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Abstract

With obesity and type 2 diabetes prevalence steadily increasing and no effective means in sight to support the population in
obtaining and maintaining stable weight loss, there is an imminent need for pharmacological therapy to treat and prevent type 2
diabetes. Current anti-diabetic treatment is symptomatic, and very few drugs have both a strong preclinical rationale and clinical
proof-of-principle as therapies targeting pathogenic processes in type 2 diabetes. The emerging appreciation of low-grade
inflammation as a significant cause of insulin resistance and beta cell failure warrants exploring anti-inflammatory compounds
as drug candidates. Since recent studies have demonstrated considerable phenotypic heterogeneity in the type 2 diabetic syn-
drome, the concept of one drug fits all is naive, and biomarkers for the selection of type 2 diabetes subtypes for differentiated
treatment based on genetic and pathogenic stratification are urgently needed. Biologics antagonizing the master pro-
inflammatory cytokine interleukin-1 is one of the few principles specifically targeting low-grade inflammation in type 2 diabetes.
Although early phase II studies were encouraging, subsequent underpowered studies and phase III studies designed primarily
with cardiovascular endpoints have discredited the potential of anti-interleukin-1 approaches to treat the subgroup of patients that
may benefit from this treatment. In this meta-analysis of 2921 individuals from eight phase I-IV studies, we demonstrate a
significant overall HbA lc-lowering effect of interleukin-1 antagonism. Meta-regression analyses demonstrated a significant
correlation between baseline C-reactive protein and C-peptide, and HbAlc outcome. The identification of further biomarkers
for future clinical trials to define the potential of anti-interleukin-1 therapies in type 2 diabetes is urgently needed.
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Obesity and type 2 diabetes (T2D) are serious threats to
global health, welfare, and medicare budgets—and a prob-
lem frankly out of control [1]. Although 85% of type 2
diabetes is associated with overweight, and despite con-
vincing evidence that lifestyle intervention is effective in
preventing incident type 2 diabetes and in improving gly-
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cemia and cardiovascular risk in patients with overt type 2
diabetes, measures at the public health and individual
levels that can effectively induce and stably preserve
weight loss have yet to be devised [2—4].

In the absence of effective and acceptable lifestyle correc-
tions, patients are left with symptomatic polypharmacy aiming
at cardiovascular risk reduction, or, for high-risk groups, bar-
iatric surgery, an expensive, low-capacity, and resource-
requiring procedure associated with long-term adverse effects
[, 6]. There is currently no marketed drug targeting the fun-
damental pathogenic processes in type 2 diabetes.
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Type 2 diabetes arises when insulin secretion fails to com-
pensate for insulin needs [7]. In the case of T2D, this mis-
match is most often unmasked by obesity leading to insulin
resistance. However, drugs primarily targeting insulin resis-
tance have largely been abandoned due to their side-effects,
and drugs boosting beta cell secretory compensation act mere-
ly by stimulating insulin secretion, not by halting the under-
lying molecular pathogenesis of the secretory defect [8].

A further persistent impediment to effective anti-diabetic
treatment has been the notion of type 2 diabetes as a homog-
enous disease entity. With the realization of the significant
heterogeneity in type 2 diabetic phenotype, the avenue is open
for individualized tailor-made treatments of subpopulations
based on genetic and pathogenic biomarkers [9].

Likely, sub-phenotypes of type 2 diabetes exist where low-
grade inflammation is a prominent pathogenic factor.
Evidence to support this notion is the variation in plasma
high-sensitivity assayed C-reactive protein (hsCRP) levels
and other inflammatory markers in type 2 diabetic patients
[10]. It is therefore critical to extract information from existing
intervention trials that would support the design of clinical
trials to investigate the efficacy and safety of anti-
inflammatory drugs in such a sub-phenotype.

A limited number of anti-inflammatory approaches have
been tested in clinical trials in T2D, including small molecules
such as the salicylic acid derivative, salsalate and specific anti-
cytokine biologics [11, 12]. Anti-inflammatory properties
have been assigned to many anti-diabetic drugs such as angio-
tensin I-converting enzyme inhibitors, angiotensin II receptor
blockers, statins, DPPIV inhibitors, Glp-1 agonists, and even
insulin [13]. However, for these classes of drugs, the benefi-
cial effects of the anti-inflammatory action are difficult to
tease apart from the anti-diabetic properties and are generally
considered to be modest. Currently, the only specific anti-
inflammatory biologic for which a sufficient number and qual-
ity of trials have been reported to justify meta-analysis is an-
tagonists against the key pro-inflammatory cytokine
interleukin-1 (IL-1).

The purpose of this paper is therefore to conduct an up-
dated meta-analysis of all available trials employing IL-1 an-
tagonists and a meta-regression to identify suitable clinical
biomarkers useful for selection of patients for future trials.

Immunometabolism in type 2 diabetes:
metabolites as danger-associated molecular
patterns

A central pathophysiological rationale supporting IL-1 as an
interventional target in type 2 diabetes is the notion that me-
tabolites are sensed by the innate immune system and possibly
even by the pancreatic beta cells as danger-associated molec-
ular patterns (DAMPS) that activate the inflammasomes [14].
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This class of NOD-like receptors processes pro-IL-1 and pro-
IL-18 into biologically active IL-1 and IL-18 [15].

Pioneering work demonstrated that glucose-mediated hu-
man islet cell apoptosis is mediated by IL-1 and that high glu-
cose concentrations induce beta cell IL-1 secretion [16]. Later
work demonstrated that many metabolites elevated in insulin
resistant (free fatty acids, minimally modified LDL,
adipocytokines, LPS) or overtly diabetic patients (glucose, islet
amyloid polypeptide) stimulate pro-IL-1 mRNA and protein
expression and/or inflammasome activation, leading to IL-1
release from intra-islet macrophages or to a lesser extent beta
cells themselves [17]. Taken together, the preclinical findings
suggest that these metabolites are drivers of low-grade inflam-
mation and may be pathogenic in beta cell failure causing T2D,
or, in the case of glucose, contribute to a progressive decline in
functional beta cell mass in overtly diabetic subjects. It follows
from this argument that the type 2 diabetic sub-phenotypes
expected to benefit most from anti-IL-treatment are those with
the highest metabolic drive on IL-1 expression, and/or with the
lowest endogenous level of IL-1 antagonism, both associated
with the highest net pro-inflammatory load. A further conse-
quence of this notion is that biomarkers of pronounced baseline
dysmetabolism, deficient IL-1 receptor antagonist (IL-1Ra)
production, and elevated IL-1 or its downstream proxies, IL-6
and CRP should be predictive of response to anti-IL-1 therapies
and as such provide suitable selection criteria for future trials
aimed at individualized treatment.

Clinical trials and biomarkers of response
to anti-IL-1 therapies

Evidence from clinical trials to support this hypothesis is
scarce. In the pioneering clinical trial, the following bio-
markers were associated with clinical response: low body sur-
face as a likely surrogate of distribution volume and thereby
drug exposure, low endogenous IL-1Ra, a 5’ IL-1Ra promoter
polymorphism coding for low endogenous circulating IL-1Ra
levels, high age, previous smoking, and cardiovascular dis-
ease (CVD) load, the latter possibly reflecting either an aggra-
vated low-grade inflammatory state due to vascular wall in-
flammation or a common pathway priming for both diabetes
and CVD [18, 19]. A positive correlation between baseline
and endpoint glycemia rested on one outlier with extremely
high HbAlc, and the omission of this individual eliminated
significance (unpublished analysis) [18]. It should be noted
that due to the inclusion criteria (baseline HbAlc > 7.5%),
the spread in entry glycemia in this study was narrow. Very
little information on biomarkers of response is available from
other anti-IL-1trials. Subsequent reviews with tabulation of
individual trial outcomes have pointed to an apparent associ-
ation between baseline and outcome glycemia, but a formal
meta-regression analysis is lacking [11, 20].
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A previous meta-analysis published in 2018, based on five
trials identified from a search in 2017, concluded that anti-IL-
1 therapies had a significant but modest glucose-lowering ef-
fect (—0.25% reduction in HbAlc); two of the five studies
also reported a significant improvement in beta cell secretory
function [21]. Since the publication of the Huang meta-anal-
ysis, three major and important studies have been added as
follows: (1) the phase IIb canakinumab pilot development
program by Ridker et al. that was utilized to guide the design
of the large-scale cardiovascular outcomes trial using
canakinumab; (2) the trial subsequent to the pilot and to date
the largest anti-IL-1 study with almost 4000 type 2 diabetic
patients, the Canakinumab Anti-Inflammatory Thrombosis
Outcome Study (CANTOS) pre-specified diabetes analysis;
and (3) a study reporting the so far most potent effect of
anti-IL-1 treatment in patients with rheumatoid arthritis and
type 2 diabetes as comorbidity [22—24]. These studies (1) add
significant statistical power to the overall meta-analysis and
(2) provide an appropriate spread in baseline and outcome
glycemic endpoints to make meta-regression meaningful.

The aim of this study was therefore to conduct a more
comprehensive meta-analysis of the effects of anti-IL-1 treat-
ments on available relevant endpoints in type 2 diabetes and in
particular to perform meta-regression analyses not performed
before to identify predictors of response as biomarkers for
future more targeted clinical trials of anti-IL-1 treatment of
T2D phenotypic subpopulations. We hypothesize that the clin-
ical response to IL-1 blockade depends on the baseline
dysmetabolic status, as such a greater response observed in
individuals with a more metabolic imbalance at baseline.

Methods
Study strategy

The study was conducted in accordance with PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-analyses) guidelines.

A systematic search of studies published in PubMed up until
February 5, 2019, was conducted. The following search was
designed to capture records for randomized clinical trials (RCT)
investigating the effect of IL-1 antagonist on HbA ¢ in patients
with type 2 diabetes: (“interleukin 1 receptor antagonist
protein” [MeSH Terms] OR “canakinumab” [Title/Abstract]
OR “Anakinra” [Title/Abstract] OR “Kineret” [Title/
Abstract] OR “AntilL.” [Title/Abstract] OR “Anti-interleukin-
17 [Title/Abstract] OR “Interleukin-1 antagonism” [Title/
Abstract] OR “IL-1Ra” [Title/Abstract] OR “interleukin 1 re-
ceptor antagonist” [Title/Abstract] OR “IL-1beta antibody”
[Title/Abstract] OR “interleukin-1 inhibition” [Title/Abstract]
OR “interleukin-1beta” [Title/Abstract]) AND (“diabetes

mellitus, type 2” [MeSH Terms] OR “type 2 diabetes mellitus”
[Title/Abstract] OR “type 2 diabetes™ [Title/Abstract]).
Additional articles were searched by references and cita-
tions in the original search and from the PubMed option
“Similar Articles.” ClinicalTrials.gov was also searched for
registered and published randomized clinical trials.

Inclusion criteria

RCT studies were selected that reported the effects of IL-1
antagonists on HbAlc in the intervention group and placebo
(with standard of care treatment) in patients with type 2 diabetes
classified according to the American Diabetes Association
(ADA) (either fasting plasma glucose > 7.0 mmol/L (126 mg/
dL)), an oral glucose tolerance test 2-h plasma glucose >
11.1 mmol/L (200 mg/dL, or HbAlc>6.5% (48 mmol/mol)),
or World Health Organization (WHO) criteria (either fasting
plasma glucose > 7.0 mmol/L or an oral glucose tolerance test
2-h plasma glucose >11.1 mmol/L) [25]. IL-13 antagonist
therapy was defined as IL-1 receptor antagonist (IL-1Ra) or
anti-interleukin-1 monoclonal antibody therapy. The unit for
HbA1c was percent glycated hemoglobin Alc.

In addition, the studies should fulfill one of the following
criteria for eligibility:

(A) Arithmetic mean pre- and post-treatment, standard devi-
ation (SD) pre- and post-treatment, and the number of
study subjects (N) pre- and post-treatment of the placebo
and intervention group, respectively [23, 26]

(B) Arithmetic median pre- and post-treatment, interquartile
range pre- and post-treatment, and N pre- and post-
treatment of the placebo and intervention group, respec-
tively [22]

(C) Arithmetic mean pre- and post-treatment changes
(baseline to end of follow-up) in placebo and IL-1 an-
tagonist group, respectively, and the associated 95% CI
or p value or standard error (SE) or standard deviation
(SD), and N of the placebo and intervention group pre-
and post-treatment [18, 26, 27]

(D) Geometric mean pre- and post-treatment, standard devi-
ation (SD) pre- and post-treatment, and N pre- and post-
treatment of the placebo and intervention group, respec-
tively [28]

(E) ANCOVA least squares mean pre- and post-treatment
change (baseline to end of follow-up) in placebo and
intervention groups, respectively, standard error (SE),
and N of the placebo and intervention group pre- and
post-treatment [24, 29]

(F) Arithmetic, geometric, and least square means can be
assumed to be of similar although not identical dimen-
sions if the baseline values for intervention and placebo
do not differ markedly, and the correlation coefficient is
moderate (0.65) to high (above 0.80) [30, 31].

@ Springer


http://clinicaltrials.gov

416

Semin Immunopathol (2019) 41:413-425

IL-1 antagonists and equipotency

Several studies had multiple intervention groups parsed by
different concentrations of different IL-1 antagonists. Written
correspondence with Novartis helped elucidate the
equipotency between anakinra (IL-1receptor antagonist (IL-
1Ra)), canakinumab (anti-interleukin 13 monoclonal anti-
body), LY2189102 (anti-interleukin 13 monoclonal anti-
body), and gevokizumab (anti-interleukin 1 monoclonal an-
tibody). The following doses were therefore selected for this
meta-analysis: 100 mg Anakinra, 150 mg of Canakinumab,
180 mg of LY2189102, and 0.03-0.1 mg/kg (intermediate
group) for Gevokizumab.

End of follow-up

We utilized the end of follow-up time point for the analysis.
Everett et al. [22] had the longest follow-up time (48 months)
which was not comparable to the other studies. We subse-
quently did the analysis utilizing a more comparable time
point for the analysis shown (6 months).

Exclusion criteria

We excluded abstracts, reviews, commentaries, studies with
inadequate data, missing HbA 1c endpoint, and duplicate pub-
lications from the same cohorts with the same data [32-34].
“Inadequate data” is defined as data that were presented such
that it was impossible to extract or calculate the necessary
values for inclusion into a meta-analysis. Studies registered
in ClinicalTrials.gov (NCT01276106, NCT00605475) which
were completed but not published on PubMed or in preprint,
were not included in the meta-analysis.

Study selection process

One author (TMPO) first examined the study titles and ab-
stracts. All studies identified as potentially relevant to the top-
ic were eligible for a full-text review. The study selection
process is shown in Fig. 1. A list of selected studies can be
found in Table 1. A total of eight eligible studies were
included.

Risk of bias and study quality assessment

The quality of each study was evaluated and scored using the
risk-of-bias tool of the Cochrane collaboration [35]. This was
done independently by two authors (YK and CE). We
assessed the methodological quality of these studies. They
were evaluated on the five following domains describing dif-
ferent causes of bias: bias arising from the randomization pro-
cess, bias due to deviations from intended interventions, bias
due to missing outcome data, bias in the measurement of the
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outcome, and bias in the selection of the reported result. These
domains were assessed by categorical variables of low, un-
clear, and high bias. Discrepancies were discussed between
the two authors until an agreement was reached.

Data extraction

Two authors (YK and CE) extracted information from the
included studies from the articles or from information listed
on ClinicalTrials.gov. The following variables were obtained
from each study: author, year of publication, name of study,
ClinicalTrial.gov number, size of study, size of intervention
group and placebo group, drug administration method
(subcutaneous, 1V, oral), dosing frequency (single or
repeated), exact dose in milligrams or milligrams per
kilogram for intervention group, length of follow-up time,
baseline clinical and biochemical characteristics of placebo
and intervention groups, diabetes classification, placebo com-
parator, standard of care treatment, and data as described
above to calculate mean HbA1c difference between the mean
pre- and post-treatment changes in intervention and placebo
groups. Our main endpoint for the meta-analysis was HbAlc
decrement which was also the dominant primary outcome
measure of the individual trials. For the included studies, we
extracted similar data for pre-and post-treatment data for pla-
cebo and intervention groups for CRP, fasting plasma glucose
(FPG), and C-peptide area under the curve (AUC) following
meal test or oral glucose tolerance test (OGTT) + IV bolus.
Extracted data for fasting glucose was converted to milligrams
per deciliter.

Data synthesis and meta-analysis

For each study, we present the HbAlc (%) mean difference
with standard error (SE), which is calculated as the difference
between the absolute mean pre- and post-treatment change in
intervention and placebo groups, respectively, ((using the data
in the format A—E as listed in the Inclusion criteria section):
intervention change from baseline — placebo change from
baseline). A two-sided p value less 0.05 was considered
significant.

If the studies did not present the HbAlc (%) mean differ-
ence, we used the statistical program Comprehensive Meta-
analysis (CMA) to calculate this from the various data pre-
sented in the articles in the formats listed in the inclusion
criteria above [36]. If median (interquartile range, IQR) was
presented in the articles, we took the median for the mean and
calculated the SD by IQR/1.35. SD to SE conversions and
vice versa were calculated based on formulas in Cochrane
Library Handbook and the book “Introduction to Meta-
analysis” by Michael Borenstein who also developed the
CMA statistical program [35, 36]. A detailed description of
each study is provided in Supplementary Table 1. We also
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Fig. 1 Flowchart of study
selection PubMed
N=411
Abstracts
N=11
Excluded (N=1):
Huang et al. 2018: Meta-analysis
Full-text
N=10
Excluded (N=3):
Preprint 1. Rissanen et al. 2012 (NCT01068860): No HbA1c follow-up
N=1 2. Hensen et al. 2013 (NCT00900146): CANTOS trial (similar to Ridker which is
included)
3. Howard et al. 2014: Pooled analyses for adverse events of three trials
Studies included
N=8
(See Table 1)

provide the data set we composed and utilized in the supple-
mental material (Appendix Table 1). The same considerations
applied for CRP, FG, and C-peptide.

Final meta-analysis was performed using STATA statistical
software version 15.1. We used the mefan command to calcu-
late random effects summary estimates due to heterogeneous
study protocols among trials. Comparing the placebo group
with individuals randomized to IL-1 antagonist, we calculated
weighted mean differences for HbA1 (%), CRP (mg/L),
fasting blood glucose (mg/dL), and C-peptide (nmol/L min).
We reported the fixed and random effects estimates. The fixed
effects meta-analysis assumes all studies are estimating the
same treatment effect implying no between-study heterogene-
ity but only variability due to chance. The random effects
meta-analysis estimates the average treatment effect by ac-
counting for between-study heterogeneity due to different
treatment effects between studies [37]. After a random effects
meta-analysis, the 95% prediction interval can be calculated,
which provides a “predicted range for the true treatment
effect” in “95% of similar (exchangeable) studies that might
be conducted in the future” [37, 38]. We also used the metareg
command to conduct a meta-regression analysis to identify the
causes of heterogeneity by estimating the effects of baseline
parameters (baseline HbA lc, placebo baseline HbAlc, BMI,
baseline FPG, and baseline CRP levels) on the change in
HbAc at the end of follow-up time. Statistical heterogeneity
was assessed by the P? statistic, which is a measure of
between-study variability, and the corresponding Cochrane’s
Q-statistic p value (Pheterogeneity)- P statistic ranges from 0 to
100%; higher values indicate increased between-study hetero-
geneity. To investigate the validity and robustness of the meta-
analysis of the mean differences in HbAlc, we explored het-
erogeneity in sensitivity analyses by stratifying by HbAlc at

baseline, drug type, and frequency of drug administration. To
account for differences in scales (arithmetic, geometric, least
squares) used in the studies, we performed a sensitivity meta-
analysis of the standardized mean differences between the
paired pre-post mean differences in the intervention and pla-
cebo groups. Publication bias was measured by Egger’s test
and by visually assessing the funnel plot. Leave-one-out anal-
ysis investigated if any study had an exaggerated impact on
the pooled effect size.

Results

We included eight studies in the meta-analysis on the effects
of anti-IL-1 treatment on type 2 diabetes (Fig. 1). The selected
studies were published from 2007 to 2018. In total, 2921
individuals were included (mean age range of 50-62.5 years).
Four studies investigated the IL-13 antibody canakinumab,
two studies investigated the IL-1 receptor antagonist anakinra
blocking both IL-1x and 3 action, one study investigated the
IL-1(3 antibody gevokizumab, and one study investigated the
IL-13 antibody LY2189102. Two studies administered anti-
IL-1 as a single dose and six studies as a repeated dose. Most
studies administered the drug subcutaneously. Seven studies
were double or triple-blinded, and one study was open-label
[23]. Length of follow-up for our analysis varied from 8 weeks
to 12 months. Table 1 shows details of the selected studies.

HbA1C
In the random effects meta-analysis, the average mean differ-

ence in HbA 1¢ compared with the placebo was — 0.32% (95%
CI —0.51 to —0.13, p=1.16 x 1077) with a 95% prediction
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Mean Differences in HbA1c (%) Compared with Placebo

%

Weight N N

Study Year ES (95% ClI) (D+L) Placebo Intervention

.
Cavelti-Wederetal. 2012 < : -0.85 (-1.60, -0.10) 4.80 10 10
Choudhury et al. 2016 E+' -0.13(-0.29,0.04) 16.26 69 60
Everettet al. 2018 E - -0.10(-0.15,-0.05) 18.19 1342 961
Larsen et al. 2007 ¢ : -0.46 (-0.90, -0.02) 9.22 33 34
Noe et al. 2014 Et -0.26 (-0.69,0.17) 947 34 23
Ridker et al. 2012 E—O—- -0.12(-0.30,0.06) 1596 175 91
Ruscitti et al. 2018 —— E -0.84 (-1.07,-0.61) 1457 15 17
Sloan-Lancasteretal. 2013 —/'r‘\_— -0.25(-0.59,0.09) 11.52 23 19
Random Effects Overall (p = 1.16E-07) \:/ -0.32 (-0.51,-0.13) 100.00
With estimated predictive interval : (-0.92, 0.29)
Fixed Effects Overall E o -0.14 (-0.19,-0.10)

1
Egger's Test (p = 0.101) (12= 84.1%, p(het) = 2.00E-07) :

1

1

| |

-1.65

0 0.3

Mean Differences (95% Cl) in HbA1c (%) Compared with Placebo

Fig. 2 Mean differences in HbAlc (%) compared with placebo

primary and secondary endpoint was to assess the safety pro-
file and pharmacokinetics of gevokizumab. The effects of
gevokizumab on glycemic biomarkers were assessed as an

ancillary analysis. They also found that the baseline differ-
ences between intervention groups were slightly different in
glycated hemoglobin (intervention 8.6% vs. placebo 9.1%)
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Table 2 Regression analysis for
mean difference in HbAlc (%)

Unweighted Weighted
n  Beta SE pvalue Beta SE p value
Baseline placebo HbAlc 8§ —0350 0.113 0.021 —-0372  0.158  0.056
Baseline intervention HbAlc 8§ —0272 0.132 0.085 —-0.255 0.159  0.159
Placebo HbA 1c—studies restricted to 6 —0357 0216 0.175 -039% 0.223  0.150
repeat drug administration regimen
Intervention HbA 1c—studies restricted 6 —0.180 0.190 0.396 -0204 0202 0370

to repeat drug administration regimen

albeit not statistically significant. The Ruscuitti et al. study is
an open-label design, which makes it susceptible to biases
compared with a double-blind controlled trial, and as such
the results could have been influenced by knowledge of inter-
vention received. By removing these studies, the pooled fixed
and random effects Hbalc mean differences were identical [—
0.11 (95% C1—0.16 to —0.07, 95% P1 —0.18 to — 0.05; p =
3.21 x 107°)]. The between-study heterogeneity was also re-
moved (= 0%, Dheterogencity = 0.60), so that variability in the
pooled fixed effect Hbalc mean difference compared with
placebo was only due to chance.

Fasting glucose
In the random and fixed effects meta-analyses, the mean dif-

ference of fasting glucose was —3.13 mg/dL [(95% CI —6.56
to 0.30) (95% PI —13.79 to 7.53)] and — 0.94 mg/dL (— 1.91

to 0.02) with 7 =79.7% (Dheterogencity = 574 x 107%), respec-
tively (Fig. 4), demonstrating that fasting glucose levels me-
diated by IL-1 antagonists did not significantly decrease.

C-peptide

The random and fixed effects mean difference of AUC C-
peptide was 12.15 nmol/L min [(95% CI —2.46 to 26.77,
p=0.10) (95% PI —92.36 to 116.67)] and 12.09 nmol/L min
(95% CI —1.78 to 25.96) with I*=6.1% (Peterogencity =
0.345), respectively (Fig. 5), demonstrating that C-peptide
levels mediated by IL-1 antagonists did not significantly
change. However, there was a positive linear association be-
tween baseline HbAlc levels (%) and mean difference in
AUC C-peptide (p =0.04) (Appendix Fig. 9); thus, removing
the study with the lowest baseline HbA1c resulted in a fixed
effect mean difference of AUC C-peptide of

Mean Differences in Fasting Glucose (mg/dL) Compared with Placebo

Study Year

Choudhury etal. 2016 —_——
Everettet al. 2018 i <
Larsen et. al. 2007 E‘
Ridker et al. 2012

Ruscitti et al. 2018 g

Random Effects Overall (p =0.074)

With estimated predictive interval

Egger's Test (p = 0.073) (12 = 79.7%, p(het) = 5.74E-04)

]
'
'
'
Fixed Effects Overall , o
'
]
]
'
'

P -3.13 (-6.56, 0.30)

%
Weight N N

ES (95% Cl) (D+L)  Placebo Intervention

-11.00 (-18.69,-3.31) 13.03 68 58
0.00 (-1.77,1.77) 3420 1342 961
-0.95 (-2.13, 0.23) 36.04 33 34
-3.24 (-10.30, 3.82) 1452 179 92
-39.92 (-62.32,-17.52) 2.21 15 17

100.00
(-13.79, 7.53)

-0.94 (-1.91, 0.02)

-63 0 10
Mean Differences (95% ClI) in Fasting Glucose (mg/dL) Compared with Placebo

Fig. 4 Mean differences in fasting glucose (mg/dL) compared with placebo

@ Springer



Semin Immunopathol (2019) 41:413-425

421

Mean Differences in C-Peptide Levels Compared with Placebo

Study Year
i
Cavelti-Wederetal. 2012 —
Larsen et. al. 2007

Random Effects Overall

%

Weight N

ES (95% Cl) (D+L)

35.80 (-27.93, 99.53) 5.20

19.53 (-0.05, 39.11) 49.66

1.32(-19.33, 21.97) 45.15

(p = 0.103)

1
1
——
1
1
Ridker et al. 2012 —
1
1
U
1
1
1

With estimated predictive interval

Fixed Effects Overall ‘o

Egger's Test (p = 0.694) (12 = 6.1%, p(het) = 0.345)
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Fig. 5 Mean differences in C-peptide levels compared with placebo

Mean Differences in CRP (mg/L) Compared with Placebo

%

Weight N N

Study Year ES (95% ClI) (D+L) Placebo Intervention
'

Choudhury etal. 2016 S o -0.58 (-1.01,-0.14) 32.13 69 61
1

Everett et al. 2018 QE -2.00(-2.13,-1.87) 33.74 1342 961
1

Larsen et al. 2007 . -4.60 (-7.84,-1.36) 8.34 33 34
1
1

Ridker et al. 2012 —:'0— -1.30(-2.63,0.03) 22.30 179 92
1

Ruscitti et al. 2018 ¢ : -3.38(-8.84,2.08) 3.48 15 16
1

/'\
Random Effects Overall (p = 2.63E-03) H -1.65 (-2.73,-0.58) 100.00
\{/

With estimated predictive interval . (-5.12,1.82)
1
1

Fixed Effects Overall o: -1.88 (-2.01,-1.76)

Egger's Test (p = 0.688) (12 = 90.4%, p(het) = 2.12E-08)
'

| |
-9 0 25

Mean Differences (95% CI) in CRP (mg/L) Compared with Placebo

Fig. 6 Mean differences in CRP (mg/L) compared to placebo
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20.93 nmol/L min [(95% CI2.21 to 39.65, p =0.03)] with no
heterogeneity.

CRP

The random and fixed pooled effects mean difference in CRP
levels was — 1.65 mg/L [(95% CI —2.73 to — 0.58) (95% PI —
5.12 to 1.82)] and — 1.88 mg/L (95% CI —2.01 to — 1.76 with
P =90.4%, Preterogencity = 212 X 107°), respectively (Fig. 6),
showing that IL-1 antagonist treatment significantly reduced
CRP concentrations.

Discussion
Summary of key findings

This meta-analysis, the largest hitherto performed, of the im-
pact of anti-IL-1 biologics on glycemia and inflammatory
markers in patients with type 2 diabetes demonstrated a sig-
nificant decrement in HbA 1c in random average effect analy-
sis, associated with a reduction in the inflammatory biomarker
CRP, as also found by Huang et al. [21]. With the scope of
designing more targeted clinical trials by selecting patients
with the largest anticipated benefit, we performed further anal-
ysis focusing on two key aspects: the inflammatory state and
the baseline glycemia and its relation to the outcome.

Inflammation and treatment effects

The largest effect sizes of the intervention on HbAlc were
obtained with anakinra and gevokizumab, compared with
both canakinumab and LY2189102. If the Cavelti-Weder
et al. study, assessing gevokizumab, is excluded due to the
limited power and large heterogeneity likely caused by its
complex design, it would appear that combined blockade of
IL-1o and IL-1f3 by the receptor antagonist anakinra is more
efficacious than neutralizing only IL-1{3 [27]. However, a ma-
jor driver of this difference was attributable to the remarkable
lowering observed in patients with T2D as comorbidity to
rheumatoid arthritis (RA) [23]. Interestingly, this was unrelat-
ed to the effect of anakinra on CRP, indicating that factors
other than systemic inflammation are responsible for the larger
treatment effect in that study, because dosing was identical to
what was used in the study of T2D without RA as comorbidity
[18].

Since a high CVD burden was predictive of response in the
Larsen study, and since RA patients, especially with T2D
comorbidity, have a higher CVD risk, one possibility is that
risk factors other than those linked to systemic inflammation
may control treatment responses [19]. Indeed, a serum prote-
ome analysis of anakinra-treated T2D patients without comor-
bidity identified both inflammatory and non-inflammatory

@ Springer

biomarkers [39]. Thus, increases in transthyretin (TTR), a
protein binding thyroxine and retinol-binding protein and the
iron transport protein transferrin (Tf) were identified as surro-
gates for clinical outcome. When considering that TTR may
prevent (3-amyloid formation and that islet amyloid polypep-
tide drives local islet inflammation in T2D by inflammasome
activation, it is possible that IL-1 antagonism reduces islet
amyloidogenesis [14, 40]. Tf binds circulating ferric iron
thereby reducing the bioavailable iron pool. By increasing
Tf, IL-1 blockade may reduce cellular labile iron pools that
catalyze reactive oxygen species (ROS) formation, and there-
by protect directly 3 cell mass and function.

Retinol-binding protein 4 (RPB4) and a protein ten-
tatively identified as modified apolipoprotein-Al (m-
apo-Al) increased expression as a consequence of
anakinra treatment [39]. RBP4 was associated with im-
proved (3 cell function and increased TTR, RBP4, and
m-apo-Al with reduced inflammation [39]. RPB4 has
generally been positively associated with insulin resis-
tance and CVD, albeit in a non-causal manner, and was
recently reported to impair 3 cell function by unknown
mechanisms [41-43]. Apo-Al has anti-atherogenic, and
m-apo-Al has anti-inflammatory properties [44]. Thus,
although the functional implications of these serum pro-
teome biomarkers are far from clear, these findings may
support that IL-1 antagonism has actions on common
pathological pathways in diabetogenesis and
atherogenesis.

Glycemia and treatment effects

A priori, we hypothesized that treatment effect depended on
baseline HbA Ic level, suggested to be a mechanistic driver of
islet inflammation [16]. Due to the dispersion in baseline
HbA 1c levels across studies, we elucidated the effect of base-
line glycemic control by first dichotomizing the studies into
those where patients at study entry had HbA1c less and greater
or equal to 7%, chosen as the accepted target for non-pregnant
T2D according to ADA guidelines [25]. As shown in
Appendix Fig. 6, the study enrolling patients below this
threshold did not attain a statistically significant treatment
effect of canakinumab, in contrast with studies recruiting pa-
tients above this limit [28]. The study was well-powered, be-
ing the third largest trial to date. The lack of effect could either
be due to a lower glycemic drive on local islet inflammation or
due to the study drug used, since canakinumab had the lowest
efficacy across all four studies using this compound
(Appendix Fig. 4).

Next, we performed meta-regression analyses. As shown in
Fig. 4, there was an apparent increased decrement in HbAlc
with increasing levels of baseline HbAlc. Unweighted as well
as weighted (accounting for variances of treatment effect and
residual heterogeneity between studies) analyses showed
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borderline significant regression coefficients in the interven-
tion group and significant regression in the placebo group.
Since most studies did not ensure stable lifestyle and conven-
tional anti-diabetic therapy by a run-in period before the start
of specific intervention, the possibility that improved glyce-
mia in the placebo group is at least in part a study effect cannot
be ruled out. In summary, these analyses did not confirm the
demonstrated dichotomized relationship.

Finally, we performed a leave-one-out analysis, demon-
strating that only exclusion of the study of anakinra in patients
with comorbid RA and T2D attenuated the overall effect size
(Appendix Fig. 2). Patients in this study had entry HbAlc in
the very mid-range of all studies (Fig. 3), and yet displayed the
largest treatment effect, also suggesting that baseline glycemia
does not predict the outcome.

Taken together, these analyses do not provide clinical evi-
dence for the concept that glycemia by driving islet inflamma-
tion is a predictive biomarker of clinical response to anti-IL-1
therapies. However, the option of reverse causation, i.e., that
the level of inflammation controls glycemia via adverse ef-
fects on {3 cell function and insulin sensitivity, must be kept
in mind. Thus, although based only on three studies, it is of
potential interest that 3 cell secretory function improved the
most in response to IL-1 blockade in patients with high base-
line HbA 1¢ (Appendix Fig. 9). Considering that we found no
overall evidence for baseline glycemia predicting the HbAlc
improvement outcome, this observation may support the no-
tion that the metabolic derangement at the start of treatment
correlates with local islet inflammation and impaired insulin
secretion, which would be expected to dictate glycemia.
However, since systemic metabolic derangement may impede
also on whole-body insulin sensitivity, and since no study has
so far demonstrated effects of anti-inflammatory biologics on
human insulin sensitivity, we hypothesize that the improved 3
cell function is incapable of compensating for persistent insu-
lin resistance, masking the correlation between baseline gly-
cemia and HbAlc outcome.

Study limitations

Our study has limitations that should be considered. There
was tremendous variability observed in the way the data was
reported among the studies. Potential confounders (i.e., age,
disease duration, etc.) are presumably eliminated, because all
the patients were subjected to random allocation. The included
RCTs were clinically heterogeneous in terms of comorbidities,
type of IL-1 antagonist intervention, drug administration fre-
quency, blinding, and follow-up; these factors could attenuate
the effect sizes and regression coefficients observed. More
data are needed, in particular from the CANTOS diabetes
sub-study, for which there is very limited biomarker informa-
tion available currently [22]. In addition, trial duration in the
meta-analysis also varied from 6 weeks to 12 months, and

drug effects may change over time, as was seen in the
Everett study, where canakinumab had short-term but no
long-term beneficial effect on HbAlc. However, we had de-
cided to use the 6-month data from this study, which may have
inflated the pooled effect size, yet excluding the Everett study
did not influence the overall pooled effect estimate. It is also
important to note that for patients with established CVD (as in
the Everett study), target HbAlc (%) is 7.5 to 8.0. Thus, most
patients were already within target at entry, which may mask
treatment effects of the intervention.

Variability due to differences between studies accounted
for 84%, which was also reflected in the prediction interval
(PI) that quantifies the distribution of the estimates of the
interventions; thus, in 95% of cases, the effect will fall within
the limits of the prediction interval in a hypothetical new, but
similar study. The PI was mostly below zero, but also over-
lapped zero, indicating anti-IL-1 biologics will be beneficial in
most settings, but in some settings anti-IL-1 biologics may be
ineffective [37]. Due to the heterogeneity in the studies, future
studies should be designed to target these heterogeneities to
identify optimal patient and study design characteristics for
intervention. Our sensitivity analysis demonstrated that the
type of IL-1 antagonist modified the magnitude of the effect
observed, but all agents lowered HbA lc levels. Perhaps un-
surprisingly, the HbAlc decrement was more robust among
studies that administered the drug repeatedly. As alluded to in
the results, there was moderate bias in the studies by Cavelti-
Weder and Ruscitti, the latter also having a major impact on
the pooled estimates in the leave-one-study-out analysis. This
could be attributable to the size of the study, the comorbidities
present among the patients, and the study being an open-label
design. Excluding Cavelti-Weder and Ruscitti resulted in an
overall homogenous estimate of the true effect size in the
mean difference in HbAlc (%) of —0.11, with 95% confi-
dence and prediction intervals below zero, indicating that
anti-IL-1 biologics could be beneficial in 95% of future study
settings if conducted without any biases.

Conclusions, gaps, and perspectives

The three studies recently added to the list of anti-IL-1 trials in
T2D and published since the last meta-analysis provided in-
teresting novel information, each representing extremes in the
efficacy span [21]. A caveat for both of these studies should be
noted, as T2D patients were recruited with either CVD or RA
as a comorbidity [22, 23]. Contrary to our expectation, the
wider effect-range did not alter conclusions of the previous
meta-analysis and did not allow identification of predictive
biomarkers, suitable for patient selection for more targeted
trials [21].

This meta-analysis illustrates a current dilemma in the fu-
ture development of anti-inflammatory therapies for T2D. On
one hand, the overall effect sizes of both anti-inflammatory
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biologics and small molecules appear modest, and yet selected
patient populations (T2D and RA) and subgroups (patients
with low body surface, low endogenous IL-1Ra encoded for
by a common (allelic frequency in the background population
44%) 5'-IL-1Ra gene promoter SNP, anamnestic evidence of
high CVD burden) had robust responses with HbAlc decre-
ments between 0.8 and 1.2% points comparable with effect
sizes of current anti-diabetic block-busters [11, 18, 19].

This dilemma calls for trials designed specifically for a
number of current pertinent research questions [Box 1].
Although these knowledge gaps in themselves would warrant
more trials, industry and many clinicians may ask: given the
costs and potential adverse effects of anti-inflammatory ther-
apies, why would we want to invest effort in answering these
questions, when we already have effective and safe drugs
obtaining the desired effect sizes? What needs to be consid-
ered here is the fact that treatment failure of current symptom-
atic drugs due to progressive 3 cell functional inhibition and
apoptosis is one of the most pressing current clinical problems
in diabetology. Further, although not systematically reported
in the included studies, hypoglycemia is not a complication to
anti-IL-1 therapy, and the safety of IL-1 receptor blockade has
been proven in the > 100,000 patients treated for rheumato-
logic disorders. In randomized controlled studies of anakinra,
amarginal increase in trivial infections did not attain statistical
significance. This remarkable safety profile is partly re-
lated to the short half-life of the compound, allowing
rapid reversibility of innate immune inhibition at with-
drawal. As expected when using anti-IL-1 antibodies
which exert their inhibitory action for weeks, more ad-
verse effects are observed. In the CANTOS study, there
was a significant increase in fatal infections. Thus, an
appraisal of the safety concerns raised by CANTOS re-
quires more clinical studies with short-lived anti-inflam-
matory agents with rapidly reversible actions, such as
anakinra, inflammasome inhibitors, or salsalate.

Box 1Pertinent research questions requiring clinical trials

» What is the most safe and efficient way of blocking low-grade inflam-
mation in T2D? Anti-cytokine agents? Cytokine receptor blockers?
Inflammasome inhibitors? NF-«B inhibitors?

* What is the optimal dosing regimen (continuous or intermittent)? As
remission induction therapy to break an inflammatory vicious cycle at
glycemic flares?

» What is the relevant outcome measure(s)? Glycemia? 3 cell function?
Insulin sensitivity? CVD risk markers?

» What patient subsets should be included? Patients with inflammatory
comorbidities such as RA, gout, inflammation, heavy CVD burden?

» When in the disease course should treatment be instituted? Early, with
prominent residual {3 cell function? Later, when inflammatory
progression sets in?

« Are current suggested biomarkers suitable for selection of patients and
monitoring of response? Should future biomarkers reflect metabolic or
inflammatory status? Comorbidity?

@ Springer

We should be ready for a paradigm shift where convention-
al glycemic endpoints should not disqualify novel treatments
targeting the underlying pathogenetic processes, and where
symptomatic and causative therapies go hand-in-hand in com-
binations. Preservation of functional 3 cell mass must have
priority, since, after all, diabetes arises from the lack of ade-
quate 3 cell function. In the absence of non-invasive monitor-
ing of human f3 cell mass, efforts should be made to extract as
much data from already completed studies to guide the future
trials required to reach the logical goal of keeping the 3 cells
healthy.

Compliance with ethical standards

Disclosure  The authors declare that they have no conflicts of interest.

References

1. Kaiser AB, Zhang N, Van Der Pluijm W (2018) Global prevalence
of type 2 diabetes over the next ten years (2018-2028). Diabetes
67(suppl.1):202—2LB. https://doi.org/10.2337/db18-202-LB

2. Daousi C, Casson I, Gill G, MacFarlane I, Wilding J, Pinkney J
(2006) Prevalence of obesity in type 2 diabetes in secondary care:
association with cardiovascular risk factors. Postgrad Med J
82(966):280-284

3. Galaviz KI, Narayan KV, Lobelo F, Weber MB (2018) Lifestyle and
the prevention of type 2 diabetes: a status report. Am J Lifestyle
Med 12(1):4-20

4. Chrvala CA, Sherr D, Lipman RD (2016) Diabetes self-
management education for adults with type 2 diabetes mellitus: a
systematic review of the effect on glycemic control. Patient Educ
Couns 99(6):926-943

5. Keidar A (2011) Bariatric surgery for type 2 diabetes reversal: the
risks. Diab Care 34(Supplement 2):S361-S266

6. Gede P, Oellgaard J, Carstensen B, Rossing P, Lund-Andersen H,
Parving H-H, Pedersen O (2016) Years of life gained by multifac-
torial intervention in patients with type 2 diabetes mellitus and
microalbuminuria: 21 years follow-up on the Steno-2 randomised
trial. Diabetologia 59(11):2298-2307

7. Kahn SE, Cooper ME, Del Prato S (2014) Pathophysiology and
treatment of type 2 diabetes: perspectives on the past, present, and
future. Lancet 383(9922):1068-1083

8. Association AD (2019) 9. Pharmacologic approaches to glycemic
treatment: standards of medical care in diabetes—2019. Diabetes
Care 42(Supplement 1):S90-S102

9. Ahlqvist E, Storm P, Kardjamaki A, Martinell M, Dorkhan M,
Carlsson A, Vikman P, Prasad RB, Aly DM, Almgren P (2018)
Novel subgroups of adult-onset diabetes and their association with
outcomes: a data-driven cluster analysis of six variables. Lancet
Diab Endocrinol 6(5):361-369

10. Wang X, Bao W, Liu J, OuYang Y-Y, Wang D, Rong S, Xiao X,
Shan Z-L, Zhang Y, Yao P (2013) Inflammatory markers and risk of
type 2 diabetes: a systematic review and meta-analysis. Diabetes
Care 36(1):166-175

11. Donath MY (2014) Targeting inflammation in the treatment of type
2 diabetes: time to start. Nat Rev Drug Discov 13(6):465-476

12.  Goldfine AB, Fonseca V, Jablonski KA, Chen Y-DI, Tipton L,
Staten MA, Shoelson SE (2013) Salicylate (salsalate) in patients


https://doi.org/10.2337/db18-202-LB

Semin Immunopathol (2019) 41:413-425

425

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

with type 2 diabetes: a randomized trial. Ann Intern Med 159(1):1—
12

Kothari V, Galdo JA, Mathews ST (2016) Hypoglycemic agents
and potential anti-inflammatory activity. J Inflamm Res 9:27-38
Mandrup-Poulsen T (2017) Immunometabolism in 2017: metabo-
lism and the inflammasome in health and ageing. Nat Rev
Endocrinol 14(2):72-74

Broz P, Dixit VM (2016) Inflammasomes: mechanism of assembly,
regulation and signalling. Nat Rev Immunol 16(7):407-420
Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI,
Spinas GA, Kaiser N, Halban PA, Donath MY (2002) Glucose-
induced {3 cell production of IL-1f3 contributes to glucotoxicity in
human pancreatic islets. J Clin Invest 110(6):851-860
Mandrup-Poulsen T (2010) IAPP boosts islet macrophage IL-1 in
type 2 diabetes. Nat Immunol 11(10):881-883

Larsen CM, Faulenbach M, Vaag A, Velund A, Ehses JA, Seifert B,
Mandrup-Poulsen T, Donath MY (2007) Interleukin-1—receptor an-
tagonist in type 2 diabetes mellitus. N Engl J Med 356(15):1517—
1526

Larsen CM, Faulenbach M, Vaag A, Ehses JA, Donath MY,
Mandrup-Poulsen T (2009) Sustained effects of interleukin-1 re-
ceptor antagonist treatment in type 2 diabetes. Diab Care 32(9):
1663-1668

Mandrup-Poulsen T (2013) Interleukin-1 antagonists for diabetes.
Expert Opin Investig Drugs 22(8):965-979

Huang J, Yang Y, Hu R, Chen L (2018) Anti-interleukin-1 therapy
has mild hypoglycaemic effect in type 2 diabetes. Diab Obes Metab
20(4):1024-1028

Everett BM, Donath MY, Pradhan AD, Thuren T, Pais P, Nicolau
JC, Glynn RJ, Libby P, Ridker PM (2018) Anti-inflammatory ther-
apy with canakinumab for the prevention and management of dia-
betes. J Am Coll Cardiol 71(21):2392-2401

Ruscitti P, Alvaro S, Airo P, Battafarano N, Cantarini L, Cantatore
FP, Carlino G, D'Abrosca V, Frassi M, Frediani B (2018) Anti-
Interleukin-1 treatment in patients with rheumatoid arthritis and
type 2 diabetes (TRACK): a multicentre, randomised, open, pro-
spective, controlled, parallel-group trial. Lancet Available at SSRN:
https://ssrncom/abstract=3258674. Accssed January 16

Ridker PM, Howard CP, Walter V, Everett B, Libby P, Hensen J,
Thuren T (2012) Effects of interleukin-1f3 inhibition with
canakinumab on hemoglobin Alc, lipids, C-reactive protein, inter-
leukin-6, and fibrinogen: a phase IIb randomized, placebo-
controlled trial. Circulation 126(23):2739-2748

American Diabetes Association (2019) 6. Glycemic targets: stan-
dards of medical care in diabetes—2019. Diabetes Care
42(Supplement 1):S61-S70

Noe A, Howard C, Thuren T, Taylor A, Skerjanec A (2014)
Pharmacokinetic and pharmacodynamic characteristics of single-
dose canakinumab in patients with type 2 diabetes mellitus. Clin
Ther 36(11):1625-1637

Cavelti-Weder C, Babians-Brunner A, Keller C, Stahel MA, Kurz-
Levin M, Zayed H, Solinger AM, Mandrup-Poulsen T, Dinarello
CA, Donath MY (2012) Effects of gevokizumab on glycemia and
inflammatory markers in type 2 diabetes. Diabetes Care 35(8):
1654-1662

Choudhury RP, Birks JS, Mani V, Biasiolli L, Robson MD, L'Allier
PL, Gingras M-A, Alie N, McLaughlin MA, Basson CT (2016)
Arterial effects of canakinumab in patients with atherosclerosis
and type 2 diabetes or glucose intolerance. ] Am Coll Cardiol
68(16):1769-1780

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Sloan-Lancaster J, Abu-Raddad E, Polzer J, Miller JW, Scherer JC,
De Gaetano A, Berg JK, Landschulz WH (2013) Double-blind,
randomized study evaluating the glycemic and anti-inflammatory
effects of subcutaneous LY2189102, a neutralizing IL-13 antibody,
in patients with type 2 diabetes. Diabetes Care 36(8):2239-2246
Vickers A (2001) The use of percentage change from baseline as an
outcome in a controlled trial is statistically inefficient: a simulation
study. BMC Med Res Methodol 1(1):6

Martinez M, Bartholomew M (2017) What does it “mean”? A
review of interpreting and calculating different types of means
and standard deviations. Pharmaceutics 9(2):14

Rissanen A, Howard C, Botha J, Thuren T, Investigators G (2012)
Effect of anti-IL-13 antibody (canakinumab) on insulin secretion
rates in impaired glucose tolerance or type 2 diabetes: results of a
randomized, placebo-controlled trial. Diab Obes Metab 14(12):
1088-1096

Hensen J, Howard C, Walter V, Thuren T (2013) Impact of
interleukin-13 antibody (canakinumab) on glycaemic indicators
in patients with type 2 diabetes mellitus: results of secondary end-
points from a randomized, placebo-controlled trial. Diab Metab
39(6):524-531

Howard C, Noe A, Skerjanec A, Holzhauer B, Wernsing M,
Ligueros-Saylan M, Thuren T (2014) Safety and tolerability of
canakinumab, an IL-1f3 inhibitor, in type 2 diabetes mellitus pa-
tients: a pooled analysis of three randomised double-blind studies.
Cardiovasc Diabetol 13(1):94

Higgins JP, Altman DG (2008) Assessing risk of bias in included
studies. Cochrane handbook for systematic reviews of interven-
tions: Cochrane book series:187-241

Borenstein M, Hedges LV, Higgins JP, Rothstein HR (2011)
Introduction to meta-analysis. John Wiley & Sons

Riley RD, Higgins JP, Deeks JJ (2011) Interpretation of random
effects meta-analyses. BMJ 342:d549

IntHout J, Ioannidis JP, Rovers MM, Goeman J (2016) Plea for
routinely presenting prediction intervals in meta-analysis. BMJ
Open 6(7):¢010247

Koefoed M, Larsen CM, Faulenbach MV, Vaag A, Ehses JA,
Donath MY, McGuire JN, Pociot F, Mandrup-Poulsen T (2010)
Serum proteome pool changes in type 2 diabetic patients treated
with anakinra. Clin Proteomics 6(4):153-161

Li X, Buxbaum JN (2011) Transthyretin and the brain re-visited: is
neuronal synthesis of transthyretin protective in Alzheimer's dis-
ease? Mol Neurodegener 6(1):79

Ribel-Madsen R, Friedrichsen M, Vaag A, Poulsen P (2009)
Retinol-binding protein 4 in twins: regulatory mechanisms and im-
pact of circulating and tissue expression levels on insulin secretion
and action. Diabetes 58:54—60

Graham TE, Yang Q, Bliher M, Hammarstedt A, Ciaraldi TP,
Henry RR, Wason CJ, Oberbach A, Jansson P-A, Smith U (2006)
Retinol-binding protein 4 and insulin resistance in lean, obese, and
diabetic subjects. N Engl J Med 354(24):2552-2563

Huang R, Bai X, Li X, Zhao L, Xia M (2018) Retinol binding
protein 4 impairs pancreatic beta-cell function, leading to the devel-
opment of type 2 diabetes. Diabetes 67 (7) (Supplement 1). doi:
https://doi.org/10.2337/db18-1826-P

Oram JF, Yokoyama S (1996) Apolipoprotein-mediated removal of
cellular cholesterol and phospholipids. J Lipid Res 37(12):2473—
2491

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://www.ssrncom/abstract=3258674
https://doi.org/10.2337/db18-1826-P

	Treatment of type 2 diabetes by targeting interleukin-1: a meta-analysis of 2921 patients
	Abstract
	Introduction
	Immunometabolism in type 2 diabetes: metabolites as danger-associated molecular patterns
	Clinical trials and biomarkers of response to anti-IL-1 therapies
	Methods
	Study strategy
	Inclusion criteria
	IL-1 antagonists and equipotency
	End of follow-up
	Exclusion criteria
	Study selection process
	Risk of bias and study quality assessment
	Data extraction
	Data synthesis and meta-analysis

	Results
	HbA1C
	Fasting glucose
	C-peptide
	CRP

	Discussion
	Summary of key findings
	Inflammation and treatment effects
	Glycemia and treatment effects
	Study limitations
	Conclusions, gaps, and perspectives

	References


