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Background: The generation of functionally active, stable T regulatory cells (Tregs) is a crucial target of type 1 diabetes (T1D)
immunotherapy. This study investigated therapeutic intervention for T1D/Latent autoimmune diabetes in adults (LADA), wherein the
diabetogenic proinflammatory Treg (intermediate) cell subset was characterized and driven to a Treg phenotype
(CD4'CD25'FOXP3"). This involved simultaneous inhibition of the eukaryotic initiation factor Sa (eIF5a) and Notch pathways
using GC7 (N1-Guanyl-1,7-diaminoheptane) and Anti-DLL4 (Delta-like-ligand-4).

Methods: Peripheral blood from patients with TID/LADA and healthy adults (n=7 each) was used to isolate the CD4"CD25™ T cell
population and CD4 deficient peripheral blood mononuclear cells (PBMCs). Cells were subjected to GAD65+GC7+anti-DLL4
treatment for seven days and compared with conventional anti-CD3/CD28/CD137 stimulation for conversion into the Tregs. Newly
plasticized Tregs were assessed for their suppressive potential against freshly isolated autologous T responder cells. In addition, live,
dead, and apoptotic cell counts were performed to evaluate the adverse effects of immunomodulatory treatment on immune cells. The
data was analyzed with GraphPad Prism using 1- or 2-way ANOVA and a Student’s #-test.

Results: A unique population of proinflammatory cytokines expressing intermediate Tregs (CD4"CD25 IFNg'IL17 ' FOXP3") was
characterized in TID/LADA patients and found significantly increased compared to age-matched healthy adults. Simultaneous
inhibition of elF5a and Notch pathways could induce Treg phenotype in Treg-deficient CD4" T cells and CD4 deficient PBMCs
from T1D/LADA patients. GAD65+GC7+anti-DLL4 treatment plasticized Tregs withstanding a proinflammatory milieu mimicking
T1D/LADA, and the plasticized Tregs exhibited a stable and suppressive functional phenotype. Furthermore, GAD65+GC7+anti-
DLL4 treatment had no adverse effects on immune cells.

The present approach is a multipronged approach involving the inhibition of elF5a and Notch pathways that addresses the upregulation of
immune tolerance, differentiation, and proliferation of cytotoxic T cells and alleviates B-cell dysfunction. Additionally, this treatment strategy
could also be leveraged to boost Treg generation following islet transplantation or as a combinational therapy along with adoptive cell transfer.
Keywords: autoimmune disorders, elF5a, immunomodulation, immune cell plasticity, latent autoimmune diabetes in adults, notch,
transdifferentiation, type 1 diabetes, unfit tregs
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Background

Immune cell plasticity is the ability of immune cells to switch between functional states in response to the cytokine
milieu. A large body of literature supports the idea that T cells change their initial lineage commitment to different
functional phenotypes in response to signals from the microenvironment, including cytokines, metabolites, hormones,
toxins, and nutrients.' In addition to the conventional T effector (Teff) and T regulatory (Treg) cells, T cells express many
cytokines alone or in combination, such as FOXP3*, FOXP3'IL-17", FOXP3+IFNg+, and FOXP3+IL—17+IFNg+, are
encountered at the site of inflammation.” It is a fine balance of proinflammatory and anti-inflammatory cells, which,
under autoimmune conditions, create a cytokine milieu promoting the conversion of Tregs into intermediate subsets (pro-
inflammatory type). Tregs exhibit abnormalities in number, function, and expression profile in autoimmune conditions
and transdifferentiate into a proinflammatory phenotype.” In type 1 diabetes (T1D), Tregs undergo increased apoptosis,
exhibit unstable FOXP3 expression, and increase the frequency of intermediate Tregs that produce proinflammatory
cytokines such as IFNg and IL-17.° Pathological conversion of Tregs that secrete IFNg, or T helper (Th)17 (intermediate
state) establishes the importance of intermediate Treg cell types and plastic fate of Tregs in autoimmune diabetes,
experimental autoimmune encephalitis (EAE), and autoimmune arthritis.>** We aimed to exploit this flexible behavior
exhibited by Tregs in autoimmune conditions and revert it to a nonpathogenic stable Treg state using immunomodulators,
N1-guanyl-1,7-diaminoheptane (GC7) and anti-Delta-Like Ligand 4 (DLL4).

GC7 is the most potent inhibitor of deoxyhypusine synthase (DHS), an enzyme responsible for hypusination (post-
translational addition of amino acid hypusine) and the functional activation of eukaryotic initiation factor 5a (elF5a).
elF5a is a 17kDa conserved protein that was initially identified as a translational factor. Its function is context-dependent
and is responsible for the nucleocytoplasmic shuttling of specific proteins and mRNAs primarily associated with
proinflammatory markers such as iNOS, IFNg, dendritic cell maturation marker CD83, and M1 macrophage hallmarks.®
Interestingly, the gene encoding eIF5a is found at diabetes-susceptibility loci in both mice and humans.” Hypusinated
elF5a (hyp-elF5a) is overexpressed in T1D, contributing to the proinflammatory cytokine milieu and exacerbating
endoplasmic reticulum (ER) stress.® Reports of hyp-eIF5a inhibition using GC7 have confirmed the impairment of
proinflammatory polarization of Thl immune cells and cytokine-mediated dysfunction in NOD mice,” a spontaneous
humanized mouse model of T1D,'®'? and human islets in vitro."?

Notch is a conserved cell-to-cell signaling network that plays a prominent role in T cells’ maturation, activation, and
differentiation.'*'> The Notch ligand DLL4 inhibits the JAK3/STAT5 activation pathway that is necessary for FOXP3
expression and maintenance.'® Inhibition of Notch signaling with anti-DLL4 results in the alternative differentiation and
expansion of Tregs in NOD, humanized T1D mice,'*'” and EAE.'® Furthermore, Notch signaling plays a critical role in
Treg differentiation independent of the thymus.'® It has emerged as an essential regulator of RORyt and IL-23r genes,
leading to the differentiation and activation of Th17 cells.'” Thus, the data strongly indicate that Notch and eIF5a support
a proinflammatory phenotype, and therapeutic interventions to inhibit this cascade could reset the immune imbalance in
T1D/LADA and other autoimmune diseases.

In this manuscript, we, for the first time report the significant presence of the CD4'CD25 IFNg'IL17 FOXP3"
intermediate Treg subset in patients with recent-onset TID/LADA, which plasticized into conventional Tregs by GAD65
+GC7+anti-DLL4 treatment. Newly plasticized Tregs showed stable CD25 "FOXP3" expression and suppressed auto-
logous T effector/Tresp cells. Moreover, GC7+anti-DLL4 treatment had no adverse effects on immune cells, encouraging
further exploration of the simultaneous inhibition of Notch and elF5a to restore immune imbalance in TID/LADA and

other autoimmune disorders.

Methods

Patient Recruitment

Healthy adults (n=7) and patients with TID/LADA (n=7) signed informed consent forms and were enrolled in this study,
which was approved by the Institutional Review Board of the University of Toledo. Specifically, TID/LADA
patients with positive titers of GAD65 autoantibodies were enrolled in this study. Minors (<18 years) and patients
with a history of TID/LADA (> 5 years) were excluded from the study. The study procedures included recording the

206 https: ImmunoTargets and Therapy 2025:14



Rafiqi et al

discase history, onset time, baseline HbAlc measurement, serum titers of GAD65 autoantibodies upon diagnosis, and
mean daily insulin dosing requirements. The body mass index (BMI) was calculated using the ADA BMI calculator.

Characterization of Intermediate Tregs from Patients with T1D/LADA and Healthy
Adults

Peripheral blood (10-20 mL) was collected in heparinized tubes, and mononuclear cells (PBMCs) were isolated using the
Ficoll density gradient method. CD4" T cells were isolated from PBMCs using a CD4" T-cell isolation kit (Miltenyi
Biotech), according to the manufacturer’s protocol (Supplementary material S1 and Figure 1). Furthermore, CD4'CD25"*

T cells and CD4"CD25™ T cells were column purified using a Treg isolation kit (Miltenyi Biotech) and analyzed by flow
cytometry to quantify proinflammatory cytokines (IFNg'IL17 " FOXP3") expressing intermediate Tregs (Figure 1).

Plasticization of Treg Deficient CD4" (CD4"CD25) T Cells and CD4 Deficient

PBMCs

The isolated CD4"CD25™ T cells were separated into batches of GAD65+GC7-+anti-DLL4, anti-CD3/28/137 stimulation,
and RPMI+20% FCS (control) groups for each treatment, maintained at 37°C and 5% CO, for seven days, and
investigated for T-cell plasticity (Figure 2A and Supplementary material S2). For time-course analysis, at 96 h, a

batch of cells from each treatment group was processed for flow cytometry to identify the different cell subsets. After
7 days, cells in each group were quantified by flow cytometry for the presence of plasticized CD4 'CD25" T cells,
CD4'CD25™ T cells, and their respective proliferation (Figure 2 and Supplementary material S2).

Similarly, CD4-deficient PBMCs were divided into three groups and cultured under the indicated treatment conditions
described above (Figure 3 and Supplementary material S2).

Suppression Assay of Plasticized Tregs and Autologous Naive T Responsive Cells
Plasticized CD4"CD25" Tregs were isolated using a Treg isolation kit from the cells cultured for 7 days under indicated
treatment conditions (Supplementary material S3). Simultaneously, CD4'CD25 T cells (Tresp cells) were isolated from

freshly withdrawn peripheral blood of autologous patients, as described earlier. A suppression assay (n=4, repeated three
times in triplicate) was performed using 1:0, 1:1, 1:2, and 0:1 ratios of plasticized CD4"CD25" T cells from all three
treatment groups: naive/fresh CD4'CD25 T cells (Tresp), as per the suppression assay protocol”® (Figure 4 and
Supplementary material S3). After 5 days, the cells were stained with CD4 and CD25 antibodies, and the proliferation

of Tregs and Tresp was assessed according to the manufacturer’s protocol*” (Supplementary materials S3 and S4).

Similarly, an in vitro suppression assay (n=4, in triplicate repeated three times) was performed with CD4'CD25" T
cells plasticized from CD4 T cell-deficient PBMCs cultured under the indicated treatment conditions, against freshly
isolated Tresp cells from autologous patients at different Treg: Tresp ratios (Figure 5). After 5 days of co-culture, cell
proliferation was traced using the CFSE dye (Supplementary material S4), and the Treg phenotype was confirmed by

flow cytometry, as previously described.

Assessment of Live, Dead, and Apoptotic Cell Populations After Immunomodulatory

Treatment

Treg-deficient CD4" (CD4'CD25") T cells and CD4-deficient PBMCs (n=6-8 in triplicate, repeated twice) were assessed
for live, dead, and apoptotic cells following immunomodulatory treatment. One batch of cells was treated with GAD65
+GC7+anti-DLL4, whereas the other batch was suspended in RPMI+20% FCS (control) (Figures 6 and 7). Cells were
cultured for seven days, and live, dead, and apoptotic cells were quantified using PO-PRO-1 and 7 amino actinomycin D,
as per protocol (Figure 6, 7 and Supplementary material S5).

Quantification of TGF Beta (TGF-f) Concentration in the Cell Culture Supernatant
Human TGF betal ELISA Kit (Invitrogen cat# BMS249-4) was used to quantify TGF- concentration in the cell culture
supernatant after seven days of treatment with GAD65+GC7+anti-DLL4, according to the manufacturer’s instructions.
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Figure | Characterization of Intermediate Tregs from patients with T1D/LADA and healthy adult donors (A) Isolation of peripheral blood mononuclear cells (PBMCs) from
peripheral blood of patients with TID/LADA and adult healthy controls (n=7 each) and column separation of CD4°CD25 and CD4°'CD25" T cells to quantify
CD4"IFNg"ILI7"FOXP3" intermediate Treg cell population (Created with BioRender.com) (B) Significantly elevated CD4"IFNg*IL17*FOXP3" intermediate Treg population
in TID/LADA patients. (C) Dot plots of CD4*IFNg"ILI7"FOXP3" intermediate Tregs in CD4"CD25 and CD4°CD25" T cell subsets representative of significantly
increased intermediate CD4*CD25 IFNg*IL17*FOXP3" Tregs in TID/LADA patients. (D) Unstained and single-stained controls for APC and PE. The statistical significance

threshold was set at P < 0.05. Data are presented as the means * standard error of means (SEM).
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Flow Cytometry
All flow cytometry analyses were performed using at least 25000 live cells. Our established immunofluorescence staining

protocol was executed for flow cytometry experiments involving cell surface and intracellular staining

10-12,21-23

(Supplementary Material S6, and compensation controls in Supplementary Material S7). The data were analyzed using

the FlowJo software.

Statistical Analysis
Statistical analyses were performed using the GraphPad Prism 10.2. Student’s 7-test was used to establish the statistical

significance for the proportion of intermediate Tregs in TID/LADA patients and healthy controls. One-way ANOVA was
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Cell populations in treatment groups at different time points (96 hrs and 7 days)
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Figure 2 Continued.

used to analyze the effect of different treatments on cell plasticity and proliferation, followed by multiple comparisons
using Tukey’s multiple comparison test. The threshold for statistical significance was set at P < 0.05. Data are presented
as the mean =+ standard error of the mean (SEM).

Results
CD4"CD25 IFNg'ILI7'FOXP3™ Tregs are Significantly Increased in Recent-Onset
TID/LADA Patients

The baseline characteristics of patients with recent-onset TID/LADA (n=7) and healthy controls (n=7) are presented in
Table 1. Age and BMI did not differ significantly (z-test, P value >0.50 for both comparisons). The phenotypic immune
cell profiling of CD4"CD25" and CD4'CD25 T-cell subsets revealed significantly increased numbers of CD4" T cells
expressing IFNg ' IL17"FOXP3" (39.29+10.6%) in the Treg-deficient (CD4'CD25") T-cell pool of patients with T1D/
LADA. In contrast, 2.234+0.6% were present in healthy controls (Figure 1A—D and Supplementary material S8).%* This
finding is instrumental since in healthy human adults, the percentage of CD4" T cells expressing FOXP3 in peripheral
blood is about 8.6+1.7%, of which 3.2+1.1% express IL-17.>> These CD4'CD25 IFNg'IL17'FOXP3" cells can be
deemed as transient Tregs (intermediate differentiation subset of unfit Tregs that have acquired T effector (Teffs)
2627 or Teffs expressing FOXP3, since human Teffs transiently

phenotype and/or are not terminally differentiated)

express intermediate levels of FOXP3.%® Based on our previous studies, we envisioned the plasticization of intermediate
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Figure 2 GAD65+GC7+anti-DLL4 treatment plasticizes CD4"CD25 T cells into CD4"CD25" T cells (A) Workflow diagram of isolation of CD4*CD25™ T cells from PBMCs and
culture with GAD65+GC7+anti-DLL4, anti-CD3/28/137 stimulation and media (RPMI+20%FCS) to investigate the conversion of CD4"CD25™ T cells into CD4"CD25" T cells and
their proliferation index (Created with BioRender.com). (B) Representative contour diagram and histogram of 3 independent experiments (n=4, in triplicate) of CD25" and CD25™ T
cells sorted from CD4" T cells and their proliferation assessed by CFSE (FITC) dye after 7 days of GAD65+GC7+anti-DLL4 treatment. The sorted CD4" cells (leftmost quadrant) were
gated based on CD25 positivity (at the center). Further, these CD4" cells were also gated for CD25" (PE) and FOXP3" (APC) expression simultaneously to confirm that almost all
plasticized CD25" cells (77.4%) are FOXP3" (rightmost top quadrant). Unstimulated CFSE (FITC) control is also given. (C) Percentage of CD4"CD25™ T cells plasticizing into
CD4"CD25" T cells under GAD65+GC7+anti-DLL4, anti-CD3/28/137 stimulation, and culture media condition (D) Proliferation percentage of CD4*CD25" T cells and CD4"CD25~
T cells in different treatment groups. CD4"CD25" T cells that were plasticized under antigen-specific GAD65+GC7+anti-DLL4 treatment had better proliferation capacity. (E)
Contour plot of CD4°CD25™ T cells undergoing plasticity at 96 hrs after GAD65+GC7+anti-DLL4 treatment. (F) Dot plot of CD4"CD25 ™ T cells at different stages of plasticization,
transitioning into CD4"CD25" FOXP3" Tregs cells after seven days of treatment. Four types of CD4" T cell populations are visible in the GAD65+GC7+anti-DLL4 group viz.
CD25 FOXP3™ (IV), CD25 FOXP3*(lll), CD25*FOXP3" (Ill) and CD25*"&"FOXP3*"'&" (I). CD25 FOXP3™ (IV. green) and CD25 FOXP3" T cells (. light green) transitioning into
CD25*FOXP3" (Il. Orange color) and CD25*"&"FOXP3*"€" T cells (1. red color). The CD25*"&"FOXP3*"€" (1. red color) is an entirely distinct population, showing high expression of
CD25 and FOXP3, that has transdifferentiated from the intermediate Tregs (CD4"CD25 IFNg'IL17"FOXP3™). (G) Contour plot of CD4"CD25™ T cells at 96 hrs after anti-CD3/28/
137 stimulation. (H) Dot plot of CD4"CD25™ T cells at 7 days after anti-CD3/28/137 stimulation. (I) Contour plot of CD4"CD25™ T cells at 96 hrs in culture media. (J) Dot plot of
CD4"CD25™ T cells culture media after 7 days.

Notes: In the anti-CD3/28/137 stimulation and media group (H and ), only three cell populations are noticeable viz. CD25"FOXP3", CD25 FOXP3" and CD25 FOXP3".
The statistical significance threshold was set at P < 0.05. Data are presented as the means * standard error of means (SEM).

CD4"CD25 TFNg'IL17'FOXP3" Tregs into stable Tregs by inhibition of elF5a and Notch pathways based on our

previous studies.'®'?

GAD65+GC7+anti-DLL4 Treatment Plasticizes CD4"CD25 T Cells Into

CD4"CD25" T Cells

To further ascertain the origin of CD4'CD25 IFNg'IL17 'FOXP3" T cells and to induce plasticity in these intermediate
Tregs, we isolated PBMCs from patients with recent-onset TID/LADA. We sorted the pure population of CD4 ' CD25™ T
cells, rendered the CD4" T cell pool completely devoid of CD25" T cells, and subjected the cells to simultaneous
immunomodulatory treatment with GAD65+GC7+anti-DLL4 (Figure 2A). Any CD4'CD25" T cells in this cell pool
must have a CD4"CD25 origin and immunomodulatory treatment rewires CD4 " CD25 IFNg 'IL17"FOXP3" T cells into
CD4"CD25 ' FOXP3" Tregs. After seven days of immunomodulatory treatment, we identified a significant increase in the
number of CD4'CD25" T cells in the GAD65+GC7+anti-DLL4 treated group, indicating that CD4"CD25™ T cells
undergo plasticity changes and are in the process of expressing the Treg phenotype (CD4'CD25"FOXP3") (Figure 2B
and C). Figure 2E-J is a time course analysis (96 hours and 7 days) of the cultured cells under different treatment groups
and shows the transition of cells from CD4'CD25 T cells to CD4 25" FOXP3" T cells with different intermediate
populations developing at different time points. As is evident on 7™ day post-treatment in a representative Figure 2F, four
types of cell populations are present in the GAD65+GC7+anti-DLL4 treated group viz. CD25 FOXP3™ (IV),
CD25 FOXP3*(Ill), CD25 FOXP3™" (II), and CD25Me"FOXP3*Mie" (1), wherein CD25™ T cells (III, IV. green) transi-
tioned into CD25"FOXP3" cells (II. orange), and CD25highpox p3*hieh (I. red). Therefore, in the antigen-specific
GAD65+GC7+anti-DLL4 treated group, a significant number of CD4'CD25™ T cells (63.4+ 5.4%) plasticized into
CD4'CD25" T cells (Figure 2C) and had significantly higher proliferative capacity (Figure 2D). In contrast, in the
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conventional anti-CD3/28/137 stimulation group, 29.3+2.0% of CD4"CD25™ T cells plasticized into CD4"CD25" T cells
(Figure 2C); however, the proliferative capacity of CD4"CD25" T cells was significantly lower (P<0.0004) than that of
the GAD65+GC7+anti-DLL4 treated group (Figure 2D). Moreover, approximately 12.5+3.1% of CD4'CD25 T cells in
the culture media (RPMI+20% FCS) group plasticized into CD4 'CD25" T cells (Figure 2C). Since Tregs constitute only
a small fraction of T cells in human peripheral blood (5%), in the culture media (control group) where cells were cultured
in a neutral environment (RPMI+20%FCS), these “intermediate” cells were able to revert to their original Treg
phenotype. This suggests that the differentiation from CD4'CD25 T cells to CD4'CD25" T cells is a phenomenon of
cellular homeostasis, but in response to the proinflammatory milieu of TID/LADA (Supplementary material S9A and B),

these cells were unable to sustain the Treg phenotype. This is a widely observed event in TID/LADA and other
autoimmune diseases, in which Tregs exhibit unstable FOXP3 expression and pathological conversion of FOXP3™ into
FOXP3'IL17" and FOXP3 TIFNg" T cells.**>*

We assessed the proliferation index of cells undergoing plasticity after 7-days of treatment (Figure 2D). The
percentage proliferation of plasticized CD4'CD25" T cells was significantly higher (P=0.0004) in the GAD65+GC7
+anti-DLL4 treatment group (79.0%) than that in the other groups (34.8% in anti-CD3/28/137 stimulation, 27.7% in
media conditions, Figure 2D). Although there was a considerable proportion of plasticized CD4 CD25" T cells in the
anti-CD3/28/137 stimulation and culture media groups (Figure 2C), the plasticized (CD4'CD25") T cells in these groups
proliferated less, resulting in a higher proliferation index of CD4 'CD25 T cells (Figure 2D).

CD4'CD25 IFNg'IL17 ' FOXP3" T cells proliferated differentially and significantly under antigenic stimulation in the
GAD65+GC7+anti-DLLA4 treated group since the cells were activated in an antigen-specific manner” and underwent
reprogramming towards the Treg phenotype (Figure 2E and F). In contrast, the blunt activation under anti-CD3/28/137
stimulation resulted in a generalized T-cell activation wherein intermediate cells expressed the CD25" phenotype after strong
activation of CD4" T cells (ie, physiological feedback expression of CD25" receptor to inhibit over-activation of CD4" T
cells),” as observable in Figure 2H and J wherein in the anti-CD3/28/137 stimulation and media group, only three cell
populations are noticeable viz. CD25 " FOXP3" CD25 FOXP3" and CD25 FOXP3™ T cells. Therefore, we can speculate that
the evolution of CD4"'CD25" T cells in the GAD65+GC7+ anti-DLL4 treated group was different from that in the anti-CD3/
28/137 stimulation and media groups, as is evident in the dot plot (Figure 2F), where four different populations of CD4" cells
were visible {CD25" (IV, III. green) and transitioning to CD25 FOXP3" (II. orange), and CD25MehpOXP3 e (1. red)}.
This reprogramming hypothesis was again validated in our study by plasticizing CD4 deficient PBMCs, where CD8" T cells
first dedifferentiated and then re-differentiated into CD4"CD25 " FOXP3" T cells, as explained in later sections.

GAD65+GC7+anti-DLL4 Treatment Plasticizes CD4 Deficient PBMCs into
CD4"CD25"FOXP3™ Tregs Withstanding Proinflammatory Milieu

We mimicked the human T1D/LADA proinflammatory microenvironment to investigate further whether combination
treatment with GC7+anti-DLL4 could plasticize CD8" T cells from CD4 deficient PBMCs into Tregs, withstand
proinflammatory conditions, and be capable of plasticizing cells independently of the cytokine milieu. We sorted
CD4" T cells from the PBMCs of TID/LADA patients and harvested CD4 T cell-deficient PBMCs (Figure 3A and
B). This cell population consists of CD8" T cells and antigen-presenting cells (APCs), such as monocytes, neutrophils,
dendritic cells, and natural killer (NK) cells, which are responsible for the activation of CD8" T cells into cytotoxic T
lymphocytes (CTLs; CD8" T cells producing IFN-g), generating a proinflammatory cytokine milieu (Supplementary
material S9B). CD4 deficient PBMCs were subjected to GAD65+GC7+anti-DLL4 treatment for seven days, wherein the
GADG65 antigen was recognized and presented by APCs to GAD65 specific CD8" T cells and activated into CTLs (Teffs),
as in the TID/LADA condition. Seven days after GAD65+GC7+anti-DLL4 treatment, the phenotype of cells was
analyzed by flow cytometry, which clearly revealed that 20.3£3.1% of CDS8" T cells plasticized to CD4" T cells
(Figure 3C and D). These plasticized CD4" T cells further underwent differentiation, and 45.6+8.8% of these CD4" T
cells expressed the CD25 ' FOXP3" phenotype (Figure 3C, E and G). As explained earlier, the possible mechanism is
the dedifferentiation of CD8" T cells into double-negative/double-positive T cells, followed by redifferentiation into
single-positive CD4" T cells expressing a regulatory phenotype (CD25 FOXP3") (data not shown). Moreover, 9.0+1.0%
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Figure 3 GAD65+GC7+anti-DLL4 treatment plasticizes CD4 deficient PBMCs into CD4"CD25"FOXP3" Tregs withstanding proinflammatory milieu mimicking T1D/LADA.
(A) Workflow diagram of isolation of CD4" T cells from PBMCs and culture of CD4 deficient PBMCs with GAD65+GC7+anti-DLL4, anti-CD3/28/ 37 stimulation and culture
media (RPMI+20%FCS) (Created with BioRender.com). (B) A representative image of gated CD4" and CD4™ T cells in the PBMCs of T | D/LADA patients before (left quadrant)
and after MACS column sorting (right quadrant). (C) A representative image of 3 independent experiments (n=4, in triplicate) showing Contour diagram of plasticized CD4" T
cells from CD4 deficient PBMCs (left quadrant). CD25" and CD25 cells were gated from plasticized CD4" T cells (upper right quadrant), and their proliferation was assessed
by CFSE (FITC) dye (histogram, lower right quadrant). (D) Percentage of CD4" T cells plasticized from CD4 deficient PBMCs cultured for 7 days under GAD65+GC7+anti-
DLL4, anti-CD3/28/ 137 stimulation, and culture media conditions. (E) Percentage of CD4"CD25 and CD4"CD25" T cells derived from plasticized CD4" T cells with indicated
treatments. (F) Proliferation percentage of CD4"CD25 Tand CD4"CD25" T cells derived from different treatment conditions. (G) Representative Dot plots and contour
diagram of 3 independent experiments of CD4 deficient PBMCs plasticizing first into CD4 " T cells followed by further transdifferentiation into CD4*CD25"FOXP3" Tregs. The
statistical significance threshold was set at P < 0.05. Data are presented as the means * standard error of means (SEM).

and 11.2+1.2% of CD4 deficient PBMCs in anti-CD3/28/137 stimulation and media group, respectively, also plasticized
into CD4" T cells (Figure 3D), which is an apparent phenomenon under physiological stimulations.?! Furthermore, the
newly plasticized CD4 'CD25" Tregs had a better proliferation potential than CD4'CD25" Tregs plasticized from anti-
CD3/28/137 stimulation (P<0.0001) and media groups (P<0.0001) (Figure 3F). The present data define the emergence of
T-cell plasticity as an evolving paradigm shift in clinical immune cell biology.
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Figure 6 No adverse effects of immunomodulatory GAD65+GC7+anti-DLL4 treatment on CD4" T cells (A) Workflow diagram of isolation of CD4"CD25™ T cells from
PBMCs and culture with GAD65+GC7+anti-DLL4 and culture media (control) (Created with BioRender.com) (B) Sorting strategies of lymphocytes in control and treated
group followed by gating strategy of live, dead and apoptotic cells. (C) Percentage of live, dead, and apoptotic cells in control and GAD65+GC7+anti DLL4 treatment group
at 24, 48, 96 hours, and 7 days (n=6-8 in triplicate, repeated twice) (D) Treg cell percentage on 7% day to determine the phenotype of live cells in treated and control group.
(E) Representative dot plot of autologous CD4"CD25™ T cells cultured with GAD65+GC7+anti-DLL4 and control showing significant (P<0.007) live lymphocyte percentage
in the control group Vs treated group. The statistical significance threshold was set at P < 0.05. Data are presented as the means * standard error of means (SEM).

Plasticized Tregs (CD4"CD25"FOXP3™) Cells Exhibited a Functional Regulatory
Phenotype

Transforming growth factor  (TGF-)-induced Tregs are unstable in sustaining in vivo suppression of Teffs, which limits
their therapeutic application.*>** Moreover, in humans, activated T cells transiently upregulate FOXP3" without acquiring
Treg phenotype and function.>>>® Therefore, we investigated the functional regulatory phenotype of newly plasticized
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Figure 7 No adverse effects on cell viability of CD8" and other accessory cells in CD4 deficient PBMCs with immunomodulatory GAD65+GC7+anti-DLL4 treatment (A)
Workflow diagram on the isolation of CD4 deficient PBMCs and culture with GAD65+GC7+anti-DLL4 and culture media (control) (Created with BioRender.com) (B)
Percentage of live, dead and apoptotic cells in control and GAD65+GC7+anti-DLL4 treatment group at 24, 48, 96 hours and 7 days (n=6-8 in triplicate, repeated twice) (C)
Treg cell percentage on 7 day in GAD65+GC7+anti-DLL4 and control group. Significant enrichment of Tregs (P<0.03) in GAD65+GC7+anti-DLL4 treated group. (D) Dot
plot of autologous CD4 deficient PBMCs cultured with GAD65+GC7+anti-DLL4 and control showing significant live lymphocyte percentage in control Vs treated group. (E)
Increased TGF-} concentration in the cell culture supernatant in the GAD65+GC7+anti-DLL4 treatment group after 7 days. The statistical significance threshold was set at
P < 0.05. Data are presented as the means * standard error of means (SEM).
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Table | TID/LADA Patients/Controls List

Study ID Age Gender | BMI (Ib/in?) | HbA,c % (mmol/mol) | Anti- GAD65 Insulin Time from Diagnosis Diagnosis
(years) at diagnosis Titer (IU/mL) | Dependency to Blood Collection
[ 45 F 17.75 12.1 (109) >250 20 units 6 Months TID/LADA
2 39 M 21.44 9.4 (79) 98.0 40 units 2 Months TID/LADA
3 6l F 23.6 11.6 (103) >250 40 units 4 Years TID/LADA
4 37 M 22.6 11.6 (103) >250 60 units 3 Years TID/LADA
5 52 M 319 12.1 (109) 132.5 50 units 4 Months TID/LADA
6 38 M 24.89 14.1 (131) >250 40 units 8 Months TID/LADA
7 22 M 17.28 14.8 (138) >250 15 units | year TID/LADA
MeantSE 42147 22.77%1.9 12.24£0.7 37.8%5.9 16.57£6.8 Months
8 22 M 26.5 <54 <5.0 N N/A Healthy
control
9 36 F 212 <54 <5.0 N N/A Healthy
control
10 36 M 252 <54 <5.0 N N/A Healthy
control
il 45 M 229 <54 <5.0 N N/A Healthy
control
12 37 F 279 <54 <5.0 N N/A Healthy
control
13 62 M 273 <54 <5.0 N N/A Healthy
control
14 43 M 28.1 <54 <5.0 N N/A Healthy
control
MeaniSE | 40.1414.6 24.6810.7

CD4"CD25"FOXP3" cells from different treatment wells and evaluated their suppressive capacity against freshly isolated
autologous naive CD4'CD25 Teffs (Figure 4A and B). Flow cytometry analysis of the cells after the suppression assay
confirmed the Treg phenotype and significant suppression of Teffs (Figure 4B and C). The newly plasticized Tregs from
GAD65+GC7+anti-DLL4 treatment demonstrated stable CD25 FOXP3" expression after co-culture (Figure 4C, right
quarter) and superior functional suppressive capacity against autologous Teffs (Figure 4B). Indeed, antigen-specific Tregs
have superior suppression potential than polyclonal or blunt-activated Tregs.>” It is noteworthy that the suppression assay was
performed under culture conditions devoid of any IL-2 after thoroughly washing the cells with RPMI (three times). Therefore,
the proliferation of CD25" T cells occurs in response to endogenous IL-2 secreted by CD4'CD25 ™ T cells, and the subsequent
suppression of Teffs simulates the in vivo immune regulatory response.*’ These findings prove that newly plasticized Tregs
have a stable CD25"FOXP3" phenotype and a functional suppressive capacity.

Similarly, the newly plasticized Tregs from CD4 deficient PBMCs (CD8" T cells and APCs) were column purified,
confirmed for the Treg phenotype (CD4'CD25"FOXP3"), and co-cultured with freshly isolated autologous Teffs (Tresp,
CD4'CD25") at different ratios of Treg/Tresp 1:0, 1:1, 1:2, and 0:1, respectively (Figure SA). Tregs plasticized from the
GAD65+GC7+anti-DLL4 group significantly suppressed Teffs (Figure 5B and C). Notably, the Tregs that were
plasticized from the conventional anti-CD3/28/137 stimulation group and the culture media (control) group also
exhibited significant suppression, which is the physiological role of Tregs. However, in pathological conditions (such
as TID/LADA), there is a derangement of Treg: Tresp ratios; therefore, Tregs cannot effectively suppress Teffs. As the
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ratio of Tresp: Tregs was the same in all three groups, the Tregs plasticized from the anti-CD3/28/137 and media groups
also exhibited significant suppression of Tresps (Figure 5B).

Immunomodulatory GC7+anti-DLL4 Treatment Did Not Have Any Adverse Effects

on the Immune Cells

In vivo studies on TID''* and NOD mice'’ did not reveal any significant adverse effects of GC7 or anti-DLL4.
However, to validate the results in human immune cells, we performed a longitudinal time-based assessment of cell
viability and apoptosis in CD4"CD25™ T cells and CD4 deficient PBMCs undergoing immunomodulation with GAD65
+GC7+anti-DLL4 for seven days (Figures 6A, B and 7A). In Treg-deficient CD4" T cells, we did not observe any
difference in the number of live, dead, or apoptotic cells in the treated and control groups until 48 h of treatment
(Figure 6C). Post 96 hours, the dead cell count was significantly increased (P= 0.001) in the GAD65+GC7+anti-DLL4
treated group, wherein 25.143.4% of T cells were dead compared to 14.942.2% in the control group (Figure 6C).
Similarly, the percentage of live T-cells decreased significantly (P=0.007) in the treated group on 7™ day (56.35+6.29%)
compared with 72.1+4.04% in the control group (Figure 6C). To investigate the reason for the spike in dead cells in the
treated group, we analyzed the phenotype of cells in both the treated and control groups on the 7™ day. Flow cytometry
analysis revealed that 36.6% of live T cells in the treated group (Figure 6D and E) were newly plasticized Tregs owing to
GAD65+GC7+anti-DLL4 treatment, expressing their suppressive phenotype and killing Teffs (Figure 6E). Hence, the
suppression of Teffs was reflected by an increase in dead cell count. This was confirmed by the phenotype of live cells in
the control group of autologous patient cells, in which most cells were non-regulatory (Figure 6D); hence, comparatively
fewer dead cells were those undergoing physiological cell death.

In the CD4 deficient PBMCs, no changes were observed in live, dead, and apoptotic cells for up to 48 h in the GAD65
+GC7+anti-DLL4 treated and control groups (Figure 7B), however there was a significant sudden spike in the dead cell
count in the GAD65+GC7+anti-DLL4 treated group (P=0.04), which continued until day 7 (P=0.0036) (Figure 7B). We
again observed that the phenotype of live cells on the 7™ day is T regulatory (14.6£3.2%) in the treated group compared
to 3.7+£1.2% Tregs in the control group (Figure 7C and D). This implies that in the GAD65+GC7+anti-DLL4 treated
group, there was a significant enrichment of Tregs (Figure 7C, P<0.03). These plasticized Tregs exhibit a functional
suppressive phenotype, suppressing Teffs, which is manifested as an increase in dead cell count in the treated group
beyond 96 h (Figure 7B-D) and no adverse effects of immunomodulatory treatment on the viability of immune cells.
Hence, GAD65+GC7+anti-DLL4 did not exhibit cellular toxicity in the concentration range that plasticizes CD4" T cells
or CD4 deficient PBMCs into Tregs.

Increased TGF-3 Concentration in the Cell Culture Supernatant After GAD65+GC7

+anti-DLL4 Treatment

To support our findings, the concentration of TGF-f was quantified using the Human TGF betal ELISA Kit (Invitrogen).
It was found to be higher in the supernatant of cells undergoing plasticization with GAD65+GC7+anti-DLL4 treatment
(Figure 7E).

Discussion

For the treatment of autoimmune diseases, attempts to induce Tregs in vivo with low-dose IL-2 therapy or TGF-p have
encountered significant limitations for use in clinical practice because of the pleiotropic role of these cytokines and the
activation of cells other than Tregs (eosinophils, NK cells, and CD8" T cells).*’ In the case of TGF-, a lower
concentration, particularly in the presence of inflammatory cytokines such as IL-6 and IL-21, preferentially promotes
the Th17 response and exacerbates Treg/Th17 imbalance.*' Similarly, TNF blockers may paradoxically induce Th1/Th17
cells and dysregulate IFN response.*> In TID/LADA, therapeutic interventions have focused either on symptomatic
treatment, mitigating islet B-cell stress, or polyclonal expansion of Tregs;*’ however, genuinely advantageous combina-
tion therapy should have a multipronged approach that simultaneously enriches Tregs, restrains CTLs, and decreases ER
stress in islet B-cells.
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The immunophenotype of T1D constitutes a reduced number of Tregs, which is too low to prevent perpetuating
immune assault or unfit to confine the population of Teffs attacking the pancreatic islet B-cells.® In addition, aberrant
plasticity of Treg cells is observed, with Treg cells expressing pro-inflammatory cytokines, acquiring T helper-like
phenotypes, and displaying diminished function in most cases while maintaining FOXP3" expression levels.** We
reported a significantly increased intermediate population of Tregs (CD4 CD25 IFNg'IL17 " FOXP3") that maintained
FOXP3" expression but also expressed proinflammatory cytokines in T1D/LADA patients (Figure 1B, C and
Supplementary material S8). There is an increased frequency of IFNg FOXP3" Tregs in the periphery of patients with

autoimmune diseases, such as T1D, multiple sclerosis, autoimmune hepatitis, and Sjogren syndrome, which display
reduced suppressive capacities compared to Tregs from healthy age-matched subjects.** This pathological conversion of
Tregs into Teff or Th17 type is not new; however, it is instrumental in visualizing CD4'CD25 TFNg'IL17"FOXP3" cells
that are significantly increased in patients with recent-onset TID/LADA (Figure 1B and Supplementary material S8).
These CD4 TFNg'IL17"FOXP3" intermediate cells are CD25 T cells (Figure 1C and Supplementary material S8), like
EAE, wherein approximately 40% of the cells infiltrating the central nervous system are CD4 FOXP3"CD25 T cells.
These transient Tregs play a role in promoting inflammation, as in multiple sclerosis and inflammatory bowel disease,

where Tregs expressing FOXP3'IFNg" are significantly abundant and convert to Teffs with subsequent loss of FOXP3"
expression.”??*>4¢ We hypothesized that this significantly expanded population of transient Tregs was previously
characterized as unfit Tregs; however, therapeutic intervention could be reverted to functionally active Tregs (Figures
2B, F, 3G, 6D and 7C). This highly plastic intermediate subset originates from CD4"CD25™ T cells upon encountering an
antigen, receiving extrathymic signals, or in a proinflammatory milieu. Thus, the inflammatory microenvironment is
responsible for tipping these intermediate subsets towards the inflammatory phenotype. Contemporary TNF-a blockers
augment the phosphorylation of FOXP3" and modulate aberrant transdifferentiation of Tregs in rheumatoid arthritis.*’ In
the present study, CD4"'CD25™ T cells from TID/LADA patients showed an enriched population of intermediate Tregs
(CD4"CD25 TFNg'IL17'FOXP3"), which on treatment with GAD65+GC7+anti-DLL4 transdifferentiated into stable
Tregs (CD4"CD25 " FOXP3") (Figure 2B and F).

Furthermore, we observed the plasticization of Tregs from a pool of CD4 T cell-deficient PBMCs (Figure 3D-G).
This cell pool mimicked the proinflammatory cytokine milieu typical of TID/LADA (Supplementary material S9B),
wherein APCs activated GAD65-specific CD8" T-cells. This illustrates that the combination treatment with GAD65
+GC7+anti-DLL4 can induce the differentiation of CD8" T cells into CD4" T cells and subsequent plasticization into
CD4'CD25'FOXP3" Tregs under pro-inflammatory conditions (Figure 3G and Supplementary material S9 B). It is

noteworthy that proinflammatory conditions hamper the induction of Tregs in vivo and hence limit the therapeutic
potential of previously used immunomodulators, such as TGF-B.*** Akamatsu et al** also reported that TGF-p-induced
FOXP3" expression in Tregs was hampered under culture conditions containing inflammatory cytokines such as IL-12,
IL-4, and IL-6. A key feature of our study was the induction and expansion of CD25'FOXP3" T cells without IL-2 or
TGF-B and withstanding the proinflammatory cytokine milieu (Supplementary material S9). Supported by our previous

results from in vivo studies on elF5a and Notch inhibition using GC7 and anti-DLL4, where we elucidated the
intrathymic differentiation and enrichment of Tregs,'? these in vitro results address the thymic-independent role of the
adoption of Treg cell fate by CD4" and CD8" T cells. Although there are reports of plasticity of Tregs and Th17 cells, the
characterization of CD4"CD25 TFNg'IL17 " FOXP3" T cells in patients with TID/LADA is unique, and the differentia-
tion of functional Tregs from Treg-deficient CD4" T cells and CD4 T cell-deficient PBMCs sheds light on a new area of
research in therapeutic interventions for autoimmune diseases.

Interconversion of immune cells (Th17, Tregs) is attributed to the inhibition of the polyamine and mTOR pathways
and increased STAT5 phosphorylation independent of the thymus.'®*® In vitro induction of FOXP3 by pharmacological
inhibition of the CDK19 gene, leading to enhanced activation of STATS5, also emphasizes the role of the IL-2/STATS
pathway in acquiring the Treg phenotype.** However, considering the web of signaling networks and their complexities,
it is difficult to decipher the actual changeover of signals in real-time. Nevertheless, the newly plasticized Tregs displayed
a functional phenotype and significantly suppressed autologous Teffs, indicating stable expression of the CD25 " FOXP3"
suppressive phenotype (Figure 4B and C; 5B and C). Flow cytometry analysis revealed that they maintained their
suppressive phenotype post-suppressive assay, negating interchangeability into Teff-Tregs (Figures 4C right upper
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quarter, 5C right upper quarter). Moreover, plasticized Tregs from GAD65+GC7+anti-DLL4 had better proliferative
potential than conventional CD3/CD28/137 stimulation (Figures 2D and, Figures 2F).

Hyp-elF5a is overexpressed in CD4 -activated T cells*’ in TID'®'" and exacerbates the diabetic phenotype.® GC7
inhibits hyp-eIF5a without changing its basal levels;'' hence, it plays a restrictive role in translating a specific set of
proteins. Moreover, depletion of eIF5a impairs translational elongation of only about 5% of mRNA;° therefore, depletion
of elF5a with GC7 may not produce any generalized adverse effects. This aligns with our results, wherein there were no
adverse effects of GC7+anti-DLL4 on CD4"CD25 ™ T cells and CD4 T cell-deficient PBMCs (Figures 6 and 7). Oliverio
et al>® reported induction of autophagy in a cancer cell line within 24 h of treatment with GC7. However, our observation
of immune cells with GC7 (100uM/mL) did not reveal any changes in the percentage of apoptotic and live/dead cells for
up to 48 h, suggesting that GC7 at the given concentration does not induce autophagy (Figures 6C and 7B) in peripheral
immune cells. The transient nature of autophagy further supports this because it is a short-lived cellular adaptation of
cells to stress, evident within hours, and cannot be sustained for a long time. The phenotype of cells on the 7" day
(Figure 7C) and TGF-B concentration in the cell culture supernatant (Figure 7E) clearly revealed that Tregs exerted their
suppressive phenotype on Teffs, manifested as an increase in dead cells after 96 h. This study is conducted with a small
cohort (n=7 for both healthy individuals and T1D patients), but it offers a robust proof-of-concept for the generation of
Tregs in humans, paving the way for large-scale validation. Moreover, all experiments were replicated with sufficient
technical replicates to ensure reliability. Thus, the current experiments, which revealed no adverse effects on cell viability
with immunomodulatory treatment, and with previous studies in a humanized mouse model of T1D'*"'? and DHPS+/-
mice,® that did not lead to any significant suppression of cellular proliferation and maintained normal growth, demon-
strate a reassuring safety profile and strategic use of this treatment approach.

Conclusion

Antigen-specific Treg enrichment and depletion of CTLs are the key targets of the TID/LADA cure. Our findings
represent the culmination and synthesis of previous findings on the use of GC7 in human and mouse islets and
spontaneous humanized T1D mice, anti-DLL4 inhibition in NOD mice, and spontaneous humanized T1D mice. Our
study identified a unique population of CD4"CD25 IFNg‘IL17"FOXP3" T cells in TID/LADA patients that successfully
reverted to functionally active Tregs, thereby suppressing diabetogenic Teffs. Most importantly, this approach could
induce plasticity in a proinflammatory microenvironment without adversely affecting immune cells. The addition of
findings from human in vitro studies serves as a definitive endpoint in exploring immunomodulatory treatment with GC7
+anti-DLL4, which addresses the immunological cascade of events in T1D, as well as metabolic/pathophysiological
inflammation-mediated ER stress, and facilitates the design of innovative immunotherapy for LADA/T1D and other
autoimmune diseases. This therapeutic strategy is not only pivotal for generating Tregs to treat TID but also holds
potential for supporting islet transplantation and serving as a complementary method to enhance the efficacy of adoptive
cell therapy. It would be interesting to decipher the sequential events and signaling pathways involved in Treg
differentiation in CD4 T cell-deficient PBMCs. We speculate that in the GAD65+GC7+anti-DLL4 treated group,
CDS8" T cells first dedifferentiated into double-negative/double-positive T cells and then redifferentiated into specific
CD4"CD25" T cells expressing FOXP3. These findings may be further validated by RNA-seq analysis of cells at
different stages of plasticization.
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