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W Check for updates

Immunotherapy targeting the autoimmune process in type 1diabetes (T1D)
can delay the loss of B-cells but needs to have minimal adverse effects to be
anadjuncttoinsulinin the management of T1D. Ustekinumab binds to the

shared p40 subunit of interleukin (IL)-12 and IL-23, targeting development
of Thelper1cellsand T helper 17 cells (T 1and T17 cells) implicated in the
pathogenesis of T1D. We conducted a double-blind, randomized controlled
trial of ustekinumab in 72 adolescents aged 12-18 years with recent-onset
T1D. Treatment was well tolerated with no increase in adverse events.

At 12 months, B-cell function, measured by stimulated C-peptide, was

49% higher in the intervention group (P=0.02), meeting the prespecified
primary outcome. Preservation of C-peptide correlated with the reduction
of T helper cells co-secreting IL-17A and interferon-y (T,;17.1 cells, P= 0.04)

and, in particular, with the reductionin a subset of T;17.1 cells co-expressing
IL-2 and granulocyte-macrophage colony-stimulating factor (IL-2* GM-CSF*
Ty17.1cells, P=0.04). A significant fall in B-cell-targeted (proinsulin-specific)

IL-17A-secreting T cells was also seen (P = 0.0003). Although exploratory,
our datasuggest arole foranactivated subset of T,17.1cellsin T1D that can
be targeted with minimal adverse effects to reduce C-peptide loss, which
requires confirmationin alarger study. (International Standard Randomised
Controlled Trial Number Registry: ISRCTN 14274380).

The autoimmune, T cell-mediated destruction of insulin-producing
B-cells causes T1D. In contrast to other autoimmune conditions, where
immunomodulatory therapy has been established, the mainstay of
T1D treatment for >100 years has been insulin replacement despite a
suboptimal effect on glycemic control in many patients, especially in
younger individuals'* It has been widely established that preservation
of evenamodest level of endogenous insulin production after clinical
diagnosis is associated with reduced short- and long-term complica-
tions, providing a strong rationale for targeting immune pathways
involved in the pathogenic process®.

The therapeutic landscape for T1D has recently changed with
the regulatory approval of teplizumab (an Fc receptor-nonbinding,

anti-CD3 monoclonal antibody) to prevent clinical T1D (stage 3) in
individuals with preclinical T1D, who already show signs of dysgly-
cemia (stage 2)*°. Moreover, agrowing number ofimmunotherapies
are now being assessed at earlier stages of disease development,
includinginlargely asymptomatic individuals identified on the basis
of circulating autoantibodies (stage 1 T1D). Although immunotherapy
in the preclinical phases of T1D can delay the need for insulin for a
period of years with clear clinical benefit®, balancing risk and benefit
is complex. To be appropriate for use at the early stages of disease,
therapies should have minimal adverse effects, even with sustained
administration, potentially over many years. Interventions that have
shown efficacyin -cell preservation to dateinclude drugs that target
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large populations of T or B cells’. However, to reduce the long-term
adverse effects of generalized immunosuppression, it would be pre-
ferrable to selectively target T cell subsets most closely responsible
for B-cell destruction.

There has previously been conflicting evidence for the role of
CD4 T helper cells producing IL-17 (T,,17 cells) in TID®’. IL-23 is a key
cytokine in the development of T,,17 cells and /L23A has been iden-
tified as a candidate gene in recent T1D genetic association stud-
ies'®. In murine models, IL-17 is upregulated in the pancreas and
lymph nodes (LNs) early in disease'? and transfer of highly purified
islet-specific T,17 cells can cause diabetes, although in some cases
only after conversion to T helper cells that also secrete interferon-y
(T17.1cells) in vivo™™. In mice, IL-17 could be a marker of pathogenic-
ity rather than the mediator of islet damage because administration of
anti-IL-17-blocking antibodies does not protect against disease'*™. In
humans, T,;17 and T,;17.1 cells are upregulated in the blood, pancreas
and LNs of individuals with TID" ', Thereis also evidence for arole for
follicular T, cells (T, cells, expressing CXCR5* and PD-1*) under the
control of IL-21in T1D. This cell subset is upregulated in mouse pancreas
and human blood in the context of TID'***?° and, under the influence
of IL-23 orIL-12, can secrete IL-17 along with IL-21 or interferon-y (IFNy).
In addition, there is evidence that the combination of IFNy and IL-17
exhibits direct cytokine-mediated killing of B-cells™.

Ustekinumab isamonoclonal antibody that binds the shared p40
subunit of IL-12 and IL-23. These two cytokines play a key role in the
development of T, 1 (IFNy-secreting) and T,,17 (IL-17 secreting) cells,
respectively?. Ustekinumab has been licensed since 2009 for the treat-
ment of psoriasis, psoriatic arthritis and inflammatory bowel disease,
including forusein childrenasyoungas12 years for someindications.
More than100,000 patients have been treated with ustekinumab and
aggregated safety datafrom more than 20,000 patients have demon-
strated animpressive safety profile, with sepsis rates consistently lower
than anti-tumor necrosis factor (TNF) inhibitors, better preservation
of vaccine responses®2® and no increased cancer risk compared with
anti-TNF inhibitors?.

A pilot study of ustekinumab in adult patients with newly diag-
nosed T1D (UST1D1) demonstrated areductionin T,17.1cellsalong with
preliminary evidence of probable efficacy at doses used ininflamma-
tory bowel disease”, but it did not have a placebo arm. In the present
study, we present the results of a phase 2, multicenter, double-blind,
randomized placebo-controlled trial of ustekinumab in children and
adolescents within 100 days of diagnosis of T1D (the USTEKID study).
We provide evidence for akey role for asmall proinflammatory subset
of Tyl7.1cellsindriving -cellloss and demonstrate that targeting this
subset by IL-12/IL-23 inhibition preserves C-peptide levels.

Results

Patient disposition

Of the 262 people who were identified as eligible for the study, we
approached 208 and consented 88 participants (Fig. 1). Of these, 13
participants were not eligible for randomization due to negative 3-cell
autoantibody status (n =4), incomplete mixed-meal tolerance test
(MMTT) resulting from cannulationissues (n = 5), positive tuberculosis
(TB) test (n=1) or COVID-related issues (n = 3). Atotal of 72 participants
were randomized ina2:1ratio (in favor of treatment) and allocated to
two study arms. Three eligible participants withdrew before the first
treatment and were replaced. Four participants withdrew from the
trial after randomization (6%). A further four participants withdrew
from treatment during the study but attended the primary endpoint
assessment (week 52). In total, 68 participants attended the primary
endpoint assessment (94%), of whom 64 were on treatment (89%). Six
individuals were missing key baseline data required for the primary
endpoint. Hence, 62 participants (86%) were included in the primary
outcome measure analysis (41in the ustekinumab group and 21in the
placebo group) (Fig. 1). The study was conducted from December

2018to September 2022 (recruitment ended in October 2021 and the
follow-up period in September 2022), part of which was during the
COVID pandemic. Baseline characteristics are shownin Table 1. Study
designallowed recruitment of both males and females. Results apply to
bothsexes. The ustekinumab and placebo groups were comparablein
terms of sex, age, body mass index (BMI), ethnicity, baseline C-peptide
areaunder the curve (AUC) and glycated hemoglobin (HbAlc). Partici-
pants attended centers with pediatric and adult diabetes teams with
expertise in the management of T1D.

Primary outcome

As per the predetermined statistical analysis plan, the C-peptide AUC
ina2-h MMTT was compared between the ustekinumab group and the
placebo group over each time point (weeks 28 and 52) and adjusted
for sex, baseline values of age, C-peptide AUC, HbAlc and exogenous
insulin dose with the use of analysis of covariance (ANCOVA) mod-
els, the primary outcome being assessed at 52 weeks. Ustekinumab
was associated with a difference of 49% higher C-peptide AUC in the
treatment group at week 52 (ustekinumab 0.45 nmol I min~ versus
placebo 0.30 nmol I min™, geometric ratio of ustekinumab:placebo
1.49 (95% confidence interval (Cl) 1.08, 2.06); P= 0.02) (Fig. 2a,b and
Supplementary Table1).Itisinteresting that the effect of ustekinumab
was delayed, despite sustained drug levels, with aninitial and equiva-
lent decline of C-peptide being observed in both groups until week 28
(ustekinumab 0.49 nmol I min™ versus placebo 0.42 nmol [ min~,
geometric mean ratio of ustekinumab:placebo was not signifi-
cantly different at 1.15 (95% CI 0.81, 1.63); P= 0.45) after which the
groups separated.

Secondary outcomes

HbAIc levels rose across both groups from 50 mmol mol™ at base-
line to 56 mmol mol™ at week 52 (Fig. 2¢). No difference was seen in
HbAlc between the groups (mean difference between ustekinumab
and placebo at week 52 =-0.83, 95% Cl of the difference =-7.2, 5.55,
P=0.15). Exogenous insulin use increased from baseline to week 52
in both groups (0.42 units kg™ to 0.63 units kg™ in the control group;
0.51 units kg™ to 0.63 units kg™ in the ustekinumab group) with no
difference between the groups after adjustment for baseline factors
(mean difference between groups at week 52 = 0.04, 95% Cl of the dif-
ference =-0.13, 0.21, P= 0.38) (Fig. 2d). Insulin dose-adjusted HbAlc
(IDAAIc) also increased in both groups (8.23% to 9.46% in the control
group and 8.90%t0 9.69% in the ustekinumab group) with no difference
betweenthe groups (meandifference betweengroupsat week 52 =0.23,
95% Cl of the difference =-0.79,1.24, P= 0.65) (Fig. 2e).

No significant difference was seen in between the groups with
regard to other secondary outcomes: glycemic variability parameters
downloaded from the blood glucose monitoring system (CGM), for
example, percentage of time >10 mmol I and >13.9 mmol I (Supple-
mentary Table 2) and percentage time hypoglycemic (<3.0 mmol and
<4.0 mmol; Supplementary Table 3), number of clinical hypoglyce-
mic events (Supplementary Table 4a-c) and the Hypoglycaemia Fear
Survey (HYPOFEAR), Diabetes Treatment Satisfaction Questionnaire
(DTSQ) and Pediatric Quality of Llfe Inventory (PedsQL) completed
by participants (Supplementary Table 5a) and their parent/carer
(Supplementary Table 5b).

Safety and drug levels

Ustekinumab was very well tolerated with no serious adverse events
considered tobe treatment related. Frequency and type of side effects
were comparable between the ustekinumab and the placebo groups
(Supplementary Table 6a-c). With the exception of one participant
at week 28, all participants who still received the active drug had
ustekinumab levels above a reported therapeutic level of 0.8 pg ml™
(ref. 29) for the duration of the study, only for those on treatment
(Extended DataFig.1).
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Fig.1| Consolidated-standards-of-reporting trials diagram showing screening and treatment allocation. Dashed lines indicate participants who withdrew from
dosing but stayed in the trial and were included in the final analysis.
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Table 1| Baseline characteristics of study participants

Placebo (n=25) Ustekinumab (n=47)

Sex, n (%)
Male 16 (64) 27 (57)
Female 9(36) 20 (43)
Age of diagnosis in years, 14.28 (1.65) 13.83 (1.74)
mean (s.d.) (min., max.) (12,18) (11,18)
Age (categorical) (years), n (%)
12-15 20 (80) 39(83)
16-18 5(20) 8(17)
Age at screening in years, 15.0 (1.63) 14.49 (1.78)

mean (s.d.) (min., max.) (12.46,18.77) (12.18,18.53)

Peak C-peptide level at screening (nmoll™), n (%)

0.2-0.7 5 (20) 8(17)
>0.7 20 (80) 39(83)
Ethnicity, n (%)

White 20 (80) 39(83)

Mixed race 1(4) 4(9)

Black or Black British 1(4) 2(4)

Asian or Asian British 1(4) 1(2)

Other ethnicity 2(8) 1(2)
Height (cm), mean (s.d.) 1677 (10.57) 165.2 (10.21)
(min., max.) (147.8,189.8) (144.2,184.0)
Weight (kg), mean (s.d.) 60.6 (13.70) 577 (13.85)
(min., max.) (376, 96.6) (31.0,97.8)
BMI (kgm™), mean (s.d.) 21.3(3.39) 21.0 (4.09)
(min., max.) (15.5, 28.4) (14.9,32.7)

Number of positive 3-cell autoantibodies

1 4 4

2 4 17

3 17 26
zBMI, mean (s.d.) (min., max.) 0.51(0.97) 0.40(119)

(1,58, 2.47) (-1.84,3.02)
HbA1c, mean (s.d.) (min., max.) 48.6 (13.25) 49.9 (10.15)
(@, 74) (33, 80)

Daily insulin dose (unitskg™), 0.42 (0.19) 0.49 (0.32)
mean (s.d.) (min., max.) (0.07,0.80) (0.04,1.39)
Duration of follow-up (months), 12.78 (0.32) 12.78 (0.98)
mean (s.d.) (min., max.) (11.86, 13.31) (12.06, 18.16)
C-peptide AUC at screening 0.92(0.48) 0.89 (0.50)
(nmoll™min™), mean (s.d.) (0.22,1.87) (017, 2.75)

(min., max.)

2One patient had a hereditary blood disorder; the impact of this data point was checked in a
sensitivity analysis. Continuous data are displayed as arithmetic mean and s.d. Categorical
data are displayed as number and percentage. P>0.5 for all treatment comparisons. min.,
minimum; max., maximum.

Exploratory outcomes

We collected whole blood and assessed cytokine production in
real time, focusing on cytokines produced by T cell populations
targeted by ustekinumab and/or associated with T1D pathogenesis.
Whereas we did not observe areduction in the frequency of CD4
T cells producing IFNy, in the ustekinumab group, there was a sig-
nificant reduction in cells producing IL-17A (T,17 cells) and those
producing both IL-17A and IFNy (T,17.1 cells) (Fig. 3a-c). Of note,
this decrease was observed at 28 weeks (T,17.1 cells) and 52 weeks
(T,17 and Ty17.1 cells) but not at 12 weeks. To further dissect how
ustekinumab affected circulating CD4 T cells, we analyzed the change
infrequency of CD4 T cells producing combinations of IL-17A, IFNy,

granulocyte-macrophage colony-stimulating factor (GM-CSF)
and/or IL-2. This analysis revealed that the most pronounced effect
of ustekinumab was seen in T,;17.1 cells that also produced GM-CSF
and/or IL-2 (Fig.3d-i). Althoughit represented only <0.1% of the total
proportion of CD4" T cells, this rare circulating subset producing
all four cytokines (IFNy", IL-17A", GM-CSF*, IL-2") showed a modest
reduction as early as 12 weeks and a highly significant (P < 0.001)
reduction at weeks 28 and 52 after the start of therapy (Fig. 3d,h).
In contrast, T,17.1 cells that did not produce either GM-CSF or IL-2
showed little effect of treatment (Fig. 3d,e).

We also examined the number and frequency of the main circulat-
ing leukocyte populations using multidimensional flow cytometry.
We did not observe any consistent, treatment-related changes in the
absolute number or frequency of total T cells, CD4 T cells, CD8 T cells or
naturalkiller (NK) cells or achange in the frequency of B cells, CD4 and
CDS8T cellnaive/memory subsets, NK cell subsets or FOXP3* regulatory
T cells (T, cells) (Extended Data Fig. 2)

To assess the effect of treatment on islet-specific immune
responses, we measured secretion of IFNy, IL-17A and IL-17F incryopre-
served peripheral blood mononuclear cells (PBMCs) stimulated with
proinsulinusing a three-color cytokine FluoroSpot assay. At baseline,
30 of 67,33 of 67 and 25 of 67 subjects had a substantial response to
proinsulin (defined as astimulation index (SI) > 2) for secretion of IFNy,
IL-17A and IL-17F, respectively. In these individuals, the frequency of
IL-17A and IL-17F cytokine-producing cells was significantly reduced
in comparison to baseline in the ustekinumab group from 12 weeks
(IL-17A) and at 52 weeks (IL-17F). In contrast, we observed no significant
change in the proinsulin-stimulated IFNy response in either group at
any time point (Fig. 4).

Post hoc analysis

Relationship between C-peptide levels and immune response to
treatment. To determine the relationship betweenimmune response
to treatment and clinical outcome, we investigated a post hoc analy-
sis of whether participants in the ustekinumab group who showed
alarger reduction in cytokine-secreting cells (that is, ‘high immune
responders’) also had better C-peptide preservation. To control for
the delayed response in the effect of ustekinumab, we assessed the
odds of the level of C-peptide being stable between weeks 28 and
52 (that is, unchanged or increasing during this period) in groups
stratified by treatment or top 50% immune response (defined as
top 50% reduction in immune cells of interest) between baseline
and week 52. As shown in Fig. 5a (above dashed line), being rand-
omized to ustekinumab is significant for maintaining C-peptide
stability with an odds ratio (OR) of 3.81 (95% Cl =1.10,13.2, P=0.03)
inagreement with the primary outcome measure as described above.
However, this ORisincreased to 8.80 (95% Cl=1.46,52.8, P=0.01) in
individuals with the highest reductionin T,17.1 cells, but this was not
observedinindividuals on placebo with OR 0f 1.67 (95% CI = 0.13,20.6,
P=0.69).Furthermore, dissection of the T,;17.1 cell population, based
on co-secretion of other cytokines, revealed that maintaining stabile
C-peptide was associated with a reduction in cells secreting a com-
bination of IL-17A and IFNy and either GM-CSF and/or IL-2 (OR = 6.12
(95% Cl=1.16, 32.3, P= 0.03)) but not associated with the reduction
in cells secreting IL-17A and IFNy in the absence of either GM-CSF
and/or IL-2 (Fig. 5, below dashed line). To confirm this association,
we also stratified ustekinumab-treated individuals based on their
clinical outcome (that is, C-peptide responders, defined as having
C-peptide thatis stable between weeks 28 and 52) and examined the
relative reductioninimmune populationsinthese groups (Fig. 5b-d).
This analysis confirmed the association between C-peptide retention
and treatment-induced change inimmune response withasignificant
reduction in T,]17.1 cells in those with stable C-peptide (Fig. 5b) and
that this was specific to T,17.1 cells that co-secrete GM-CSF and/or
IL-2 (Fig. 5¢,d).
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Fig.2|Primary and secondary metabolic outcome measures. a, Geometric
ratio (with 95% CI) of intervention (ustekinumab) over control (placebo) over
52 weeks (ustekinumab group, n = 41; placebo group, n = 21). b, Adjusted AUC
C-peptide (nmol I min™) over 52 weeks by treatment group (ustekinumab
group, n=41; placebo group, n = 21). ¢, HbAlc (mmol mol™) over 52 weeks

by treatment group (ustekinumab group, n = 44; placebo group, n = 20).

d, Mean daily exogenous insulin use adjusted by body weight over 52 weeks
by treatment group (ustekinumab group, n = 43; placebo group, n =18).

e, IDAAlc over 52 weeks by treatment group (ustekinumab group, n = 43; placebo
group, n=18). Measurements were performed at baseline, week 12 (HbAlc, insulin
dose and IDAA1c only), week 28 and week 52. Data for primary outcome are
presented as geometric mean ratios with 95% Cls and data for secondary
outcomes are presented as arithmetic mean ratios with 95% Cls. One sample per
subject was obtained at each study point. Subjects in the ustekinumab group are
showninred and those in the placebo group in blue.

Sensitivity analysis

Sensitivity analyses were performed to confirm robustness of the
conclusions about the analysis of the primary outcome to proto-
col deviations. The exclusion of one participant who accidentally
became unblinded, one participant whose primary outcome visit
was delayed by 6 months and one with ahereditary red cell disorder
affecting HbAlc had no effect on the primary outcome. Hence, the
modelforanalyzing the primary outcome was robust to small num-
bers of people with some protocol deviations and extreme values
inkey covariates.

Multiple imputation was performed as a sensitivity check for
the impact of missing data on the primary analysis. After imputation
10x, the geometric ratio of ustekinumab to control changed to 1.36
(95% C1=0.81,1.63; P=0.27) and did not reach statistical significance.
The conclusionabout the treatment group differences might therefore
be affected by missing data.

Sensitivity checks were also performed to check sensitivity of the
conclusions to non-normality of the datadistribution for key secondary
outcomes. Both linear and logarithmic data were built for HbAlc, exog-
enousinsulin use and IDAAlc. The results were similar and, therefore,
the simpler linear models were reported.

Discussion

The main conclusion fromthe present study is that ustekinumab dem-
onstrated a high safety profile and positive effect on 3-cell preservation
in children and adolescents with recently diagnosed T1D by targeting
theIL-12/IL-23 pathway. This provides the first prospective randomized
controlled trialevidence for a pathogenicrole of T,;17 cells in T1D, con-
firming preliminary data from the preceding pilot study?.

Our exploratory mechanistic data suggest that a pathogenic sub-
setof T,17 cellsrepresenting around 0.1% of the circulating CD4 T cell
population, characterized by co-expression of IL-17A, IFNy, GM-CSF
and IL-2, plays a key role in the loss of B-cell function. Ustekinumab
reduced this cell populationand preserved C-peptide levels. The highly
selective nature of the T cell modulation produced by ustekinumab
reducesitsimpactonother parts of theimmune system and underlies
itsfavorable adverse event safety profile seenin the present study and
over its extensive 14-year clinical use in other conditions** 2. There
are several findings in our exploratory mechanistic analysis that are
of particularinterest.

First, the phenotype of the cells that associated with a favorable
response to treatment is notable. T,17 cells have been implicated in
the pathogenesis of multiple inflammatory and autoimmune diseases;
however, they can also play an important role in tissue protection
and homeostasis®. Evidence from in vitro differentiation and mouse
lineage-tracing experiments suggests thatIL-17-secreting cells represent
aheterogeneous and plastic population of cells that have a functional
phenotypeinfluenced by their cytokine and metabolic environment® >,
Inthese studies, nonpathogenic (or homeostatic) subtypes of T,17 cells
are characterized by secretion ofimmunoregulatory cytokines such as
IL-10, whereas pathogenic T,;17 cells are characterized by co-secretion
of proinflammatory cytokines, IFNy (T,17.1 cells) and GM-CSF. Usteki-
numab targets IL-12 and IL-23. Multiple lines of evidence from mouse
models demonstrate that IL-23 is a crucial factor in the polarization of
T,17 cells toward a pathogenic profile’****’, In human autoimmune
diseases, including psoriasis, multiple sclerosis and rheumatoid
arthritis, pathogenic T,,17 cells appear to play a key role, being present
atsites of pathology and correlating with disease activity®°,
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Fig.3| Analysis of the frequency of cytokine-producing CD4 T cell subsets
inindividuals treated with ustekinumab and placebo. a-c, Box plots of
frequencies of CD4" T cells producing IFNy (a; Tyl cells), IL-17A (b; T,,17 cells)
and IFNy and IL-17A (c; Ty17.1 cells) (week 28, P= 0.001; week 52, P < 0.0001).

d, Dot plot of changes in cytokine-producing CD4 T cell subsets during
treatment. The ratio of each population was calculated as current visit/baseline
for each participant for every time point for which they had data. Statistical
significance was determined using the Kruskal-Wallis rank test and circle size
was scaled by the Pvalue, with more significant Pvalues represented by larger
circles. Data points with P < 0.05 are colored by the median ratio of population
size (gray =1 (unchanged) to purple = 0.5 (halved)). Data points with P> 0.05
are colored white. The baseline median percentage of each population is
represented by scaled black diamonds. e-i, Box plots of frequencies of CD4* T
cellsin various combinations of cytokines as indicated: IL-17A*[FNy"GM-CSFIL-2

(e), IL-17'IFNy*GM-CSF’IL-2* (f) (week 52, P= 0.005), IL-17A"IFNy*"GM-CSF'IL-2 (g)
(week 28, P=0.002; week 52, P=0.001), IL-17A"IFNy"GM-CSF'IL-2* (h) (week 28,
P=0.001; week 52, P< 0.0001) and IL-17A"IFNy*GM-CSF* and/or IL-2* (i) (week
28, P=0.001; week 52, P< 0.0001). Fora-cand e-i "P< 0.01, "P< 0.001. The line
represents the median, the box the interquartile range (IQR) and the whiskers

all data points within 1.5x the IQR of the nearer quartile; outliers are excluded.
Forty-four participants in the ustekinumab group and twenty-one in the placebo
group areincluded in the analysis presented in a-c. Forty-four participants
inthe ustekinumab group and nineteen in the placebo group were included
inthe analysis presented in d-i. One sample per subject was obtained at each
study point. Statistical significance was determined using two-sided Wilcoxon’s
matched-pairs, sign-rank test (a-c and e-i). Ustekinumab was labeled as red and
placebo as blue.

Previous studies have identified islet-specific T,;17.1 cells that pro-
duce GM-CSF in patients with T1D but adirect link with B-cell destruc-
tion has been lacking*. Our observation that the efficacy of treatment
with ustekinumab is specifically associated with reduction of T,;17.1
cellssecreting GM-CSF provides strong evidence for arole of these cells
indriving B-cell destruction. Itisinteresting that, in multiple sclerosis,
GM-CSF seems to play an active role in initiation of central nervous
system inflammation*’ because autoreactive T cells that lack GM-CSF
fail toinitiate neuroinflammation despite IL-17 and IFNy production*.

Our results are also consistent with a recently published bio-
marker analyses of a clinical trial of alefacept (LFA3-IgG) in patients
with new-onset T1D, which demonstrated that islet antigen-reactive

CD4" T cells were enriched in T,17.1 cell phenotypes in people with
T1D, including cells co-expressing GM-CSF, IL-2, IFNy and IL-17. These
cellswereinversely correlated with C-peptide preservationin treated
individuals**, supporting the hypothesis that targeting this popu-
lation reduces (3-cell loss. The surface phenotype of the T;17.1/GM-
CSF'/IL-2* CD4 cells modulated in our study remains uncertain. How-
ever, there may be overlap with a subgroup of T, cells (typically
CXCRS5*, PD-1'ICOS") that also seem to be relevant to TID**¢ and are
impacted by ustekinumab®’.

Second, in contrast to other less targeted immunotherapies for
TID, the effect of treatment on both theimmune system and 3-cell func-
tion were substantially delayed. Slowing of 3-cell loss did not become

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-03115-2

IFNy IL-17A IL-17F
207 20 25
4 20
15 15 7 *kk  kk Kk
—‘7 15 9
» 10 @ 10 A 17}
10
51 5 1 T i
= 1 1=
= Slm =
o = o =[] 5 o = — L5
0] 12 28 52 0] 12 28 52 0o 12 28 52 (0] 12 28 52 0o 12 28 52 o] 12 28 52
Weeks Weeks Weeks

Fig. 4| Box plot of cell producing IL-17A in response to stimulation with
proinsulininindividuals treated with ustekinumab and placebo. a, IFNy
response. b, IL-17A response (week 12, P= 0.0003; week 28, P= 0.006; week
52,P=0.002).c,IL-17F response (week 52, P= 0.002). SI, mean no. of spots in
proinsulin-stimulated well individuals/mean number of spots in unstimulated
wellindividuals. Individuals with a baseline SI <2 were removed. "P < 0.01,
"P<0.001. The line represents the median, the box the IQR and the whiskers
the 95% range. Nineteen participants in the ustekinumab group and eight in

the placebo group were included in the analysis presented in a. Twenty-one
participants in the ustekinumab group and elevenin the placebo group were
included in the analysis presented in b. FIfteen participants in the ustekinumab
group and eight in the placebo group were included in the analysis presentedinc.
One sample per subject was obtained at each study point. Statistical significance
was determined using two-sided Wilcoxon’s matched-pairs, sign-rank test.
Ustekinumab was labeled as red and placebo as blue.

apparent in the treated group for 6-12 months and, in keeping with
this, although the effect on T cell subsets was apparent at 3 months,
it did not become maximal until 6-12 months. Most other immuno-
therapy studies in T1D have shown benefit early with a lesser effect
beyond 6 months, which means that the effect that we observed may
have been missed if the primary endpoint had been at 6 months rather
than12 months*. However, this time course in metabolic and explora-
tory mechanistic findingsin the present study was consistent with the
adult pilotstudy in which slowing of the loss of B-cell function and the
maximal effect on T,17.1cellswas also not apparent until 6-12 months®.
Inaddition, although there was no control group in this pilot, subjects
losing C-peptide more slowly were found to have agreater reductionin
Tu17.1cells®®, The delayed therapeutic effect may result partially from
the fact that ustekinumab impairs the polarization of T;,17 cells toward
apathogenic phenotype (vialL-23 inhibition), but may have less effect
on already polarized cells. This possibility is consistent with maximal
T cell changes not being achieved for 12 months. However, this dif-
fers from the timing of the clinical impact seen in psoriasis, psoriatic
arthritis orinflammatory bowel disease, where almost maximal clinical
improvementsare apparent by 16 weeks**~°. It is therefore possible that
the delayed effectis also the result of arequirement for other changes
occurring downstream of the impact on T,17.1 cells before (3-cell loss
in T1D. Notably, even after 52 weeks of sustained therapeutic levels of
ustekinumab, the reduction of T,17.1 cells and T,17.1/GM-CSF*/IL-2*
cells was only partial, representing approximately a 50% reduction
frombaseline (Fig. 3). Despite IL-12 inhibition, no significant effect of
ustekinumab was seen on the T 1 cells (IFNy-secreting cells), consistent
with the findings in patients with inflammatory bowel disease treated
with ustekinumab®*2,

Third, consistent with the adult pilot study, we show that usteki-
numab was abletoreduce the frequency of islet antigen-specific T cells,
as seen by proinsulin-stimulated FluoroSpot. This effect was seen at
an earlier time point than the reduction in cytokine secretion after
polyclonal stimulation, suggesting that the generation of islet-specific
T,17 cells is still an active process even after diagnosis. Consistent
with the results of the polyclonal stimulation, ustekinumab targeted
IL-17-secreting cells, including both IL-17A and IL-17F, butislet-specific
T cell-secreting IFNy did not seem to be reduced (Fig. 4a).

Fromaclinical perspective, thereductionin 3-cell destructiondid
not translate into a significant effect on other metabolic parameters
(HbAlc, timeinrange on CGM and IDAAIc) during the timeframe of the
study. However, the study was underpowered to detect such changes,
which typically require 2-3x greater sample sizes**. Furthermore, the

delayed onset of action meant that >40% of C-peptide production
was lost before the preservation effect of the intervention became
apparent, which is likely to impact any metabolic benefits and may
also indicate that longer-term treatment may be needed to see any
improvement in other metabolic measures.

The present study does provide arationale to attempt the use of
ustekinumab in a prevention study as a next step. The delayed action
ofthedruginreducing the targetimmune population in the new-onset
population in whom B-cell destruction is occurring at such a rapid
pace suggests that this therapeutic may be better suited to use at an
earlier stage of disease such as stage 1 or stage 2 T1D, where adelay in
clinical efficacy may be more acceptable. Indeed, the well-established
safety profile of ustekinumab in chronic use, consistent with its highly
targeted effects on pathogenic T,17 cell subsets, as well as the low
burden of subcutaneous dosing every 2 months, make it particularly
attractive for use in preclinical disease. Alternatively, ustekinumab
could be used to prolong the effect of drugs that have a major early
effect such as teplizumab or ATG.

Another approach in a future efficacy study would be the use
of alternative biologics in clinical use that target T,17 cells, includ-
ing drugs targeting the IL-23 receptor specifically via the p19 subunit
(guselkumab, risankizumab and tildrakizumab) and others directly
targeting IL-17 (ixekizumab and secukinumab) or the IL-17 receptor
(brodalumab). In inflammatory bowel disease and psoriasis, these
agents appear to be more rapid acting and more effective, suggest-
ing that they might be considered in TID***°. However, anti-I1L-17 was
ineffective in preventing T1D in NOD-SCID (nonobese diabetic/severe
combined immunodeficiency) mice™* and we cannot rule out a rel-
evant effect of the IL-12-blocking component of ustekinumab to stop a
diversiontothe T,1cell pathway after T,17 cellinhibition or effects on
other T cell subsets such as mucosa-associated invariant T cells”, which
may play arolein T1D*%. Afinal approach that could be consideredis the
combination of ustekinumab with asynergistic agent that has already
proved effective in T1D efficacy studies (for example, baricitinib or T,
cellenhancement).

The strengths of our data include the randomized double-blind
nature of our study, including blinding of laboratory staff and the
use of fresh blood flow cytometry, along with strict quality assurance
proceduresinthe assays™.

Study limitations include that the T cell assays were exploratory
rather than primary endpoints of the study. Importantly, no adjust-
ment was made for multiple testing, although the level of significance
(P<0.001) and the clustering of significant outcomes around small but
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Fig. 5| Relationship between change inimmune parameters and primary
metabolic outcome. a, OR (with 95% CI) of having a stable or increasing
C-peptide level between weeks 28 and 52. Above the horizontal dashed line is
the whole-study group comparing placebo and ustekinumab treated. Below the
dashed line it compares those on ustekinumab stratified based on the change in
immune subsets (from baseline to week 52) asindicated. The vertical dotted line
denotes an OR of 1 (no effect). The square represents the OR points estimate and
thelines represent the 95% CI.b-d, Box plots of the change inimmune population
(expressed as the ratio of the frequency at week 52 relative to baseline) stratified
by the stability of C-peptide between weeks 28 and 52. The line represents the
median, the box the IQR and the whiskers all data points within 1.5 the IQR of

C-peptide falls C-peptide stable

C-peptide falls C-peptide stable

the nearer quartile; outliers are excluded. A value of <lindicates areductionin
theimmune populationin response to treatment (b) change in T 17.1cells at
week 52 versus baseline (P=0.03), change in IL-17A*IFNy*GM-CSF* and/or IL-2* at
week 52 versus baseline (P=0.02) (c) and change in IL-17A"IFNy"GM-CSF IL-2" at
week 52 versus baseline (d)."P < 0.05 for odds of having a lower ratio. From the
ustekinumab group, 41 participants and, from the placebo group, 21 participants
wereincluded in the analysis presented ina. Analysis presented in b-d included
34 ustekinumab-treated partcipants. Statistical significance was determined

by using logistic regression for the odds of having a stable C-peptide at week

52 adjusted for age. gender, baseline C-peptide and week 28 C-peptide in the
analysis presented inb-d.

overlapping populations provides strong support for the conclusion
(Fig. 3d). Replication is nevertheless required and the UST1D2 study
in adults using a similar protocol and harmonized T cell analyses is
currently ongoing (NCT03941132). In addition, the study was under-
powered to detect changesin metabolic parameters, especially as the
number of complete datasets at week 52 for the primary endpoint was
less than anticipated in our power calculation (62 versus 66 patients).
Thiswas theresult partly of adrop-out of participantsinthetrial (n =4),
butalso of missing baseline data (n = 6) required for the baseline adjust-
ments prespecified in the primary outcome analysis.

Our exploratory datasuggestarole for asubset of T,17 cellsin T1ID
that canbe modulated at low risk by IL-12/IL-23 inhibition, with benefits
on -cell preservation. This represents a significant advance in treat-
ment precision®’. Further clinical trials are required to define whether
IL-23 orIL-17 inhibition alone canreplicate or enhance this effect and to
define therole of T,;17 cell modulation in the expanding list of options
for reducing or delaying the need for insulinin T1D".
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Methods
Ethics statement
The present study was carried out with the approval of the UK Research
Ethics Service (approval received on 18 September 2018 from Wales
Research Ethics Committee (REC 3) reference 18/WA/0092) and UK
Medicines and Healthcare products Regulatory Agency (MHRA) for
Clinical Trial Authorisation (approval received on 26 June 2018). Writ-
teninformed consent or assent was obtained from all participants. The
trial was conducted in compliance with the principles of the Declara-
tion of Helsinki (2013) and the principles of good clinical practice and
inaccordance with all applicable regulatory requirements including,
but not limited to, the UK Policy Framework for Healthand Social Care
Research2017 and the Medicines for Human Use (Clinical Trial) Regula-
tions 2004, and subsequent amendments.

Participants were given up to £100 as an expression of gratitude
for their commitment to the study.

Study design

The study was a phase 2, multicenter, double-blind, randomized,
placebo-controlled trial of safety and efficacy of ustekinumab in
preserving endogenous insulin production measured by mixed-
meal-stimulated, 2-h plasma C-peptide AUC at week 52 in chil-
dren and adolescents aged 12-18 years within 100 d of diagnosis
of TID®.

The trial was conducted in 16 pediatric and adult diabetes
research centers in the United Kingdom: Royal London Hospital,
London; Royal Alexandra Children’s Hospital, Brighton; Countess
of Chester Hospital, Chester; East Lancashire Hospitals NHS Trust,
Burnley; Evelina London Children’s Hospital, London; Royal Devon
and Exeter Hospital, Exeter; St James’ Hospital, Leeds; Leicester Royal
Infirmary, Leicester; Norfolk and Norwich University Hospitals, Nor-
wich; St George’s University NHS Trust, London; University College
London, London; University Hospital of Wales, Cardiff; Noah’s Ark
Children’s Hospital, Cardiff; Swansea Bay University Health Board,
Swansea; Ninewells Hospital, Dundee; and Royal Aberdeen Children’s
Hospital, Aberdeen.

Theinvestigational medicinal product (IMP) was ustekinumab, a
fully humanimmunoglobulin (Ig)Glk monoclonal antibody supplied by
the marketing authorization holder Janssen-Cilag (EU/1/08/494/002).
Itwas supplied as sterile, single-use, 2-ml glass vials containing 0.5 ml
of solution with 45 mg of ustekinumab for injection. Salinein the form
of sodium chloride 0.9% w:v solution for injection was used as pla-
cebo. Participants were given ustekinumab/placebo (2:1) subcutane-
ously at weeks 0, 4,12, 20, 28, 36 and 44, with the dose depending on
their body weight (2 mg per kg body weight if the participant was
<40 kgand 90 mgif>40 kg), and were followed for 12 months after the
first dose.

The main inclusion criteria were as follows: 12-18 years of age;
clinical diagnosis of immune-mediated T1D as defined by the Ameri-
can Diabetes Association (ADA); started on insulin within 1 month of
diagnosis; aninterval of <100 days between the confirmed diagnosis
(defined as date of first insulin dose) and the first planned dose of
the IMP; written and witnessed informed consent/assent to partici-
pate; evidence of residual functioning -cells (peak serum C-peptide
level >0.2 nmol I"!in MMTT); positive of at least one islet autoanti-
body (glutamic acid decarboxylase (GADA), insulinoma-associated
antigen 2A (IA-2A) and zinc transporter protein 8 (ZnT8)); and body
weight <100 kg.

The main exclusion criteria were: use of immunosuppressive or
immunomodulatory therapies including systemic steroids; use of any
hypoglycemic agents other thaninsulin for >6 weeks at any time before
trial entry; prior exposure to ustekinumab within3 months of the first
dose of the IMP; prior allergic reaction, incuding anaphylaxis to any
component of the IMP; notably abnormal laboratory results during the
screening period other than those due to T1D; use of inhaled insulin;

known alcohol or drug abuse; evidence of active hepatitis B, hepatitis
C,humanimmunodeficiency virus (HIV) or considered by theinvestiga-
tortobeat highrisk for HIV infection; immunization with live vaccines
1monthbeforetrialentry; history of current or past active TBinfection;
latent TB; substantial systemicinfection during the 6 weeks before the
first dose of the IMP; and breastfeeding, pregnancy or unwillingness
to comply with contraceptive advice and regular pregnancy testing
throughout the trial.

Safety laboratory measures of hematological indices, liver func-
tion, thyroid-stimulating hormone, urea, creatinine, calcium, lipid
levels and Ig levels and urine assessments (pH, blood, protein by dip-
stick analysis, laboratory analysis for albumin:creatinine ratio) were
performed throughout the study. HIV and hepatitis Band C and TB
testing were performed at screening. Adverse events were reported
by participants and reviewed by the site principal investigator (PI) at
all visits.

The trial oversight was performed by a trial steering committee
and anindependent data safety monitoring board.

International Standard Randomised Controlled Trial Number
Registry: registration no. ISRCTN 14274380.

Assays

B-Cell function. MMTT. Ensure Plus (Abbott Nutrition; 6 ml kg™
(max. 360 ml)) was used as a mixed-meal stimulant of 3-cell produc-
tion, in the standard MMTT as previously described®>. The MMTTs
were carried out after an overnight fast at -2, 28 and 52 weeks. Plasma
samples for C-peptide and glucose were collected in EDTA and fluoride
oxalate bottles, respectively, at 0,15, 30, 60, 90 and 120 min. Plasma
samples were stored at —20 °C and transported on dry ice in batches.
Serum C-peptide was measured using an immunochemiluminomet-
ric assay (Invitron, cat. no. IV2-004). The detection limit and intra-
and interassay coefficients of variation were 0.005 nmol I}, <5% and
<8%, respectively.

Glycemic control. Blood glucose monitoring. All participants were
provided with an Abbott FreeStyle Libre blood glucose monitoring
system (CGM). Participants were expected to wear asensor for at least
2 weeks before each study visit and were advised to read their measure-
ments at least 4-7x a day. Anonymized data were sent electronically
to the trial office.

HbAIc. HbAlc was tested in the local NHS laboratories of the study
sites to guide clinical care. The HbAlc target value was set according
to 2015 National Institute for Health and Care Excellence (NICE) guide-
lines (available at www.nice.org.uk/guidance/ng182015) in agreement
with the participant and their clinical care team. An additional blood
sample was taken at weeks 0,12, 28 and 52 for measurement of HbAlc
using a high-performance liquid chromatography methodin a central
laboratory.

Daily insulin dose. Mean daily insulin use was calculated over 7 con-
secutive days during the 2 weeks preceding all visits and participants
were asked torecord all insulin usage in their daily diary during those
2 weeks. This value was calculated in international units of IU kg™ d™.
Where data from consecutive days were not available, the 3 d closest
together were used.

Hypoglycemia.Participants were advised by the research staffto record
in a trial diary any symptoms possibly related to hypoglycemia and
their timing to allow later comparison with glucose monitoring data.
Afinger-prick blood glucose was recordedinthe diary any time hypo-
glycemic symptomsoccurred, evenifthe glucose monitor sensor was
alsobeing worn.

ThePlor delegate categorized all hypoglycemic events recorded
in the diary according to the ADA guidelines®.
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The number of severe hypoglycemic events was recorded at weeks
78 and 104 to cover the period since the previous data collection time
point.Severe was defined as:

(1) Admission to hospital;

(2) Anambulance being called but no transfer to hospital
was needed;

(3) Beinggiven glucagon but no ambulance was called and no
admission to hospital was needed;

(4) Convulsions (fits) or loss of consciousness.

Body weight and BMI. Body weight and height were recorded at site
visits, and the most recent weight recorded was used to calculate drug
dosages for forthcoming treatment visits. The BMI was calculated as
standard: weight (kg)/(height (m))*

Patient and parent-reported outcome measures. Quality of life
for participants and their parent/carer was assessed at screening and
weeks 28 and 52 by validated questionnaires: HYPOFEAR®**’; DTSQ
for inpatients®; and PedsQL (generic core scale®”*® and diabetes-
specific®®’° modules).

The questionnaires were completed during the latter stages of
the MMTT while the participant and parent were waiting for the end of
the test. Participant and parent were encouraged not to discuss their
responses with each other.

Immunological assays. B-Cell autoantibody measurements.
Anti-GADA, anti-IA-2A and anti-ZnT8A were measured by ELISA
(GDE/96,1AE/96/2,ZnT8/96; RSR Ltd) according to the manufacturer’s
instructions. Positive cut-off values were =5, >7.5 and =15 U ml™ for
GADA, IA-2A and ZnT8A, respectively. Detection limit for GADA was
0.57Uml™, forlA-2A0.95U ml™" and for ZnT8A1.2U ml™.

Flow cytometry. Intracellular cytokine staining: 100 pl of fresh
sodium heparin blood were stimulated with phorbol 12-myristate
13-acetate-ionomycin for 3 h using the DURActivel DuraClone tubes
(Beckman Coulter), according to the manufacturer’s instructions.
After the end of incubation, the blood was stained with Live Dead
Yellow dye (Invitrogen) at room temperature for 20 min. The blood
was thenlysed, fixed and permeabilized using the PerFix-nc kit (Beck-
man Coulter), according to the manufacturer’sinstructions. The cells
were then transferred and stained in the dark at room temperature
for 45 min using the DuraClone IF T,, cell tube (Beckman Coulter),
with the addition of drop-in antibodies targeting GM-CSF, IL-2 and
CD8-PC5 (all diluted 1:50) as shown in Supplementary Table 7. The
cells were then washed and acquired in the Beckman Coulter Navios
flow cytometer. Flow data were analyzed using Kaluza software
(Beckman Coulter).

Cellsurface phenotyping: 100 pl of fresh EDTA blood was stained
with three panels of antibodies including: (1) amodified Beckton Dick-
inson TBNK reagent Trucount tube to identify and determine the per-
centages and absolute counts of T, Band NK cellsas well as T, cells; (2)
aBeckman Coulter DURACloneIMT cell subset tube to assess matura-
tion stages of T cells, covering naive, effector, memory and terminal
differentiation stages; and (3) a modified Beckman Coulter DURAClone
T, celltube to assess FOXP3 T, cells and NK cell subsets. Details of the
panels and indicative gating strategies are shown in Supplementary
Table 7 and Supplementary Fig. 1. Tubes were processed according to
the manufacturer’sinstructions, acquired on aNavios flow cytometer
and analyzed using Kaluza software.

Cytokine FluoroSpot: amillion cryopreserved PBMCs were incu-
batedinthree wells of afreshly coated FluoroSpot plate (Mabtech) with
30 pg ml™ of proinsulin (in-kind contribution from L. Vilela, Biomm,
Brazil) or phosphate-buffered saline (as a negative control) for 48 h.
IFNy-, IL-17A- and IL-17F-secreting cells were detected according to
the manufacturer’sinstructions (Mabtech). Enumeration of spots was

carried out using the IRIS FluoroSpot reader (Mabtech) and results pre-
sented asan Sl (spot number in the presence of stimulus/spot number
inthe presence of appropriate negative control). Allimmune analyses
were performed blinded to treatment group and then analyzed when
afinallocked dataset was sent to the Pls.

Statistical analysis

Sample size considerations. The power calculation closely fol-
lowed ref. 71 based on data for children and young adolescents aged
13-17 years as well as the TIDAL study in12-35 year olds’. Asample size
of 66 apportioned ina2:1ratio has a>85% power todetecta0.2 nmol I
difference between the 2-h MMTT mean AUC values. C-peptide values
of the intervention and placebo arms were assumed to be 0.5and 0.3
(nmol I™"), respectively, at 12 months. It was planned for 72 participants
(48 ustekinumab:24 placebo) to be recruited, allowing for approxi-
mately 10% lost to follow-up.

Randomization. Each randomization was viaminimizationincorporat-
ingarandomelementandincorporated twoimportant prognostic fac-
tors: age (12-15 years versus 16-18 years) and screened peak C-peptide
levels (0.2-0.7 nmol I versus >0.7 nmol I"") to ensure balance between
treatment groups. Sealed Envelope Ltd (https://sealedenvelope.com/
randomisation) supplied the minimization algorithm and randomiza-
tion service and hosted the web-enabled allocation service.

Blinding. Participants, research staff and the trial office remained
blinded, with only limited independent researchers at Swansea Trials
Unit (STU) managing the code break list and any IMP-related queries
from pharmacies.

Analysis population. All randomized participants who had not with-
drawn from the study before the first day of treatment were included
intrial analyses and analyzed according to the treatment allocated.

Analysis of primary outcome. The AUC was calculated using the trap-
ezoidal method, not adjusted for baseline C-peptide but normalized for
the120-min period of the standard MMTT using the serum C-peptide
value at each time point. Most C-peptide values fell between 0 and 1
and thedistribution was positively skewed; they were transformed by
log(1+x) before treatment group comparisons. These comparisons
were performed with an independent Student’s ¢-test at baseline. At
weeks 28 and 52, treatment group differences were assessed with
ANCOVA adjusting for the baseline C-peptide value, gender, age, HbAlc
and exogenous insulin use. Results were back-transformed and sum-
marized as the ratio of geometric means and percentage differences
between groups*®°',

Analysis of secondary outcomes. Treatment group difference in
secondary metabolic endpoints included HbAlc, daily insulin dose
and IDAAlc. Treatment group differences at baseline were assessed
withindependent Student’s ¢-test. Week 12,28 and 52 treatment group
differences were analyzed with ANCOVA, adjusting for appropriate
covariates. HbAlc andinsulin use analyses post-baseline were adjusted
by sex, age, HbAlc and insulin use at baseline. IDAAlc was calculated
according to the formula: HbAlc (%) + (4 x insulin dose (units per kg
per 24 h))”. Post-baseline IDAAIc analyses were adjusted by sex, age
and IDAAIc at baseline. Results were summarized as differences in
arithmetic means between groups.

Analysis of safety outcome. Safety assessments (that is, safety blood
and urinetests and IMP-related adverse events during the course of the
study) were counted in terms of both number of events and number
of participants. For participants experiencing more than one adverse
event, each participant was counted once at the highest level of severity
for the event. No formal statistical testing was undertaken.
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Data collection and analysis. Data were collected using electronic
case report forms via MACRO 4.7. Data were analyzed using SPSS
v.25and STATA v.18.

Data visualization. Dot plots were constructed in R 4.3.0 using pack-
ages ggplot2, cowplot, scales and patchwork. All other plots were
constructed in Stata.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Dataare stored in the STU datarepository (https://swanseatrialsunit.
org).Dataare tobeshared withbonafideresearchers who completea
data-sharing request form approved by a STU Data Sharing Commit-
tee. Individual patient datawill be shared in datasetsin ade-identified
and anonymized format. All data-sharing requests should be made via
STU@swansea.ac.uk. Initial enquiries for datasharingwould receive a
response within 5 working days. There would be an aim torelease data
within 28 working days, dependent on the completion of an appropriate
Data Sharing Agreement.

Code availability
Dot plotswere constructedinR4.3.0 using packages ggplot2, cowplot,
scales and patchwork. All other plots were constructed in Stata.
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Extended Data Fig. 1| Ustekinumab levels over the study period. (a) Violin plot of Ustekinumab levels; (b) Connected line plot of Ustekinumab levels.
Individual data points shown, shaded area represented interquartile range. Reference line at 0.8 pg/ml.
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Extended Data Fig. 2| Dotplot ofimmune cell populations during treatment,
determined by flow cytometry. Populations were defined as shownin
Supplementary Material Fig. 1. Parent population are indicated in parentheses.
Theratio of each population was calculated as current visit/baseline for each
participant for every timepoint for which they had data. Statistical significance
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Data points with p > 0.05 are coloured white.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  electronic Case report Forms via MACRO 4.7

Data analysis SPSS version 25; STATA version 18; Dotplots were constructed in R 4.3.0 using packages ggplot2, cowplot, scales and patchwork. All other
plots were constructed in Stata version 18.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data will be stored in the Swansea Trials Unit data repository and can be requested by emailing STU@swansea.ac.uk and submitting a request for access to
anonymised data.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Analysis was performed on 25 participants in the Placebo group (9 female = 36%; 16 male - 64%) and 47 participants in the
Ustekinumab group (20 female = 43%; 27 male = 57%). Study design allowed recruitment of both males and females. Results
apply on both sexes. The Ustekinumab and Placebo group were comparable in terms of sex.

Reporting on race, ethnicity, or  Ethnicity was determined based on self-reporting. Ethnicity distribution is reported in Table 1 of the main manuscript. The

other socially relevant Ustekinumab and Placebo group were comparable in terms of ethnicity.
groupings
Population characteristics Participant included in the study were age 12-18 within 100 days of diagnosis of T1D. They had to have evidence of residual

functioning beta-cells (peak serum C-peptide level >0.2nmol/L in MMTT); positive of at least one islet autoantibody (GAD,
IA-2, zinc transporter protein 8 (ZnT8)); and body weight <100kg. The Ustekinumab and Placebo group were comparable in
terms of sex, age, BMI, ethnicity, baseline C-peptide area under the curve (AUC) and HbAlc.
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Recruitment The participants were recruited from 16 paediatric and adult diabetes research centres in the United Kingdom according to
inclusion and exclusion criteria defined in the Methods section of the main manuscript. Potential participants were identified
from health records, clinical contacts, patient registries and self-referrals through the T1D UK consortium https://
typeldiabetesresearch.org.uk and ADDRESS-2 website https://www.address2.org. Wide range of recruitment sources
reduced potential self-selection bias.

Ethics oversight This study was carried out with the approval of the UK Research Ethics Service (approval received on 18 September 2018
from Wales Research Ethics Committee (REC) 3) reference 18/WA/0092, IRAS ID 230113, UK Medicines and Healthcare
products Regulatory Agency (MHRA) for Clinical Trial Authorisation (approval received on 26 June 2018). Written informed
consent or assent was obtained from all participants. The trial was conducted in compliance with the principles of the
Declaration of Helsinki (2013) and the principles of Good Clinical Practice and in accordance with all applicable regulatory
requirements including but not limited to the UK Policy Framework for Health and Social Care Research 2017 and the
Medicines for Human Use (Clinical Trial) Regulations 2004, and subsequent amendments.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The power calculation closely followed Lachin et al.(1) based on data for children and young adolescents aged 13—17 years as well as the
T1DAL study in 1235 years (2). A sample size of 66 apportioned in a 2:1 ratio has a greater than 85% power to detect a 0.2 nmol/L difference
between the 2-hour MMTT mean Area Under Curve (AUC). C-peptide values of the intervention and placebo arms were assumed to be 0.5
and 0.3 (nmol/L), respectively, at 12 months. It was planned for seventy-two participants (48 ustekinumab:24 placebo) to be recruited
allowing for an approximate 10% lost to follow-up.
1. Lachin, J.M,, et al. Sample size requirements for studies of treatment effects on beta-cell function in newly diagnosed type 1 diabetes. PLoS
One 6, 26471 (2011).
2. Righy, M.R., et al. Targeting of memory T cells with alefacept in new-onset type 1 diabetes (T1DAL study): 12 month results of a
randomised, double-blind, placebo-controlled phase 2 trial. Lancet Diabetes Endocrinol 1, 284-294 (2013).

Data exclusions A total of 72 participants were randomised in a 2 : 1 ratio (in favour of treatment) and allocated to two study arms. Three eligible participants
withdrew before the first treatment and were replaced. Four participants withdrew from the trial after randomisation (6%). A further four
participants withdrew from treatment during the study but attended the primary endpoint assessment (week 52). In total, 68 participants
attended the primary endpoint assessment (94%), of whom 64 were on treatment (89%). Six individuals were missing key baseline data
required for the primary endpoint. Hence 62 participant (86%) were included in the in the Primary Outcome Measure (POM) analysis (41 in
the ustekinumab group and 21 in the placebo group).

Replication One sampling per participant was performed at each study point. Clinical measurements were taken at a single timepoints using GCLP
measures. For the flow cytometery, assays were performed on fresh blood and hence not able to be repeated. For FLUOROSPOT, replication
assays are not possible due to a limitation on the number of PBMC available.

Randomization  Each randomisation is via minimisation incorporating a random element and incorporates two important prognostic factors: age (12-15 versus
16-18), and screened peak C-peptide levels (0.2-0.7 vs > 0.7 nmol/L) to ensure balance between treatment groups. Sealed Envelope Ltd




(https://sealedenvelope.com/randomisation/) will supply the minimisation algorithm and randomisation service and will host the web enabled
allocation service.

Blinding Double-blinded

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Antibodies

Antibodies used Full details of all antibodies used are given in Supplementary Material Table 1. Dilutions are given where applicable. Details are also
given below:
The following antibodies were purchased from Beckman Coulter: anti-IFN-g (Clone: 45.15; Fluorochrome: FITC; Duraclone), anti-CD8
(Clone: B9.11; Fluorochrome: PE-dazzle-594, dilution 1:50), anti-IL-4 (Clone: MP4-25D2; Fluorochrome PC7; Duraclone), anti-CD4
(Clone: 13B8.2, Fluorochrome: APC; Duraclone), anti-CD3 (Clone: UCHT1; APC-A750; Duraclone), anti-IL-17A (Clone: BL168,
Fluorochrome: Pacific Blue; Duraclone), anti-CD45RA (Clone: 2H4; Fluorochrome: FITC; Duraclone), anti-CCR7 (Clone: GO43H7;
Fluorochrome: PE; Duraclone), anti-CD28 (Clone: CD28.2; Fluorochrome: ECD; Duraclone), anti-PD1 (Clone: PD1.3.5; Fluorochrome:
PC5.5; Duraclone), anti-CD27 (Clone: A14.CD27; Fluorochrome: PC7; Duraclone), anti-CD57 (Clone: NC1; Fluorochrome: Pacific Blue;
Duraclone), anti-CD45 (Clone: J33; Fluorochrome: KrOrange; Duraclone), anti-CD25 (Clone: B1.49.9; Fluorochrome: PE; Duraclone),
anti-CD39 (Clone: BA54; Fluorochrome: PC5.5; Duraclone), anti-CD4 (Clone: SFCI12T4D11(T4); Fluorochrome: PC7; Duraclone), anti-
FOXP3 (Clone: 259D; Fluorochrome: AF647; Duraclone), anti-Helios (Clone: 22F6; Fluorochrome: Pacific-Blue; Duraclone).

The following antibodies were purchased from Beckton Dickinson: anti-CD3 (Clone: SK7; Fluorochrome: FITC; BD Multitest™ 6-Color
TBNK cocktail, dilution 1:20), anti-CD16 (Clone: B73.1; Fluorochrome: PE; BD Multitest™ 6-Color TBNK cocktail, dilution 1:20), anti-
CD56 (Clone: NCAM16.2; Fluorochrome: PE; BD Multitest™ 6-Color TBNK cocktail, dilution 1:20), anti-CD45 (Clone: 2D1;
Fluorochrome: PerCP-Cy5.5; BD Multitest™ 6-Color TBNK cocktail, dilution 1:20), anti-CD4 (Clone: SK3; Fluorochrome: PE-Cy7; BD
Multitest™ 6-Color TBNK cocktail, dilution 1:20), anti-CD19 (Clone: SJ25C1; Fluorochrome: APC; BD Multitest™ 6-Color TBNK cocktail,
dilution 1:20), anti-CD8 (Clone: SK1; Fluorochrome: APC-Cy7; BD Multitest™ 6-Color TBNK cocktail, dilution 1:20), anti-CD25 (Clone:
2A3; Fluorochrome: BV421, dilution 1:100), anti-IL-2 (Clone: MQ1-17H12; Fluorochrome: APC-R700, dilution 1:50), anti-CD25 (Clone:
M-A251; Fluorochrome: PE, dilution 1:40), anti-CD56 (Clone: B159; Fluorochrome: PE-CF594, dilution 1:200), anti-CD16 (Clone: 3G8;
Fluorochrome: AF700, dilution 1:200).

The following antibodies were purchased from BiolLegend: anti-GM-CSF (clone: BVD2-221C11; Fluorochrome: PE-dazzle 594, dilution
1:50), anti-CD127 (Clone: AO19D5; Fluorochrome: PE-dazzle 594, dilution 1;100), anti-CD25 (Clone: M-A251; Fluorochrome: BV421,
dilution 1:100).

Validation All antibodies were purchased from the vendors detailed above who performed in house target specificity and validation.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  EudraCT ID 2018-000015-24; ISRCTN 14274380
Study protocol published in BMJ Open. 2021 Oct 18; 11(10):e049595. doi: 10.1136/bmjopen-2021-049595. PMID: 34663658; PMCID: PMC8524290

Data collection The trial was conducted in 16 paediatric and adult diabetes research centres in the United Kingdom: Royal London Hospital, London;
Royal Alexandra Children’s Hospital, Brighton; Countess of Chester Hospital, Chester; East Lancashire Hospitals NHS Trust, Burnley;
The Evelina London Children’s Hospital, London; Royal Devon and Exeter Hospital, Exeter; St James’ Hospital, Leeds; Leicester Royal
Infirmary, Leicester; Norfolk and Norwich University Hospitals, Norwich; St. George’s University NHS Trust, London; University College
London, London; University Hospital of Wales, Cardiff; Noah’s Ark Children’s Hospital, Cardiff; Swansea Bay University Health Board,

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Outcomes

Plants

Swansea; Ninewells Hospital, Dundee; Royal Aberdeen Children’s Hospital, Aberdeen. The study was conducted from December 2018
to September 2022.

Analysis of primary outcome

The AUC was calculated using the trapezoidal method, not adjusted for baseline C-peptide but normalized for the 120-min period of
the standard MMTT using the serum C-peptide value at each time point. Most C-peptide values fell between 0 and 1 and the
distribution was positively skewed, they were transformed by log (1+x) before treatment group comparisons. These comparisons
were performed with an independent T test at baseline. At Week 28 and 52, treatment group differences were assessed with
ANCOVA adjusting for the baseline C-peptide value, gender, age, HbAlc and exogenous insulin use. Results were back-transformed
and summarised as ratio of geometric means and percentage differences between groups49.

Analysis of secondary outcomes

Treatment group difference in secondary metabolic endpoints included HbA1c, daily insulin dose and Insulin dose-adjusted HbAlc
(IDAA1c). Treatment group differences at baseline were assessed with independent T tests. Week 12, 28 and 52 treatment group
differences were analysed with ANCOVA, adjusting for appropriate covariates. HbAlc and insulin use analyses post-baseline were
adjusted by sex, age, HbAlc and insulin use at baseline. IDAAC was calculated according to the formula: HbAlc (%) + [4 x insulin dose
(units per kg per 24 h)]64. Post-baseline IDAAlc analyses were adjusted by sex, age and IDAAC at baseline. Results were summarised
as differences in arithmetic means between groups.

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

NA

NA

NA

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

@ The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X, All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Cell surface phenotyping: 100ul of fresh EDTA blood was stained with three panels of antibodies including: (1) a modified
Beckton Dickinson TBNK reagent Trucount™ tube (2) a Beckman Coulter DURAClone IM T-cell subset tube to assess
maturation stages of T-cells, covering naive, effector, memory and terminal differentiation stages and (3) a modified
Beckman Coulter DURAClone Treg tube. All tubes were processed according to the manufacturer’s instructions. Details of
the panels are shown in Supplementary Material.

Intracellular Cytokine Staining: 100ul of fresh sodium heparin blood were stimulated with PMA-ionomycin for 3 hours using
the DURActivel DuraClone tubes (Beckman Coulter), according to the manufacturer’s instructions. After the end of
incubation, the blood was stained with Live Dead Yellow dye (Invitrogen) at room temperature for 20 minutes. The blood was
then lysed, fixed and permeabilised using the PerFix-nc kit (Beckman Coulter), according to the manufacturer’s instructions.
The cells were then transferred and stained in the dark at room temperature for 45 minutes using the DuraClone IF TH tube
(Beckman Coulter), with the addition of drop in antibodies targeting GM-CSF, IL-2 and CD8 PC5 as shown in Supplementary
Material Table 1. The cells were then washed and acquired.

Instrument Beckman Coulter Navios flow cytometer (3L 10C)
Software Kaluza sofware version 2.2 (Beckman Coulter)
Cell population abundance Cell population abundance was determined using BD Trucount Tubes following the manufacturers instructions but these

results are not reported in this manuscript.
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Gating strategy Gates were placed based on FMO and/or unstimulated samples

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

uiodal | oljojuod sinjeu

=
3
3
Q
<




	Ustekinumab for type 1 diabetes in adolescents: a multicenter, double-blind, randomized phase 2 trial

	Results

	Patient disposition

	Primary outcome

	Secondary outcomes

	Safety and drug levels

	Exploratory outcomes

	Post hoc analysis

	Relationship between C-peptide levels and immune response to treatment

	Sensitivity analysis


	Discussion

	Online content

	Fig. 1 Consolidated-standards-of-reporting trials diagram showing screening and treatment allocation.
	Fig. 2 Primary and secondary metabolic outcome measures.
	Fig. 3 Analysis of the frequency of cytokine-producing CD4 T cell subsets in individuals treated with ustekinumab and placebo.
	Fig. 4 Box plot of cell producing IL-17A in response to stimulation with proinsulin in individuals treated with ustekinumab and placebo.
	Fig. 5 Relationship between change in immune parameters and primary metabolic outcome.
	Extended Data Fig. 1 Ustekinumab levels over the study period.
	Extended Data Fig. 2 Dotplot of immune cell populations during treatment, determined by flow cytometry.
	Table 1 Baseline characteristics of study participants.




