 THP-1 cells, but only weakly in PBMC
and monocytes
IL-17RC is a crucial partner to IL-17RA in mediating cellular response to IL-17A
in humans.
cells[27].

Unlike IL-17RA, IL-17RC is only weakly expressed in hematopoietic
Thus, it is important to measure IL-17RC mRNA and protein levels in

monocytes as the level of IL-17RC will determine cellular responses to IL-17.
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A)

B)

C)

PBMCs
--------LPS-------0 4h 8h 16h 24h
IL-6

Monocytes
-----LPS----0 4h 8h 16h

TNF-α
18srRNA
Figure 6: LPS enhances IL-17 receptor transcript levels in PBMC and human monocytes.
PBMC were collected from healthy subjects. Primary monocytes were isolated from
PBMC using negative selection. Cells were treated with or without LPS (1μg/ml) for
times ranging from 0 to 24hr. Cells were harvested and RNA was extracted for RT-PCR
analysis of either IL-17RA (A) or IL-17RC (B). Positive controls of IL-6 and TNF-α
expression were shown for both PBMC and monocytes (C). 18srRNA was included as a
loading control. Gels are representative of at least five separate experiments.
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As with IL-17RA, we hypothesize that IL-17RC mRNA levels will increase in response
to LPS to facilitate for IL-17 binding. From RT-PCR analysis, transcript levels of IL17RC increased in all three types of cells (Figure 6B). However, IL-17RC mRNA levels
in PBMC and monocytes were significantly weaker compared to CD14 THP-1 cells. The
kinetics of IL-17RC mRNA upregulation were similar in both CD14 THP-1 cells and
PBMC, with a significant increase at 16hr. In monocytes, IL-17RC was only weakly
upregulated at 24hr.

4.1.3 LPS decreased levels of IL-17RA protein levels in primary cells
Since we observed LPS-mediated induction of IL-17RA and IL-17RC mRNA
expression, we wanted to confirm this result at the protein level. Therefore, levels of
protein expression of IL-17RA and IL-17RC were measured using SDS PAGE and
Western blot analysis. IL-17RA is approximately 120kDa and a type I single span
transmembrane protein with variable extracellular glycosylation at the N-terminus. To
detect changes in levels of IL-17RA, an antibody directed against the extracellular Nterminus of the protein was used. It is expected from the increase in mRNA transcription
in RT-PCR that IL-17RA protein levels will also increase in response to LPS treatment.
Interestingly, IL-17RA protein levels were significantly decreased under the same
conditions at 16 hrs in primary cells (Figure 7A). This drastic discrepancy between IL17RA mRNA and protein levels raised the question of what mechanisms may be leading
to the decrease of IL-17RA protein levels. Furthermore, IL-17RA was only weakly
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A)

B)

Figure 7: LPS downregulates IL-17RA protein levels in PBMC and Monocytes. PBMC
were collected from healthy subjects. Primary monocytes were isolated from PBMC
using negative selection. Cells were treated in presence of LPS (1μg/ml) for 24hr. A)
50μg or 100μg of total cell lysate or B) 5μl of cell lysate from negative controls of tissue
cells where IL-17A is poorly expressed, were run on SDS-PAGE and membranes were
blotted with IL-17RA. Membranes were later probed with hsp90 antibodies as loading
control. Blots shown are representative of at least five separate experiments.
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detected in CD14 THP-1 cells. Even when running 100μg of CD14 THP-1 total cell
lysate on SDS-PAGE, protein levels of IL-17RA was decreased compared to primary
cells with only 50μg of protein (Figure 7A). Kinetics of IL-17RA in CD14 THP-1 cells
also did not exhibit a similar trend to what was observed in primary cells. In the cell line,
IL-17RA was still weakly detectable at 16hr.
To demonstrate IL-17RA antibody specificity, negative controls of bone, heart
and skeletal muscle tissues were used since IL-17RA is poorly expressed in these tissues.
Indeed, from the Western blot, no IL-17RA was detected, while hsp90 antibody shows
presence of proteins (Figure 7B).
In order to determine if IL-17RA response to cell activation is LPS-specific,
PBMC were stimulated with two different stimulants: IL-27 (120 ng/ml) or PMA
(20ng/ml).

IL-27 has been shown to act on monocytes to upregulate various pro-

inflammatory cytokines [112], and PMA is a known tumor promoter that strongly
activates the signaling molecule protein kinase C (PKC) to upregulate proinflammatory
cytokine expression [113]. With both stimuli, IL-17RA levels over 24hrs exhibited a
similar trend as LPS stimulation (Figure 8). This suggests that IL-17RA response to LPS
is not specific, but rather a general response to pro-inflammatory stimuli.

4.1.4 IL-17RC protein level is not affected by LPS
While IL-17RC mRNA expression increased at 24hr, like IL-17RA, the protein levels
over 24hrs did not correspond to transcript levels. Since IL-17RA complexes with RC to
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Figure 8: IL-27 and PMA downregulates IL-17RA protein levels in PBMC. PBMC were
collected from healthy donors. Cells were treated with either IL-27 (120ng/ml) or PMA
(20ng/ml). 50μg of total cell lysate were run on SDS-PAGE and membranes were blotted
with IL-17RA. Membranes were later probed with hsp90 antibodies as loading control.
Blots shown are representative of at least five separate experiments.
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induce signaling, we would expect IL-17RC to respond to LPS in a similar way as IL17RA, and decrease in response to LPS treatment. However, protein levels of IL-17RC
in THP-1 cells and PBMC showed no change (Figure 9). In THP-1 cells, only one band
was detected compared to two bands found in PBMC, one at the 86kDa mark, which is
the molecular weight of IL-17RC, the other in the range of the 110kDa marker. In
PBMC 0-8hr, multiple weak bands near the 110 kDa was observed, possibly due to
glycosylation. Due to weak mRNA levels of IL-17RC in monocytes and protein levels in
PBMC, protein levels of IL-17RC in monocytes were not further investigated.

4.1.5 IL-6 and TNF-α production increases in response to LPS treatment
To show that primary cells were responding to LPS at 24hr, IL-6 and TNF-α
production from LPS stimulation were quantified by ELISA (Figure 10). Addition of
LPS to PBMC increased IL-6 and TNF-α levels to 6500pg/ml and 1000pg/ml
respectively, from non-detectable levels. IL-6 production increased significantly from 4hr
to 24hr of incubation with LPS, whereas TNF-α levels increased the most from untreated
to 4hr with LPS. Similarly in monocytes, IL-6 production increased over 24hr.

4.2 IL-17RA is not cleaved or secreted in response to LPS stimulation
To investigate the discrepancy between mRNA and protein IL-17RA levels, two
possibilities were considered: cleavage and secretion of the extracellular domain of IL17R or receptor internalization and degradation. Many cytokine receptors, such as soluble
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Figure 9: LPS does not significantly affect IL-17RC protein levels in PBMC and THP-1
cells. PBMC collected from healthy donors and THP-1 cells were treated with LPS
(1μg/ml) over 24hrs. 50μg of cell lysate were loaded in SDS PAGE for Western blot
analysis. Membranes were blotted for IL-17RC and later hsp 90 for loading control.
Blots shown are representative of at least five separate experiments.
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Figure 10: IL-6 and TNF-α protein levels in PBMC and monocytes detected by ELISA
show that cells are still responding properly to LPS at 16hr and 24hr. PBMC were
collected from healthy donors and monocytes were isolated using negative selection.
PBMC (A) or monocytes (B) were stimulated with LPS (1μg/ml) and supernatant was
collected for IL-6 or TNF-α quantification by ELISA. Error bars represent standard
deviation. N.D: not detected. Data is representative of two different individuals.
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gp130 and soluble IL-1R type II [114], have been observed to use soluble isoforms as a
means to limit membrane bound receptor activation and signaling[81]. Soluble forms of
IL-17RB and IL-17RC have been predicted but not investigated [27]. Soluble isoforms
may be generated by several mechanisms, one of which is cleavage and secretion of the
extracellular region of receptor.
In order to determine if IL-17RA is either cleaved and/or secreted, an ELISA was
performed to detect soluble isoforms of IL-17RA. It was expected that if IL-17RA was
cleaved or released as a soluble receptor, then sIL-17RA levels should increase at 16hr,
corresponding to the decrease in cellular protein levels. However, no soluble isoforms of
IL-17R in the PBMC supernatant were detected (Figure 11A). IL-17RA concentration in
supernatant was below the lowest standard concentration and no significant trend was
observed. A positive control of standard IL-17R was included, and IL-17RA protein was
detected confirming that the antibodies and protocol were working.
To confirm that there were no soluble isoforms of IL-17RA as detected by
ELISA, protein in the supernatant was concentrated for SDS PAGE and Western blot
analysis (Figure 11B). Given that the average weight of one a.a is 135 Da, and there are
approximately 320 a.a in the extracellular domain, with seven potential sites of N-linked
glycosylation [115], if IL-17RA was cleaved, then the extracellular domain would be
around 90kDa. However, no band at the 90kDa marker was observed. Multiple bands at
245, 120, 20 kDa mark were observed, however, these bands were also present in the
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Figure 11: Extracellular domain of IL-17RA is not cleaved and secreted as detected by
ELISA and Western blot of concentrated supernatant protein. PBMC were collected
from healthy donors and monocytes were isolated using negative selection. A)
Supernatants from PBMC or monocytes treated with LPS (1μg/ml) were collected to
quantify cleaved isoforms of IL-17RA. Standard rIL-17R was diluted to 1000pg/ml and
serially diluted two fold to generate standard curve. B) Western blot of concentrated
supernatant protein using Total Protein Concentration Kit confirmed negative result
found in ELISA. There was no significant difference in supernatant protein when
compared to media with FCS control. Graphs are representative of at least five separate
experiments. Western blot of concentrated protein in supernatant is representative of at
least three separate experiments.
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media control with fetal calf serum (FCS) which contain growth factors to help cells
grow [116], suggesting that these bands were due to nonspecific binding of antibody. No
bands were observed in the medium alone, suggesting the source of these proteins came
from the FCS.

4.3 IL-17RA is degraded in response to LPS stimulation
From previous experiments, it is unlikely that IL-17RA is cleaved and secreted, as
both ELISA and Western analysis of concentrated supernatant proteins failed to detect
IL-17RA. Receptor internalization and degradation is another mechanism by which cells
control signaling.

For example, IL-5R was demonstrated to undergo receptor

internalization via both clathrin and lipid raft mediated endocytosis to both positively and
negatively control signaling, respectively[83]. To explore the possibility of receptor
degradation that may account for the decrease of IL-17RA levels at 16hr as detected by
Western analysis, cells were pretreated with bafilomycin or chloroquine to prevent
protein degradation.

4.3.1 Bafilomycin and chloroquine dose optimization
Bafilomycin is an ATPase inhibitor, whereas chloroquine is a lysophilic weak
base that neutralizes the acidic compartment of lysosome[87-88]. Both drugs are able to
inhibit receptor recycling and degradation. Receptor levels were expected to increase
with drug treatment if receptor internalization and degradation was occurring. First,
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PBMC were treated with the drug at various doses to optimize drug dosage. Doses used
for optimization were selected based on literature that studied drugs effect on monocytes
or closely related immune cells. Bafilomycin concentrations of 10nM to 100nM, were
within range of what is used in the literature for monocytes [117-120]. Chloroquine
concentrations of 5μM to 100μM were also selected based on experiments on monocytes
from the literature [121-122].

Based on the Western blot and other experiments, the

dosage that increased IL-17RA levels the most without causing cell death was selected.
Specifically, bafilomycin 100nM and chloroquine at 50μM was selected (Figure 12).
It is also interesting to note that in CD14 THP-1 cells, chloroquine was able to
increase IL-17RA protein levels (Figure 13B).

Compared to CD14 THP-1 cells

stimulated with only LPS (Figure 13A), IL-17RA was significantly increased by
chloroquine overnight pretreatment at all doses followed by addition of LPS. Total
protein of 100μg was run on SDS-PAGE showed weak bands for IL-17RA in the absence
of the drug, compared to only 50μg of total protein from THP-1 cells treated with
chloroquine.

Moreover, 50μM and 100μM of chloroquine also increased IL-17RA

protein levels at 16hrs. However, it should be noted that IL-17RA levels did not decrease
at 16hr in these cells with LPS treatment alone. Therefore, further experimentation in
primary cells was conducted to confirm a similar trend and mechanism. In CD14 THP-1
cells, 50μM of chloroquine was able to increase IL-17RA protein levels at 16hr,
therefore, this dose was selected for further experiments.
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Figure 12: Bafilomycin and chloroquine treatment of PBMC at 10nM and 100nM, and
5uM and 50uM respectively. PBMC collected from healthy donors were treated with LPS
alone or either drug alone to optimize drug concentration and drug effect on IL-17RA
levels. 50μg of total cell lysate were run on SDS-PAGE and membranes were blotted
with IL-17RA. Membranes were later probed with hsp90 antibodies as loading control.
Doses for further experiments were chosen based on which doses had the highest effect
on IL-17RA protein levels without affecting cell viability. Bafilomycin 100nM and
chloroquine 50uM were chosen for later experiments. Western blot is representative of
three separate experiments. BAF: bafilomycin, CLQ: chloroquine.
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A)

B)

Figure 13: Chloroquine pretreatment of THP-1 cells increased IL-17RA protein levels.
50μg of total cell lysate were run on SDS-PAGE and membranes were blotted with IL17RA. THP-1 cells were pretreated with increasing doses of chloroquine overnight,
25μM, 50μM and 100μM, followed by LPS treatment of indicated times. Membranes
were later probed with hsp90 antibodies or alpha tubulin as loading controls. Western
blot is representative of three separate experiments. CLQ: chloroquine.
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4.3.2 Bafilomycin and chloroquine time course optimization
In order to optimize the drug effect on IL-17RA protein levels, PBMC were
incubated with either drug under three conditions: 1) pretreatment of either drug for 2hr,
followed by addition of LPS for 0 to 16hr, 2) simultaneous incubation of LPS and drug,
or 3) LPS pretreatment followed by drug.
Bafilomycin alone increased IL-17RA protein levels (Figure 14).

The third

treatment option did not yield significant increase of IL-17R (Figure 14), and this option
was further tested in monocytes. In monocytes, LPS pretreatment of 12hr, followed by
increasing duration of bafilomycin treatment showed that with increasing time of the
drug, there was a decrease in IL-17RA protein levels, suggesting a decrease in drug
efficacy (Figure 15). However, stock bafilomycin may have lost its efficacy during
monocyte treatment.

This is based on the observation that previous bafilomycin

treatment affected hsp90 levels (Figure 14).

However, hsp90 was not significantly

affected in bafilomycin treatment on monocytes.
Simultaneous treatment of bafilomycin and LPS did not increase IL-17RA but IL17RA protein levels at 16hr were preserved compared to 4hr (Figure 14). Results from
bafilomycin 2h pretreatment were surprising, since pretreatment for 2hr in other studies
was effective for protein inhibition.

However hsp90 was significantly affected,

suggesting cell death. Therefore, simultaneous treatment of LPS and bafilomycin or
pretreatment of bafilomycin were investigated in further experiments in monocytes.
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Figure 14: Time optimization of bafilomycin and chloroquine treatment in PBMC.
PBMC collected from healthy donors were stimulated with LPS, drug alone, or together
in three different combinations: 1) pretreatment with drug for 2hr, followed by LPS 2)
simultaneous LPS and drug treatment, or 3) pretreatment with LPS followed by drug
treatment. For LPS pretreatment (data not shown unless indicated), three different time
points were tested: 1) LPS for 12hr, followed by drug for 4hr, 2) LPS for 8hr, followed
by drug 8hr (data shown), or 3) LPS for 4hr, followed by drug for 12hr. 50μg of total
cell lysates were run on SDS-PAGE and membranes were blotted with IL-17RA.
Membranes were later probed with hsp90 antibodies as loading control. Western blot is
representative of at least three separate Western blots. BAF: bafilomycin, CLQ:
chloroquine. p2h: pretreated for 2hr.
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Figure 15: Bafilomycin treatment of monocytes following LPS pretreatment of 12hr did
not increase IL-17RA levels. Monocytes negatively isolated from healthy PBMC were
treated with LPS alone, bafilomycin alone or pretreated with LPS for 12hrs followed by
bafilomycin for the indicated times. 50μg of total cell lysate were run on SDS-PAGE and
membranes were blotted with IL-17RA. Membranes were later probed with hsp90
antibodies as loading control. Blots shown are representative of at least five separate
Western blots. BAF: bafilomycin. p12h: pretreated for 12hr.
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In contrast to bafilomycin, chloroquine alone did not increase IL-17RA protein
levels at 16hr (Figure 14). It is likely, looking at the hsp90, that chloroquine induced cell
death, therefore explaining the absence of IL-17RA at 16hr. However, pretreatment of
chloroquine for 2hrs followed by LPS treatment significantly increased IL-17RA levels at
all time points. IL-17RA levels at 16hr in the presence of chloroquine were significantly
increased compared to no drug treatment. This effect may be due to presence of LPS that
induced IL-17RA and rescued cellular response. Simultaneous treatment of LPS and
chloroquine did not significantly increase IL-17RA levels. Similar to bafilomycin, LPS
pretreatment followed by chloroquine did not significantly increase IL-17RA levels.
Overall, chloroquine had a stronger effect on IL-17RA levels than bafilomycin.

4.3.3 Bafilomycin and chloroquine pretreatment of cells stimulated with LPS in
monocytes increased IL-17RA protein levels
In monocytes, both simultaneous incubation of LPS and bafilomycin, and
bafilomycin pretreatment resulted in increased IL-17RA protein levels compared to no
drug treatment (Figure 16). As in PBMC (Figure 13), bafilomycin alone increased IL17RA protein levels.
In contrast to PBMC (Figure 13), in monocytes, chloroquine treatment alone
increased IL-17RA levels after 16hr. Pretreatment of 2hrs and overnight chloroquine
treatment increased IL-17RA levels at all time points compared to no drug addition. As
in PBMC, in monocytes, chloroquine more strongly increased IL-17RA protein levels
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A)

B)

Figure 16: In primary monocytes, drug pretreatment followed by LPS increased IL-17RA
protein levels. Primary monocytes were negatively selected from healthy PBMCs and
were treated with LPS or drug alone, or pretreated with drug followed by LPS. A)
Monocytes were pretreated with chloroquine for 2hrs. Additionally, cells were also
treated simultaneously with bafilomycin and LPS. B) Monocytes were pretreated with
chloroquine overnight at a concentration of 50μM. 50μg of total cell lysates were run on
SDS-PAGE and membranes were blotted with IL-17RA. Membranes were later probed
with hsp90 antibodies as loading control. BAF: bafilomycin, CLQ: chloroquine. p2h:
pretreated for 2hr.
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than bafilomycin. Taken together, this data indicates that IL-17RA may be degraded in
response to LPS treatment.
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Chapter 5
Discussion
There is disparity between levels of transcript and protein of IL-17R in PBMC
and monocytes treated with LPS.

LPS decreases IL-17RA protein levels while

upregulating IL-17RA transcript levels. IL-17RC mRNA and protein levels also differ.
Cellular mechanisms that may account for the decrease in IL-17RA protein at 16hr was
investigated further and IL-17RA was found to undergo receptor degradation with LPS
treatment. This control mechanism is crucial for monocytes, the main mediators of
inflammation, to downregulate IL-17RA as one way to prevent overactivation of cells by
IL-17.

5.1 Differential IL-17R mRNA upregulation in PMBC, monocytes, and CD14 THP1 cells
RT-PCR of IL-17RA revealed upregulation of transcript levels in the presence of
LPS only in PBMC and monocytes, but not in CD14 THP-1 cells. This points to the
differential response between freshly isolated primary cells and a cell line. Transfected
CD14 THP-1 cells are marked by surface membrane CD14 that functions as a co-receptor
to TLR4 in response to LPS to upregulate proinflammatory cytokines such as IL-6 and
TNF-α [123-124].

However, these transformed leukemic cells differed in responses

from primary cells. In CD14 THP-1 cells, IL-17RA surface levels may already be
maximally saturated and thus cells can no longer increase IL-17RA. Another possibility
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is that downstream signaling is changed in CD14 THP-1 cells, so that slight variations in
the combination of downstream factors would lead to failure to bind promoter of Il17ra
and upregulate transcription. This difference in response demonstrates the limitations of
using a cell line and the importance of using primary cells.
In contrast, the IL-17RC mRNA transcript levels were increased in all three types
of cells, with varying kinetics in response to LPS treatment. IL-17RC transcript in CD14
THP-1 cells did not reach the same level of expression as 18srRNA, whereas, IL-17RA
and 18srRNA levels were expressed at equal intensity in CD14 THP-1 cells. This
suggests then, that the level of transcript may be what is determining if IL-17R can be
upregulated further. In a transformed cell such as CD14 THP-1, control of basal levels of
Il17ra may be lost. Therefore, in the presence of further stimulus, Il17ra cannot be
upregulated because it is already maximally transcribed. In CD14 THP-1 cells, loss of
tight regulation and basal expression of IL-17RC transcript may explain the strong
induction of IL-17RC.

Overall regulation of IL-17R transcript levels is crucial in

controlling cellular responses to IL-17, as mRNA levels predict protein levels which
determine surface levels of receptors to IL-17, a potent pro-inflammatory cytokine.
Comparison between monocytes and PBMC reveals a difference in kinetics of IL17R mRNA upregulation. In PBMC, there is a stronger expression and earlier
upregulation of both Il17ra and Il17rc. This may be because monocytes only constitute
up to 10-20% of PBMC [125]. Therefore, the response observed in PBMC may be
contributed more by lymphocytes such as T cells, which also express IL-17RA, and
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constitute up to 50% of total PBMC population[126]. In order to understand how IL-17R
is regulated in monocytes, it is important to first measure IL-17RA in a pure monocyte
population. Therefore, primary monocytes were isolated to measure IL-17RA transcript
levels in these main mediators of inflammation.
Since IL-17RA is a subunit shared by other IL-17R family members, such as IL17RB to bind IL-17RE, it is not surprising the IL-17RA mRNA transcript is expressed at
a higher level than IL-17RC. An absence of IL-17RC at basal levels in both primary
cells was expected since it is known that IL-17RC is poorly expressed in hematopoietic
cells. Regulating transcript expression levels of IL-17RA and RC, which must complex
together to induce signaling, at different levels is significant.
different tissues to regulate pro-inflammatory responses.

This allows cells in

By limiting one receptor

transcript level, cells can dampen response to IL-17A, while still responding to other IL17 members.
On the other hand, kinetics of both IL-17RA and IL-17RC transcript upregulation
in primary cells were similar.

In PBMCs, both subunit mRNA levels increased

significantly at 16hr, and in monocytes, the strongest induction was at 24hr.
Simultaneous upregulation of both IL-17RA and IL-17RC mRNA levels are important in
that both subunits are required for signaling.
From the RT-PCR, IL-17RC transcript was only upregulated in presence of LPS.
However, poor expression of IL-17RC in monocytes, suggests that LPS alone may not be
sufficient to upregulate IL-17RC. In PBMCs, where there is a mixed population of
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various innate IL-17 producing cells and T cells, cells can secrete factors such as IL-6
and TGF-β that are necessary to drive IL-17 production to act on monocytes in a
paracrine fashion. With a pure monocyte population, these factors are not present at
sufficient levels to synergize with LPS to upregulate IL-17RC.

5.2 IL-17R mRNA and protein levels dichotomy
Due to variability between individual donors, there were also differences between
IL-17RA protein levels in response to LPS. LPS induced an increase in IL-17RA protein
level between 0 and 4hr in a few individuals, whereas this induction was not observed in
others. However, all donors, Western blot analysis revealed IL-17RA protein levels to be
decreased at 16hrs in PBMC and monocytic cells. This was surprising since in response
to LPS, the transcript levels of the receptor subunits in all three types of cells were
upregulated in contrast to the striking decrease in IL-17R protein levels.
From the positive control of IL-6 and TNF-α, LPS is observed to induce the two
proinflammatory cytokine expression at 2 to 4 hr post-stimulation.

This is early

compared to receptor transcripts that were still seen to be increasing for 16hr. This may
be due to feedback effects from secreted factors and proinflammatory cytokines as result
of LPS stimulation. These factors act in an autocrine and paracrine fashion to increase
IL-17R transcript levels as a secondary effect. Indeed LPS-induced cytokine secretion
may play a role in the decrease of IL-17RA protein at the 16 hr time point.
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As discussed above, primary cells may differ slightly in responses from
transformed cells as the transformed cells have lost various regulatory networks that keep
growth in check.

One of the main differences between THP-1 cells and primary

monocytes is their differential ability to respond to IL-10.

IL-10 is an

immunosuppressive cytokine that is produced in response to LPS. It functions as an antiinflammatory cytokine that is produced after proinflammatory IL-6 and TNF-α cytokines
generation. Although able to produce IL-10 in response to LPS stimulation, THP-1 cells
are refractory to this cytokine [127]. It is possible that LPS induces IL-10 production in
primary monocytes, which as a secondary LPS-mediated effect, can downregulate IL17RA protein levels. This is supported by the fact that the LPS-mediated downregulation
of IL-17RA protein levels was observed 8 to 16 hr after treatment only in primary cells.
In CD14 THP-1 cells, there was a significant difference between mRNA and
protein levels ofIL-17RA. High protein levels were expected since IL-17RA mRNA
expression was high. While IL-17RA protein levels in CD14 THP-1 cells did not change
significantly with LPS stimulation, following the same trend as the transcript expression,
IL-17RA protein levels were significantly weaker compared to the high transcript levels.
In contrast to IL-17RA, IL-17RC protein levels did not change compared to an induction
in transcript levels in all three types of cells. In addition, IL-17RC protein levels between
PBMC and CD14 THP-1 cells were comparable in that there was no significant change in
protein levels in both types of cells. Clearly IL-17RA and RC are regulated differently.
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Differences and similarities in responses between the cells may be due to posttranscriptional and post-translational modifications.
Discrepancy between mRNA and protein levels observed in the THP-1 cells may
be due to mRNA post-transcriptional modification, which is one of the most common
ways to regulate gene expression after transcription. Modifications can either increase
transcript stability by the addition of a poly A tail and 5’ cap [128], or it can decrease
transcript levels by destroying the transcript that was just made through mechanisms such
as small interfering RNA (siRNA) and micro RNA (miRNA). Additionally, recruitment
of AU- rich elements (ARE) binding proteins (ARE-BP) can positively or negatively
regulate transcript stability [129]. ARE mediated decay (AMD) regulates a variety of
cytokine transcripts such as IL-1β, IL-6, IFN-γ and TNF [129]. The ability of ARE-BPs
to bind their target sequence is further regulated by phosphorylation via kinases and
phosphatases. P38 MAPK, which IL-17 induces, is a classical regulator of mRNA
stability.

Macrophages activated by LPS increase transcription of ARE-containing

mRNA molecules encoding proinflammatory proteins such as TNF, IL-1β, and IL-6
[130]. Components of the AMD pathway may also associate with the RNA-induced
silencing complex (RISC) to regulate the stability and translation of cytokine transcripts.
RISC can also mediate siRNA–induced mRNA decay and miRNA-induced translational
silencing [129]. miRNA 155, is found to be essential in repressing the expression of IL4, IL-5 and IL-10 in activated T cells [131-132]. All these factors, among others, may
lead to a decrease in IL-17RA and RC in CD14 THP-1 cells.
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Future studies in

elucidating these possible mechanisms may utilize siRNA and inhibitors of destabilizing
proteins and complexes to study if these are contributing factors to the lack of IL-17RA
protein levels in CD14 THP-1 cells.
In primary cells, there was a dichotomy between the transcript and protein levels.
While the above mechanisms may contribute to the lack of IL-17RA protein observed in
THP-1 cells, the complete abrogation of IL-17RA at 16hr in primary cells compared to a
high level of mRNA expression suggested the possibility of post-translational
mechanisms. IL-6 and TNF-α ELISA showed that cells were still responding to LPS.
Therefore, the decrease in IL-17RA levels is not a result of decreased cell viability at
24hr.
Although it is possible that LPS-induced cytokines such as IL-10 may contribute
to IL-17RA protein downregulation, the decrease of IL-17RA protein levels was shown
to not be specific to LPS. IL-27 and PMA, both inducers of pro-inflammatory cytokine
expression via different mechanisms, also decreased IL-17RA levels.

IL-27 signals

through STAT3 and NF-κB to upregulate proinflammatory cytokines such as IL-6, TNFα and MIP-1 [112], while PMA constitutively activates PKC to induce transcription of
many genes among which are pro-inflammatory cytokines [133]. In the presence of
either two stimuli, IL-17RA protein levels in PBMC exhibited the same downregulation
at 16hr. This suggested that IL-17RA downregulation may be a general response to proinflammatory signals. Therefore, it is possible that IL-17RA levels were decreased due
to negative feedback response as an indirect result of pro-inflammatory cytokines and
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proteins being upregulated. This decrease in IL-17RA levels is yet to be demonstrated in
vivo during infection. However, decreasing IL-17RA levels may serve as an important
control mechanism to curb the response to IL-17. The data from this section should be
carefully interpreted as the loading control was not equal, therefore IL-17RA levels in
response to these stimuli at 16hr may have been higher than in response to LPS. The
mechanisms for the decrease in IL-17RA levels were investigated in more detail with
further experiments that will be discussed in the next section.
Since IL-17RA must partner with IL-17RC to form a heteromeric receptor to bind
IL-17, low levels of IL-17RC limit the amount of functional receptors. The failure of
LPS to induce IL-17RC levels suggested that supplementary factors may be required in
addition to a pro-inflammatory signal to fully increase IL-17RC levels. These factors
may have effects post-transcriptionally and post-translationally that would lead to more
stable protein and thus, increase protein. Receptors requiring more than one signal are
not novel. For example, CD30 expressed on an activated T cell is a signal transducing
receptor that enhances T cell proliferation in response to CD3 crosslinking [134]. CD30
surface levels are dependent on the presence of CD28 costimulatory signals or IL-4
during T cell activation [134]. Therefore, upregulation of IL-17RC may require the
presence of other cytokines that induce downstream signaling molecules that may
strongly bind Il17rc promoter or stabilize protein product.
It is interesting to note that in PBMC, IL-17RC has a double band compared to a
single band in THP-1 cells. This is also true for IL-17RA, with multiple bands observed
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in PBMC and monocytes, compared to single weak band from CD14 THP-1 cell lysate.
In the case of IL-17RA, these multiple bands are possibly due to glycosylation. The
relative mobility of IL-17RA on SDS-PAGE is approximately 120kDa protein due to
various N-linked glycosylation modifications[115], which can contribute to multiple
detection of multiples bands. Specific glycosylated IL-17RA isoforms can inducibly
associate with IL-17RC [135]. Therefore, as its partner IL-17RA levels decreased at
16hr, IL-17RC levels remained unchanged due to lack of association. On the other hand,
the cause and effect may be reversed. Multiple weak bands were associated with IL17RC in PBMC, but this phenomenon decreased at 16hr. These bands may be due to IL17RC glycosylation [82]. Since IL-17RA and RC associate, failure of IL-17RC to be
glycosylated may prevent IL-17RA protein to be stably expressed, therefore leading to a
decrease in protein levels in primary cells. This possibility may be explored in the future
by inhibiting glycosylation and observing IL-17RA and RC levels.
The specificity of the antibody to IL-17RC may be tested by knocking down IL17RC through siRNA and using Western blot analysis for IL-17RC analysis. If the
antibody is specific to IL-17RC, the bands observed in Figure 9 would not be expected to
be observed. In addition, a positive control of cells expressing high IL-17RC such as
fibroblasts or cells from the prostate or kidney[136] may be included to verify antibody
specificity.
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5.3 IL-17R decrease in protein levels
5.3.1 Soluble Isoforms
Two considerations were made in addressing the mechanisms that may be
mediating the decrease of IL-17RA protein levels at16hr: 1) IL-17RA may be cleaved
and secreted, in which case, soluble isoforms of IL-17RA may be detected in the
supernatant, or 2) the receptor was internalized and degraded.
From the IL-17RA ELISA and the Western analysis of proteins concentrated from
supernatant, soluble isoforms of IL-17RA were not detected.
analysis, multiple bands were detected in the supernatant.

In the Western blot
However, the cleaved

extracellular region of IL-17RA is estimated to be around 90kDa, which was not
observed on the membrane. At all time points, bands were observed at 120kDa mark,
which is approximately the size of the IL-17RA. This was not observed in the Media
FCS control lane. This band may be due to the release of full length receptors via
exosome-like vesicles [80]. However, if the decrease in IL-17RA from total cell lysate
was a result of exosomal vesicle release of IL-17RA, we would expect an increase in
protein levels at 16hr.

Instead, the protein level was maintained at similar levels

throughout the LPS time course. This suggests that this is a non-specific band. The
disadvantage of running a SDS-PAGE with supernatant proteins is that control protein
cannot be found. There is no secreted household protein that is expressed at a steady
level with LPS stimulation over 24hr.
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Soluble cytokine receptors, which can either attenuate or promote cytokine
signaling, are important regulators of inflammation and immunity. They play a key role
in preventing excessive inflammatory responses. One classical example is the autosomal
dominant, TNF receptor-associated periodic syndrome, which is characterized by
mutations in the extracellular domain of the 55-kDa, type I TNFR that impairs receptor
shedding [137]. Viruses also recognize the importance of soluble isoforms by encoding
soluble homologues of mammalian receptors, thereby inhibiting essential cytokines and
evading immunity. For example, poxviruses, such as cowpox, variola, myxoma, and
Shope fibroma viruses, encode TNFR superfamily homologues to prevent TNF signaling
[138].
Soluble cytokine receptors can be generated by several mechanisms. These are
proteolytic cleavage of receptor and release of extracellular portion of receptor or
alternative splicing of mRNA transcripts, both of which are utilized by IL-6R to generate
soluble receptors [80]. They can also be encoded as distinct genes as in the case of
Decoy receptor 3, a TNFR secreted member, that prevents apoptosis by binding to Fas
ligand to inhibit association with Fas [139-140]. Soluble receptors may also be released
in full-length through exosome-like vesicles as exemplified by FasL release from
melanoma cells that promotes apoptosis on Fas-sensitive lymphoid cells resulting in
impaired antitumor responses [141]. Finally, cleavage of GPI-anchored receptors can
also generate soluble receptors as in ciliary neurotrophic factor receptor α which is
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anchored to cell membranes by a GPI-linkage and released by phosphatidylinositolspecific phospholipase C.
For the IL-17 receptor family, except for IL-17RA, all other IL-17 receptor
subunits have been shown to be alternatively spliced. The double band from IL-17RC
Western blot in PBMC may be due to alternative splicing. IL-17RC has been reported to
have 90 spliced isoforms in a human prostate cancer line [82]. The alternative splicing of
IL-17RC has been shown to create frame-shifts and introduce stop codons that result in
secreted soluble proteins [82]. These soluble proteins are predicted to serve as soluble
decoy receptors. However, these soluble isoforms have yet to be found in vivo, and their
effects confirmed. There is also evidence of alternative splicing of IL-17RE in the EST
database, however their effects are unknown. Alternative transcription start sites are also
observed in the various isoforms of IL-17RD, which produce proteins named IL-17RLM
long and IL-17RLM short.

5.3.2 Receptor degradation
While IL-17RA is not secreted as a soluble isoform, it is not the only explanation
for the decrease in IL-17RA levels at 16hr. To investigate the possibility of receptor
degradation, bafilomycin and chloroquine were used. Drug pretreatment of PBMC and
monocytes increased IL-17RA levels at 16hr compared to LPS treatment alone.
Chloroquine also significantly increased IL-17RA levels in CD14 THP-1 cells, especially
at 16hr. These results together suggest that in the presence of LPS, IL-17RA may
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undergo receptor internalization followed by degradation to control pro-inflammatory
responses.
In the presence of the drugs alone, chloroquine was more effective than
bafilomycin at increasing levels of IL-17RA. Chloroquine differs from bafilomycin in its
mode of action, and has various uses such as a malarial drug. As a lysophilic weak base,
chloroquine can change cellular pH, thereby affecting various cellular functions.
Chloroquine is also a drug used to treat RA patients. It has been shown to reduce levels
of pro-inflammatory cytokines by blocking TNF-α and IL-6 synthesis in LPS treated
human monocytes [142-143]. Jang et al, showed that chloroquine inhibited TNF-α
maturation mainly by blocking cleavage of cell-associated 26-kDa TNF-α precursor to
the soluble active 17-kDa mature form [122].

Thus, the reason chloroquine had a

stronger effect on increasing IL-17RA levels may be because it was preventing more than
protein degradation.

Furthermore, chloroquine was shown to inhibit LPS-induced

activation of ERK in human PBMCs, thereby blocking transcription of the TNF-α gene.
IL-1β and IL-6 production were also shown to decrease in the presence of chloroquine,
resulting from decreased transcript stability [122]. Similarly, the presence of chloroquine
may prevent post-transcriptional modifications that may lead to increased instability of
Il17ra transcript levels.
Untreated cells collected at 0, 4, and 16 hr showed no difference in IL-17RA
levels (Figure 12). This suggests that the change in IL-17RA levels during LPS treatment
is not an artifact; rather it is a true response towards LPS. In the presence of the drug
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alone, the basal level of IL-17RA did not increase over the 16hr treatment. This suggests
that receptor degradation is induced only in the presence of LPS.
Chloroquine pretreatment for 2hr or overnight did not appear to make a difference
in increasing IL-17RA levels, except that longer incubation negatively impacted cell
viability. Pretreatment of chloroquine yielded the greatest increase in IL-17RA levels
compared to bafilomycin, which maintained levels at 16hr relative to 4hr with
simultaneous incubation with LPS and pretreatment. Bafilomycin effect on IL-17RA
levels at 16hr was more pronounced in monocytes than in PBMC. For monocytes, the
primary responder to IL-17, receptor degradation is one way to downregulate IL-17RA.
This cellular response is crucial in controlling inflammatory response.
Long incubations of either drug at high concentrations led to cell death as
reflected by a decrease in hsp90. This is normal in that long incubations with these drugs
interfere with regular cellular machinery such as recycling, degradation and other pH
dependent activities necessary for cellular homeostasis.

5.3.3 Ubiquitination and signaling
Changes in IL-17RA levels may also be driven by ubiquitination. IL-17RA has
been shown to be ubiquitinated via TRAF upon IL-17F binding[91]. While Rong et al,
showed ubiquitination as a positive regulator of signaling of IL-17F[91], protein
recycling and degradation through ubiquitination remains a possibility to be explored.
Ubiquitination, while known for protein degradation, is also utilized in cell signaling.
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Ubiquitination can lead to activation of downstream signaling molecules such as protein
kinases [144]. For example, IL-1R activation leads to the recruitment of TRAF6, which
acts as E3 ligase that activates TGF-beta activated-kinase (TAK1), which in turn
phosphorylates Ikkb. Activated Ikk phosphorylates IkB inhibitory proteins, resulting in
their ubiquitination and subsequent degradation by the proteasome. As a result, NF-kB is
liberated to enter the nucleus to induce target gene expression. TRAF-mediated
polyubiquitination is crucial in the activation of TAK1 and IKK by multiple signaling
pathways, such as those downstream of TNFR, IL-1R, and TCR [144]. Therefore, with
IL-17RA, ubiquitination may play a role both as a positive contributor in signaling
through recruitment of adaptor proteins, and by marking downstream inhibitory proteins
such as Ikkb for degradation to release NF-κB for binding to the promoter, and also
possibly as a negative regulator in marking IL-17RA for degradation.

5.3.4 Therapeutic uses of soluble IL-17R
While detection of in vivo soluble isoforms of IL-17RA is yet to be found, soluble
isoforms of IL-17RA and RC have been designed in laboratories as a means to study the
therapeutic effects of blocking IL-17 signaling. Soluble IL‑17R subunits, such as fusions
to IgG Fc, have already been evaluated in pre‑clinical models [145-146]. The fusion
proteins involve the extracellular region of IL-17RA fused to the Fc portion of the IgG.
Rats with arthritis injected with IL-17R IgG-Fc fusion protein, show reduction in joint
inflammation and bone erosion[145].

Currently, there are already drugs in place using
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soluble receptors to antagonize ligand effects in order to reduce inflammation. TNF is
another cytokine involved in chronic inflammation and autoimmune diseases such as RA
and MS [147]. Etanercept, generically known as Enbrel, is a recombinant TNF blocker
made from fusing two soluble human 75-kDa TNF receptors to IgG-Fc. Etanercept has
shown a beneficial effect in many clinical conditions including RA, psoriasis, and
ankylosing spondilitis[147]. Abatacept is another soluble fusion protein that consists of
the extracellular domain of human cytotoxic T lymphocyte-associated antigen 4 linked to
the modified IgG Fc portion [147]. The drug blocks costimulatory signals between
antigen-presenting cells and T cells in RA patients.
Another way to inhibit IL-17RA activation is by preventing receptor assembly by
means of soluble peptides containing the pre‑ligand assembly domain (PLAD) of
IL‑17RA [148]. PLAD binding to IL-17RA subunit prevents association with other
receptor subunit to form a functional and signaling receptor. This approach is another
possible avenue for drug development, similar to approaches used with TNFR signaling.
However, receptors not only induce signaling but may be involved in negative
feedback that inhibits cytokine production. Smith et al, shows that IL-17A treatment can
actually inhibit the expansion of IL-17A-producing T cells in mice through a “short-loop”
negative feedback mediated by the IL-17R[149].

In IL-17R deficient mice, systemic

levels of IL-17A and tissue expression of IL-17A were elevated [149]. This finding then
questions the usefulness of anti-IL-17R therapies for autoimmune disease because such
therapies may lead to unwanted expansion of IL-17A producing T cells.
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Taken together, blocking IL-17R may appear to be an effective way of preventing
IL-17 mediated chronic inflammation.

However, caution must be taken to prevent

adverse affects such as allowing for expansion of IL-17 by interfering with a naturally
occurring feedback loop that needs to be better elucidated. Better understanding of IL17R members and their roles in activation and possibly decreasing levels of IL-17 will
provide for clearer targets for inhibitors.

Furthermore, defining downstream signal

transduction in cells such as monocytes, the main mediators of inflammation, and cells
that IL-17 actively recruits, will also allow for drug therapeutics to block for specific
intracellular pathways.
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Conclusion and Future Directions:
Control of IL-17R expression at the transcript and protein levels in monocytes are
crucial in limiting response to IL-17, a potent inducer of inflammation. Decreased IL17R protein levels in response to LPS stimulation has not been described before in the
literature. Since both IL-17RA and RC are required to form functional receptor to bind
IL-17, the decrease in IL-17RA prevents formation of a functional receptor.

This

prevents an over response to IL-17, as IL-17 is involved in multiple chronic inflammatory
diseases where this level of control may be lost. Figure 17 summarizes the findings.
Receptor internalization and degradation is one way by which cells can decrease IL17RA protein in monocytes. However, there are other mechanisms such as secretion of
soluble isoforms and ubiquitination, which may be also at work. Receptor degradation
may be a general cellular response to activation by LPS to control further signaling that
could lead to overexpression of pro-inflammatory cytokines.

Future experiments

designed to better elucidate IL-17RA regulation in monocytes should target posttranscriptional modifications, and investigate the role of glycosylation of IL-17RA and
RC in receptor activity. The findings of this project have important physiological
relevance in that receptor turnover keep the immune response in balances even as cells
upregulate pro-inflammatory cytokines in response to pathogens.
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Figure 17: Model system of IL-17 receptor regulation. 1) LPS signals through TLR4 and
CD14 to induce signaling (2), leading to upregulation of pro-inflammatory cytokines (3).
4) IL-17RA undergoes receptor internalization, though it is not known whether it is
through the direct effect of LPS signaling or the indirect effect of pro-inflammatory
cytokines upregulated as a result. Vesicles transporting IL-17RA fuse with lysosome,
leading to protein degradation. 5) IL-17RA and IL-17RC transcripts are also
upregulated, either as direct or indirect result of LPS signaling. These transcripts are
subject to post-transcriptional and post-translational modifications.
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Interleukin-23-Induced Interleukin-23 Receptor Subunit
Expression Is Mediated by the Janus Kinase/Signal
Transducer and Activation of Transcription Pathway
in Human CD4 T Cells
Nor Fazila Che Mat, Xiubo Zhang, Christina Guzzo, and Katrina Gee

Interleukin (IL)-23 plays a critical role in the development of the T helper (Th) cell response and is responsible for
the maintenance of the IL-17 producing subset of Th cells, Th17. IL-23 is a heterodimeric cytokine composed of
IL-23p19 and IL-12p40 subunits, and the signaling pathway for IL-23 involves 2 receptor chains: IL-12Rb1 and
IL-23Ra. The IL-23 receptor complex is expressed on a number of cells, including natural killer cells, monocytes,
macrophages, dendritic cells, and CD4 T cells. Currently, the molecular mechanisms governing expression of the
IL-23 receptor chains, IL-23Ra and IL-12Rb1, are not well understood. Our results show that IL-23 induces
upregulation of IL-23Ra and IL-12Rb1 expression in human CD4 T cells. Further, we demonstrate that inhibition
of the Janus kinase/signal transducer and activation of transcription ( JAK/STAT) pathway by SD-1029, a JAK2
inhibitor, 50 -deoxy-50 -(methylthio) adenosine, a STAT1 inhibitor, and STAT3 VII, a STAT3 inhibitor, were able to
block IL-23-induced expression of IL-23 receptor subunits in the human SUPT-1 T cell line and in primary CD4
human T cells. Taken together, our results suggest a positive feedback regulation of the IL-23 receptor via IL-23mediated activation of the JAK/STAT pathway.

Introduction

T

he interaction between interleukin-23 (IL-23) and
its specific receptor, IL-23R, plays a critical role in promoting the proliferation of memory T helper 1 (Th1) cells.
IL-23, produced by antigen presenting cells, has proinflammatory activity and is involved in the development of
autoimmune diseases, including rheumatoid arthritis, multiple sclerosis, and psoriasis (Lee and others 2004; VakninDembinsky and others 2006; Kim and others 2007). This
cytokine also supports the in vivo development and expansion of the novel IL-17 producing Th cell subset, Th17 cells
(Harrington and others 2005; Langrish and others 2005; Chen
and others 2007; Zhou and others 2007; Manel and others
2008; McGeachy and others 2009; Morishima and others
2009). Th17 cells play an important role in the induction of
autoimmune disease and are also involved in host defense
against extracellular bacteria and fungi (Langrish and others
2005; Weaver and others 2006, 2007; Bettelli and others 2007;
Gee and others 2009). Regulation of IL-23 responsiveness, in
terms of IL-23R expression is critical to the maintenance of
the Th17 response pathway.
The IL-23R is heterodimeric, consisting of a unique IL23Ra chain and the IL-12Rb1 chain as found in the IL-12

receptor (Parham and others 2002). IL-23Ra is expressed on
activated T cells, memory T cells, as well as natural killer
cells and monocytes/macrophage and dendritic cells (Belladonna and others 2002; Parham and others 2002), whereas
the IL-12Rb1 chain has been shown to be expressed on T
cells, natural killer cells, and dendritic cells (Desai and others
1992). Activated human CD4 T cells treated with anti-CD3
and anti-CD28 in the presence of IL-23 express enhanced
levels of IL-23R (Chen and others 2007), and IL-6 and
transforming growth factor-beta (TGF-b) have also been
shown to induce the upregulation of IL-23R and enhance IL23 responsiveness/Th17 differentiation (Yang and others
2007; Zhou and others 2007; Morishima and others 2009). IL2, IL-7, and IL-15 have been shown to upregulate IL-12Rb1
expression (Wu and others 1997). However, the molecular
mechanism behind IL-23-mediated IL-23Ra expression has
not been investigated in CD4 T cells, and the effect of IL-23
on IL-12Rb1 expression has not been reported.
IL-23 has been shown to activate a similar profile of the
Janus kinase ( JAK) and signal transducers and activator of
transcription (STAT) pathway as that of IL-12. Members of
the JAK/STAT pathway induced by IL-12 and IL-23 include
JAK2, Tyk2, STAT1, STAT3, STAT4, and STAT5 (Parham
and others 2002). Both IL-23 receptor subunits are required
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for the bioactivity of IL-23, but IL-23Ra is responsible for the
activation of intracellular signal transduction due to its association with JAK2 and STAT3 (Parham and others 2002;
Hunter 2005). A critical role for STAT3 in Th17 development
has been described (Nishihara and others 2007; Yang and
others 2007; Chaudhry and others 2009) and IL-23-induced
activation of STAT3 plays a role in IL-17 production from
Th17 cells (Cho and others 2006; Yang and others 2007;
Caruso and others 2008).
Using primary human CD4 T cells and the human T cell
line, SUPT-1, we demonstrate that IL-23 induces the upregulation of both IL-23Ra and IL-12Rb1 receptor chains at
both message and protein levels. Additionally, we show that
JAK2, STAT1, and STAT3 activation are required for IL-23mediated induction of its own receptor. These results suggest
that IL-23 plays an important role in a positive feedback loop
in terms of IL-23R expression and IL-23 responsiveness in
human CD4 T cells.

Materials and Methods
CD4 T lymphocyte isolation
Peripheral blood mononuclear cells were isolated by centrifugation over Lympholyte (Cedarlane). CD4 T cells were
purified from peripheral blood mononuclear cells by using
the Human CD4þ T cell Enrichment Kit (Stem Cell Technologies) as per the manufacturer’s instructions. Briefly, the
cells were washed with phosphate-buffered saline–EDTA
(Sigma) with 2% fetal calf serum (FCS) (Hyclone). After
washing, cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM) (Gibco–Invitrogen) supplemented with
10% FCS, and the viability of the cells were tested with trypan blue (Fluka).

Cell culture and stimulation

Signalling Technology. For receptor expression, whole cell
lysates were subjected to Western analysis using anti-IL12Rb1 and anti-IL-23Ra (Santa Cruz Biotechnology). b-Actin (Biovision) was used as a loading control as indicated.
Horseradish peroxidase-labeled secondary antibodies, goat
anti-mouse IgG, goat anti-rabbit IgG, and rabbit anti-goat
IgG were obtained from Santa Cruz Biotechnology. Expression of protein was measured by chemiluminesce using
the ECL Advance Detection Kit (Amersham Biosciences)
and detected using the HD2 Alphalnnotech imaging system
(Fisher Scientific). Fold increase relative to b-actin expression was measured using HD2 AlphaInnotech imaging
software.

Reverse transcriptase–polymerase chain reaction
Total RNA was prepared using the TRI-Reagent (Bioshop
Canada, Inc.) method. RNA was reverse transcribed into
cDNA using Moloney murine leukemia virus RT, with random primers, RNase Out, and oligo dT (Invitrogen). PCR
amplification of cDNA aliquots was performed by adding
2 mL of cDNA, sense and antisense primers, and 5 Taq
Polymerase Master Mix (New England Biolabs). The following specific primers were used—IL-23Ra: sense 50 -TGTA
CTGCACTGCTGAATGTCCCA-30 , antisense 50 -ATTCCAGG
TGCAAGTCATGTTGCC-30 ; IL-12 Rb1: sense 50 -ACACTGT
CACACTCTGGGTGGAAT-30 , antisense 50 -AACTGAGTTG
TAGAGCTGCAGGGT-30 ; h18srRNA: sense 50 -TTCGGAAC
TGAGGCCATGAT-30 , antisense 50 -CGAACCTCCGACTT
TCGTTT-30 . The PCR products were separated on 2% agarose gels (Bioshop Canada Inc) containing ethidium bromide
(Sigma) and were observed using the HD2 Alphalnnotech
imaging system. Fold increase relative to 18srRNA expression was measured using HD2 AlphaInnotech imaging
software.

Electrophoretic mobility shift assay

SUPT-1 (ATCC), a human leukemic T cell line, and primary CD4 T cells were cultured in IMDM supplemented
with 10% FCS. SUPT-1 cells and primary CD4 T cells were
stimulated with recombinant IL-23 (5 ng/mL) (R&D Systems) and incubated at 378C for different times for either
Western blotting analysis or reverse transcriptase–polymerase
chain reaction (RT-PCR). SD-1029 (Calbiochem) was used as
JAK2 inhibitor, 50 -deoxy-50 -(methylthio) adenosine (MTA;
Sigma) was used as STAT1 inhibitor, and STAT3 VII (Calbiochem) was used as STAT3 inhibitor.

Western blot analysis
SUPT-1 cells and primary CD4 T cells were cultured with
IL-23 (5 ng/mL) from 0 to 60 min or from 0 to 24 h. Cells
were harvested and lysed in lysis buffer [1 M HEPES, 0.5 M
NaF, 0.5 M EGTA, 2.5 M NaCl, 1 M MgCl2, 100% glycerol,
100% Triton-X-100, and protease inhibitor cocktail (Pierce)].
Fifty micrograms of total protein was resolved on 12%
polyacrylamide gels and were transferred to polyvinylidene
fluoride (PVDF) membranes (Pall Corporation) and then
blocked 1 h in 2.5% bovine serum albumin (Bioshop Canada, Inc.). Specific antibodies for phosphorylated JAK2,
phosphorylated Tyk2, phosphorylated STAT1, phosphorylated STAT3, and phosphorylated STAT4 were purchased
from Santa Cruz Biotechnology. Antibodies for pan JAK2,
Tyk2, STAT1, STAT3, and STAT4 were purchased from Cell
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Cell pellets were resuspended in 1 mL of cold Buffer A
[10 mM HEPES (pH 7.9), 10 mM KCl, and 1.5 mM MgCl2]
and centrifuged at 48C at 200 g for 5 min. Cell pellets were
then again resuspended with cold Buffer A plus 0.1% NP40
and incubated on ice for 10 min followed by centrifugation at
48C at 20,000 g. Resulting cell pellets were resuspended with
cold Buffer B [20 mM HEPES (pH 7.0), 420 nM NaCl, 1.5 mM
MgCl2, 0.2 EDTA, and 25% glycerol] and incubated for
15 min on ice, followed by centrifugation at 48C at 20,000 g
for 10 min. The supernatant was mixed with cold Buffer C
(20 mM HEPES, 50 mM KCl, 0.2 mM EDTA, and 20% glycerol). Nuclear protein concentration was measured by the
Bradford method. Binding reactions were carried out by incubating 5 mg of nuclear extract in binding buffer (100 mM
Tris, 500 mM KCl, and 10 mM DTT) with 50% glycerol,
100 mM MgCl2, Poly dIdC, 1% NP-40, and biotin-labeled
probes (STAT1: 50 -CAT GTT ATG CAT ATT CCT GTA
AGT G-30 ; STAT3: 50 -GAT CCT TCT GGG AAT TCC TAG
ATC-30 ). The specificity of protein–DNA complexes was
determined by incubating the extracts with excess (200-fold)
of annealed, unlabelled, cold competitor probe for 30 min at
room temperature. Supershift analysis was performed by
incubating 2 mg of polyclonal rabbit anti-STAT1 or antiSTAT3 (Santa Cruz) with the reaction for 1 h at room temperature. The analysis of the DNA–protein complex was
carried out on a 5% nondenaturing polyacrylamide gel,

IL-23 INDUCES IL-23 RECEPTOR EXPRESSION IN CD4 T CELLS
transferred to nylon membranes (Pierce) and cross-linked
(Spectroline UV Crosslinker; Fisher Scientific). Detection was
performed by chemiluminesce using the ECL Advance detection kit (Amersham Biosciences) and detected using the
HD2 Alphalnnotech imaging system.

Results
Characterization of the IL-23-induced JAK/STAT
pathway in human CD4 T cells
To characterize the signaling pathway induced by IL-23,
we stimulated CD4 T cells with IL-23 and examined the
phosphorylation of JAK and STAT molecules. We initially
performed these experiments in primary CD4 T cells (Fig.
1A). For an additional human CD4 T cell model system, we
utilized the T cell line SUPT-1 (Fig. 1B). Our results demonstrate that IL-23 induces the phosphorylation of JAK2,
Tyk2, STAT1, STAT3, and STAT4 in both primary human
CD4 T cells (Fig. 1A) and in SUPT-1 cells (Fig. 1B). Phosphorylated JAK2, Tyk2, STAT1, and STAT3 proteins were
detected at 5 min after stimulation and reached maximum
levels after 15 min. The STAT4 activation is notably weaker
in response to IL-23 in primary CD4 T cells (Fig. 1A).

IL-23 induces IL-23 receptor expression
in human CD4 T cells
Previously, it has been reported that both IL-23 receptor
chains are detected in human T cells (Parham and others
2002) and activated human CD4 T cells treated with IL-23
expressed elevated IL-23R mRNA expression (Chen and
others 2007). However, there is no evidence as to whether IL23 alone is able to induce expression of the IL-23 receptor
subunits in human CD4 T cells. To directly address this issue,
we stimulated primary human CD4 T cells and SUPT-1 with
IL-23 from 0 to 8 h, for mRNA expression, and from 0 to 24 h
for protein expression. We found that IL-23 was able to in-

365

duce expression of both IL-23 receptor subunits in primary
human CD4 T cells and SUPT-1 cells (Fig. 2). It has been
demonstrated that IL-6 and TGF-b can stimulate IL-23R expression (Yang and others 2007; Zhou and others 2007;
Morishima and others 2009). To confirm that the induction of
IL-12Rb1 and IL-23Ra expression is due directly to IL-23mediated signaling in our cell systems and not secondary
downstream induction of cytokines, we tested whether IL23-treated SUPT-1 cells and primary CD4 T cells expressed
upregulated expression of either IL-6 or TGF-b. Our data
indicated that although basal levels of TGF-b mRNA were
detected in unstimulated cells, IL-23 was not able to enhance
TGF-b expression. Additionally, no IL-6 was detectable in
resting cells and IL-23 was not capable of inducing IL-6 expression (data not shown).
Protein expression levels of IL-12Rb1 and IL-23Ra were
enhanced after 4 h stimulation with IL-23 and, in the case of
IL-12Rb1, persisted up to 24 h in primary CD4 T cells (Fig.
2A) and SUPT-1 cells (Fig. 2B). In the case of IL-23Ra, expression peaked at 16 h in primary cells and at 8 h in SUPT-1
cells and returned to basal levels after 24 h. To determine
whether IL-23 affected IL-23R expression at the level of
transcription, we examined the pattern of IL-23-induced IL23R expression by RT-PCR. IL-23 was able to induce IL-23Ra
and IL-12Rb1 mRNA expression in both primary CD4 T cells
and in SUPT-1 cells in a similar pattern as detected by
Western blotting. IL-12Rb1 expression was enhanced after
2 h of IL-23 stimulation in primary cells (Fig. 2A) and in
SUPT-1 cells (Fig. 2B). Upregulation of IL-12Rb1 mRNA expression persisted for up to 8 h. However, IL-23Ra expression induced after 2 h of IL-23 treatment in primary cells
decreased to close to basal levels after 8 h of treatment (Fig.
2A). In SUPT-1 cells, IL-23Ra expression was induced after
4 h of IL-23 treatment and was ablated by 8 h (Fig. 2B). Taken
together, these results indicate that the temporal regulation
of IL-23R subunits by IL-23 stimulation may be differentially
controlled.

FIG. 1. IL-23 induces phosphorylation
of the JAK/STAT pathway in human
CD4 T cells. Primary human CD4 T cells
(A) or SUPT-1 cells (B) were treated with
IL-23 for the times indicated. Cell lysates
were analyzed by SDS-PAGE and membranes were blotted using phospho (p)specific antibodies to JAK2, Tyk2, STAT1,
STAT3, or STAT4. Membranes were also
probed with pan antibodies for JAK2,
Tyk2, STAT1, STAT3, or STAT4 as loading controls. Blots shown are representative of 5 separate experiments. IL,
interleukin; JAK, Janus kinase; SDSPAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; STAT,
signal transducers and activator of transcription.
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FIG. 2. IL-23 enhances expression of
IL-23Ra and IL-12Rb1 expression in human CD4 T cells. Primary human
CD4 T cells (A) or SUPT-1 cells (B) were
treated with IL-23 for the times indicated.
Cell lysates (left panels) were analyzed by
SDS-PAGE and membranes were blotted
using antibodies to either IL-12Rb1 or
IL-23Ra. Membranes were probed with
b-actin as a loading control. Total mRNA
(right panels) was analyzed for IL-12Rb1
and IL-23Ra expression by RT-PCR.
18srRNA was included as the house
keeping gene. Data shown are representative of 5 separate experiments. Fold
increase was determined relative to
b-actin or 18srRNA for Western blots and
RT-PCR analysis, respectively. RT-PCR,
reverse transcriptase–polymerase chain
reaction.

together, these results indicate the involvement of the JAK/
STAT pathway in IL-23-induced IL-23R expression.
To further dissect this pathway, we examined the effect of the
STAT1 inhibitor, MTA, on IL-23-induced IL-23R expression.
Initially, we confirmed the specificity of MTA on the nuclear
localization of the STAT1 protein by electrophoretic mobility
shift assay (EMSA), since this inhibitor does not affect the
phosphorylation of STAT1, but does inhibit the activation of
STAT1 as measured by nuclear localization (Mowen and
others 2001; Shen and Lentsch 2004). Nuclear extracts from
SUPT-1 T cells were analyzed for the presence of activated
STAT1 after 1 h incubation with MTA before IL-23 treatment.
The addition of MTA at different doses (0.1, 0.3, and 1.0 mM)
resulted in a dose-dependent inhibition of STAT1 activation
(Fig. 4A). Supershift experiments using anti-STAT1 antibodies exhibited a partial inhibition of the protein–DNA
complex, indicating the presence of activated STAT1 proteins. Additionally, STAT1/STAT3 heterodimers have been
detected (Stancato and others 1996; Sato and others 1997;
Sheikh and others 2004; Guzzo and others 2010). To test
whether STAT1/3 heterodimers were being induced in this
system, we performed supershift analysis using anti-STAT3
antibodies. Incubation of nuclear proteins with anti-STAT3
also resulted in a partial abrogation of protein–DNA complexes. To confirm these results, we also performed EMSA
analysis using STAT3-specific probes. These results show
that MTA is also able to inhibit STAT3 activation in a dosedependent manner. Supershift experiments using either
anti-STAT1 or anti-STAT3 antibodies show inhibition of
protein–DNA complexes, indicating the formation of IL-23induced STAT1/3 heterodimers.
We next determined whether treatment of cells with MTA
affected IL-23-induced IL-23R expression. The effect of MTA
on IL-23R expression was examined at protein and mRNA
levels. Analysis by Western blot and RT-PCR showed that
MTA significantly downregulated the IL-12Rb1 and IL-23Ra
expression in SUPT-1 (Fig. 4B) and primary CD4 T cells (Fig.
4C). The inhibitory effects were observed as early as 0.1 mM
of MTA and levels of IL-12Rb1 and IL-23Ra expression returned to basal levels at 1 mM of MTA.

The JAK/STAT pathway regulates IL-23-induced
IL-23 receptor expression
We sought to identify the regulatory mechanisms of IL-23mediated IL-23R subunit expression. Since JAK2 and STAT3
have been demonstrated to physically associate with the
IL-23Ra, and STAT1 and STAT3 exhibit relatively strong
phosphorylation in response to IL-23 stimulation in primary
CD4 T cells (Fig. 1A) (Parham and others 2002), we chose
to focus on the role of these JAK/STAT family members in
IL-23-mediated IL-23R expression.
To study the role played by the JAK/STAT pathway in
IL-23-induced upregulation of IL-23Ra and IL-12Rb1 expression, we used specific inhibitors for JAK2 (SD-1029), STAT1
(MTA), and STAT3 (STAT3 VII). Initially, we investigated the
effect of the JAK2 inhibitor on IL-23-mediated IL-23R expression. First, we confirmed the inhibitory effect of SD-1029
by measuring the phosphorylation of JAK2 in SUPT-1 cells.
The phosphorylation of JAK2 in SUPT-1 (Fig. 3A) and primary
CD4 T cells (data not shown) was suppressed after 1 h incubation with SD-1029 before IL-23 stimulation. The effect of
SD-1029 on Tyk2 phosphorylation has not been well documented, and since IL-23 induces Tyk2 phosphorylation, we
examined whether SD-1029 was also capable of inhibiting
Tyk2 activation. The results indicate that IL-23-induced Tyk2
phosphorylation is blocked by SD-1029. Since phosphorylated
JAK2 and Tyk2 subsequently activate downstream targets,
including STAT1 and STAT3, we examined the effect of
this inhibitor on the phosphorylation of STAT1 and STAT3.
As expected, SD-1029 was also able to inhibit the phosphorylation of STAT1 and STAT3 (Fig. 3A).
Evaluation of the effect of SD-1029 on IL-23-induced IL12Rb1 and IL-23Ra expression showed a significant inhibition of each receptor chain. In both SUPT-1 (Fig. 3B) and
primary CD4 T cells (Fig. 3C), inhibition of protein and
mRNA levels of IL-12Rb1 by SD-1029 were observed at 5 mM
and decreased to basal levels at 10 mM. In the case of the IL23Ra subunit, SD-1029 preincubation resulted in the abrogation of protein and mRNA expression at 5 mM in both
SUPT-1 (Fig. 3B) and primary CD4 T cells (Fig. 3C). Taken
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FIG. 3. IL-23-induced IL23 receptor subunit expression is dependent on the
JAK/STAT pathway. (A)
SUPT-1 cells were pretreated for 1 h with the
JAK2 inhibitor SD-1029 at
doses ranging from 1 to
10 mM followed by treatment with IL-23 for 15 min.
Cell lysates were analyzed
by SDS-PAGE and membranes were probed using
phospho (p) specific antibodies for JAK2, Tyk2,
STAT1, and STAT3. JAK2
antibodies were used as
loading control. SUPT-1 (B)
and
primary
human
CD4 T cells (C) were pretreated for 1 h with the
JAK2 inhibitor SD-1029 at
doses ranging from 0 to
10 mM followed by treatment with IL-23 for 8 or 4 h
for Western blotting or RTPCR analysis, respectively.
Cell lysates were analyzed
by SDS-PAGE (top panels)
and membranes were blotted using antibodies to either IL-12Rb1 or IL-23Ra.
Membranes were probed
with b-actin as a loading
control. Total mRNA (bottom panels) was analyzed
for IL-12Rb1 and IL-23Ra
expression by RT-PCR.
18SrRNA was included as the house keeping gene. Data shown are representative of 5 separate experiments. Fold increase
was determined relative to b-actin or 18srRNA for Western blots and RT-PCR analysis, respectively.

vious work demonstrates that IL-23 activates the JAK/STAT
pathway through complex formation with IL-23Ra and IL12Rb1 (Oppmann and others 2000; Parham and others 2002).
As our model systems, we used primary human CD4 T cells
isolated from healthy donors and the SUPT-1 human T cell
line. In both cell types, we demonstrate that IL-23 was able to
induce the JAK/STAT pathway via strong phosphorylation of
JAK2, Tyk2, STAT1, and STAT3. In agreement with others, we
demonstrated that IL-23 induces weaker phosphorylation of
STAT4 compared to STAT1 or STAT3 in primary CD4 T cells
(Oppmann and others 2000; Parham and others 2002).
The activation of JAK/STAT signaling molecules in response to IL-23 is dependent on the presence of IL-23Ra
(Parham and others 2002); however, the regulation of IL23Ra and that of IL-12Rb1 in response to IL-23 stimulation
are not described. Previously, IL-6 was shown to upregulate IL-23R mRNA expression in the presence or absence of
IL-23 in T cells after anti-CD3/anti-CD28 activation (Yang
and others 2007). Further to this study, Morishima and
others (2009) demonstrated that IL-23 in synergy with IL-6
was required to enhance IL-23R protein levels, whereas IL-6
alone enhanced IL-23R at the message level only. Our study
shows that IL-23 is not able to induce IL-6 expression, indicating that IL-23-mediated IL-23R induction is occurring

We next examined the role of STAT3 in IL-23-mediated
induction of IL-23R through the use of a STAT3 inhibitor,
STAT3 VII (Xu and others 2008). We cultured human CD4 T
cells with STAT3 VII for 1 h before IL-23 stimulation and
examined the suppression of STAT3 phosphorylation by
Western analysis. Incubation with STAT3 VII for 1 h significantly suppressed the activation of STAT3 in SUPT-1
(Fig. 5A) and primary CD4 T cells (data not shown). The
phosphorylation of STAT1 did not change, indicating that
this inhibitor is specific for STAT3 and does not affect the
phosphorylation of STAT1. STAT3 VII also had no significant effect on the total amount of cellular STAT3 protein as
determined by Western analysis (Fig. 5A). In human CD4 T
cells, incubation with STAT3 VII for 1 h before IL-23 stimulation led to inhibition of IL-23-induced IL-23R expression.
The expression levels of IL-12Rb1 and IL-23Ra in both SUPT1 cells (Fig. 5B) and primary CD4 T cells (Fig. 5C) decreased
at doses as low as 0.5 mM of STAT3 VII and returned to basal
levels, or below, at 2 mM of STAT3 VII.

Discussion
In this study, we provide evidence that JAK2, STAT1, and
STAT3 are involved in IL-23-induced IL-23R expression. Pre-
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FIG. 4. STAT1 is involved in IL-23-mediated IL-23Ra and IL-12Rb1 upregulation. (A) SUPT-1 cells were pretreated for
1 h with STAT1 inhibitor, MTA, at doses
ranging from 0.1 to 1 mM followed by
treatment with IL-23 for 15 min. EMSA
was performed on nuclear lysates using
probes specific for either STAT1 or STAT3.
SS assays with antibodies for either STAT1
of STAT3 were performed as indicated.
CC probe was added to indicate binding
specificity. SUPT-1 (B) and primary human CD4 T cells (C) were pretreated for
1 h with the STAT1 inhibitor MTA at doses
ranging from 0.1 to 1 mM followed by
treatment with IL-23 for 8 or 4 h for Western blotting or RT-PCR analysis, respectively. Cell lysates were analyzed by SDSPAGE (top panels) and membranes were
blotted using antibodies to either IL-12Rb1
or IL-23Ra. Membranes were probed with
b-actin as a loading control. Total mRNA
(bottom panels) was analyzed for IL-12Rb1
and IL-23Ra expression by RT-PCR.
18srRNA was included as the house
keeping gene. Data shown are representative of 5 separate experiments. Fold increase was determined relative to b-actin
or 18srRNA for Western blots and RT-PCR
analysis, respectively. CC, cold competitor; MTA, 50 -deoxy-50 -(methylthio) adenosine; SS, supershift.

independently of endogenous IL-6 expression in both
SUPT-1 cells and primary CD4 T cells. A role for TGF-b in
upregulation of IL-23Ra has also been demonstrated,
whereby IL-6 stimulation of CD4 T cells induced the upregulation of TGF-b mRNA expression (Morishima and others 2009). However, as levels of IL-6 were undetectable and
as TGF-b signals mainly through the Smad signaling family
(Moustakas and others 2002; Letterio 2005), it is unlikely
that TGF-b is involved in induction of IL-23R expression in
our system. Indeed, our results demonstrated that IL-23
stimulation did not enhance mRNA levels of TGF-b. Human memory T cells are also able to upregulate IL-23 receptor expression in response to anti-CD3/anti-CD28 in
combination with IL-23 (Chen and others 2007). The effects
of activation of T cells on the molecular mechanism behind
IL-23-mediated IL-23R upregulation are yet to be studied
and the role of other key cytokines, including that of IL-6
and TGF-b, is yet to be fully elucidated. However, we
demonstrate for the first time that IL-23 alone is able to
induce both IL-23R subunit expression at mRNA and protein levels in primary human CD4 T cells.
Recently, IL-23R has been shown to contribute to the development autoimmune disease. IL-23R can be alternatively
spliced to generate at least 6 isoforms in normal lymphoid
cells and in numerous tumor cell lines (Zhang and others
2006). Polymorphisms within the IL-23R gene locus have
been reported to be involved in inflammatory bowel disease,
Crohn’s disease, ulcerative colitis, and in the development of
psoriasis (Duerr and others 2006; Garcia and others 2008).
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Although the focus of many studies has been on the formation of splice variant expression of IL-23R, the molecular
mechanisms governing regulation of IL-2R subunit expression have not been reported.
Our data indicate that although IL-23 induced expression
of both IL-12Rb and IL-23Ra in human CD4 T cells, the
temporal regulation of each receptor unit is different, and
thus may be regulated by different factors. In both cell types,
induction of IL-23Ra appears to be transient, returning to
basal levels after 24 h of IL-23 treatment. This effect is mirrored in the RT-PCR data, whereby after 8 h of IL-23 treatment the IL-23Ra expression is significantly diminished. On
the other hand, expression of IL-12Rb1 appears to be maintained in both the protein and mRNA levels. IL-23 has been
shown to induce expression suppressor of cytokine signaling
3(SOCS3) expression, which subsequently inhibits IL-23induced STAT3 activation (Chen and others 2006). Induction
of SOCS proteins, in particular that of SOCS3, may account
for the significant decrease in IL-23Ra expression compared
to that of IL-12Rb1, and further work in this regard is required to identify a role for these proteins in IL-23-mediated
IL-23R expression.
In our study, we demonstrate that IL-23 enhances IL-23
receptor expression through the JAK/STAT pathway. We
determined this through the use of specific inhibitors for
JAK2, STAT1, and STAT3: namely, SD-1029, MTA, and
STAT3 VII, respectively. Because JAK2 and STAT3 have been
demonstrated to physically associate with the IL-23Ra (Parham and others 2002), and because our data showed that IL-
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FIG. 5. STAT3 is involved in IL-23-induced IL-23Ra and IL-12Rb1 upregulation. (A) SUPT-1 cells were pretreated for
1 h with STAT3 inhibitor, STAT3 VII, for
doses ranging from 0.5 to 2 mM followed
by treatment with IL-23 for 15 min. Cell
lysates were analyzed by SDS-PAGE and
membranes were probed using phospho
(p)-specific antibodies for STAT1 and
STAT3. STAT3 antibodies were used as
loading control. SUPT-1 (B) and primary
human CD4 T cells (C) were pretreated
for 1 h with the STAT3 inhibitor STAT3
VII, for doses ranging from 0.5 to 2 mM
followed by treatment with IL-23 for 8 or
4 h for Western blotting or RT-PCR analysis, respectively. Proteins were resolved
by SDS-PAGE (top panels) and membranes were blotted using antibodies to
either IL-12Rb1 or IL-23Ra. Membranes
were probed with b-actin as a loading
control. Total mRNA (bottom panels) was
analyzed for IL-12Rb1 and IL-23Ra expression by RT-PCR. 18srRNA was included as the house keeping gene. Data
shown are representative of 5 separate
experiments. Fold increase was determined relative to b-actin or 18srRNA for
Western blots and RT-PCR analysis, respectively.

23 stimulation elicited strong phosphorylation of STAT1 and
STAT3 in primary CD4 T cells, we chose to focus on the role
of these JAK/STAT family members in IL-23-mediated IL23R expression. SD-1029 has previously been reported as an
inhibitor of STAT3 activation due to inhibition of JAK2
phosphorylation (Duan and others 2006). As we expected,
SD-1029 inhibited not only JAK2 phosphorylation, but also
the phosphorylation of STAT1 and STAT3. We also observed
that SD-1029 strongly inhibited Tyk2 phosphorylation, implicating both JAK2 and Tyk2 as upstream requirements for
IL-23-induced IL-23R expression. A specific role for Tyk2 in
IL-23-induced IL-23R has yet to be clarified.
Inhibition of the JAK/STAT pathway resulted in abrogation of IL-23-induced expression of both IL-23Ra and IL12Rb1 receptor chains in human CD4 T cells. We chose to
further investigate the roles played by STAT1 and STAT3 in
IL-23-induced IL-23R expression. To examine the effect of
inhibiting STAT1 and STAT3 activation, we used MTA and
STAT3 VII inhibitors, respectively. Both MTA and STAT3 VII
blocked IL-23-induced IL-23R expression. In both cases, expression of IL-23Ra and IL-12Rb1 were returned to basal
levels or were abrogated completely. In support of our data,
IL-6-induced STAT3 activation has been suggested to be involved in IL-6 mediated upregulation of IL-23R (Yang and
others 2007).
The apparent requirement of both STAT1 and STAT3 can
be attributed to the ability of STAT1 and STAT3 to form
heterodimers (Stancato and others 1996; Sato and others
1997; Sheikh and others 2004; Guzzo and others 2010).
Therefore, it may be possible that IL-23 induces heterodimer
formation of STAT1 and STAT3, which is ultimately required

for optimal IL-23Ra and IL-12Rb1 expression in response to
IL-23. It has been suggested that although IL-23-induced
phosphorylation of STAT4 is comparatively weaker to that of
IL-12, STAT4 may form heterodimers with STAT3 (Parham
and others 2002). IL-23 has also been shown to induce the
activation of NF-kB and PI3 kinase in murine CD4 T cells
(Cho and others 2006). Therefore, a role for other transcription factors, including that of NF-kB and STAT4, cannot be
ruled out at this point and merits further investigation.
IL-23 has been shown to play a critical role in the maintenance of the Th17 T cell subset and IL-23Ra has been
shown to be expressed on Th17 cells (Langrish and others
2005; Annunziato and others 2007; Chen and others 2007;
Zhou and others 2007; Manel and others 2008; Morishima
and others 2009). The dependence of IL-23-mediated IL-23
receptor expression on the JAK/STAT pathway may have
implications on the development of Th17 cells, particularly as
STAT3 activation has been shown to be critical to the differentiation of Th17 cells as well as the production of IL-17 (Cho
and others 2006; Nishihara and others 2007; Yang and others
2007; Caruso and others 2008; Chaudhry and others 2009).
Thus, our results suggest that IL-23 itself may be an important
regulator of Th17 cell differentiation and maintenance by enhancing IL-23 receptor expression on these T cells. Our data in
primary CD4 T cells suggest that IL-23 treatment may expand
and support Th17 cell development via upregulation of IL-23R
and thus provide a positive feedback loop for response to this
cytokine. Further work in this regard will be critical to characterizing this key feature of IL-23.
In summary, we demonstrate activation of the JAK/STAT
pathway induced by IL-23 in human CD4 T cells. For the
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first time, we show that IL-23 alone can upregulate its own
receptor expression in these cells at both message and protein levels. Further, JAK2, STAT1, and STAT3 are involved in
IL-23-induced IL-23 receptor expression. Taken together, our
data suggest that JAK/STAT signaling molecules are important for the regulation of IL-23 receptor in human CD4 T
cells. These findings provide new information on how IL-23
receptor expression is regulated in human T cells and suggest a potential molecular mechanism for IL-23 in Th17 cell
development.
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