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Abstract 

Background  Type 1 diabetes is characterised by the immune-mediated destruction of pancreatic beta cells. We 
aimed to determine the effectiveness of immunotherapies for preserving residual beta cell function in newly diag-
nosed (stage 3) type 1 diabetes.

Methods  Searches were carried out in MEDLINE, Embase, Cochrane CENTRAL and trial registries until 31st Jul 2024. 
RCTs of immunotherapies to preserve beta cells in newly diagnosed type 1 diabetes were included. Data were 
extracted using a bespoke, piloted extraction sheet. Risk of bias was assessed using Cochrane Risk of Bias Tool 1. A ran-
dom effects network meta-analysis was undertaken in R. The primary outcome was C-peptide. Interventions were 
analysed by class.

Results  Sixty trials were included (4597 patients, 32 intervention classes). Forty-one trials of 42 interventions were 
eligible for network meta-analysis. Eleven interventions demonstrated statistically significantly higher levels of C-pep-
tide than placebo at 12 months, mesenchymal stem cells (autologous and Wharton’s jelly-derived cells), azathioprine, 
interferon-alpha (5000 IU), autologous dendritic cells, anti-TNF golimumab, low-dose ATG, 3 mg 1-course anti-CD3 
teplizumab, baricitinib, cyclosporin and 9/11 mg 2-course anti-CD3 teplizumab but with substantial heterogeneity 
present (I2 = 66%). Azathioprine ranked highest (median ranking 3rd); however, rankings demonstrated relatively wide 
confidence intervals and thus uncertainty in exact rank order of near adjacent therapies. Risk of bias assessment iden-
tified poor reporting, particularly in older trials, but few studies demonstrated high risk overall.
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Conclusions  Eleven of 42 interventions demonstrated statistically significantly higher C-peptide levels than placebo 
at 12 months in the network meta-analysis. These results have identified the 11 most promising therapies trialled 
and help to direct future head-to-head clinical trials to support approvals for interventions to treat those newly diag-
nosed with type 1 diabetes. However, data for some interventions originated from small studies (mesenchymal stem 
cell therapies, azathioprine, autologous dendritic cells) and findings should be considered as hypothesis generating 
and interpreted with caution due to evidence heterogeneity.

Systematic review registration  The protocol for the systematic review was registered on PROSPERO, the interna-
tional database of prospectively registered systematic reviews (registration: CRD42018107904).

Keywords  Systematic review, Network meta-analysis, Type 1 diabetes, Beta cells

Background
Type 1 diabetes is a chronic autoimmune condition 
resulting from immune-mediated destruction of pancre-
atic insulin-secreting beta cells and insulin insufficiency 
[1]. A significant number of functioning beta cells remain 
at diagnosis and persistence of these cells is associated 
with better glucose control and fewer microvascular 
complications [2]. Therefore, therapies that preserve beta 
cell function could have real clinical benefit.

Clinical trials over the last four decades have tested 
many therapies with the aim of slowing the loss of beta 
cells in people newly diagnosed with type 1 diabetes [3]. 
The efficacy of these therapies has not previously been 
formally synthesised and reviewed in a comprehensive 
manner. A network meta-analysis is important to under-
stand the relative effects of the therapies. This paper 
reports the effectiveness of interventions which modu-
late the immune system, specifically those that do so 
in a broad way and do not specifically target pancreatic 
autoimmunity.

The rationale for immunomodulatory therapy for 
beta cell preservation is based on immune cells playing 
a central role in the aetiology of type 1 diabetes, both 
through failure in immune regulation and in orches-
trating inflammatory beta cell death [4]. The rationale 
for exploring immunomodulatory therapies also comes 
from evidence of clinical benefit of such therapies which 
are now licenced for routine use in other autoimmune 
diseases [5].

Several systematic reviews of the efficacy of immu-
nomodulatory agents for preservation of beta cell func-
tion in newly diagnosed type 1 diabetes have previously 
been undertaken. Gandhi (2008) included a review of 
only a small number of potential immunomodulatory 
agents and Felton (2023) employed a limited search strat-
egy, focusing on features potentially linked to treatment 
response, with little information about overall effective-
ness of, or comparison between therapies [6, 7]. More 
recently, a cross-trial efficacy comparison of seven agents 
for beta cell preservation trialled in the last 10 years has 
been reported (Jacobsen 2020), as well as a systematic 

review and meta-analysis of immunotherapies (Lin 2024) 
[8, 9]. Through analysis of co-variance modelling of the 
different outcome measures, two different agents, anti-
thymocyte globulin (ATG) and anti-CD3 T-cell agent 
anti-CD3 teplizumab, were shown to demonstrate most 
efficacy by Jacobsen. However, this study did not include 
older trials and restricted their analysis to the chosen 
agents. Conversely, Lin combined antigen-specific and 
non-antigen-specific immunotherapies together respec-
tively and demonstrated that collectively non-anti-
gen-specific immunotherapies significantly improved 
C-peptide, rather than which therapies were relatively 
most effective. Not all relevant trials and interven-
tions were included. This paper aims to overcome these 
limitations.

A systematic review and network meta-analysis of ran-
domised controlled trials of immunomodulatory thera-
pies in patients newly diagnosed with type 1 diabetes that 
report C-peptide was undertaken with a view to compar-
ing the relative effectiveness of these agents.

Methods
Search strategy and selection criteria
The systematic review methods were guided by current 
best practice. The protocol for the systematic review 
was registered on PROSPERO, the international data-
base of prospectively registered systematic reviews (reg-
istration: CRD42018107904) and the review is reported 
in accordance with the Preferred Reporting Items for 
Systematic Reviews involving Network Meta-Analyses 
statement [10].

Bibliographic database searches of MEDLINE, Embase, 
Cochrane CENTRAL, Clinical Trials.gov and WHO 
International Clinical Trials Registry were undertaken, 
supplemented by citation checking. Bibliographic data-
bases were searched using a combination of index and 
free text terms (search strategies available in Additional 
file 1: Search strategies). A study design filter with max-
imised sensitivity for randomised controlled trials (RCTs) 
was used in MEDLINE and Embase (via Ovid) [11]. Data-
bases were searched from inception to 31 st July 2024. 
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Searches were not restricted by language or publication 
date. Study authors were contacted where necessary for 
further information.

RCTs were eligible if they included adults or chil-
dren diagnosed with type 1 diabetes within the previ-
ous 3 years (or population mean duration of diabetes ≤ 3 
years) randomised to any immunomodulatory therapies 
or any comparator in any setting with at least 1  month 
follow-up. The primary outcome was defined as beta 
cell function through any measurement of C-peptide. 
Secondary outcomes were insulin doses, glucose control 
measured by HbA1c and adverse events. Journal articles, 
conference abstracts and trial registration records were 
eligible.

Endnote 20 (X9 Clarivate Analytics) was used to facili-
tate deduplication automatically and manually [12]. Titles 
and abstracts were screened for relevance using Rayyan 
[13]. Full text copies of relevant articles were assessed 
against inclusion criteria. Studies meeting all selection 
criteria were included. Reasons for exclusion of articles 
were recorded. Study selection was conducted by two 
reviewers independently with disagreements resolved by 
discussion or a third reviewer. Screening and selection 
were undertaken by SEB, CT, PS, IMH, AA, LMQ, RG, 
TJH, DJM, PN, FM and MB.

Data analysis and risk of bias
Data extraction
Data were extracted using a bespoke and piloted sheet 
in MS Excel by a single reviewer with 10% checked by a 
second reviewer, with additional checking during analy-
sis (see Additional file 1: Further details on data extrac-
tion and data synthesis, for more details). Authors were 
contacted regarding any missing or unclear data, and this 
was included where acquired. Where missing data were 
not acquired, these were computed where possible. No 
imputations were undertaken.

Risk of bias in included studies was assessed using the 
Cochrane Risk of Bias tool (version 1).

Data synthesis and analysis
Included studies were grouped by intervention class. 
Within each grouping, data for each relevant outcome 
and the method of assessment were considered. Where 
reported, outcomes were assessed at 6, 9, 12, 18, 24, 36, 
48 and 60 months after initiation of intervention. Stud-
ies were categorised by population age; children < 12 
(C), adolescents 12–18 (AD) or adults > 18 years (A), or 
a mixed group of these (MI). Details of pairwise meta-
analysis methods can be found in the Additional file  1: 
Further details on data extraction and data synthesis.

Network meta‑analysis
Suitability of a network meta-analysis was considered 
based on assessment of clinical heterogeneity by com-
paring study population characteristics across trials. The 
transitivity assumption was evaluated by comparing key 
clinical and methodological characteristics of studies.

Analyses were carried out in R (R version 4.3.3) [14]. A 
frequentist approach was taken using the R package “net-
meta”, fit using the graph theoretical model [15, 16].

The primary outcome was difference in C-peptide (any 
meal, glucagon or glucose stimulated measure; fasting, 
peak or AUC levels) at 12 months follow-up reported 
as standardised mean difference (SMD). Reports of uri-
nary C-peptide were not included due to contrasts in 
measurement methodology. Correlations between dif-
ferent measures of C-peptide were assessed and deemed 
similar enough to be combined (Additional file 1: Table 1 
[17–21]). Where studies reported multiple methods of 
C-peptide measurement, meal-stimulated 2-h AUC was 
prioritised. Analysis at 24 months follow-up was consid-
ered, but there was insufficient trial data to carry this out. 
Where doses or frequency of delivery of the same inter-
ventions differed, those strategies that were most similar 
(when considering mean cumulative dose by body sur-
face or weight, and decided with speciality clinical input) 
were combined within the same node (e.g. Anti-CD3 
teplizumab, ATG). Analysis was performed by drug class.

Secondary outcomes were HbA1c (%) and insulin dose 
(units/kg/day) presented using mean differences. Adverse 
events were summarised and reported but were not suit-
able for combination in NMA due to differences in the 
expected types of events elicited from different classes of 
interventions.

A random-effects model was utilised due to underlying 
differences in the studies included. Appropriate pooled 
effect estimates with 95% confidence intervals were 
reported for each contrast. Correlation effects in multi-
arm studies were accounted for by re-weighting all com-
parisons of each multi-arm study (as per the “netmeta” 
package) [22]. Placebo or no treatment were the refer-
ence standard.

Overall heterogeneity was assessed using I2 and 
tau2statistic [23]. Total network inconsistency was 
assessed using the design-by-treatment interaction 
model [24]. Where significant heterogeneity or incon-
sistency was found, this was explored, and subgroup and 
sensitivity analyses were carried out where sufficient 
studies were available. Sensitivity analyses were consid-
ered based on the key effect modifiers of baseline C-pep-
tide, age and risk of bias.

It was planned that small study effects would be 
assessed using a comparison-adjusted funnel plot. 
However, as many of our included comparisons had 
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only one trial contributing data, the funnel plots did 
not provide meaningful results as the pooled effect for 
each comparison is used as the reference, resulting in 
the effect being centred on 1 for all comparisons con-
sisting of only one trial.

The main analysis included all available C-peptide 
data at 12 months. Some trials reported both 2- and 
4-h AUC. In this case, the 2-h data were used in the 
primary analysis (and throughout the sensitivity 
analyses).

Several sensitivity analyses were also planned and 
undertaken as follows:

•	 Restriction to analysis of trials from the main anal-
ysis that were assessed as low risk of bias (alloca-
tion concealment, double-blinding and loss to fol-
low-up < 20%).

•	 Analysis of only those trials without imbalances of 
> 20% in baseline C-peptide.

•	 Analysis of trials that report change from baseline 
data only.

•	 Analysis of trials that report endpoint data only.
•	 Repeated main analysis of all C-peptide data but 

using 4-h AUC data where both 2- and 4-h data 
are reported in a trial.

•	 Analysis of trials reporting 2- and 4-h AUC data 
only with 2-h data used where both 2- and 4-h are 
reported.

Analysis of secondary outcomes included all trials 
that contributed to the main C-peptide NMA if they 
also reported insulin dose and/or HbA1c. A sensitivity 
analysis of trials that were assessed as low risk of bias 
for each secondary outcome was also undertaken.

Details of assessment of potential effect modifiers 
are reported in Additional file  1: Further details on 
data extraction and data synthesis.

Forest plots were used to display results. A drug class 
hierarchy was produced using the frequentist P-value 
approach as well as the Surface Under the Cumula-
tive Ranking Curve (SUCRA) statistic. The P-value is 
a frequentist approach to ranking treatments and is 
based on the point estimates and standard errors of 
the NMA estimates under normality assumption. The 
P-values measure the degree of certainty that a treat-
ment is better than those it is being compared against 
[25]. The probability of each intervention being at each 
rank was also calculated, and median rankings with 
95% confidence intervals were derived. These analyses 
were presented in tables and ranking curves.

Results
There were 36,932 records identified from the searches 
(Fig. 1 PRISMA flowchart). Following removal of dupli-
cates, screening and selection, 307 studies (reported 
in 500 articles) were included in the wider review on 
all therapies. Of these, 60 published studies (106 arti-
cles) were related to immunomodulatory interventions. 
There were also 43 ongoing or unpublished studies 
related to immunomodulatory interventions (Addi-
tional file 1: Table 2).

Included studies were categorised into 32 classes by 
intervention type (53 different interventions). Study 
characteristics are described in Table  1. Some studies 
with multiple arms (n = 11) or combination therapies 
(n = 7) were present in multiple classes. There were 
4597 participants in total. Sample sizes varied from 10 
to 516 patients. The mean age of participants ranged 
from 7.9 to 34.9 years. All but two trials reported inclu-
sion criteria of duration of type 1 diabetes of no more 
than 12 months.

Risk of bias varied (Additional file 1: Table 3), though 
few studies were considered high risk of bias. Issues 
with reporting were indicated due to the large number 
of domains assigned as “unclear,” particularly for blind-
ing of C-peptide measurement which was generally not 
described (though unlikely to largely impact upon the 
outcome). Most trials were double-blind resulting in 
mostly low risk of bias within this domain. There may be 
issues within this domain as some immunomodulatory 
drugs may incur side effects that could potentially have 
led patients to believe they were in a particular group; 
however, this was unlikely to have impacted upon the 
outcomes. Over time, it seems that generally reporting 
and risk of bias have improved, with many newer stud-
ies demonstrating low risk across all domains compared 
to older studies which resulted in uncertainty and/or 
high risk.

Pairwise meta‑analysis
Results of the pairwise meta-analyses were varied (results 
not shown). Several interventions demonstrated sta-
tistically significantly preserved C-peptide levels at 12 
months versus placebo or no treatment. For example, 
granulocyte colony-stimulating factor (GCSF), anti-CD3 
teplizumab, interferon-alpha, anti-CD3 otelixizumab, 
anti-TNF golimumab, ATG, azathioprine and cyclo-
sporin demonstrated statistically significantly higher 
C-peptide (various C-peptide measurement methods and 
varying number of studies contributing). In the few tri-
als that included longer follow-up at 24 months, several 
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interventions showed statistically significantly higher 
C-peptide levels than comparator (GCSF, ATG, Anti-
CD3 teplizumab, anti-TNF golimumab, mesenchymal 
stem cells (MSC)).

Network meta‑analysis
Main analysis
Forty-one trials of 42 interventions (from the wider 60 
trials of 53 interventions) were included in the main net-
work analysis of all C-peptide data (Additional file 1: Fig. 
S1). Some trials could not be included due to uncommon 
methods of measuring C-peptide, lack of reporting of 
certainty data (e.g., standard deviations, standard errors, 
95% CI) or short follow-up (e.g. less than 12 months) (see 
Additional file 1: Table 4).

Eleven interventions demonstrated statistically signifi-
cantly higher levels of C-peptide than placebo/no com-
parator at 12 months; (in order of highest effect size) 
azathioprine, interferon-alpha (dose of 5000 IU), autolo-
gous dendritic cells (ADC), MSC (autologous), anti-TNF 
golimumab, MSC (Wharton’s Jelly derived), low-dose 
ATG, 3  mg 1-course anti-CD3 teplizumab, baricitinib, 
cyclosporin and 9/11 mg 2-course anti-CD3 teplizumab, 
Fig.  2). All of these interventions, except for 9/11 mg 
2-course anti-CD3 teplizumab and cyclosporin, demon-
strated > 60% chance of being ranked first, with inter-
feron-alpha (5000 IU) having a 91% chance (frequentist 
p-scores) and azathioprine a 92% chance (SUCRA scores, 
Table 2) (see Additional file 1: Fig. S2 for non-cumulative 
ranking curves). Order of rankings remained comparable 

Fig. 1  PRISMA flow diagram of studies included in the systematic review and the immunomodulatory group from both the original and updated 
searches. *The study selection process was utilised for all trials of therapies in T1D across the series of reviews. Some studies compared 
immunomodulatory therapies with other T1D interventions, and these studies are represented more than once in the flow diagram. Results 
of the immunomodulatory therapies only are reported here
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between both methods. Whilst median rankings and 
associated 95% CIs were generally comparable in terms 
of the higher ranked interventions (Table 2), a high level 
of uncertainty was present across almost all interven-
tion rankings. Some interventions showed a clear trend 
towards higher c-peptide levels but were not statistically 
significant (e.g. Ustekinumab). Therapies that were found 
to show no evidence of effect were consistently at the 
bottom of the rankings. It should be noted that rankings 
should be interpreted with caution as for some therapies 

data are from smaller pilot or safety trials (e.g. MSC tri-
als) that were not powered to detect efficacy. Some com-
parisons were also based on data from only one trial 
(e.g. anti-TNF golimumab, baricitinib, azathioprine, 
interferon-alpha).

Low risk of bias analysis
Twenty-one trials of 29 treatments were included in the 
subset of trials from the main analysis that were rated low 
risk of bias. Only two interventions still demonstrated 

Fig. 2  Forest plot of standardised mean differences (95% confidence intervals) in C-peptide of all therapies versus placebo or no comparator 
included in main network meta-analysis at 12 months. Effect estimates favouring intervention are seen to the right of the line of no effect
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Table 2  Probabilities of each intervention being ranked first both as frequentist p-scores and SUCRA scores as well as median rankings 
and 95% confidence intervals for each intervention based on the outcome of C-peptide at 12 months follow-up

Frequentist P-score Rankings SUCRA Score Rankings Median rankings and 95% confidence interval

Intervention P-score Intervention SUCRA Score Intervention Median rank 95% 
confidence 
interval

Interferon-alpha 5000 IU 0.908 Azathioprine 0.9151 Azathioprine 3 1–14

Azathioprine 0.9072 Autologous dendritic cells 0.908 Autologous dendritic cells 4 1–19

Autologous dendritic cells 0.8804 Interferon-alpha 5000 IU 0.9073 Interferon-alpha 5000 IU 4 1–14

MSC (Autologous) 0.8247 MSC (Autologous) 0.8424 MSC (Autologous) 5 1–26

Anti-TNF Golimumab 0.7807 MSC (Wharton’s Jelly) 0.781 MSC (Wharton’s Jelly) 8 2–28

Low-dose ATG​ 0.7577 Anti-TNF Golimumab 0.7744 Anti-TNF Golimumab 9 2–25

MSC (Wharton’s Jelly) 0.757 Low-dose ATG​ 0.7563 Low-dose ATG​ 9 3–24

1 course 3 mg Anti-CD3 Tepli-
zumab

0.7133 1 course 3 mg Anti-CD3 Tepli-
zumab

0.7276 1 course 3 mg Anti-CD3 Tepli-
zumab

11 4–27

JAK Inhibitor Baricitinib 0.6791 JAK Inhibitor Baricitinib 0.662 9 mg Anti-CD3 Otelixizumab 12 1–37

9 mg Anti-CD3 Otelixizumab 0.666 IL-12/23 Ustekinumab 0.6585 JAK Inhibitor Baricitinib 13 4–30

IL-12/23 Ustekinumab 0.6485 9 mg Anti-CD3 Otelixizumab 0.6202 IL-12/23 Ustekinumab 14 4–31

Cyclosporin 0.6115 Cyclosporin 0.6146 Medium-dose IL2 15 2–39

Deflazacort 0.602 Deflazacort 0.6127 Cyclosporin 16 7–27

Medium-dose IL2 0.6004 Medium-dose IL2 0.5902 Deflazacort 16 3–34

1 course 0.5 mg Anti-CD3 Tepli-
zumab

0.5881 1 course 9 mg Anti-CD3 Tepli-
zumab

0.5773 1 course 0.5 mg Anti-CD3 Tepli-
zumab

17 3–37

1 course 9 mg Anti-CD3 Tepli-
zumab

0.5698 1 course 0.5 mg Anti-CD3 Tepli-
zumab

0.569 1 course 9 mg Anti-CD3 Tepli-
zumab

18 5–34

ATG/GCSF 0.5615 ATG/GCSF 0.5505 GCSF 18 3–38

GCSF 0.5572 Interferon-alpha 30,000 IU 0.5451 ATG/GCSF 19 8–32

Interferon-alpha 30,000 IU 0.5499 Anti-CD2 Alefacept 0.5383 Interferon-alpha 30,000 IU 19 6–35

2 course 9/11 mg Anti-CD3 
Teplizumab

0.5449 GCSF 0.5256 Tyrosine Kinase inhibitor Imatinib 19 6–35

Tyrosine Kinase inhibitor Imatinib 0.5371 2 course 9/11 mg Anti-CD3 
Teplizumab

0.519 2 course 9/11 mg Anti-CD3 
Teplizumab

20 11–29

Anti-CD2 Alefacept 0.5265 Tyrosine Kinase inhibitor Imatinib 0.5024 Anti-CD2 Alefacept 20 5–37

High-dose ATG​ 0.5208 High-dose ATG​ 0.4988 High-dose ATG​ 21 8–35

CTLA4 0.488 CTLA4 0.4778 27 mg Anti-CD3 Otelixizumab 22 3–41

27 mg Anti-CD3 Otelixizumab 0.4849 Anti-CD20 Rituximab 0.4693 CTLA4 22 8–36

Anti-CD20 Rituximab 0.4688 48 mg Anti-CD3 Otelixizumab 0.4437 Anti-CD20 Rituximab 23 9–37

48 mg Anti-CD3 Otelixizumab 0.4346 27 mg Anti-CD3 Otelixizumab 0.4407 48 mg Anti-CD3 Otelixizumab 25 10–38

2 course 3 mg Anti-CD3 Tepli-
zumab

0.3534 Prednisolone/Anti-CD4 0.3927 2 course 3 mg Anti-CD3 Tepli-
zumab

27 15–38

Prednisolone/Anti-CD4 0.3507 IGG 0.3698 IGG 28 13–39

IGG 0.3455 MMF/Daclizumab 0.3571 MMF/Daclizumab 29 14–40

MMF/Daclizumab 0.3317 2 course 3 mg Anti-CD3 Tepli-
zumab

0.3507 Prednisolone/Anti-CD4 29 6–42

IL1 0.2901 High-dose IL2 0.3273 IL1 31 16–41

IL8 0.2679 IL1 0.2744 IL8 32 15–41

High dose IL2 0.2651 MMF 0.2651 Placebo/No treatment 32 29–36

MMF 0.2467 IL8 0.2605 IL6 34 19–41

Low-dose TREGS 0.2387 Placebo/No treatment 0.2385 Low-dose TREGS 34 17–41

Placebo/No treatment 0.2336 IL6 0.2305 MMF 34 17–41

IL6 0.2327 Low-dose TREGS 0.2171 High-dose IL2 35 10–42

18 mg Anti-CD3 Otelixizumab 0.2073 18 mg Anti-CD3 Otelixizumab 0.21 3 mg Anti-CD3 Otelixizumab 36 26–41

Low-dose IL2 0.1921 Low-dose IL2 0.2085 18 mg Anti-CD3 Otelixizumab 38 12–42

3 mg Anti-CD3 Otelixizumab 0.1717 3 mg Anti-CD3 Otelixizumab 0.1666 Low-dose IL2 38 15–42

High-dose TREGS 0.1043 High-dose TREGS 0.1032 High-dose TREGS 39 27–42

The Surface Under the Cumulative Ranking curve (SUCRA) is the rank of treatment i within the range of treatments, measured on a scale from 0 (worst) to 1 (best). 
Frequentist p-scores can be interpreted as the mean extent of certainty that treatment i is better than another treatment. Interpretation of both scores is comparable
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statistically higher C-peptide levels than placebo/no 
comparator at 12 months: interferon-alpha (5000 IU) 
and ADC. MSC (Wharton’s Jelly), low-dose ATG, anti-
TNF golimumab, baricitinib, ustekinumab and 9/11 
mg 2-course anti-CD3 teplizumab showed an improve-
ment versus comparator, but these comparisons were 
not statistically significant. This was following removal 
of trials contributing data to some of these comparisons. 
Interferon-alpha (5000 IU) and ADC were consistently 
the highest ranked therapies (median rank 3, 95% CI 
1–12 and 3 (95% CI 1–14) respectively, Additional file 1: 
Table  5). However, there was large uncertainty around 
most of the rankings. Azathioprine and cyclosporin were 
removed from this analysis.

Secondary outcomes
Thirty-five trials from the main C-peptide analysis were 
included in the analysis of insulin dose and 37 in the 
analysis of HbA1c. Most studies found no evidence of a 
difference in daily insulin dose with interventions when 
compared to placebo/no treatment (Additional file 1: Fig. 
S3). CTLA4, anti-TNF golimumab, baricitinib and both 
1 course 3 mg dose and 2 course 9/11 mg dose anti-CD3 
teplizumab therapies showed a small but statistically sig-
nificant reduction in daily insulin dose versus compara-
tor at 12 months. Several interventions showed a trend 
towards a small reduction in insulin dose, but this was 
not significant. CTLA4 reduced daily insulin dose by 
− 0.18 units/kg/day (95% CI − 0.35 to − 0.01), median 
rank 5 (95% CI 1–21, Additional file 1: Table 6) but did 
not demonstrate any significant difference in C-peptide 
levels.

Several interventions demonstrated a reduction in 
HbA1c, but only two were statistically significantly lower 
than placebo or no comparator (mean difference low-
dose ATG − 0.91% (− 9.9 mmol/mol), 95% CI − 1.59 (− 
17.4 mmol/mol) to − 0.22% (− 2.4 mmol/mol); CTLA4 
− 0.57% (− 6.2 mmol/mol), 95% CI − 1.12 (− 12.2 mmol/
mol) to − 0.02% (0.2 mmol/mol), Additional file  1: Fig. 
S4). MSC, autologous and Wharton’s jelly-derived, both 
had a median rank of third (95% CIs 1–19 and 1–35 
respectively), with low-dose ATG fifth (95% CI 2–14, 
Additional file  1: Table  7). This suggests that MSC and 
low-dose ATG may be effective in reducing HbA1c and 
maintaining levels of C-peptide, though data from the 
MSC interventions were based on individual trials with 
small sample sizes.

When only trials with low risk of bias were included in 
the analysis of secondary outcomes, few differences were 
noted in the findings (Additional file 1: Figs. S5 and S6).

Heterogeneity and bias
In the main analysis of all available C-peptide data, mod-
erate to high heterogeneity was present (I2 66.5%, 95% 
CI 34.5–82.1%, tau2 = 0.101). There was also clear evi-
dence of inconsistency across the network (design-by-
treatment interaction p = 0.004). When only those trials 
which were considered low risk of bias were included in 
the analysis, heterogeneity was not attenuated (I2 94%, 
95% CI 81–98.1%, tau2 = 0.232) and in fact increased. 
There was also further evidence of inconsistency (p = 
< 0.001). Detailed results for each analysis are available in 
Additional file 1: Table 8.

In the analysis of secondary outcomes HbA1c and 
insulin dose, there was no evidence of heterogeneity or 
inconsistency.

Sensitivity analyses
Planned sensitivity analyses resulted in few differences 
in highest ranked interventions, with MSC, ADC, barici-
tinib, interferon-alpha 5000 IU, anti-TNF golimumab, 
anti-CD3 teplizumab (2 course 9/11 mg dose) and low-
dose ATG remaining near the top and consistently dem-
onstrating significantly higher levels of C-peptide than 
comparator at 12 months. When considering only 2H and 
4H AUC (the most highly correlated measures of C-pep-
tide), interferon-alpha 5000 IU, ADC, MSC (Autologous), 
anti-TNF golimumab, low-dose ATG, both 1 course 
3  mg and 2 course 9/11 mg anti-CD3 teplizumab and 
JAK inhibitor baricitinib continued to show statistically 
significantly higher C-peptide levels compared to con-
trol. In this analysis, some interventions were removed 
completely due to measuring C-peptide via alternative 
approaches. Furthermore, there was sometimes less cer-
tainty in these analyses, often due to removal of contrib-
uting trials. Heterogeneity remained moderate to high 
when removing trials with baseline imbalances in C-pep-
tide, though was demonstrably lower when including 
only endpoint data. Further results from sensitivity and 
post hoc analyses can be found in the Additional file  1: 
Figs. S7 – S11, Tables 9–13.

Adverse events
Adverse events varied (see Additional file  1: Table  14) 
and were sometimes poorly reported. In terms of inter-
ventions showing statistically significantly higher C-pep-
tide levels and found to be ranked as most effective, no 
significant differences were found in number of events 
between groups in the anti-TNF golimumab trial and the 
interferon -alpha trial. In the ATG trials, minor events 
were noted within the first month in the ATG arm (e.g. 
cytokine release syndrome) but these generally did not 
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persist. Findings were similar in studies of anti-CD3 
teplizumab; some cases of transient lymphopenia were 
noted, but this was expected due to the mechanism of 
action. Trials of azathioprine, MSC (both autologous 
and Wharton’s jelly derived), baricitinib and cyclosporin 
reported no serious side effects that were thought to be 
related to the intervention, though some minor events 
were observed.

Discussion
Summary of findings
This systematic review and network meta-analysis identi-
fies eleven interventions that demonstrate efficacy in pre-
serving beta cells and provides a ranking of the relative 
effectiveness of these therapies. Ten of these eleven ther-
apies demonstrated > 60% chance of being ranked first; 
however, given the wide confidence intervals of median 
rankings, there is uncertainty in exact rank order of near 
adjacent therapies. Therefore, findings should be consid-
ered as hypothesis generating to inform future trials.

Strengths and limitations of the evidence
Whilst the evidence included in this review are vast, tri-
als contributing to the NMA were sometimes limited. For 
example, only one published trial has been undertaken of 
anti-TNF golimumab [69], baricitinib [83], MSC inter-
ventions [55, 56] and interferon- alpha [64]. The sample 
size was small in four of the intervention trials (both 
MSC trials, ADC and azathioprine), though it is unjustifi-
able to exclude these trials based on sample size alone as 
this may introduce further issues to the analysis. Data for 
most interventions stems from larger sample sizes. How-
ever, the results of the analysis should be considered as 
hypothesis generating. There were also only eleven direct 
head-to-head trials. Planned and ongoing trials may add 
value to the network in the future and also demonstrate 
the importance of continuing research in this field [85].

Dosing of interventions is also an important consid-
eration. For example, anti-CD3 teplizumab groups with 
different cumulative doses (mg/m2) and different course 
lengths (one or two during the trial) were analysed sepa-
rately. Only some of these doses demonstrated statisti-
cally significantly better C-peptide levels and there were 
no trials delivering the same dosing strategy as approved 
by the FDA for the prevention of stage 3 type 1 diabetes 
[86]. In some interventions, increasing dose appeared to 
have a greater effect, whereas in others, increasing dose 
worsened the effect, reiterating the importance of dose-
finding studies.

Heterogeneity was often substantial across different 
analyses which may be due to differences in popula-
tions or other clinical or methodological characteristics. 
Whilst we considered this in our planning, we could not 

account for the levels of heterogeneity observed in sen-
sitivity analyses by risk of bias and baseline imbalances. 
There was also evidence of inconsistency within the net-
work in some of the analyses.

Strengths and limitations of the review
This is the most comprehensive systematic review of its 
kind, including more trials and interventions than previ-
ous reviews. The NMA approach is novel in this field and 
is key for identifying which interventions are the most 
likely to be effective and should be studied further, from a 
large pool of clinical trial evidence.

Efforts were made to address potential effect modifiers 
(e.g. baseline C-peptide and age) via sensitivity analyses 
and assessment of correlations of effect modifiers with 
treatment effects. However, it would be difficult to con-
sider all possible effect modifiers.

There are also issues interpretating SMDs, as the units 
are standard deviations so determining the clinical rel-
evance of effect sizes is difficult. Following Cochrane 
Handbook guidance on re-expressing SMDs, when 
thresholds were applied to group SMDs into small, mod-
erate or large effects, most of the statistically signifi-
cant interventions demonstrated “large” effects. Further 
approaches recommended by Cochrane were deemed 
inappropriate and either inflated or underestimated find-
ings of individual trials. Even in its natural units, C-pep-
tide may be difficult to interpret, particularly relating it 
to clinically important effects. However, recent evidence 
supports C-peptide as an appropriate surrogate outcome 
measure for therapeutic efficacy in trials of newly diag-
nosed type 1 diabetes patients, with the FDA recently 
acknowledging C-peptide as a surrogate endpoint to pre-
dict clinical benefit [87, 88].

To incorporate as many trials as feasibly possible, we 
used both difference between endpoint and difference 
between change from baseline data in the SMD meta-
analyses. Some could consider this a limitation; however, 
the approach is supported by recent evidence [89, 90] 
and was mitigated through sensitivity analyses.

Whilst we included 60 trials in this review, only 41 were 
eligible for inclusion in the NMA due to poor report-
ing and differences in C-peptide measurement methods. 
There may also be limitations when combining different 
C-peptide measurements within this analysis due to the 
differences in stimulation (e.g. glucagon vs mixed meal 
or fasting) or duration of measurement (e.g. 2-h or 4-h 
AUC, peak at different 90 or 120 min). This may result 
in varied results even in similar populations. However, as 
noted previously, many studies demonstrate that most of 
these measures are highly correlated [18, 19]. Sometimes 
there were differences in findings between studies of 
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the same interventions included in the NMA and those 
not eligible. For example, two azathioprine studies not 
included in the NMA reported unclear findings, whereas 
a further MSC (Wharton’s Jelly derived) study ineligible 
for inclusion agreed with the NMA findings. Measure-
ment and reporting of C-peptide should be standardised 
in future research to aid in evidence synthesis.

Finally, it could be questioned whether differences in 
HbA1c between treatment arms reflect the success of 
immunomodulatory therapies due to improved patient 
care via optimal glycaemic control through standard care. 
However, in a well-designed, blinded RCT, both inter-
vention and control groups follow the same standard-
ised diabetes management protocols and, consequently, 
any differences observed in outcomes such as HbA1c, 
or insulin dose are more likely attributable to the immu-
nomodulatory intervention itself.

Findings in context
Some of the eleven therapies identified in this review as 
being potentially effective have been identified in other 
reviews, e.g. teplizumab, low-dose ATG, golimumab 
(Gandhi, Felton, Jacobson) [6–8]. However, this NMA 
included new therapies from recently published trials, 
identified older therapies not previously considered (e.g. 
azathioprine), has considered the effect of dose, and fur-
thermore, has been able to rank effectiveness. Therapies 
such as azathioprine may have previously been dismissed 
due to side effects or a belief of minimal incremental 
benefits when patients are already on insulin therapy. 
For example, Lin 2024 excluded azathioprine from their 
analysis. However, they are used in the management of 
other immune disorders. It is also noteworthy that many 
of the therapies (anti-CD3 teplizumab, ATG, cyclosporin, 
azathioprine) directly target T cell function, a central cell 
in type 1 diabetes pathogenesis.

Whilst this analysis has identified some of the more 
effective therapies for beta cell preservation, the benefits 
to glucose control and insulin dose were not consistent. 
CTLA4 demonstrated the strongest significant effect 
on HbA1c but showed no C-peptide benefit, and the 
C-peptide benefit of anti-CD3 teplizumab translated only 
mildly to HbA1c and insulin dose. However, this review 
focusses on C-peptide and will have skewed study selec-
tion to RCTs with a C-peptide focus.

Other factors that will influence choice of agent include 
mode of administration and duration of treatment. 
Whilst intravenous infusion of MSC may be the highest-
ranking therapy in this NMA, the practicalities of admin-
istration are likely more complex than that of taking a 
tablet of azathioprine. Similarly, the short administration 
of teplizumab is likely to be more acceptable to patients 
than repeated anti-TNF infusion. Therefore, studies of 

acceptability with patients and healthcare professionals, 
and review of long-term safety will be important aspects 
to consider going forward and will support decisions on 
which interventions should be prioritised in future trials.

C-peptide preservation will be able to prevent type 1 
diabetes in those predisposed. Indeed, anti-CD3 tepli-
zumab is now licenced by the FDA for type 1 diabetes 
prevention [91]. The results of our review potentially 
inform which other therapies could be investigated in 
this space.

Conclusions
Whilst several interventions were found to preserve beta 
cell function compared to placebo/no treatment at 12 
months, more research is needed. These results should be 
interpreted with caution, due to uncertainty in some sta-
tistical findings and potential issues with heterogeneity 
and inconsistency. Rather than recommend interventions 
for practice, these findings highlight the interventions 
that should be the focus of future head-to-head, high-
quality clinical trials with the goal of finding the best 
therapies for treating newly diagnosed type 1 diabetes. 
The difference across dose ranges suggests that dose find-
ing studies also need to be considered for new agents and 
before larger studies are conducted.
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