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Abstract

IL-1 antagonism has been hypothesized to preserve B-cell function in new onset Type 1 diabetes
(T1D). However, the Anti-Interleukin-1 in Diabetes Action (AIDA) and TrialNet Canakinumab
(TN-14) trials failed to show efficacy of IL-1 receptor antagonist (IL-1Ra) or canakinumab, as
measured by stimulated C-peptide response. Additional measures are needed to define immune
state changes associated with therapeutic responses. Here, we studied these trial participants with
transcriptional analysis of plasma-induced PBMCs. In blinded analyses, 70.2% of AIDA and
68.9% of TN-14 participants were correctly called to their treatment arm. While the PBMC
transcriptional signatures from the two groups were distinct, both therapies achieved varying
immunomodulation consistent with IL-1 inhibition. On average, IL-1 antagonism resulted in
modest normalization relative to healthy controls. At endpoint, signatures were quantified using a
gene ontology-based inflammatory index, and an inverse relationship was observed between
measured inflammation and stimulated C-peptide response in IL-1Ra- and canakinumab-treated
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patients. Cytokine neutralization studies showed that IL-1a and IL-1f additively contribute to the
T1D inflammatory state. Finally, analyses of baseline signatures were indicative of later
therapeutic response. Despite the absence of clinical efficacy by IL-1 antagonist therapy,
transcriptional analysis detected immunomodulation and may yield new insight when applied to
other clinical trials.
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Introduction

Type 1 diabetes (T1D) is a T-cell dependent autoimmune disease that targets pancreatic p-
cells, resulting in lifelong dependency on exogenous insulin [1, 2]. To date, clinical trials of
immunomodulatory therapies in new onset T1D have been disappointing in that none have
resulted in sustained disruption of the underlying disease process. However, there have been
modest successes in slowing the decline in B-cell function in trials that impair adaptive
immunity through targeting of T-cells and B-cells [3-5].

Growing evidence supports a role for innate immunity in T1D pathogenesis, and efforts have
focused on the pro-inflammatory cytokine IL-1 as a therapeutic target [1]. IL-1 acts directly
on B-cells, impairing insulin biosynthesis and release [6-8], and inducing cytokine- and
hyperglycemia-induced B-cell death [8-10], effects that are prevented by IL-1 antagonism
[11, 12]. IL-1 amplifies adaptive immunity by enhancing the expansion and survival of naive
and memory T-cells and promoting T-helper-1 and Th17 effector T cell differentiation and
proliferation [13]. In rodent models, IL-1 blockade slows progression [14-16] and impairs
triggering [17] of T1D. In Type 2 diabetes, recombinant human interleukin-1 receptor
antagonist (IL-1Ra, anakinra) and anti-IL-1p monoclonal antibody (gevokizumab) therapies
reduced systemic inflammation, but only IL-1Ra resulted in improved B-cell function and
glycemic control [18, 19].

IL-1 has been therapeutically targeted in newly diagnosed T1D patients [20]. In the Anti-
Interleukin-1 in Diabetes Action (AIDA) trial, adult patients received IL-1Ra (anakinra). In
the TrialNet Canakinumab (TN-14) trial, primarily pediatric T1D patients received human
monoclonal anti-1L-1f antibody (canakinumab). While safe and well-tolerated, neither
IL-1Ra nor canakinumab were overall effective in maintaining p-cell function as measured
by stimulated C-peptide response [20].

New approaches are needed to better understand the immunomodulation achieved in T1D
clinical trials. Therefore, we examined the immune state of subjects receiving IL-1Ra,
canakinumab, and placebo using an array-based bioassay, whereby subject plasma is used to
induce transcriptional responses in a well-controlled peripheral blood mononuclear cell
(PBMC) reporter population drawn from a healthy blood donor. With this sensitive and
comprehensive approach, we previously determined that pre- and recent onset T1D
(ROT1D) plasma induces a disease-specific, partially IL-1 dependent signature relative to
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unrelated healthy controls (UHC) [21-23]. With it, we have also identified an elevated innate
inflammatory state among healthy T1D family members that is temporally supplanted by an
IL-10/TGF-f mediated regulatory state amongst sibling non-progressors possessing high-
risk HLA haplotypes [23]. Emergence of this regulated state parallels peripheral increases in
activated CD4+/CD45RA-/FoxP3M9h regulatory T-cell (Treg) frequencies, suggesting that
failures in endogenous regulatory mechanisms that normally manage inherited T1D risk may
underlie disease progression [23]. Here, we report that while the responses were distinct,
both IL-1Ra and canakinumab resulted in modest normalization of the inflammatory state
associated with ROT1D, and a relationship was observed between reduced inflammation and
preserved p-cell function.

Analysis of AIDA trial participants

Signature analysis of plasma-induced PBMCs was conducted on AIDA trial participants
without knowledge of treatment arm. To identify transcripts temporally regulated within
each subject, data were baseline normalized. We identified, a priori, a set of IL-1 regulated
genes that included /L1A, /IL1B, IL1R1, and PTGSZ2. Based upon reduced expression of
these genes at 1, 3, 6, and 9 months, 70.2% of the subjects were correctly identified to their
treatment arm (33 of 47 subjects (p=0.006); 15/22 (68.2%) of the IL-1Ra-treated and 18/25
(72.0%) of the placebo-treated subjects). After unblinding, we identified 827 probe sets that
were differentially induced (|log, ratio[>0.263, 1.2-fold; ANOVA p<0.05) between the
treatment and placebo arms at =1 time point (Figure 1A-1B; Supporting Information Table
2). Among these, 59.9% (495/827, 59.9%) exhibited an FDR of <30% at one or more time
points (Supplemental Table 3), and as discussed below, 43% (358/827, X2 p<10E-06) were
previously identified in cross-sectional analyses of ROT1D cases and healthy controls [23].
Among the 827 probe sets, 156 (18.9%) met only the |log, ratio| >0.263, ANOVA p<0.05
threshold. There was heterogeneity in both study arms, as evidenced the imperfect
hierarchical clustering observed at each time point (Figure 1C-1F). An intersection of 75
probe sets, regulated between the two arms at all time points was identified that consisted of
transcripts down-regulated by plasma of IL-1Ra-treated participants (Figure 1G). These
were primarily transcripts encoding inflammatory mediators regulated by IL-1, suggesting
that plasma induced signature analysis could differentiate the two trial arms and despite a
lack of overall efficacy, IL-1Ra therapy may have altered the inflammatory state.

The AIDA signature is independent of plasma IL-1Ra protein levels

The half-life of IL-1Ra is <6 hours. Expectedly, IL-1Ra-treated subjects possessed higher
plasma IL-1Ra concentrations compared to placebo-treated subjects (>500 ng/ml versus
<0.5 ng/ml; Figure 2A). We reasoned that if the treatment arm signature was a direct
consequence of carry-over IL-1Ra present in the plasma, it should be possible to largely
recapitulate that signature in placebo samples by spiking the cultures with IL-1Ra.
Therefore, plasma collected from AIDA placebo-treated participants were reanalyzed after
supplementation with 0, 500, or 1000 ng/ml IL-1Ra. Even at the higher level, among the 827
probe sets differentially induced between the IL-1Ra and placebo groups at 1, 3, 6, and 9
months, 117 (14.1%) were directionally concordant, not considering a statistical threshold,
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and only 33 (4.0%) were directionally concordant and possessed false discovery rates (FDR)
<20% (Supplemental Table 2). Expectedly, induction of IL-1 dependent transcripts was
reduced upon introduction of IL-1Ra to cultures. However, most genes were oppositely
induced when comparing /n vitroto ex vivo conditions (Figure 2A), supporting that
signatures of treated subjects were largely independent of carry-over IL-1Ra protein levels.
These data suggest that differences between the signatures of the IL-1Ra-arm and placebo-
arm were reflective of treatment-mediated alterations in the inflammatory state.

IL-1Ra treatment alters the immune state

Pathway analysis was conducted independently on the 539 probe sets down-regulated and
the 288 probe sets up-regulated by plasma of IL-1Ra-treated subjects (Figures 2A-2B).
Representative down-regulated Gene Ontology Biological Processes and Molecular
Functions (GO terms) were related to inflammation and immune activation, chemokine/
cytokine activity and chemotaxis. Transcripts annotated under these terms included IL-1
family members, chemokines, and transcripts related to inflammatory mediator synthesis.
Representative up-regulated GO terms were related to transcriptional regulation of immune
activity and protein phosphatase activity. Transcripts annotated under these terms included
transcriptional repressors and regulators of cytokine production and regulators of immune
responses through ubiquitin mediated proteolysis. Overall, plasma of IL-1Ra-treated
subjects induced greater regulatory transcription and decreased inflammatory transcription.
In contrast, plasma of placebo-treated subjects more highly induced IL-1 dependent
response genes and numerous chemokines and cytokines.

IL-1Ra treatment partially normalizes the signature associated with ROT1D

Recently, we reported cross-sectional plasma induced signature analyses of ROT1D, uHC,
diabetes autoantibody-negative (AA-) high HLA risk (DR3 and/or DR4) siblings (“HRS")
and AA- low HLA risk (non-DR3/non-DR4) siblings (“LRS”) [23]. We identified 2,422
probe sets significantly regulated among these four cohorts that revealed a continuum of
immune states. Relative to uHC, T1D family members exhibited an elevated, partially-1L-1
dependent, inflammatory state [23]. This familial inflammatory state was more regulated in
HRS than LRS. ROT1D possessed signatures intermediate to those of LRS and HRS, such
that inflammatory bias decreased and regulatory bias increased across the
LRS—ROT1D—HRS—UuUHC continuum [23].

We investigated the degree to which IL-1Ra treatment modulated the immune state relative
to the LRS—ROT1D—HRS—UHC continuum. Notably, 358/827 probe sets (43.3%, X2
p<10E-06) differentially induced between the IL-1Ra- and placebo-treated arms overlapped
with those identified in cross-sectional analysis (Figure 1). Consistent with IL-1Ra treatment
moderating the familial inflammatory state, for this intersection of 358 probe sets, the
signatures of IL-1Ra subjects were more correlative to uHC, while signatures of the placebo
patients were more correlative to those of ROT1D (Figure 2C). This relationship is further
illustrated by the mean expression levels of the 358 probe set intersection by the cross-
sectional cohorts and the AIDA participants at 1, 3, 6, and 9 months (Figures 2D-2E).
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A relationship between reduced inflammation and preserved p-cell function in the AIDA

trial

As defined by the ontological analyses (Figure 2B), the probe sets differentially induced
between the two treatment arms can be broadly considered as “inflammatory” or
“regulatory”. Based upon our previously described scoring strategy [23], the signatures of
AIDA participants were quantitatively evaluated using an inflammatory index (/.. 4/p4)-

1.1. 4;pa Was calculated by determining the average ratio between the mean baseline
normalized intensity of the 539 probe sets annotated as being “inflammatory” versus the
mean baseline normalized intensity of the 288 probe sets annotated as being “regulatory™.
The mean /.1 4,p4 Of IL-1Ra-treated patients was significantly lower than that of placebo-
treated patients at each time-point (Figure 3A). Consistent with that reported for all 69
AIDA study subjects [20], the subset of 22 IL-1Ra- and 25 placebo- treated subjects studied
here did not significantly differ in terms of mean baseline-adjusted 2-hour area under the
curve (AUC) stimulated C-peptide response at the 9 month endpoint (=0.15 nmol/L, —-0.22
nmol/L; p=0.39). However, at endpoint a significant inverse relationship was observed
between /./. 4/p4 and percent change from baseline C-peptide AUC among IL-1Ra-treated
subjects (p=0.006), but not placebo-treated subjects, associating reductions in inflammation
with preserved B-cell function (Figure 3B). While heterogeneity is evident, this subset of
IL-1Ra treated subjects possessed signatures at 1, 3, and 6, and 9 months that exhibited
greater regulatory bias; while placebo-treated patients retaining the highest percentages of
baseline C-peptide at endpoint did not (Figures 3C-3F).

In the AIDA trial, treatments were self-administered and plasma IL-1Ra levels exhibited a
large range from 0.1 ng/ml to 2526.7 ng/ml (mean+S.D.: 465.9+415.3 ng/ml) [20]. However,
among IL-1Ra-treated subjects, significant relationships between plasma IL-1Ra levels and
1.1. 4;pa Were not observed, further supporting a negligible role for carryover IL-1Ra levels
in the plasma influencing the measured signatures. Relationships between previously
measured IL-6 or glycated hemoglobin levels [20] and /./. 4,54 Were not identified.

Analysis of TN-14 trial participants

The primary endpoint for the TN-14 study was 12 months. Since the AIDA trial endpoint
was 9 months, analyses of TN-14 data considered both time points. Samples of 43
canakinumab- and 20 placebo- treated subjects, collected at 0 (baseline), 9, and 12 months,
were assayed without knowledge of treatment arm. Based upon reduced expression of
known IL-1 regulated genes at the 9 and 12 month time points, 69.8% of the subjects were
correctly identified to their treatment arm (44/63 (x? p=0.02) total; 34/43 (79.1%) of
canakinumab-treated and 10/20 (50%) of placebo subjects). After unblinding, we compared
the baseline normalized data at 9 and 12 months between the treatment arms and identified
602 significantly regulated probe sets (Jlog, ratio|>0.263, 1.2-fold; ANOVA p<0.05; Figures
4A-C; Supplemental Table 2). Among these, 53.7% (323/602, 59.9%) exhibited an FDR of
<30% at one or more time points (Supplemental Table 4), and as discussed below, 43%
(238/602, X2 p<10E-06) were previously identified in cross-sectional analyses of ROT1D
cases and healthy controls [23]. Among the 602 probe sets, 149 (24.8%) met only the |log,
ratio| >0.263, ANOVA p<0.05 threshold. There was heterogeneity in both study arms, as
evidenced the imperfect hierarchical clustering observed at each time point (Figure 1B-C).
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Pathway analysis was conducted independently on the 418 probe sets down-regulated and
the 184 probe sets up-regulated by plasma of canakinumab-treated subjects (Figures 5A~
5B). As reflected by the enriched GO terms, representative down-regulated activities were
related to inflammation and immune activation, chemokine/cytokine activity and
chemotaxis. Transcripts related to these terms included IL-1 family members, cytokines and
chemokines, and transcripts related to inflammatory mediator synthesis. Many of the 184
up-regulated probe sets are known to function in tempering immune responses: these include
KLF4, a zinc-finger-containing transcription factor that regulates I1L-10 expression [24] and
ENG, a co-receptor of the TGF-f3 superfamily necessary for TGF-f mediated resolution of
inflammation [25]; and the immunophilin protein family member FKBP1A. Additional
transcripts annotated under these GO terms included negative regulators of protein kinase
activity and negative regulators of signal transduction and growth. Overall, plasma of
canakinumab-treated subjects induced greater regulatory transcription and decreased
inflammatory transcription. In contrast, plasma of placebo-treated subjects more highly
induced IL-1 dependent response genes and numerous chemokines and cytokines (Figure
5E).

Comparison of the canakinumab treatment signature with that of a cross-sectional data

set

Among the 602 probe sets regulated between the canakinumab- and placebo- treated arms,
238 (34.8%, X2 p<10E-6) overlapped with those previously identified in cross-sectional
studies of UHC, LRS, HRS, and ROT1D [23]. For this intersection, the average signature of
the canakinumab-treated arm showed a low direct correlation with that of the uHC cohort,
and the average signature of the placebo-treated arm did not directly correlate with that of
the ROT1D cohort (Figure 5C). The induced expression levels of the 238 probe set
intersection by TN-14 participants (Figure 5D) show that the lack of overall correlation is a
reflection of variability observed in both trial arms. However, the data show that the
regulated immune state observed in uHC subjects was recapitulated in a subset of
canakinumab-treated subjects, particularly through reduced induction of transcripts for
inflammatory mediators (Figure 5D-5E, rightmost cluster).

The relationship between I.l.n.14 and B-cell function

Paralleling the AIDA study, signatures of TN-14 participants were quantitatively evaluated
using an inflammatory index (/./.7.149)- 1.1.7n-14Was calculated by determining the average
ratio between the mean baseline-normalized intensity of 418 probe sets annotated as
“inflammatory” versus the mean baseline-normalized intensity of the 184 probe sets
annotated as “regulatory”. The mean /./. 7.z, 0f canakinumab-treated patients was
significantly lower than that of the placebo-treated patients at 9 months and 12 months
(Figure 6A). Consistent with that reported for all 69 TN-14 study subjects [20], the subset of
43 canakinumab- and 20 placebo-treated subjects studied here did not significantly differ at
12 months in terms of mean baseline-adjusted 2-hour AUC stimulated C-peptide response
(-0.12 nmol/L, —0.12 nmol/L; p=0.91). The inverse relationship observed between /./. 7p.74
and the percent change from baseline to 12 month C-peptide AUC (Figure 6B) did not reach
statistical significance (p=0.11). However, canakinumab-treated subjects possessing the
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lowest /./.7.14 tended to exhibit more regulated signatures compared to placebo-treated
patients that retained the highest percentages of C-peptide at endpoint (Figures 6C-6D).

Comparison of responses observed in the AIDA and TN-14 trials

Plasma induced signatures were measured at 9 months in the AIDA and TN-14 trials where,
respectively, 243 and 149 regulated probe sets were identified when comparing the treatment
and placebo study arms (Figure 7A). The Pearson correlation coefficient between the 360
probe set union of these two data sets was 0.29, while the Pearson correlation coefficient for
the 32 probe set intersection was 0.85. The transcripts that exhibited reduced induction by
plasma collected from the treatment arms of the two trials were annotated as being
“inflammatory” (AIDA n=204/243; TN-14 n=62/149); each of these data subsets shared
identity when compared to the other trial (Pearson correlation coefficients of 0.70 and 0.84,
respectively). The up-regulated transcripts (AIDA n=39/243; TN-14 n=87/149), annotated as
being “regulatory”, did not show identity when compared to the other trial (Pearson
correlation coefficients of 0.05 and —0.13, respectively).

We hypothesized that differences in the signatures of IL-1Ra and canakinumab-treated
subjects could be due to each agent’s unique mechanism of action. IL-1Ra blocks action of
both IL-1a and IL-1f, while canakinumab neutralizes only IL-1f. In our recent report [23],
the partial IL-1 dependence of the ROT1D:uHC signature was confirmed by introducing
IL-1Ra into cultures possessing ROT1D plasma, which directionally altered expression of
583/762 probe sets (76.5%, X2 p<10E-6). To investigate whether the distinct signatures
observed in these trials may be in part due to the unopposed action of IL-1a in TN-14, we
conducted plasma induced transcription whereby replicate cultures of ROT1D subjects were
supplemented with both IL-1a and IL-1p —neutralizing antibodies, only IL-1a—neutralizing
antibodies, or only IL-1B—neutralizing antibodies. On average, cultures possessing
neutralizing antibodies for both ligands reversed a significant proportion of the previously
identified signature (n=505/583; y2 p< 10E-6; Figure 7B). This contrasted with cultures
independently supplemented with antibodies towards either IL-1a or IL-1f, where
expression of fewer transcripts was reversed (401/583 and 339/583, respectively). These data
suggest that both IL-1 isoforms contribute to the inflammatory state associated with ROT1D
and that the unmitigated action of IL-1a in TN-14 may contribute to the distinct signatures
measured in the two trials.

A relationship between the baseline plasma induced signature and therapeutic response

We investigated the relationship between the baseline plasma induced signature and outcome
in the AIDA and TN-14 trials. Since three of the four trial arms possessed ~20 subjects, for
each trial arm we identified differentially expressed genes from the seven subjects (tertile)
with the highest and lowest percentage change in C-peptide AUC from baseline to study
endpoint (Figure 8A-8C). Given the limited number of subjects compared, this analysis was
restricted to the union of 3,206 significantly regulated probe sets identified when comparing
the treatment and placebo arms of the AIDA (n=827) and TN-14 (n=602) trials, as well
those previously identified in the cross-sectional studies of uHC, LRS, HRS, and ROT1D
patients (n=2,422) [23]. A total of 380 differentially induced transcripts were identified.
Consistent with immunomodulation, significantly more regulated probe sets were identified
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when comparing subjects within the treatment arms (AIDA: n=220, p<7.6E-15, odds
ratio=4.26; TN-14: n=121, p<4.9E-9, odds ratio=2.84) versus when comparing subjects
within the placebo arms (AIDA: n=27; TN-14: n=41). Significantly identified GO terms
associated with this data set were again related to inflammation, innate immune activation,
and chemotaxis. Transcripts annotated under these terms (Figure 8D) were more highly
induced by baseline plasma of IL-1Ra-treated subjects that had the highest percentages of
baseline C-peptide AUC at endpoint, suggesting that those AIDA subjects with the highest
levels of innate inflammation may have benefited the most from IL-1Ra treatment. Notably,
these subjects generally had the lowest C-peptide AUC levels at baseline suggesting that
baseline signatures in this trial may be informative of therapeutic response. This relationship
was not seen in the canakinumab-treated subjects.

Discussion

Overall, the treatment and placebo arms of the AIDA and TN-14 trials did not differ in terms
of stimulated C-peptide AUC at endpoint. This brings into question whether therapies
directed at innate immune pathways should continue to be pursued as a monotherapy in new
onset T1D. Our application of plasma induced transcription to these trials began with
blinded analyses, where we correctly identified the majority of subjects to their treatment
arm by examining induction of genes central to IL-1 action. Though the transcripts
differentially regulated between the treatment and placebo arms of the AIDA and TN-14
trials were different, ontological analyses suggested that inflammation was reduced and Treg
activity was enhanced in both trials, as reflected by the induction of IL-10 and TGF-
dependent genes that were not modulated in the IL-1Ra add-back studies.

We compared the signatures of AIDA and TN-14 participants to those previously identified
by cross-sectional analysis in ROT1D and uHC [23]. Both IL-1Ra and canakinumab
modulated the immune state, respectively normalizing 14.8% (358/2,422) and 9.8%
(238/2,422) of the probe sets identified in historical cross-sectional analyses. This modest
normalization suggests that the immune state associated with T1D arises from a complex
milieu of mediators extending beyond IL-1. Because of the recognized complexity of
diabetes pathogenesis, combinatorial approaches that therapeutically target multiple immune
pathways are now being considered. Preclinical studies suggest that IL-1 blockade in
combination with other therapies may preserve -cell function more effectively than using it
alone [26, 27]. Relevant to this shifting paradigm, the unmodified portions of the ROT1D
signature may represent the combination of pathways that must be targeted in new onset
patients to more fully recapitulate the immune state observed in healthy controls.

Plasma induced signatures were scored with an ontology-based inflammatory index. This
enabled quantitative assessment of the immunomodulation achieved in each subject across
the duration of the intervention and alignment of the signature with other clinical measures.
The significant correlation between /./. 4,04 and stimulated C-peptide AUC in IL-1Ra
treated subjects at 9 months suggested that in a subset of patients exhibiting the greatest
reduction in inflammation, there was preserved p-cell function.
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One possible limitation of the plasma induced transcription assay is the necessity to identify
a representative responder cell population, as heterogeneity may exist between fresh cells
collected from different healthy individuals or even between successive draws of the same
person. Vendors now offer highly viable, cryopreserved PBMC that have been collected by
aphaeresis. Quantities of cells, sufficient for thousands of assays, can be prepared from a
single draw of a healthy well-characterized donor. This greatly simplifies the process of
testing a panel of candidates and identifying a representative responder cell donor. We have
previously reported the characteristics of plasma induced transcription assays when using
cryopreserved PBMCs of a single donor [22], where in the analysis of the same plasma
samples in 5 independent assays, we observed a low mean inter-assay coefficient of variation
(762 probe set ROT1D:uHC signature=0.095+0.062). It is therefore unlikely that inter-assay
variation was the basis for the distinctive signatures associated with IL-1Ra and
canakinumab treatment.

IL-1Ra binds IL-1R1, competitively inhibiting the binding and activities of IL-1f and IL-1a.
In contrast, canakinumab neutralizes IL-1p, while not acting on other IL-1 family members.
We observed an additive effect when cultures possessing ROT1D plasma were supplemented
with IL-1a and I1L-1 neutralizing antibodies. These findings are consistent with our recent
report [23], where we measured elevated IL-1a levels in ROT1D patients and their healthy
AA- siblings relative to uHC, and other studies that support a role for both IL-1 isoforms in
the inflammatory state associated with T1D susceptibility [28, 29]. Interestingly, these data
parallel results found in adults with Type 2 diabetes, in that IL-1p specific blockade did not
offer the same benefit to B-cell function as IL-1Ra [19].

A significant relationship between the inflammatory index and p-cell function was not
observed in the TN-14 trial. While this may be related to the action of IL-1a, the studied
AIDA and TN-14 participants also differed in age (25.9+/-4.9 versus 12.3+/-4.7,
respectively, p<6.8E-6). Pediatric onset T1D is characterized by a more aggressive disease
process compared to adult onset T1D. Indeed, in agreement with previous reports [30, 31],
lower baseline stimulated C-peptide levels among subjects diagnosed at earlier ages was
observed. This relationship showed age dependency in subjects between 5 and 19 years
(p<1.0E-4, Supplemental Table 1). These differences in T1D pathogenesis may have
contributed to the weaker relationship between /./. 7p.z4and p-cell function in TN-14. They
may also have contributed to the contrasting relationship between innate inflammation at
baseline and percentage baseline C-peptide AUC at endpoint observed between the two
trials. These and other results [5, 32], suggest that interventions in one population may not
have therapeutic equivalence when applied to the other.

These analyses represent a step towards meeting the need for measures of immunological
efficacy in T1D clinical trials. Plasma induced signature analyses of patients undergoing
IL-1 antagonism showed reduced induction of IL-1 -dependent genes and increased
induction of IL-10/TGF- -dependent genes, suggesting that both trials achieved varying
levels of the anticipated immunomodulation. Through the analyses subjects after the
initiation of therapy, these data show it is possible to differentiate between a complete
absence of immune efficacy from insufficient immunomodulation to provide a significant
clinical benefit. Through analyses of baseline samples, these data also suggest that it may be
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possible to identify subjects more likely to experience therapeutic response. This study
provides a rationale for additional investigations of therapies targeting innate immunity in
T1D, perhaps in selected subjects, earlier in the disease process. It also provides a rationale
for future studies aimed at broadening the understanding of diabetes pathogenesis by
defining the common and unique effects other completed clinical trials had on the immune
state associated with T1D.

Materials and Methods

Study subjects

Local IRB approval was previously granted for both the AIDA and TN-14 trials and
informed consent was obtained for all subjects. In the AIDA trial, patients were randomly
assigned to subcutaneous dosing of IL-1Ra 100 mg daily for 9 months [20]. In the TN-14
trial, subjects were randomized in a 2:1 ratio to receive canakinumab 2 mg/kg monthly for
12 months [20]. We procured samples collected at 0 (baseline), 1, 3, 6, and 9 months from
47/69 AIDA participants (22 IL-1Ra-treated; 25 placebo-treated); and samples collected at 0
(baseline), 9 and 12 months from 63/69 TN-14 participants (43 canakinumab-treated; 20
placebo-treated). Participants were <100 days post-diagnosis and possessed mixed meal
tolerance test stimulated C-peptide =0.2 nmol/L. Subject characteristics are described in [20]
and Supplemental Table 1.

Plasma induced transcription

Cryopreserved PBMCs of a healthy 34 year old blood donor (HLA-A2, Caucasian male
designated UPN727, purchased from Cellular Technology Ltd., Shaker Heights, OH) were
cultured with 40% subject plasma in RPMI 1640 medium and induced transcription was
measured using Affymetrix GeneChip Human Genome U133 plus 2.0 arrays (Affymetrix,
Santa Clara, CA) as described [22, 23]. Global median normalization was accomplished
with the Robust Multi-array Analysis (RMA) algorithm derived by the Bioconductor group
(http://www.bioconductor.org) [33]. To identify temporally regulated transcripts, data
collected at 1, 3, 6, 9, and 12 months for each subject was normalized with that of the
baseline visit. Baseline normalized probe sets that revealed a 1.2-fold difference (Jlog, ratio|
> 0.263) between the treatment arms were identified and used in subsequent analyses. The
significance of differentially induced transcription was assessed through ANalysis of
VAriation (ANOVA) and the rate of type | errors in multiple testing was assessed through the
determination of FDRs using Partek Genomics Suite 6.5 (Partek, Saint Louis, MO) as
described [22, 23]. Ontological analysis utilized the Database for Annotation, Visualization,
and Integrated Discovery (DAVID) [34]. Hierarchical clustering was conducted with Genesis
[35]. While investigated, the data were not adjusted for variables such as age, disease
duration, or glycated hemoglobin. Data files are available through the National Center for
Biotechnology Information Gene Expression Omnibus (accession numbers GSE37025 and
GSE68049, http://www.ncbi.nlm.nih.gov/geo/) [36].

Comparison of the ex vivo versus in vitro effect of IL-1Ra

PBMCs were pre-treated with human recombinant IL-1Ra (R&D Systems, Minneapolis,
MN) at 0 ng/mL, 500 ng/mL, and 1000 ng/mL for 45 minutes prior to the addition of 40%
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AIDA placebo subject plasma in RPMI 1640 medium. Transcriptional analysis was
performed as detailed above.

Individual contributions of IL-1a and IL-1p to the T1D-associated inflammatory state

Plasma was collected from ROT1D subjects exhibiting good glycemic control 2—7 months
post-diagnosis. These subjects were recruited at Children’s Hospital of Wisconsin through a
protocol approved by its institutional review board. Written informed consent was obtained
from subjects or their parents/legal guardians. Cytokine levels were assayed as described
[22, 23]. Plasma was pre-treated with IL-1 neutralizing or isotype control antibodies for 45
minutes prior to adding PBMCs. Antibodies were introduced into cultures at levels reported
to neutralize activity [23, 37, 38]: anti-IL-1a at 15 pg/m L, anti-1L-1f at 0.3 pg/mL, mouse
1gG2a isotype control at 15 pg/mL, and mouse 1gG1 isotype control at 0.3 pg/mL (R&D
Systems, clones 4414, 8516, 20102, and 11711, respectively). Transcriptional analysis was
performed as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DAVID Database for Annotation, Visualization, and Integrated Discovery
FDR false discovery rate
GO Gene Ontology
HRS high risk sibling to someone with type 1 diabetes, possessing DR3 and/or DR4
HLA haplotype
I.I.A1DA inflammatory index of AIDA participants
I.l.TN-14 inflammatory index of TN-14 participants
IL-1Ra interleukin-1 receptor antagonist
LRS low risk sibling to someone with type 1 diabetes, with non-DR3/non-DR4 HLA
haplotype
PBMC peripheral blood mononuclear cell
ROT1D subjects with recent onset type 1 diabetes mellitus
TiD type 1 diabetes mellitus
TN-14 TrialNet Canakinumab Trial
uHC unrelated healthy control
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London); USA A Moran (Chair; University of Minnesota, Minneapolis, MN), C
Greenbaum, S Sanda (Benaroya Research Institute, Seattle, WA), E Leschek, L Spain
(NIDDK, Bethesda, MD), D Matheson (University of Miami Diabetes Research Institute,
Miami, FL), M Pescovitzt (Indiana University, Indiana, PA), A Pugliese, J S Skyler, L
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Figure 1.
Plasma-induced signature analysis of AIDA trial participants. Among the 69 AIDA subjects,

our analyses included 22 IL-1Ra treated subjects (age 26.0+2.9 years; range 18.1 — 33.6) and
25 placebo-treated subjects (age 25.7+2.0 years; range 19.8 — 34.1). These subjects were
those with available sample at 0, 1, 3, 6, and 9 months and did not significantly differ from
the total cohort. (A) Analysis strategy for identifying transcripts regulated to thresholds
between the two treatment arms at 1, 3, 6, and 9 months. The selected thresholds (|log; ratio|
>0.263, 1.2-fold; ANOVA p<0.05) are based upon previous analyses [22, 23]. (B) Venn
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diagram illustrating the relationship of the union of 827 probe sets regulated to thresholds at
1, 3, 6, and 9 months between the IL-1Ra and placebo arms. Indicated are the number (and
percentage) of probe sets that exhibited an FDR <30% as well as number (and percentage)
of probe sets previously identified when cross-sectionally comparing ROT1D, related and
unrelated healthy controls [23]. (C-F) Two-way hierarchical clustering (probe sets and
subjects) for the regulated probe sets respectively identified between IL-1Ra-treated (blue
bar) and placebo-treated (red bar) subjects at (C) 1 month (n=554 probe sets), (D) 3 months
(n=341 probe sets), (E) 6 months (n=175 probe sets), and (F) 9 months (n=243 probe sets).
(G) Two-way hierarchical clustering (probe sets and subjects) for the intersection of 75
commonly regulated probe sets regulated between IL-1Ra and placebo subjects at 1, 3, 6,
and 9 months with tabulation of the mean fold of change, p-value, and FDR at the 1 month
time point. All expression levels are baseline normalized.
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Figure 2.
Analysis of the union of 827 probe sets regulated between IL-1Ra and placebo treated

patients at =1 time point. (A) One way clustering (probe sets only) and mean expression
levels of probe sets regulated to thresholds: |log, ratio| >0.263, 1.2-fold; ANOVA p<0.05 at
the 1, 3, 6, and 9 month time points (right). The mean IL-1Ra plasma protein levels, as
measured in [20], for the two study arms at each time point are indicated. The mean induced
expression levels of the 827 probe sets by plasma of the 9 AIDA placebo-treated subjects
used in the IL-1Ra add-back experiment are also shown (left). These samples were
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reanalyzed under 3 conditions: 1) 1 month samples + 0 ng/ml IL-1Ra; 2) 1 month samples
+500ng/ml IL-1Ra (~1x mean levels measured in the treated arm); and 3) 1 month samples
+ 1000 ng/ml IL-1Ra (~2x mean levels measured in the treated arm). Expression levels
illustrated in heat maps are baseline normalized and the two panels are independently
centered in terms of scale. (B) Probe sets down-regulated (n=539) and up-regulated (n=288)
by plasma of the IL-1Ra arm were independently evaluated by DAVID to identify regulated
GO terms. (C) Pearson Correlation Coefficients between 358 probe sets commonly
identified through plasma induced signature analysis of AIDA participants and the
previously described [23] cross-sectional analyses of ROT1D (n=47) and uHC (n=44)
patients. Indicated in parentheses are, respectively, the lower and upper 0.99 confidence
intervals (CI). (D) Two-way hierarchical clustering (probe sets and subjects) of IL-1Ra and
placebo subjects using mean expression of 358/827 probe sets commonly identified through
plasma induced signature analysis of AIDA trial participants at 1, 3, 6, and 9 months and the
previously described [23] cross-sectional analyses of LRS (n=42), ROT1D, HRS (n=30) and
UHC. IL-1Ra treated subjects are indicated by blue bar, placebo-treated subjects are
indicated by red bar (right). The mean expression levels of these probe sets within the cross-
sectional cohorts are also shown (left). (E) Mean expression levels of a subset of well
annotated transcripts identified among 827 probe sets regulated between the two arms of the
AIDA trial at 1, 3, 6, and 9 months. Black font indicates transcript annotated as being
“inflammatory”; blue font indicates transcript annotated as being “regulatory”. The mean
fold of change of IL-1Ra to placebo is tabulated for each probe set, expression differences
that exhibited an FDR <30% at 1, 3, 6, or 9 months are indicated by &, 4, ¢, or g,
respectively. As indicated by the white overlaid arrows, an overall increasing IL10/TGFp
bias and decreasing IL-1 bias was identified across the LRS—ROT1D—HRS—uHC
continuum.
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Figure 3.
Ontology-based scoring of AIDA participant plasma induced transcriptional signatures. (A)

Mean Inflammatory Index (/./.4/p4) Of participants in the IL-1Ra (blue) and placebo (red)
arms at 1, 3, 6, and 9 months. The mean /./. 4;pa Was significantly different between the two
arms at each time point. (B) Relationship between percentage change from baseline to 9
month C-peptide AUC and scored signatures using /./. a;p4 at 9 months. The plot is similar
if data are considered as C-peptide AUC from the 9 month visit normalized by baseline:
IL-1Ra: slope= -1.39; R=-0.55; p=0.009; Placebo: slope=—0.03; R=-0.13; p=0.52. The
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tertile of IL-1Ra and placebo —treated subjects that showed the highest percentage of
baseline C-peptide at 9 months are indicated in lower case letters, these individuals are
indicated in panels (C-F). (C-F) Two-way hierarchical clustering (probe sets and subjects)
for 827 regulated probe sets respectively identified between IL-1Ra-treated and placebo-
treated subjects at (C) 1 month, (D) 3 months, (E) 6 months, and (F) 9 months. As indicated,
a yellow line separate transcripts generally annotated as being inflammatory or regulatory. A
subset of IL-1Ra treated patients with intermediary residual $-cell function at baseline
showed an increase in C-peptide relative to placebo (indicated with arrows).
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Figure 4.
Plasma induced signature analysis of TN-14 trial participants. Among the 69 TN-14 study

participants, our analyses included samples of 43 canakinumab-treated subjects (age 12.3
+ 4.0 years; range 6.5 — 25.6 years) and 20 placebo-treated subjects (age 12.2 + 6.0 years;
range 6.1 — 32.0 years). These subjects represented those with available sample at 0, 9 and
12 months, and did not significantly differ from the total cohort. Data collected at 9 and 12
month time points was baseline normalized. After unblinding, differentially induced
transcripts (|logs ratio| >0.263, 1.2-fold; ANOVA p<0.05) between the treatment arms were
identified. (A) Venn diagram illustrating the relationship of the union of 602 probe sets
regulated to thresholds at 9 and 12 months between the canakinumab and placebo arms.
Indicated are the number (and percentage) of probe sets that exhibited an FDR <30% as well
as number (and percentage) of probe sets previously identified when cross-sectionally
comparing ROT1D, related and unrelated healthy controls [23]. (B and C) Two-way
hierarchical clustering (probe sets and subjects) for the regulated probe sets respectively
identified between canakinumab (denoted by blue bar) and placebo (denoted by red bar)
subjects at (B) 9 months (n=149 probe sets) and (C) 12 months (n=542 probe sets). All
expression levels are baseline normalized.
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Pathway analysis of the union of 602 probe sets regulated between canakinumab- and
placebo-treated patients. (A) One way clustering (probe sets only) and mean expression
levels of probe sets regulated to thresholds (|log, ratio| >0.263, 1.2-fold; ANOVA p<0.05) at
the 9 and 12 month time points. (B) Probe sets down-regulated (n=418) and up-regulated
(n=184) by plasma of the canakinumab arm were independently evaluated for biological
pathway enrichment using DAVID to identify regulated GO terms. Representative pathway
terms, the number of identified genes and significance of enrichment are tabulated. (C)
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Pearson Correlation Coefficients between the 238 probe sets commonly identified through
plasma induced signature analysis of TN-14 trial participants and cross-sectional analyses of
ROT1D patients and uHC. Indicated in parentheses are, respectively, the lower and upper
0.99 confidence intervals (CI). (D) Two-way hierarchical clustering (probe sets and subjects)
of canakinumab-treated (blue bar) and placebo-treated (red bar) subjects using the 238 probe
sets commonly identified through plasma induced signature analysis of TN-14 trial
participants and cross-sectional analyses of LRS (n=42), ROT1D (n=47), HRS (n=30) and
UHC (n=44) (right). The mean expression levels of these probe sets within the cross-
sectional cohorts are shown (left). (E) Mean expression levels of a subset of well annotated
transcripts identified among 602 probe sets regulated between the arms of the TN-14 trial.
Black font indicates transcript annotated as being “inflammatory”; blue font indicates
transcript annotated as being “regulatory”. The mean fold of change of IL-1Ra to placebo is
tabulated for each probe set, expression differences that exhibited an FDR <30% at 9 or 12
months are indicated by a, or b, respectively. As indicated by the white overlaid arrows, an
overall increasing IL10/TGFp bias and decreasing IL-1 bias was identified across the
LRS—ROT1D—HRS—uHC continuum. All expression levels are baseline normalized.
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Ontology-based scoring of TN-14 participant signatures. (A) Mean Inflammatory Index
(1.1.7n.14) Of participants in the canakinumab (blue) and placebo (red) arms at 9 and 12
months. As tabulated, the mean /./. rp.z4was significantly different between the two arms at
each time point. (B) Relationship between percentage change in C-peptide AUC from
baseline to 12 months for each subject and scored signatures using /./. 7p.z4at 12 months.
The plot is similar and the relationship is not significant if data are considered as C-peptide
AUC from the 12 month visit normalized by baseline: Canakinumab: slope= -0.21; R=
-0.07; p=0.66; Placebo: slope=0.55; R=0.16; p=0.49. The tertile of canakinumab and
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placebo-treated subjects showing the highest percentage of baseline C-peptide at 12 months
are indicated in lower case letters, these individuals are indicated in panels (C-D). (C-D)
Two-way hierarchical clustering (probe sets and subjects) for the 602 regulated probe sets
respectively identified between canakinumab and placebo subjects at (C) 9 months and (D)
12 months. As indicated, a yellow line separate transcripts generally annotated as being
inflammatory or regulatory.
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Figure 7.
The distinctiveness of plasma induced signatures of AIDA and TN-14 participants at 9

months. (A) Venn diagram illustrating the relationship of the union of 360 probe sets
regulated to thresholds (|log; ratio| >0.263, 1.2-fold; ANOVA p<0.05) between treatment
and placebo-treated arms of the AIDA and TN-14 trials at 9 months (left). One way
clustering (probe sets only) and mean expression levels of probe sets regulated to thresholds
at 9 months. For each data set and intersection, an indication of the general function of the
cluster is indicated based on ontological analyses (right). (B) Additive effects of IL-1a and
IL-1B on the ROT1D signature. Previously [23], adding 4 pg/mL IL-1Ra to ROT1D cultures
(n = 47) modulated 1L-1-dependent components of the ROT1D:uHC signature, directionally
altering expression of 583/762 genes (76.5%; x2 p < 10E-6; panel B1). Here, 5 pediatric
ROT1D subjects with mean plasma IL-1a levels of 89.4 +/- 56.4 pg/ml and IL-1f levels of
4.6 +/- 5.0 pg/ml were studied. Addition of both IL-1a —neutralizing antibodies (15 pg/mL)
and IL-1p —neutralizing antibodies (0.3 pg/mL) to the 5 ROT1D cultures directionally
altered 505/583 of the previously identified IL-1Ra dependent transcripts (86.6%; 32 p <
1.0E-6; panel B2). Addition of IL-1a—neutralizing antibodies (15 pg/mL) to the 5 ROT1D
cultures directionally altered 401/583 of the previously identified IL-1Ra-dependent
transcripts (68.8%; x2 p < 5.0E-4; panel B3). Addition of I1L-1p—neutralizing antibodies (0.3
ug/mL) to the 5 ROT1D cultures directionally altered 339/583 of the previously identified
IL-1Ra dependent transcripts (58.1%; x2 p=0.07; panel B4). Nonspecific isotypic control
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antibodies did not significantly modulate expression. Regulated transcripts are provided in
Supporting Information Table 2.
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Figure 8.
The relationship between the plasma induced signature at the baseline sampling and the

percentage change in C-peptide AUC from baseline to study endpoint (9 months for AIDA
and 12 months for TN-14). (A) Venn diagram illustrating the relationship of the union of
380 probe sets regulated to thresholds (Jlog, ratio| >0.263, 1.2-fold; ANOVA p<0.05) when
comparing the tertile (n=7) of subjects possessing the highest and the lowest percent change
from baseline C-peptide AUC at study endpoint within each of the 4 study arms. (B) Venn
diagram showing the distribution of the 380 regulated probe sets among the 3 source data
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sets: AIDA (n=827 total probe sets), TN-14 (n=602 total probe sets) and the uUHC/LRS/HRS/
ROT1D cross-sectional (n=2,422 total probe sets). (C) Mean expression levels of regulated
probe sets identified when comparing, within each arm, 7 subjects with the highest and
lowest percent change from baseline C-peptide AUC at study endpoint. (D) One-way
hierarchical clustering (probe sets) of the 4 data sets illustrated in (A). As reflected by Color
Bar 1, subjects within each study arm (D and E) are sorted by percent change from baseline
C-peptide AUC at study endpoint (highest to lowest, blue to yellow). Color Bar 2 provides a
measure of baseline normalized C-peptide AUC (highest to lowest, red to yellow to green)
and shows the general rank order is conserved. Color Bar 3 provides a measure of the
baseline C-peptide AUC. (E) Mean expression levels of a subset of well annotated
transcripts identified within the IL-1Ra and canakinumab treatment arms. The font colors
used for gene symbols are coded to the Venn diagram in (A). Conducting the analysis by
comparing subjects with the highest and lowest baseline normalized C-peptide AUC yielded
similar results and did not alter the overall biological interpretation.
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