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Abstract

Background

Type 1 diabetes (T1D) is an autoimmune condition characterized by the destruction
of insulin-producing beta cells in the pancreas. Anti-Thymocyte Globulin (ATG) has
emerged as a promising immunomodulatory therapy aimed at preserving beta-cell
function and altering the disease course. This systematic review synthesizes current
evidence from the clinical trials evaluating the efficacy and safety of low-dose ATG in
individuals with T1D.

Methods

We conducted a comprehensive literature search of electronic databases, includ-

ing PubMed (MEDLINE), Science Direct, Scopus, EMBASE, and ClinicalTrials.

gov, to identify studies investigating ATG in T1D in accordance with the Preferred
Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA) criteria. The
Joanna Briggs Institute (JBI) Critical Appraisal Tools for randomized clinical trials and
case-control studies were used to assess the quality and evaluate the risk of bias in
the eligible studies.

Results

The primary outcomes assessed were preservation of C-peptide levels, glycemic
control, and adverse events. Results indicated that ATG showed potential in preserv-
ing beta-cell function and improving clinical outcomes in recent-onset T1D. However,
the incidence of adverse events, such as cytokine release syndrome and lymphope-
nia, necessitated careful monitoring and management.
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Conclusion

Low-dose ATG presents a promising therapeutic approach for modifying the progres-
sion of T1D. While early-phase trials demonstrate potential benefits in preserving
beta-cell function, further large-scale, long-term studies are essential to establish
optimal dosing regimens, long-term efficacy, and safety profiles. This review high-
lights the importance of continued research to fully elucidate the role of ATG in T1D
management.

Introduction

Type 1 diabetes mellitus (T1D) is a disease caused by autoimmune destruction of
pancreatic beta cells, leading to a lack of insulin production and, therefore, hypergly-
cemia [1-6]. T1D is an extremely prevalent and highly morbid condition, imposing

a substantial healthcare burden worldwide [7]. A global study performed in 2021,
found there were approximately 8.4 million individuals worldwide having T1D [8]. In
that year alone, around 0.5 million individuals were newly diagnosed. T1D has been
found to be particularly problematic in low-income countries, where the remaining
life-expectancy of a diagnosed 10-year-old is only 13 years. This is compared to a
10-year-old diagnosed in a high-income country, where the remaining life expectancy
is 65 years. By 2040, it is estimated that there will be an increase in worldwide cases
to around 13.5-17.4 million [8]. A majority of these cases are expected to arise in
low-income and low-middle-income countries [8].

T1D is associated with both acute and chronic complications, with cardiovascular
disease being the leading cause of death [9—12]. Acute complications include diabetic
ketoacidosis (DKA), have been associated with high blood glucose levels [13,14].
Arguably more devastating, however, are the long-term effects on vasculature. These
vascular complications are subdivided into micro- and macrovascular. Microvascular
complications result from damage to small blood vessels and can cause retinopathy,
neuropathy, and nephropathy. This damage may lead to further downstream effects,
including blindness, hearing impairment, diabetic neuropathy, foot ulcers and limb
amputations, and the need for hemodialysis [15-27]. Macrovascular complications
result from damage to large arteries and can lead to devastating outcomes such as
myocardial infarction or stroke [28—31]. Considering the high multitude of complica-
tions, studies have explored the development of novel treatment modalities for T1D
such as anti-thymocyte globulin (ATG) (Fig 1)

T1D is thought to be a continuum, where autoantibodies are present well before
the clinical manifestations of disease [32—34]. In early stages of disease, these
autoantibodies are not thought to be pathogenic but instead can be useful markers
of autoimmunity. Autoantibodies typically associated with T1D target insulin, 65kDa
glutamic acid decarboxylase (GADG65), insulinoma-associated protein 2 (1A-2), and
zinc transporter 8 (ZNT8), with anti-insulin and anti-GADG65 being the first to develop
in childhood. It has also been shown that T1D is associated with specific genotypes
HLA-DR and HLA-DQ [15].
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Fig 1. PRISMA flow diagram of study selection. This figure outlines the study selection process using the PRISMA (Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses) framework. The flow diagram depicts the number of records identified through database searches, screening,
eligibility assessments, and final inclusion in the analysis.

https://doi.org/10.1371/journal.pone.0323642.9001

T1D is often divided into three stages [35,36] (Fig 2). Stage 1 is defined as the presence of autoantibodies, without
dysglycemia; stage 2 has both autoantibodies and dysglycemia; stage 3 has autoantibodies, hyperglycemia, and the clini-
cal manifestations, including polyuria, thirst, hunger, and weight loss [15,37—40].

Due to the high burden of T1D with the potential ability to delay disease progression, researchers have been diligently
searching for novel treatment modalities. As mentioned earlier, ATG is one of the more recently studied immunomodula-
tors. ATG exerts its immunosuppressive effects through several mechanisms (Fig 3). It depletes T cells in the blood via
complement-mediated lysis and induces apoptosis in secondary lymphoid tissues. ATG also induces beta-cell apoptosis
and forms the ATG-VLA-4 complex, which reduces adhesion proteins necessary for leukocyte-endothelium interaction.
Additionally, ATG promotes dendritic cell maturation through HLA1/ATG interaction and increases natural killer T cells,
contributing to its efficacy in preventing graft-versus-host disease. These mechanisms collectively contribute to the
attenuation of autoimmunity and preservation of beta-cell function, making ATG a promising therapeutic option for T1D
(PMC3542267).

Beyond transplantation, ATG has demonstrated immunomodulatory potential in autoimmune conditions through both in
vitro and in vivo studies. Studies have shown that ATG selectively depletes pathogenic T cells while promoting the expan-
sion of regulatory T cells (Tregs), which play a crucial role in maintaining immune tolerance [41-43]. The preclinical T1D
models treated with ATG exhibited delayed disease onset and preserved pancreatic islet function due to reduced autore-
active T-cell responses (PMC2927948). Trials using ATG for the treatment of T1D have shown an increased area under
the curve (AUC) C-peptide values compared to placebo, suggesting preserved beta cell function [44—47]. Combination
therapies involving ATG have also been explored extensively in vivo and translated into clinical trials. A study investigated
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Fig 2. Three stages of natural history of T1D. Taken from Kawaski et al. [33] under the Creative Commons Attribution (CC BY) license.
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Fig 3. Mechanisms of action of anti-thymocyte globulin. A: T-cell depletion in blood through complement-mediated lysis and in secondary lymphoid
tissue by T cell apoptosis; B: Beta-cell apoptosis by anti-thymocyte globulin (ATG); C: ATG-VLA-4 complex leading to decreased adhesion proteins in
endothelial cells required by leukocyte/endothelium interaction; D: Dendritic cell maturation by HLA1/ATG interaction; E: Increased natural killer T cells.
Taken from Acharya [62] under the Creative Commons Attribution Non-Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix,
adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited.
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a novel immunoregulatory strategy to prevent both alloimmune and autoimmune responses in nonobese diabetic (NOD)
mice [48]. The approach combined prolonged low-dose murine anti-thymocyte globulin (mATG) with CTLA4-Ig treat-
ment. This combination significantly delayed allograft rejection in islet transplantation models and effectively reversed
established T1D in NOD mice. The treatment modulated immune responses by increasing regulatory T cells (Tregs) and
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reducing effector T cells (Teffs), suggesting its potential as a clinically relevant strategy for managing T1D. In agreement
with the findings of this study, the combination therapy of mATG with CTLA4-Ig has been shown to significantly extended
graft survival by promoting regulatory T cells (Tregs) and suppressing effector T cells (Teffs) in a fully MHC-mismatched
murine skin transplant model [49]. The study also found that CTLA4-Ig inhibited the production of anti-rabbit antibodies,
enhancing the efficacy of mMATG. Notably, a study evaluating low-dose ATG with granulocyte colony-stimulating factor
(GCSF) in T1D patients showed potential in preserving C-peptide levels and modulating immune responses [50]. How-
ever, findings indicated that ATG alone may be more effective than the combination approach, highlighting the need for
further optimization of treatment regimens. These findings underscore ATG’s potential as an immunotherapeutic agent for
autoimmune diseases such as T1D, warranting further investigation into its long-term efficacy and safety.

The landscape of immunotherapeutic interventions for T1D is rapidly evolving, particularly following the Food and
Drug Administration (FDA) approval of Teplizumab for delaying disease onset in at-risk individuals [51-54]. This
advancement highlights the necessity of systematically re-evaluating previously investigated immunotherapies, particu-
larly those that demonstrated potential but have yet to receive regulatory approval. A critical assessment of the exist-
ing literature is essential to delineate both the therapeutic promise and the limitations of these interventions, including
factors that may have influenced past trial outcomes. Such analyses are particularly valuable in identifying treatment
modalities that may be more effective when administered at specific disease stages or within particular patient sub-
populations. In this context, a reassessment of low-dose ATG as an immunotherapy for T1D is particularly warranted.
This systematic review provides new insights into its therapeutic potential by synthesizing recent clinical evidence and
addressing gaps in prior research. While previous studies have explored the immunomodulatory effects of ATG, this
review uniquely focuses on its low-dose application, highlighting its ability to preserve beta-cell function and improve
glycemic control while minimizing adverse effects associated with higher doses. Furthermore, immunotherapeutic
strategies are likely to demonstrate greater efficacy when administered at the earliest stages of disease progression.
Reevaluating the effects of low-dose ATG in specific patient populations, such as those in the preclinical or early clinical
phases of T1D, has become increasingly imperative. This review also integrates novel immunological insights, such as
changes in T-cell populations, which have not been comprehensively analyzed in previous studies. By critically evalu-
ating the strengths and limitations of existing research, particularly with respect to study design, patient selection, and
long-term safety, this systematic review identifies key areas requiring further investigation. It emphasizes the need for
optimized dosing regimens and large-scale, long-term studies to establish the full therapeutic potential of low-dose
ATG. Ultimately, this systematic synthesis advances the understanding of ATG as a viable immunotherapeutic interven-
tion for modifying the progression of T1D and informs future research directions in the rapidly evolving field of diabetes
immunotherapy.

Methods
Search strategy

This study adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
and was further enhanced by following the recommendations provided in the Cochrane Collaboration Handbook. A proto-
col of this systematic review was designed a priori and was registered in the PROSPERO database (registration number:
CRD4202454771). As narrative or systematic review articles were available covering studies up to 2018, searches were
performed between January 1, 2018 to May 15, 2024 in the following databases: PubMed (MEDLINE), Science Direct,
Scopus, and EMBASE databases using the following MeSH terms: (“Type 1 diabetes’[Mesh]) AND (“Anti-thymocyte
globulin’[Mesh]); (“Type 1 diabetes’[MeSH]) AND (“Low-dose ATG”’[MeSH]); (“Insulin dependent diabetes’[MeSH]) AND
(“Low-dose ATG”[MeSH]) where MeSH search was not available the following Boolean terms were used (“Type 1 diabe-
tes”) AND (“Anti-thymocyte globulin”); (“Type 1 diabetes”) AND (“Low-dose ATG”); (“Insulin dependent diabetes”) AND
(“Low-dose ATG").
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Study selection

All studies with a confirmed diagnosis of T1D in human subjects, both adults and children, who were treated with low-dose
ATG (2.5mg/kg) were included. Studies were excluded based on the following exclusion criteria: studies with no confirmed
diagnosis of T1D, diabetes-induced animal models, studies that did not discuss efficacy, studies on combination treatments,
review articles, meta-analyses, abstracts only, conference proceedings, editorials/letters, case reports, or articles published
before January 1, 2018. Additionally, studies performed in vitro, or ex vivo were excluded. All searched titles, abstracts, and
full-text articles were independently reviewed by at least two trained reviewers (K.M. and R.M.). Disagreements on inclusion
and exclusion were resolved by consensus among the reviewers or through discussions with other researchers involved in
this study. Articles were initially screened based on title and abstract before proceeding to full-text analysis.

Handling of missing data

The studies included in our systematic review had no missing data relevant to the outcomes of interest. To ensure data
completeness, we implemented a rigorous screening process during study selection, excluding any studies with incom-
plete reporting of key variables. Additionally, as part of our risk of bias assessment, we evaluated the completeness of
data and study quality to ensure the reliability of our findings. This approach allowed us to maintain the integrity of our
analysis without the need for imputation or other statistical methods to handle missing data.

Data extraction

The data was extracted by at least two trained reviewers (K.M., and R.M.).

Quality assessment

The Joanna Briggs Institute (JBI) Critical Appraisal Tools for randomized controlled trials (RCTs) and case series were
used to perform quality assessment on eligible studies. For the RCTs, 13 questions were evaluated: 1) was true ran-
domization used for assignment of participants to treatment groups?; 2) was allocation to groups concealed?; 3) were
treatment groups similar at baseline?; 4) were participants blind to treatment assignment?; 5) were those delivering the
treatment blind to treatment assignment?; 6) were treatment groups treated identically other than the intervention of
interest?; 7) were outcome assessors blind to treatment assignment?; 8) were outcomes measured in the same way

for treatment groups?; 9) were outcomes measured in a reliable way?; 10) was follow up complete and, if not, were the
differences between groups adequately described?; 11) were participants analyzed in the group to which they were ran-
domized?; 12) were appropriate statistical analyses used?; and 13) was the trial design appropriate and any deviations
accounted for in the analysis? For the case series, ten questions were evaluated: 1) were there clear criteria for inclu-
sion?; 2) was the condition measured in a standard/reliable way for all participants?; 3) were valid methods used for iden-
tification of the condition for all participants included?; 4) did the case series have consecutive inclusion of participants?;
5) did the case series have complete inclusion of participants?; 6) was there clear reporting of the demographics of the
participants?; 7) was there clear reporting of clinical information of the participants?; 8) were the outcome or follow up
results of cases clearly reported?; 9) was there clear reporting of the presenting site(s)/clinic(s) demographic information?;
and 10) was statistical analysis appropriate? The questions were answered using “Yes”, “No”, and “Unclear”. At least two
reviewers independently conducted this assessment (K.M. and R.M.) and any disagreements were resolved by consen-
sus between the reviewers or discussion with other investigators of this study.

Results

A total of 36 studies were retrieved using the predefined search algorithm as described in the Methods section (Fig 1).
A total of 36 studies were retrieved using the predefined search algorithm as described in the Methods section. After
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removing duplicates, 19 studies were included for title and abstract screening. Following this screening, 13 studies were
excluded based on irrelevance and six were included for whole-text analysis. After whole-text analysis, two articles were
excluded as one did not discuss efficacy, and one discussed a combination therapy. Finally, four articles remained for
inclusion in the literature review and qualitative analysis.

Across the 4 articles included, 95 human subjects were collectively evaluated [38,50,55,56]. Among these studies, the
3 RCTs included were all the same RCT analyzed at 1 and 2 years of follow up and post-hoc. These studies focused on
evaluating the efficacy of treatment by monitoring key parameters such as insulin requirements, C-peptide levels, and
HbA1C. One study specifically assessed immunological outcome to better understand treatment response. Among the
studies, 3 were RCTs involving participants diagnosed with T1D who were randomized to receive low-dose ATG treatment,
while one was a case series. The search strategy employed for the studies included in this systematic review is shown
in PRISMA diagram in Fig 1. Risk of Bias for the RCT and the case series is outlined in Figs 4 and 5, respectively. It was
observed that all 4 studies had a low risk of bias. In the RCTs, bias was mostly introduced due to unclear specification on
whether outcome assessors were blind to treatment assignment. For the case series, bias was introduced due to lack of
clear inclusion criteria for patients and lack of information on the treatment site. Overall, the studies were determined to be
of appropriate quality to be included in the review. A summary of each study design, patient grouping, and included results
is presented in Table 1.

Low-dose ATG is emerging as a potential treatment option to slow the progression of T1D in human subjects
[38,50,55,56]. Studies have evaluated the efficacy of this treatment as discussed in the following sections:

Haller et al., [50] conducted a three-arm, randomized, double-masked, placebo-controlled phase 2b trial to better
understand the effect of low-dose ATG on beta-cell function and HbA1C levels. This trial consisted of 89 subjects aged
12—-45. They were randomized into three treatment groups: 29 received ATG and pegylated granulocyte colony-stimulating
factor (GCSF), 29 received ATG alone, and 31 received placebo. Diphenhydramine, acetaminophen, and methylprednis-
olone were given pre-infusion. Subjects receiving ATG were infused with 0.5mg/kg on the first day and 2.0 mg/kg on the
second. GCSF or placebo was given subcutaneously every 2 weeks for 12 weeks. Results were analyzed at one year and
the area under the curve C-peptide was found to be significantly higher in low-dose ATG alone (p=0.0003) compared to
placebo. However, the ATG/GCSF group was not significantly different from placebo (p=0.031, significance defined as
p<0.025). HbA1C was observed to be significantly lower in both treatment groups compared to placebo (ATG p=0.002,
ATG/GCSF p=0.011). There was no significant difference in insulin use. Finally, both treatment groups demonstrated
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Fig 4. Risk of Bias (RoB) Assessment for Randomized Clinical Trials (RCTs). This figure illustrates the risk of bias evaluation across multiple
domains for the included RCTs. Each domain is represented by a bar or chart segment, with color coding to indicate different levels of bias: green (low
risk), and yellow (unclear risk).

https://doi.org/10.1371/journal.pone.0323642.9004
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Table 1. A summary of all the studies included in this systematic review.

Reference

Study

Population | Exposure Comparison

Outcomes

Haller et al.
[50], 2018

Randomized
controlled
trial

Low-dose ATG | Low-dose ATG/GCSF |«

Placebo

89 subjects
aged 12-45

AUC C-peptide significantly higher in low-dose ATG vs.
placebo (p=0.0003)

ATG/GCSF vs. placebo not significantly different (p=0.031,
significance p<0.025)

HbA1C significantly lower in both groups vs. placebo (ATG
p=0.002, ATG/GCSF p=0.011)

No effect on insulin use

Decreased CD4 +/CD8 +ratio in both groups vs. placebo

Haller et al.
[50,55], 2019

Randomized
controlled
trial

Low-dose ATG | Low-dose ATG/GCSF |

Placebo

89 subjects
aged 12-45

AUC C-peptide significantly higher in low-dose ATG vs.
placebo (p=0.00005)

ATG/GCSF vs. placebo not significantly different (p=0.032,
significance p<0.025)

HbA1C significantly lower in both groups vs. placebo (ATG
p=0.011, ATG/GCSF p=0.022)

No effect on insulin use

Decreased CD4 +/CD8 +ratio in both groups vs. placebo
Significant increase in Treg:Tconv ratio in both groups vs.
placebo

12-week Treg:Tconv ratio significantly associated with
C-peptide (ATG p=0.042, ATG/GCSF p=0.028)

Jacobsen
et al. [56],
2023

Randomized
controlled
trial

Low-dose ATG | Low-dose ATG/GCSF |

Placebo

89 subjects
aged 12—45

Stable methylation of FOXP3 Treg-specific demethylation
region and increased proportions of CD4 + FOXP3 + Tregs
(p<0.001) in low-dose ATG group

2-week transient rise in IL-6, IP-10, and TNF-a (p<0.05)
Low-dose ATG showed increased PD-1+KLRG1+CD57- on
CD4 +cells (p=0.011)

ATG/GCSF showed increased PD1+ CD4 + Temra MFI
(p<0.001)

Increased senescent T cells and methylation of EOMES
correlated with decreased treatment response

Foster et al.
[38], 2024

Case series

6 children
aged 5-14

Low-dose ATG | None .

50% remained at stage 2 after 18 months, 3 years, and 4
years

50% progressed to stage 3 after 1-2 months

Those that progressed maintained good metabolic
parameters

3 children had a grade 1 cytokine release syndrome

6 children experienced grade 3 serum sickness

https://doi.org/10.1371/journal.pone.0323642.t001
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reduced CD4+T cells and relative preservation of CD8 + cells, resulting in a decreased CD4 +/CD8 +ratio compared
to placebo. These results at one year suggest that low-dose ATG may slow decline of beta-cell function and decrease
HbA1C in those with T1D.

Haller et al., [55] conducted an additional analysis of the data at two years. Results of AUC C-peptide measurements
demonstrated that the low-dose ATG group was significantly higher than placebo (p=0.00005). ATG/GCSF was not found
to be significantly different (p=0.032, significance defined as p<0.025). HbA1C levels were found to be significantly lower
in both the ATG/GCSF (p=0.022) and ATG only (p=0.011) groups compared to placebo. Insulin requirements were not
found to be significantly different amongst the groups. Flow cytometry was also performed to understand the immunologic
response to treatment. A significant reduction in the CD4 +/CD8 +ratio was noted for both treatment groups compared to
placebo (p<0.001). Absolute counts of Tconvs and Tregs were reduced in the treatment groups. However, there was a
significant increase in the Treg:Tconv ratio for both ATG (2 weeks: p<0.001, 12 weeks: p=0.001, 24 weeks: p=0.05) and
ATG/GCSF (2 weeks: p=0.003, 12 weeks: p=0.004, 24 weeks: p=0.018) compared to placebo. Mixed model analysis
also showed that this change in Treg:Tconv ratio at 12 weeks was significantly associated with C-peptide (ATG p=0.042,
ATG/GCSF p=0.028). These results are distinct from previous trials with high-dose ATG (6.5mg/kg) that demonstrated a
decreased Treg: Tconv ratio [47]. This shows that low-dose ATG, specifically, may alter the lymphocytic composition and
lead to a more tolerant environment. Overall, these results suggest that low-dose ATG may be useful in the treatment of
T1D, and the addition of GCSF may actually diminish the effects of ATG alone.

Jacobsen et al., [56] performed further analysis on the trial mentioned above to characterize the immunological
outcomes of the treatment, which can serve as biomarkers of response to therapy. Peripheral blood from the sub-
jects was utilized to analyze gene and protein expression, targeted gene methylation, and cytokine concentrations.

It was demonstrated that treatment with low-dose ATG preserves Tregs. This was evidenced by the stable methyl-
ation of FOXP3 Treg-specific demethylation region and increased proportions of CD4 + FOXP3 + Tregs (p<0.001).

In addition, transient rises were seen in IL-6, IL-10, and TNF-a (p<0.05) at 2 weeks and in a CD4 + exhaus-

tion phenotype at 12 weeks. In the low-dose ATG only group, this exhaustion phenotype was represented by an
increased PD-1+KLRG1+CD57- on CD4 +cells (p=0.011), while in the ATG/GCSF group, there was an increased
PD1+CD4 +Temra MFI (p<0.001). A higher proportion of senescent T cells was seen in subjects with a less robust
response to treatment that also had increased methylation of the exhaustion marker, EOMES. Overall, an upregulation
of cytokine markers of TH1 activation, CD4 + T cell exhaustion, and neutrophil genes were found in subjects who were
responding to ATG. These findings may help to identify those individuals who respond well to treatment and who may
benefit from low-dose ATG or similar therapies.

Finally, Foster et al. [38] performed a case series to determine the efficacy of low-dose ATG in delaying the progression
of stage 2 to stage 3 T1D. The study included six children, aged 5-14 years, who were determined to have stage 2 dis-
ease through autoantibody testing and OGTT. Prior to treatment, patients were given acetaminophen, diphenhydramine,
and methylprednisolone. ATG, combined with heparin and hydrocortisone to decrease the risk of thrombophlebitis, was
administered over the course of 2 days (0.5mg/kg on day 1 and 2.0 mg/kg on day 2). These patients were followed for the
next 18—48 months, and HbA1C, C-peptide, continuous glucose monitoring, insulin requirements, and side effects were
evaluated. Results demonstrated that three of the six children remained at stage 2 after 18 months, 3 years, and 4 years,
while three of the children progressed to stage 3 within 1-2 months after the infusion. However, those subjects were able
to maintain low insulin requirements, low HbA1C, low metrics on continuous glucose monitoring, and high mixed-meal
stimulated C-peptide levels. In terms of adverse reactions, three of the children experienced a grade 1 cytokine release
syndrome, and all six children experienced a grade 3 serum sickness post-infusion. There were no other adverse reac-
tions beyond the first two weeks. While this method of study is unable to produce statistically robust results, these cases
suggest that low-dose ATG may be a viable option to slow progression and produce metabolically favorable profiles in
patients with T1D.
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Discussion

The included studies in this systematic review suggest the potential role of low-dose ATG in modulating immune
responses and preserving 3-cell function T1D, contributing to a broader understanding of its therapeutic implications
[38,50,55,56].. Although ATG has been associated with immunosuppressive effects and adverse events, recent studies
suggest that low-dose ATG can provide a more targeted immunomodulatory effect rather than broad immune suppression
[38,50,55,56]. It selectively depletes autoreactive T cells while preserving regulatory T cells (Tregs), thereby mitigating
B-cell destruction [41—43]. Although ATG does not directly stimulate B-cell regeneration, it plays a clinically significant role
in sustaining endogenous insulin production. Even minimal preservation of C-peptide has been linked to improved glyce-
mic control and a reduction in long-term complications [57,58].

Despite concerns regarding long-term efficacy, studies investigating low-dose ATG have demonstrated sustained
C-peptide preservation and reductions in HbA1c for at least two years [38,50,55,56]. This suggests that while ATG may
not be a curative therapy, it could serve as a valuable disease-modifying agent in delaying disease progression. Addi-
tionally, while emerging therapies such as Teplizumab offer more targeted approaches, their long-term validation remains
limited. Given the urgent need for effective interventions in T1D, low-dose ATG remains a viable immunotherapy, warrant-
ing further investigation to optimize dosing strategies and identify patient subgroups most likely to benefit. Furthermore,
previous studies that investigated low-dose ATG in combination with GCSF provided additional evidence supporting the
safety and potential efficacy of ATG in T1D [59,60]. These studies add to the overall number of individuals with T1D who
have received low-dose ATG, further informing its therapeutic potential. In this context, the Minimal Effective Low Dose of
Anti-Thymocyte Globulin (MELD-ATG) trial is evaluating the safety, tolerability, and efficacy of low-dose ATG in preserv-
ing B-cell function in individuals aged 5-25 years with newly diagnosed T1D [61]. It is phase Il, multicenter, randomized,
double-blind, placebo-controlled study conducted in Europe. The primary objective of the trial is to determine the minimal
effective dose of ATG required to sustain endogenous insulin secretion, evaluated through stimulated C-peptide levels
measured during a mixed meal tolerance test (MMTT) over a 12-month period. Participants are randomly assigned to
different treatment arms, receiving either a placebo or one of several ATG doses (ranging from 0.1 mg/kg to 2.5mg/kg),
administered via intravenous infusion over two consecutive days. Furthermore, the trial integrates comprehensive molecu-
lar and immunological assessments to delineate the mechanisms of action underlying ATG’s immunomodulatory effects in
individuals with new-onset T1D. The MELD-ATG trial is poised to generate critical data that will aid in optimizing ATG dos-
ing regimens for the preservation of 3-cell function while mitigating potential immunosuppressive risks. The findings from
this study will contribute to refining the clinical utility of ATG, identifying patient subgroups most likely to derive therapeutic
benefit, and advancing the landscape of disease-modifying therapies in T1D.

In considering ATG’s safety profile, cytokine release syndrome (CRS) and lymphopenia are well-recognized adverse
effects, but they are dose-dependent and more commonly observed with high-dose ATG used in transplantation settings.
In contrast, trials investigating low-dose ATG in T1D have reported milder, transient immune-related adverse events that
are generally manageable with premedication and supportive care [38,50,55,56]. Additionally, while anti-CD3 therapies
such as Teplizumab are associated with transient cytokine-related side effects that typically resolve within weeks, ATG-
induced effects similarly tend to be short-lived, and its immunomodulatory benefits can extend beyond two years. Thus,
rather than focusing solely on side-effect profiles, a comprehensive risk-benefit assessment is necessary to position ATG
within the broader landscape of T1D immunotherapy.

Regarding the relevance of ATG compared to Teplizumab, the recent FDA approval of Teplizumab for delaying T1D
progression in stage 2 patients marks a major milestone [51-54]. However, ATG operates via a distinct immunomodula-
tory mechanism that may offer complementary or alternative therapeutic benefits. While Teplizumab specifically targets
CD3+T cells to induce immune tolerance [51-54], ATG exerts broader immunomodulation by depleting autoreactive T
cells and preserving Tregs [41—43]. Additionally, clinical trials have demonstrated that low-dose ATG preserves C-peptide
levels, reduces HbA1c, and improves immune profiles, with effects lasting at least two years. Importantly, Teplizumab is
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currently approved for autoantibody-positive individuals at risk of developing T1D (stage 2) [51-54], whereas ATG has
been studied in newly diagnosed patients (stage 3) [38,50,55,56]., suggesting that these therapies may be applicable at
different stages of disease progression. Future research should explore whether ATG and Teplizumab could be used syn-
ergistically or whether specific patient subgroups may benefit more from one therapy over the other.

Although ATG is not the only immunotherapeutic option for T1D, it offers distinct advantages that justify its con-
tinued investigation. Unlike many emerging therapies that primarily target specific immune pathways, ATG provides
broader immunomodulation, which may be beneficial in addressing the multifaceted immune dysregulation underly-
ing T1D. Additionally, randomized trials have demonstrated that low-dose ATG can sustain C-peptide levels, reduce
HbA1c, and improve immune profiles, with effects persisting beyond two years. While therapies such as Teplizumab
have also shown promise, direct comparative studies evaluating their long-term efficacy and durability of response
remain limited. Given that no single therapy has yet emerged as a definitive solution for T1D, ATG remains a viable
candidate, particularly in the context of combination strategies that could further enhance its disease-modifying
potential.

Limitations

There are several limitations to these results that should be noted. Firstly, there is a scarcity of studies discussing this
treatment option. Despite a thorough search, only a few studies met the inclusion criteria. The limited number of studies
reduces the robustness of the conclusions and highlights the need for more extensive research in this area.

Additionally, the included studies had small sample sizes, which limits the generalizability of the findings. Small sample
sizes increase the risk of statistical errors and make it difficult to draw definitive conclusions about the treatment’s impact
on the broader population of individuals with T1D. Larger sample sizes in future studies would provide more reliable data
and help to confirm these preliminary findings.

Moreover, while the majority of the included studies were RCTs, which are considered the gold standard in clinical
research, one study was a case series. Case series are generally considered to be a lower level of evidence compared to
RCTs because they lack the rigorous controls needed to establish causality. The inclusion of a case series may therefore
introduce bias and affect the overall strength of the evidence.

Another significant limitation is the duration of the follow-up periods. The longest follow-up in the included studies was
only four years. This relatively short duration makes it challenging to assess the long-term effects and sustainability of the
treatment. Chronic conditions such as T1D require long-term studies to evaluate the enduring efficacy and potential long-
term adverse effects of any therapeutic intervention.

Finally, publication bias cannot be ruled out. Studies with positive outcomes are more likely to be published, while those
with negative or inconclusive results may remain unpublished. This bias could skew the overall assessment of the treat-
ment'’s efficacy and safety.

In conclusion, while the findings of this review suggest potential benefits of the treatment, the limitations highlight the
need for more robust studies. Future research should focus on conducting large-scale, long-term RCTs with adequate
sample sizes to provide more conclusive evidence on the efficacy and safety of this treatment option for T1D.

Conclusions and future directions

Low-dose ATG is being considered a potential treatment modality for patients with T1D. The results from this systematic
review suggest that it may be utilized to slow disease progression, increase C-peptide levels, decrease HbA1C levels, and
produce a favorable immunologic response. It is essential that further RCTs are conducted to better understand the use of
low-dose ATG in treating T1D.

It should be noted that this treatment is not without some adverse effects. Many patients included in these studies
experienced post-transfusion reactions, including serum sickness and cytokine release syndrome, lymphopenia, nausea,
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and rash. These reactions were easily treated with oral prednisone. Although no long-term side effects were noted, provid-
ers should be aware of these potential complications so they may be treated appropriately.

It is also imperative that the underlying mechanisms of this treatment option are better understood. These studies show
that there is a change in immune cells and cytokine expression. Understanding these mechanisms will not only allow for
refinement of the treatment but may also provide important information on treatment response. This would allow providers
to recognize patients that may benefit from further treatment and those that are not exhibiting an appropriate response.

T1D is a highly morbid condition, causing a significant burden to the patient, as well as the healthcare system as
a whole. Further research on this rapidly emerging treatment option is essential to slow disease progression, thereby
decreasing disease complications and increasing patient quality of life.
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