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Abstract

Interleukin-6 (IL-6) is a key pathogenic cytokine in multiple autoimmune diseases including
rheumatoid arthritis and multiple sclerosis, suggesting that dysregulation of the IL-6 pathway may
be a common feature of autoimmunity. The role of IL-6 in type 1 diabetes (T1D) is not well
understood. We show that signal transducer and activator of transcription 3 (STAT3) and STAT1
responses to IL-6 are significantly enhanced in CD4 and CD8 T cells from individuals with T1D
compared to healthy controls. The effect is IL-6-specific because it is not seen with 1L-10 or IL-27
stimulation, two cytokines that signal via STAT3. An important determinant of enhanced IL-6
responsiveness in T1D is IL-6 receptor surface expression, which correlated with phospho-STAT3
levels. Further, reduced expression of the IL-6R sheddase ADAM17 in T cells from patients
indicated a mechanistic link to enhanced IL-6 responses in T1D. IL-6-induced STAT3
phosphorylation was inversely correlated with time from diagnosis, suggesting that dysregulation
of IL-6 signaling may be a marker of early disease. Finally, whole-transcriptome analysis of IL-6-
stimulated CD4+ T cells from patients revealed previously unreported IL-6 targets involved in T
cell migration and inflammation, including lymph node homing markers CCR7 and L-selectin. In
summary, our study demonstrates enhanced T cell responses to IL-6 in T1D due, in part to, an
increase in IL-6R surface expression. Dysregulated IL-6 responsiveness may contribute to diabetes
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through multiple mechanisms including altered T cell trafficking and indicates that individuals
with T1D may benefit from IL-6-targeted therapeutic intervention such as the one that is being
currently tested (NCT02293837).

Introduction

Type 1 diabetes (T1D) is a chronic, multifactorial autoimmune disease in which the
pancreatic islet cells are destroyed, leading to lifelong dependence on exogenous insulin
therapy. To date, there is no cure. However, understanding and treating factors of
autoimmune inflammation may effectively treat or even prevent disease progression.

One of the factors involved in autoimmune inflammation is interleukin-6 (IL-6), a
multifunctional cytokine with a role in chronic inflammatory and autoimmune diseases. I1L-6
can be produced by many cell types including stromal cells and cells of the immune system,
with monocytes and neutrophils being major sources of IL-6 after bacterial or viral infection
(1). Elevated IL-6 serum/tissue concentrations are a hallmark of rheumatoid arthritis,
systemic lupus erythematosus and multiple sclerosis and often correlate with disease activity
(2-4). Mice deficient for IL-6 are protected from experimental autoimmune
encephalomyelitis (5) and blockade of the IL-6 receptor (IL-6R) suppresses collagen-
induced arthritis (6), indicating that IL-6 can drive autoimmunity. Additionally, the
successful treatment of rheumatoid arthritis, systemic juvenile idiopathic arthritis, or
Castleman’s disease with the anti-IL-6R antibody tocilizumab demonstrates the benefit of
targeting the IL-6/IL-6R axis in humans (7).

IL-6 signals predominantly via the Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway (8). Binding of IL-6 to the cell surface-expressed IL-6R leads
to recruitment and dimerization of gp130, the common signal-transducing subunit for the
IL-6 family of cytokines. gp130 dimerization activates JAK family kinases, which
phosphorylate tyros/e residues on gp130. Subsequent docking of the phosphatase SHP2
(Src homology 2 domain-containing tyrosine phosphatase 2) and STAT transcription factors
(STAT3 and STAT1) stimulates the MAPK (mitogen-activated protein kinase) and STAT
pathways, respectively. The STAT proteins are phosphorylated, dimerize, and translocate to
the nucleus, where they induce transcription of target genes (8). A unique feature of IL-6
biology is a sighaling mechanism termed “trans-signaling”, which facilitates activation of
cells lacking membrane-bound IL-6R (mbIL-6R) (9). This mode of IL-6 signaling occurs
through engagement of gp130 with a complex of IL-6 and a soluble form of the IL-6R
(sIL-6R). Whereas small quantities of sIL-6R protein are generated by translation of an
/L-6R splice variant, most of the soluble receptor arises from proteolytic cleavage of the
IL-6R ectodomain from the cell surface, a process referred to as “shedding”(9, 10).
ADAML17, also known as TACE, has been identified as the major protease that mediates
IL-6R shedding (11, 12).

The pathological effects of IL-6 in autoimmunity are associated with the IL-6R-gp130-
STAT3 axis; signaling via this pathway is essential for T helper 17 (Ty17) cell
differentiation and inhibition of regulatory T (Treg) cell development by suppression of
FOXP3 expression (13, 14). Furthermore, IL-6 induced phosphorylation of STAT3
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(PSTAT3) can mediate resistance of T effector (Tefr) cells to suppression by Teq cells (15,
16). In T1D, the role of IL-6 is unclear. One early report demonstrated a significantly
reduced incidence of diabetes with blockade of 1L-6 in the nonobese diabetic (NOD)/Wehi
mouse model of T1D (17). Data on serum IL-6 levels in T1D are inconsistent (18-20);
however, other findings support the disease relevance of the IL-6 pathway, including
increased 1L-6 production by monocytes from type 1 diabetic subjects (21), increased
numbers of Ty17 cells in new-onset T1D (22), Tef resistance in T1D (23, 24), and
association with a genetic variant in the /L6R gene (25).

Here, we find that IL-6-induced pSTAT3 and pSTAT1 are significantly increased in
peripheral blood CD4 and CD8 T cells from patients with T1D compared with healthy
controls, due, in part to, increased surface expression of the IL-6R. We show that enhanced
IL-6 signaling associates with early clinical disease and that reduced expression of
ADAML17 is a likely cause for elevated surface IL-6R. We also provide evidence for IL-6-
induced upregulation of lymph node and peripheral tissue homing receptors, indicating
increased T cell migratory capacity. Together, our results suggest a role for the IL-6 pathway
in the immune dysregulation of T1D and also potential benefit from IL-6 targeted therapies
in this disease, one of which is currently in clinical trial (http://www.extend-study.org/).

IL-6 signaling is enhanced in T cells from type 1 diabetic patients

IL-6-mediated STAT3 phosphorylation was evaluated in peripheral blood mononuclear cells
(PBMCs) stimulated with 2 ng of 1L-6 for 10 min, a dose that consistently resulted in
submaximal pSTAT3 signals. IL-6-responsive cells were detected by flow cytometry as a
pSTAT3-positive population distinct from untreated or non-responsive cells (fig. S1).
Although there was no difference in baseline pSTAT3 between controls and individuals with
diabetes (fig. S2), we measured significantly increased IL-6-induced pSTAT3 signals in CD4
T cells from patients compared to controls (Fig. 1). This increase was observed in both the
naive (CD45RA*) and memory (CD45RA™) compartment and was evident by an increased
frequency of pSTAT3-positive cells and a higher fold change in mean fluorescence intensity
(MFI) (Fig. 1A). To exclude a dose-specific effect, we treated cells with varying IL-6
concentrations and found that pSTAT3 was consistently increased in CD4 T cells from T1D
subjects (Fig. 1B). IL-6/pSTAT3 was also enhanced in CD8 T cells from patients, although
the increase was restricted to the naive CD8 subset (Fig. 1C). A strong positive correlation
between IL-6 and pSTAT3 in CD4 and CD8 T cells from the same individuals demonstrated
that enhanced IL-6 responsiveness was subject-specific and consistent across cell types (Fig.
1D). To validate the reproducibility of our phospho-flow assay, we measured IL-6/pSTAT3
in PBMCs from the same blood draw on two different occasions, which demonstrated
excellent reproducibility of the assay. In addition, the IL-6/pSTAT3 signaling phenotype was
stable over time (fig. S3). IL-6/pSTAT1 responses not only were relatively weak but also
increased in T cells from T1D subjects and were highly correlated with IL-6/pSTAT3 (Fig.
1E and fig. S4). Furthermore, enhanced pSTAT3 appeared to be IL-6- specific because
stimulation with IL-27 or IL-10, two cytokines that also signal via STAT3 and gp130 in the
case of 1L-27, showed similar pSTAT3 levels in controls and patients (Fig. 1, F and G).
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Together, these data suggest that T cells from patients with T1D are hyperresponsive to IL-6
stimulation.

Enhanced T cell responses to IL-6 are associated with early disease

We next sought to examine clinical features of the individuals with T1D. We found no
correlations between the IL-6-induced pSTAT3 signaling level to age, body mass index
(BMI), age at diagnosis, glycated hemoglobin (HbALc), or blood glucose levels (Fig. 2A). In
contrast, we found that time from diagnosis negatively correlated with the frequency of
pSTAT3* CD4 and CDS8 cells (Fig. 2B).

IL-6R surface expression is increased in T cells from patients and correlates with IL-6-
induced pSTAT3

To determine the mechanisms that lead to enhanced T cell responses to IL-6 in T1D, we next
assessed the expression of IL-6 signaling components by flow cytometry and real-time
polymerase chain reaction (PCR). Analyzing samples from the same blood draws that had
previously been assayed for pSTAT3 in response to IL-6, we found that baseline expression
of mbIL-6R was significantly increased in individuals with diabetes (Fig. 3). This increase
was seen in the naive (CD45RA™) CD4 and CD8 T cell subsets, as well as in CD4 memory
(CD45RA") cells. CD8 memory cells displayed the lowest mbIL-6R expression, consistent
with the low pSTAT3 response in this subset, and no difference was detected between
controls and patients (Fig. 3A). Similar gp130 levels on T cells from control and diabetes
subjects (Fig. 3B) implicated IL-6R expression in the enhanced IL-6 response. We found a
significant positive correlation between mbIL-6R expression and IL-6/pSTAT3 in all T cell
subsets, with the exception of the CD8 memory cells (Fig. 2C, and fig. S6).

To gain insight into potential cell intrinsic factors that contribute to altered IL-6 response in
T1D, we examined the IL-6R variant 358Ala (rs2228145 A>C) that has been associated with
reduced IL-6R surface levels and protection in T1D (25). To determine whether this variant
contributed to the altered response to IL-6 or IL-6R surface expression in T cells, we
stratified our data based on rs2228145 genotype. However, in our cohort of established T1D,
we did not observe an effect of the rs228145 C allele on mbIL-6R expression or IL-6
induced pSTAT3 (Fig. 3D). We also performed quantitative real-time PCR for expression of
signaling components in unstimulated CD4*CD25~ T cells. Transcript levels of the /L-6R
itself, the kinases 7YK2, JAK1, and JAK?Z, as well as the negative regulators of the /L-6
pathway, SOCS1 and SOCS3, did not differ between groups (Fig. 3E).

IL-6, which induces transcription of IL-6R (26), was detected at similar levels in sera from
controls and patients, and IL-1p and tumor necrosis factor (TNF), described to enhance
IL-6R shedding (27) were not decreased in T1D (fig. S7). Together, the data show that
enhanced T cell responses to IL-6 in T1D are largely determined by increased IL-6R surface
levels, which appear to be caused by altered posttranslational regulation of the receptor, as
opposed to soluble factors that induce gene expression.
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ADAM17 is down-regulated in T cells from individuals with T1D

IL-6R surface expression is tightly regulated by proteolytic cleavage (shedding) through two
proteases of the ADAM family, ADAM17 and ADAM10 (11). In T cells from healthy
individuals, ADAM17 has been identified as the major protease that mediates IL-6R
shedding after T cell receptor (TCR) activation (28). We performed quantitative real-time
PCR and found that baseline messenger RNA (mMRNA) expression of ADAM17, but not
ADAM10, was significantly reduced in CD4*CD25~ T cells from T1D patients (Fig. 4A).
The T cells of T1D subjects also express less mature (active) ADAM17 by Western blot
analysis of CD3 cell lysates (Fig. 4B and fig. S8), and protein expression was significantly
reduced on the surface of resting CD8 T cells with a similar trend on CD4 T cells of T1D
subjects (Fig. 4C). On the basis of these observations, we asked whether IL-6R processing
by ADAM17 would be altered in T1D. To do this we designed an IL-6R shedding assay in
which resting or anti-CD3/CD28-activated CD3 T cells from T1D subjects were cultured in
the presence or absence of the ADAML17 inhibitor TAPI. After 4 hours, sIL-6R
concentrations in the culture supernatant and surface expression of mblL-6R and ADAM17
were measured by enzyme-linked immunosorbent assay (ELISA) and flow cytometry,
respectively. The results of these experiments are shown in Fig. 4. Whereas sIL-6R could be
detected in both the supernatant of resting and activated cells, TCR stimulation resulted in a
3.5-fold increase in the release of the soluble form of the receptor (88 pg/ml (resting) versus
308 pg/ml (activated), 2= 0.007). However, in the presence of TAPI, anti-TCR-induced
IL-6R shedding was efficiently blocked, with sIL-6R levels returning close to baseline
concentrations (P = 0.007). Constitutive IL-6R shedding was also inhibited by TAPI,
although to a lesser extent (Fig. 4D). Flow cytometric analysis showed that the accumulation
of sIL-6R after TCR stimulation was matched by a significant decrease in mbIL-6R and up-
regulated levels of surface ADAM17 (Fig. 4E and fig. S5). These data were comparable to
results obtained from healthy controls (fig. S9, A and B), confirming a similar role of
ADAML17 in IL-6R shedding from T cells of controls and patients. The relationship between
sIL-6R, mbIL-6R and ADAM17 was further analyzed by linear regression demonstrating a
significant inverse correlation between mbIL-6R and ADAM17, and between mbIL-6R and
sIL-6R (Fig. 4F). A time course experiment suggested that the increased IL-6R surface
expression in T cells from patients relative to controls is maintained in activated T cells over
time (fig. S9C). Together, our data suggest that decreased ADAM17 expression, but not
protease activity, in T cells from individuals with T1D contributes to higher IL-6R surface
levelson T1D T cells.

Transcriptome analysis of IL-6-treated CD4 cells reveals previously unreported target
genes of IL-6 associated with T cell migration

Having addressed mechanistic questions of enhanced IL-6 signaling in T1D, we sought to
gain more insight into the functional consequences of our findings. Given the role of IL-6 in
balancing Tefr and Tyeq cells (13, 14), we measured frequency and cytokine production (IFN-
v, IL-17A) of both T cell subsets in PBMCs from controls and patients. For these studies we
selected T1D individuals with enhanced IL-6 signaling and compared them to T1D and
control subjects who do not have them this phenotype to specifically assess the impact of the
IL-6/pSTAT3 response on T cell lineage. However, despite some variation and a trend
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toward reduced percentage of Tyeq cells in patients with higher IL-6/pSTAT3 signaling, no
significant differences were detected (fig. S10).

Because relatively little is known about IL-6-specific gene expression in human T cells, we
next performed whole-transcriptome analysis of untreated and IL-6-stimulated CD4+*CD25~
T cells from a cohort of T1D patients studied above with available samples (7= 7). A total
of 5836 Ensembl genes were significantly regulated by IL-6, with a fold change expression
greater than 2 (in either direction). Of these, 3743 genes could be mapped by the Database
for Annotation, Visualization and Integrated Discovery (DAVID) (29, 30) and were further
analyzed: 56% of the 3743 genes were up-regulated, and 80% of all differentially expressed
genes exhibited fold changes between 2 and 5 (Fig. S11). Performing Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway mapping (31), we identified multiple enriched
pathways in both the up-regulated and down-regulated gene sets (table S1). Whereas most of
the up-regulated pathways were related to metabolic processes such as purine or fatty acid
metabolism, the pathway “cytokine-cytokine receptor interaction” stood out because of its
specific role in immune cell biology: 40 genes formed a network with a cluster of
chemokines and chemokine receptors involved in T cell migration and inflammatory
responses. The highest up-regulated receptors were CCR5and CXCR6 (fold changes of 6.3
and 5.3, respectively), whereas CCRI1, CCRZ2and CCR7 were up-regulated between 2.3 and
3.5 fold (Fig. 5, A and B). IL-6 also triggered expression of several chemokines including
CCL24, CCL22, and CXCL10, albeit at very low copy numbers (Fig. 5A and tables S2 and
S3). In addition to pathway mapping we performed Gene Ontology (GO) enrichment
analysis (32, 33) and found that 36 biological process GO terms were enriched in the up-
regulated gene set. Of those, six were directly related to cell motility or regulation of the
immune system, with gene counts between 13 and 28, and enrichment scores between 2.7
and 7.0 (Fig 5C and table S4). Besides the previously identified chemokine receptors, other
IL-6 induced genes implicated in T cell migration and activity included SELL (encoding L-
selectin), MMP-7, MMP-9, syndecan-2 and syndecan-4 (table S5). We next performed
hierarchical clustering for a set of IL-6 regulated genes, which we considered most relevant
for immune cell function. We found that the effect of IL-6 was largely consistent across
subjects and that functionally related genes, for example CCR7, SELL and CDZ27, clustered
together (Fig 5D). RNA sequencing (RNA-seq) data validation by quantitative reverse
transcription PCR (gRT-PCR) confirmed the role of IL-6 in gene expression of most of the
tested genes, including CCR7, SELL, CCR5and CXCR6 (fig. S12). Last, by combining
phospho-flow cytometry with qRT-PCR data from the same subjects, we demonstrated that
IL-6-induced mRNA levels of CCR7and SELL in T cells correlate with IL-6/pSTAT3
signaling strength (Fig 5E). In summary, our data show that IL-6 significantly enhances
expression of cell migration- and inflammation-associated genes in CD4 T cells from
patients with T1D. Many of the IL-6-regulated genes that were identified through the RNA-
seq experiment encode surface expressed proteins, which interact with extracellular matrix
(CD62L) or respond to chemokine gradients (CCR7, CCR5, CCR2, and CXCR6), thereby
facilitating cell adhesion and tissue-specific homing. To assess the effect of 1L-6 on surface
expression of these markers, we cultured purified T cells in the presence or absence of IL-6
for 48 hours and evaluated cell surface expression by flow cytometric analysis. Samples for
these assays were selected from T1D and control subjects who we had previously
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characterized for their T cell responses to IL-6, and which reflected the range of responses
seen. The results of this experiment are shown in Fig. 6 and fig. S13. Using this approach,
we found that the chemokine receptors CXCR6 and CCR5 were significantly up-regulated
by IL-6 on effector memory (Tgp) but not central memory (Tcw) cells, whereas we detected
virtually no expression of CCR2 on any T cell subset (Fig. 6A and B, and fig. S14). In
contrast, we found that IL-6 significantly up-regulated surface levels of CD62L and CCR7
as measured by MFI in naive and memory CD4 and CD8 T cells, and in patients as well as
in controls, with the exception of CCR7 levels on CD4 memory T cells from healthy
subjects, which remained largely unchanged in response to IL-6 (Fig. 6C and D, and fig.
S13, A and B). Notably, there was a strong positive correlation between IL-6/pSTAT3 and
surface expression of CD62L, in CD4 naive T cells (r = 0.7, £=0.003) (Fig. 6E). This
relationship was also seen in total CD8 T cells, although in subjects with T1D only (fig.
S13C). To assess the functional consequences of IL-6 exposure on migration we performed
Transwell migration assays with CD4 T cells treated with IL-6 to establish their response to
chemokines CCL19 (ligand for CCR7), CCL5 (ligand for CCR5) and CXCL16 (ligand for
CXCR6). As shown in fig. S15, T cells that had been treated with I1L-6 for 48 hours
exhibited significantly increased migration toward CCL5 (£ =0.0002) and CCL19 (P=
0.039) compared to unstimulated cells. Consistent with this, we found a positive correlation
between the MFI of CCR7 in naive CD4 cells and cell migration toward CCL19. This data
provide a mechanistic link between IL-6 and T cell migration that strengthens the possibility
that enhanced T cell responses to IL-6 in T1D may contribute to disease pathogenesis by
altering homing of T cells to the sites of islet inflammation.

Discussion

Here, we demonstrate enhanced IL-6 responsiveness in both CD4 and CD8 T cells of
individuals with established T1D. Examining this in the context of time from diagnosis, we
found that increased IL-6/pSTAT3 responses were seen in patients with a disease duration of
less than 10 years, but that IL-6 signaling declined in subjects with long-standing disease
(>20 years). This suggests that dysregulated 1L-6 signaling in T1D is not due to the acute
metabolic changes that occur at the time of diagnosis nor is it a trait acquired over time, for
example a consequence of persistent hyperglycemia, but instead a hallmark for early events
during clinical disease manifestation. Mechanistic studies showed that IL-6R surface
expression is the major determinant for IL-6 signaling strength and that reduced expression
of the IL-6R sheddase ADAM17 contributes to elevated IL-6R levels on T cells from
patients with T1D. We provide insight into potential functional consequences of our findings
by identifying IL-6-mediated upregulation of genes involved in T cell trafficking such as
CCRY7, L-selectin, CCR5and CXCR6, and by demonstrating that T cell migration toward
chemokine ligands of these receptors is enhanced by IL-6 in vitro.

IL-6 has been implicated in the development and progression of autoimmune diseases
through both its role in the promotion of the innate immune response and its influence on T
cell lineage, favoring the development of T417 T cells and inhibiting Ty development (13,
14). Further, 1L-6 and enhanced IL-6 signaling have been linked to T resistance to
suppression by Treq (15, 16). In line with other reports (20, 34), we did not find convincing
evidence of increased IL-6 production in T1D. Nonetheless, enhanced IL-6 responsiveness
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has the potential to promote inflammation and autoimmunity, even in the presence of
homeostatic levels of IL-6. In relapsing-remitting multiple sclerosis patients, enhanced
response to I1L-6 as measured by pSTAT3 was found in CD4 T cells and also linked to
increased IL-6R expression and a decrease in cleavage of mbIL-6R. In these subjects, Tef
resistance to Treq-mediated suppression was observed and shown to be correlated to the
enhanced IL-6R expression and IL-6-mediated STAT3 phosphorylation (16).

Multiple factors can influence the response to IL-6. Here, we demonstrated that increased
expression of mbIL-6R correlated with enhanced IL-6-induced pSTATS3 in diabetic subjects
independent of the clinical characteristics of patients. The lack of difference in IL-6R
MRNA levels between controls and patients suggests that post-translational regulation of
IL-6R is altered in T1D through shedding of the receptor. The T1D-associated IL-6R single-
nucleotide polymorphism rs2228145 has been shown to influence plasma IL-6R and
mbIL-6R levels (35) presumably through the process of altered shedding (36) but did not
affect surface IL-6R expression in our cohort. Our finding of reduced transcript and protein
levels of ADAM17 in peripheral blood T cells from subjects with T1D indicates a potential
mechanism for enhanced IL-6 signaling and raises the possibility that activated T cells in
vivo may retain their capacity to respond to mblL-6R because of diminished ADAM17
expression or activity.

The increase in mbIL-6R is likely not the sole factor that contributes to the enhanced
response to IL-6 in our T1D subjects. Cell-intrinsic factors may contribute to the altered
response to IL-6 in some individuals, particularly those who do not demonstrate increased
mbIL-6R but do show enhanced pSTAT3 in response to IL-6. To address this, we examined
the expression of the major I1L-6 signaling components in our subjects. We found similar
expression of the JAKs and the negative regulators SOCS3 and SOCS1, but we cannot rule
out that these may be important in individual cases, nor can we rule out the influence of
genetic variants of signaling proteins including TYK2 (37) and STAT3 (38) or as-yet-
unknown regulators of the IL-6 pathway.

The pathogenic effects of IL-6 on T cells in autoimmunity have been ascribed to the
cytokine’s role in promoting T17 cell differentiation and suppressing Tyeq cell function. In
T1D, several lines of evidence support the involvement of Ty17 immunity, including reports
on increased frequencies of IL-17-producing CD4 and CD8 T cells in the circulation of new-
onset patients (22) or increased numbers of TH17 cells in the pancreatic lymph nodes of
long-term patients (40). Yet, overall, these effects are subtle and may be limited to specific
subsets of TH17 and Tyeq cells. In our cohort, the frequency and cytokine profiles (IL-17A,
IFN-y) of CD4*Foxp3~Helios™ Tefr and CD4*Foxp3*Helios™ natural Teq cells in the blood
were similar between IL-6/pSTAT3 “high” and ”low” T1D subjects, and no significant
difference to healthy controls was observed. The limited number of subjects available for
this analysis and the subtlety of these changes in the periphery may have made it difficult to
demonstrate the impact of T cell responsiveness to 1L-6 on the balance of Tegs and Treq cells
in the periphery. It is likely that enhanced IL-6 responses promote pathogenic T cell function
locally in the inflamed islet or pancreatic lymph node in concert with other proinflammatory
cytokines such as TNF, IL-1, IL-21 and IL-23. In this setting, enhanced IL-6 responses
may alter the fate and function of islet specific T cells, resulting in increased pathogenicity

Sci Transl Med. Author manuscript; available in PMC 2017 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hundhausen et al.

Page 9

through impaired Teg function, the resistance of Teg to suppression by Tyeq (15, 16), and
enhanced cytotoxicity via the induction of granzyme B linked to IL-6 trans-signaling (41,
42). In addition, 1L-6 has been linked to reduced apoptosis of antigen-specific CD4 T cells
in mice (43); this may be a mechanism by which autoantigen-specific T cells from
individuals with diabetes prolong their survival.

In our study, STAT1 responses to IL-6 were also increased in T cells from individuals with
diabetes. STAT1 and STATS3 are ascribed distinctive functions (44, 45), which may lead to
multiple, subtle alterations in T cell differentiation and function, together significantly
contributing to disease.

Whole-genome transcriptome analysis of unstimulated and IL-6-stimulated CD4*CD25~ T
cells from peripheral blood of patients with T1D yielded additional insight into the
functional consequence of enhanced T cell responses to IL-6 in T1D subjects. Notably, a
cluster of 40 genes involved in T cell trafficking and inflammatory responses was increased
by exposure to IL-6. Using flow cytometry in combination with Transwell migration assays
we were able to assess the impact of 1L-6 on surface expression of these proteins in T cell
subsets and on CD4 T cell migration in response to their ligands. We found that CXCRS6,
CCR5 and CCR7 were significantly up-regulated by IL-6 in CD4 and CD8 T cells, with
CXCR®6 and CCR5 expression largely restricted to the effector memory compartment. In
agreement with this finding, we detected increased CD4 T cell migration toward their
ligands after IL-6 treatment of the cells. CXCR6 and CCRS are both chemokine receptors
associated with Tyl or cytotoxic T cell function (46, 47) and, together with their ligands,
have also been implicated in T1D pathogenesis. For example, circulating levels of the CCR5
ligand CCL5 were inversely correlated with B-cell function in children with T1D (48) and
CXCL16, the ligand for CXCR®, was identified as one of the candidate genes in the /dd4
susceptibility locus of the NOD mouse (49). CCR7 directs recruitment of T cells into
inflamed pancreatic islets (50). Together, this suggests that enhanced T cell responses to
IL-6 may contribute to islet inflammation and destruction by enhancing the ability of islet
specific T cells to access the islet. In keeping with this idea, IL-6 deficient mice exhibited
reduced T cell recruitment to the site of acute inflammation, caused in part by dysregulation
of T cell chemokine receptor expression (51).

We acknowledge that our study has limitations, one of which is that we are sampling
peripheral blood, whereas the impact of the disease is at the islets and pancreatic lymph
nodes. Further, this study focuses on the global T cell response and not on the response of
islet-specific T cells. However, our observation likely applies to these cells in a manner
similar to that seen globally, including having an impact on the fate, function, survival and
localization of pathogenic islet-specific T cells in T1D subjects. In addition we have limited
our studies to T cells but alterations in IL-6 signaling may extend beyond T cells. For
example ADAML1Y7 is expressed by myeloid cells; if ADAM17 expression is diminished on
myeloid cells in T1D, this would have the potential to further enhance the response to 1L-6
in T1D.

Enhanced IL-6 signaling in some subjects may be promoted by the immunologic and/or
metabolic milieu before or at the time of diagnosis, which may wane over time. In other
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individuals enhanced IL-6 responses may be mediated through genetic mechanisms. Further
exploration of these questions will require longitudinal studies to assess whether enhanced
IL-6 signaling precedes clinical disease onset or changes during the course of disease.
Additional work that explores whether there is altered IL-6R expression in other cell types
will be important in evaluating therapeutic interventions that target this pathway.
Collectively, these questions are pertinent to understand what factors lead to disease
progression, and whether IL-6 responsiveness can predict disease progression or response to
therapy. Understanding the mechanism and role of altered IL-6 signaling in T1D may assist
in targeting this pathway for therapeutic intervention either through blockade of IL-6, and
the IL-6R or through the use of small molecule inhibitors of the signaling pathway.

Material and Methods

Study design

Here, we posed the hypothesis that T cell responses to IL-6 are increased in T1D, thereby
contributing to disease pathogenesis. The effects of IL-6 on CD4 and CD8 T cells were
evaluated in PBMCs from healthy control and T1D subjects using a flow cytometry-based
STAT phosphorylation assay. Our approach of using PBMCs as opposed to isolated T cells
was validated by coculture experiments that show that the presence of antigen presenting
cells did not modulate IL-6/pSTAT signals in the 10-min assays we performed. Mechanisms
of dysregulated IL-6 signaling in T1D were interrogated by serum cytokine analyses and
expression studies of IL-6 pathway components at the transcript and protein level.
Functional consequences were assessed by immunophenotyping of peripheral blood
lymphocytes and by transcriptome sequencing of IL-6-treated CD4 T4 cells from patients.

Control and T1D samples were selected randomly but matched for age and gender. No
selection was made on human leukocyte antigen genotype or time from diagnosis. Samples
were blinded for analysis but were provided in a manner that guaranteed that samples from
both groups would be tested on each assay day. This was done to avoid batch effects
between controls and T1D subjects. Power calculations were performed to determine the
sample size required to have 80% power to detect a significant difference. These calculations
indicated that a sample size of 25 per group would provide 80% power for differences

>20 % in IL-6-induced pSTATS3.

Human samples

Frozen PBMCs and matched serum samples were obtained from participants in the
Benaroya Research Institute (BRI) Diabetes and Immune Mediated Disease Registry and
Repository. Control subjects (n = 58) were selected on the basis of the absence of
autoimmune disease or any family history of autoimmunity. Patients with T1D (n = 60) had
a disease duration between 0.2 and 51 years. Subjects were matched for age (mean age:
controls, 35.2 £13.2 years; T1D patients, 32.7 £14.8 years), and all experiments were
performed in a blinded manner. High baseline pSTAT3 levels in T cells from some controls
and patients obscured the detection of IL-6 responses; those subjects were excluded from the
study (fig. S2). Characteristics of study participants are listed in table S6. The research
protocols were approved by the Institutional Review Board at BRI (#07109-136).
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Flow cytometry

For analysis of STAT phosphorylation, thawed PBMCs were rested in serum-free X-
VIVO-15 medium for 1 hour, washed with phosphate buffered saline (PBS), and stimulated
at 106 cells per100 pl X-VIVO-15 with recombinant human IL-6 (rh1L-6) (2 ng/ml) (BD,
catalog no. 550071) for 10 min, rh1L-10 (5 ng/ml) (BD, catalog no. 554611)for 20 min) or
rhlL-27 (10 ng/ml) (eBioscience, catalog no. 14-8279) for 20 min. Cells were fixed and
permeabilized using Fix Buffer | and Perm Buffer I11 (BD), respectively. Subsequently, cells
were stained simultaneously for CD4 (BD, clone SK3), CD45RA (BD, clone HI1100), CD8
(Beckman Coulter, clone SFCI121Thy2D3), pSTAT3 pY705 (BD, clone 4/P-STAT3), and
pSTAT1 pY701 (BD, clone 4a) and incubated at room temperature for 45 min. Cell surface
staining for IL-6R (BD, clone M5), gp130 (BD, clone AM64), CCR7 (BioLegend, clone
GO043H7), CD62L (BioLegend, clone DREG-56), CXCR6 (BioLegend, clone KO41E5),
CCR5 (BD, clone 2D7/CCR5), CCR2 (BD, clone 48607), ADAM17 (R&D Systems, clone
#111633) and ADAM10 (BioLegend, clone SHM14) was carried out without previous cell
fixation. Cells were acquired on a BD FACSCanto Il and data were analyzed using FlowJo
version vX.06 (Tree Star).

ELISA and serum cytokine analysis

sIL-6R serum concentrations were determined using the Human IL-6R Platinum ELISA Kit
(eBioscience). IL-6, IL-1p, IFN-y, and TNF serum levels were determined using the High
Sensitivity Human Cytokine Magnetic Bead Kit (Milliplex Multi-Analyte Profiling,
Millipore) in combination with the Luminex platform.

CD3 T cell isolation and culture

Total CD3 T cells were purified by negative selection from thawed PBMCs of healthy
control and diabetes patients using magnetic-activated cell sorting (MACS) technology
(Miltenyi). To assess the effect of IL-6 on expression of surface molecules, cells were
cultured in 96-well round-bottom plates (Nunc) at 2 x 108 cells per well/ 200 pl of RPMI
medium [10% fetal calf serum (FCS)] in the absence or presence of IL-6 (10 ng/ml) for 48
hours. Cells were washed with PBS and stained for cell surface markers for 30 min at room
temperature.

IL-6R shedding assay

Purified CD3 T cells were distributed to 96-well round bottom plates at 10° cells/ 200ul of
medium. Cells were activated with anti-CD3/CD28 beads (Dynabeads, Life Technologies) at
a bead-to-cell ratio of 1:1 for 4 hours. In some conditions, cells were pretreated with the
ADAML17 inhibitor TAPI-1 (20uM; Selleck Chemicals) for 30 min. After 4 hours,
supernatants were collected and sIL-6R concentrations were determined by ELISA. For flow
cytometric analysis, cells were magnetically separated from beads, washed in PBS and
stained for CD4, CD8, CD45RA, IL-6R, ADAM17 and ADAM10.

Western blotting

Per subject, 2 x 108 CD3 T cells were lysed in 100 ul EBC buffer (50 mM tris (pH 8.0), 120
mM NaCl, 0.5 % NP-40, 1 mM EDTA, 50 mM NaF, 1 mM NazVOy, 1 mM 2-
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mercaptoethanol, and protease inhibitor (Roche complete Mini tablets)), and 10 ug of total
protein was subjected to reducing SDS-polyacrylamide gel electrophoresis using NUPAGE
Novex 4-12% Bis-Tris gels (Life Technologies). After protein transfer to polyvinylidene
difluoride membrane, the membrane was blocked with 5% bovine serum albumin (BSA) in
tris-buffered saline/0.05% Tween 20 (TBST) for 1 hour at room temperature and then probed
with rabbit anti-ADAM17 polyclonal antibody (1 pg/ml) (Chemicon International) at 4°C
overnight. For ADAM17 protein detection, the membrane was stained with a peroxidase-
labeled anti-rabbit secondary antibody (Vector) at a 1:50,000 dilution in TBST for 1 hour at
room temperature, followed by thorough washing with TBST and incubation with enhanced
chemiluminescence substrate (ECL, Pierce). Signals were recorded by exposure to x-ray
film (Research Products International). As endogenous control, protein levels of
transcription factor 11B (TFIIB) were determined using rabbit anti-TFIIB polyclonal
antibody C-18 (Santa Cruz Biotechnology).

Transwell migration assay

MACS purified CD4 T cells from healthy controls and subjects with T1D were seeded in a
96-well round-bottom plate at a density of 2 x 108 cells in RPMI medium supplemented
with 10 % human serum. Cells were left untreated or were stimulated with IL-6 (10 ng/ml)
for 48 hours. Cells were labeled with carboxyfluoroscein diacetate succinimidyl ester
(CFSE), washed with PBS and added at 2 x 10° cells per 50 pl of serum-free RPMI (without
phenol red, 1% BSA) to the inserts of a 96-well Fluoroblok Transwell plate (BD Falcon)
fitted with a light-blocking 3 um polyethylene terephthalate membrane. The bottom chamber
of the Transwells was filled with medium containing 1 CCL5, CCL19 or CXCL16 (100 ng/
ml). As standard, 1:2 serial dilutions of CFSE-labeled cells were added to some wells. Cell
migration was quantified every half hour over a period of 3 hours by measuring fluorescence
intensity from the bottom of the plate using a plate reader (EnSpire, Perkin Elmer).

Real-time qRT-PCR

CD4*CD25" T cells were isolated by negative selection from thawed PBMCs from healthy
control and T1D subjects using MACS (Miltenyi). Cells were either left untreated or
stimulated with IL-6 (10 ng/ml) for 24 hours in complete RPMI medium supplemented with
10% FCS. RNA was extracted from 1.5 x 108 to 2.0 x 10° cells using the RNeasy Mini Kit
with on column DNA digestion (Qiagen). Superscript 111 (Life Technologies) was used to
generate complementary DNA, and gene expression was measured by multiplex real-time
PCR performed on an ABI 7500 Fast Real-Time PCR System. The following TagMan
expression assays were used: IL-6R (Hs01075666_m1), TYK2 (Hs00177464_m1), JAK1
(Hs01026983_m1), JAK2 (Hs00234567_m1), SOCS1 (Hs00705164 s1), SOCS3
(Hs02330328 _s1), ADAM17 (Hs01041915_m1), ADAM10 (Hs00153853_m1), SELL
(Hs00174151_m1), CCR7 (Hs1013469_m1), CCR5 (Hs00152917_m1), and CXCR6
(Hs00174843_m1). Expression of GTF2B (Hs00976258 m1) was measured for
normalization. After log2 transformation of the ACt value, the resulting value was multiplied
by an arbitrary number to obtain units of relative expression (52).
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RNA processing for sequencing

CD4* CD25~ T cells from seven T1D patients were isolated and IL-6 stimulated as
described above. RNA was extracted from 0.5 x 108 cells using the RNeasy Kit (Qiagen),
and quality was assessed using the Bioanalyzer 2100 (Agilent). Sequencing libraries were
constructed from total RNA using TruSeq RNA Library Prep Kit v2 (Illumina) and clustered
onto a flow cell, using a cBOT amplification system with a HiSeq SR Cluster Kit v4
(IMumina). Single-read sequencing was carried out on a HiSeq 2500 sequencer (Illumina),
using a HiSeq SBS Kit v4 to generate 58-base pair reads, with a target of about 10 million
reads per sample.

RNA seq data analysis

FASTQ files were aligned to a human reference genome to generate gene counts. Analysis
of the 64,253 Ensembl ID count data was performed using the edgeR package (53) in the R
software environment (54). For each gene, a negative binomial general linear model (55) that
is appropriate for count data was used for the two-group comparison (stimulated versus non-
stimulated) while controlling for batch effects. The Ensembl IDs were filtered to those that
had a trimmed mean of M values (TMM)- normalized count (53) of at least one in at least
one library, which resulted in 21,129 Ensembl 1Ds used in the general linear model. A multi-
dimensional scaling (56) plot was created to look at the major sources of variation in the
data after filtering. The two-group comparison had 25.7% biological coefficient of variation
and 5,836 Ensembl 1Ds had a false discovery rate (57) less than 0.05 and fold change greater
than 2 (in either direction). Significantly regulated genes were subjected to enrichment
analysis of KEGG pathways and GO terms using the bioinformatics resources DAVID (29,
30) and GOrilla (32), respectively. Redundancy of GO terms was removed with REVIGO
(33). Protein interaction networks were created using STRING (58) in combination with
Cytoscape (59).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6. To assess statistical significance
the Wilcoxon matched pairs test and the Mann-Whitney Utest were used. Results were
expressed as means +/- SD, and differences were considered statistically significant at P<
0.05. Linear regression was performed by computing the Pearson correlation coefficient (7).
Outliers were removed using the ROUT method (coefficient Q= 0.1%) (60).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-6-induced pSTAT3 and pSTAT1 are increased in T cells from patients with T1D
Thawed and rested PBMCs from healthy controls and subjects with T1D were treated with

recombinant cytokine (IL-6, IL-10, or 1L-27) followed by staining for CD4, CD8, CD45RA,
pSTAT3 (pY705), and pSTATL1 (pY701). (A) CD4 T cell response to IL-6 as determined by
frequency of IL-6-induced pSTAT3-positive cells [pSTAT3™ (%)] and fold change in
pSTAT3 MFI (FC MFI pSTAT3) compared to unstimulated cells (left and right panels,
respectively); n = 24 (Ctrl) and n= 27 (T1D). (B) Dose-response curve showing IL-6-
induced pSTAT3 (MFI) in total CD4 T cells from controls and patients; n=5 (Ctrl) and n=
5 (T1D). (C) CD8 T cell response to IL-6 as determined by frequency of I1L-6-induced
pSTAT3-positive cells and fold change in pSTAT3 MFI (left and right panels, respectively);
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n=24 (Ctrl) and n= 27 (T1D). (D) Linear regression showing positive correlation between
IL-6-induced STAT3 activation in CD4 and CD8 T cells; n= 24 (Ctrl) and n= 27 (T1D). (E)
pSTATL in response to IL-6 in total CD4 and CD8 T cells; n=22 (Ctrl) and n= 23 (T1D).
(F and G) pSTAT3 in total CD4 and CD8 T cells following stimulation with IL-27 (F) [n=
13 (Ctrl) and n=13 (T1D)] or IL-10 (G) [n= 12 (Ctrl) and n= 14 (T1D)]. Statistical tests:
Mann-Whitney U, r= Pearson correlation coefficient.
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Figure 2. T cell responses to IL-6 decrease with time from diagnosis
(A) Linear regression showing that IL-6-induced pSTAT3 is independent from age at draw,

BMI, age at diagnosis, blood glucose levels,

and glycated hemoglobin (HbAlc). (B) Linear

regression showing the inverse correlation between time from diagnosis (disease duration)
and IL-6/pSTAT3 in CD4 and CD8 T cells from subjects with T1D (left and right panels,

respectively); 21< n <29 (A) and n = 26 (B)

: r=Pearson correlation coefficient.
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Figure 3. Surface IL-6R levels are increased in T1D T cells and correlate with I1L-6-induced
pSTAT3

Unstimulated PBMC from controls and patients obtained from the same blood draw as
shown in Fig. 1 were stained for CD4, CD8, CD45RA, gp130 and IL-6R. IL-6R surface
expression (mbIL-6R) was calculated as the antigen-specific MFI minus the MFI of a
matched isotype control (see also fig. S5). (A) mblIL-6R expression in CD4 and CD8 T cells
(left and right panels, respectively); n= 24 (Ctrl) and n= 27 (T1D). (B) gp130 expression
(MF1) in CD4 T cells; n=24 (Ctrl) and n= 27 (T1D). (C) Linear regression showing the
positive relationship between mbIL-6R expression and IL-6-induced pSTAT3 in total CD4 T
cells from subjects with T1D and controls (left and right panel, respectively); 7= 24 (Ctrl)
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and n= 27 (T1D). (D) Effect of IL-6R rs2228145 A/C polymorphism on IL-6R surface
levels and IL-6-induced pSTAT3 in CD4 T cells from subjects with T1D; n=24. (E) Real-
time PCR analysis for baseline expression of IL-6 signaling components in CD4*CD25~ T
cells; n=12 (Ctrl) and n=12 (T1D). Statistical tests: Mann-Whitney U, r= Pearson
correlation coefficient.
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Figure 4. Reduced expression of IL-6R sheddase ADAM17 in T cells from patients with T1D
(A) Real-time PCR for ADAM17and ADAMI0transcript in unstimulated CD4*CD25™_

cells form controls and patients with T1D; n=12 (Ctrl) and n=12 (T1D). (B) (Left)
Western blot for ADAM17 in CD3 T cell lysates from controls and patients; TFIIB protein
levels were determined as loading control. (Right) Densitometric analysis of the ratio
between mature and pro-form of ADAM17; n= 3 (Ctrl) and n= 3 (T1D). (C) Flow
cytometry showing ADAM17 surface expression on resting T cells from controls and
patients; 7= 13 (Ctrl) and n= 12 (T1D)] (D to F) IL-6R shedding assay demonstrating the
role of ADAM17 in constitutive and TCR-activation induced shedding of mbIL-6R. CD3 T
cells from patients with T1D were incubated for 4 hours in the presence or absence of anti-
CD3/CD28 heads (anti-TCR) and the ADAML17 inhibitor TAPI. sIL-6R levels in the
supernatant were determined by (D) ELISA and (E) surface expression of mbIL-6R and
ADAML17 by flow cytometry. (F) Linear regression showing the inverse correlation between
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mbIL-6R and ADAM17 expression (left panel) and mbIL-6R and sIL-6R concentrations
(right panel). Triangles, nonactivated cells at 0 hours; circles, nonactivated cells at 4 hours;
squares, anti-CD3/CD28 bead-activated cells at 4 hours; n= 8 (Ctrl) and n= 8 (T1D).
Statistical tests: Mann-Whitney U (A to C); Wilcoxon matched pairs (E and F); r= Pearson
correlation coefficient.
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Figure 5. Transcriptome analysis of 1L-6 treated CD4*CD25~ T cells from patients with T1D
(A) Network of enriched KEGG pathway cytokine- cytokine receptor interaction illustrates

cluster of IL-6-induced genes involved in T cell trafficking. Chemokine receptors are shown

in color. (B) Fold change up-regulation, expression level (logCPM) and Pvalue of the
chemokine receptors identified in (A). (C) GO analysis of IL-6-induced genes shows
enrichment of terms associated with cell migration and regulation of inflammatory

responses. (D) Heat map of immune-relevant genes demonstrating consistent up-regulation
by IL-6 across subjects. (Left) Unstimulated cells. (Right) IL-6-stimulated cells from the
same subjects. (E) Linear regression showing positive correlation between IL-6/pSTAT3 and

expression level of CCR7and SELL in CD3* T cells; n=6 (Ctrl) and 7= 6 (T1D). r =

Pearson correlation coefficient.
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Figure 6. IL-6 upregulates inflammatory homing makers CXCR6 and CCR5 on Tgp cells
Purified CD3 T cells were cultured in the absence or presence of IL-6 (10 ng/ml) for 48

hours, followed by surface staining and flow cytometric analysis. (A and B) Effect of IL-6
on frequency of CXCR6* (A) and CCR5* (B) CD4 and CD8 Tgy cells. (C and D) Effect of
IL-6 on CD62L (C) and CCR7 (D) expression in naive (CD45RA™) and memory
(CD45RA™) CD4 T cells. (E) Linear regression analysis demonstrating the relationship
between IL-6/pSTAT3 and baseline CD62L (left panel) and IL-6-induced CD62L (right
panel) in CD4 naive T cells; 7=7 (Ctrl) and 7/=11 (T1D) in all panels. Statistical tests:
Wilcoxon matched pairs, Mann Whitney U; r= Pearson correlation coefficient.
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