
Rationally Designed Small Molecules to Prevent Type 1 Diabetes

David A. Ostrov1, Peter A. Gottlieb2, Aaron W. Michels2

1Department of Pathology, Immunology, and Laboratory Medicine, College of Medicine, University 
of Florida, Gainesville, FL

2Barbara Davis Center for Diabetes, University of Colorado School of Medicine, Aurora, CO 
80045

Abstract

Purpose of review: To review the recent findings that small ‘drug-like’ compounds block 

disease-specific HLA molecules in type 1 diabetes (T1D).

Recent findings: The predominant genetic risk for developing T1D, the immune mediated form 

of diabetes, is conferred through human leukocyte antigen (HLA) genes. One such gene, termed 

HLA-DQ8, is present in 50–60% of patients with T1D and those at-risk. DQ8 presents disease-

relevant peptides to T cells, which mediate tissue specific destruction of pancreatic islets. Using a 

structure-based approach to evaluate the ‘druggability’ of the DQ8 molecule, methyldopa, a 

clinically well-established oral anti-hypertensive agent, was discovered to bind DQ8. Methyldopa 

blocked the activation of DQ8 specific T cells responding to self-antigens such as insulin but not 

influenza. In a proof-of-concept clinical trial (NCT01883804), methyldopa was administered to 

recent-onset T1D patients with the DQ8 gene that confirmed the mechanism of action and 

diminished inflammatory T cell responses towards insulin.

Summary: Methyldopa blocks the diabetes-specific function of HLA-DQ8, which represents a 

personalized medicine approach to treat the underlying autoimmunity in T1D. Clinical trials are 

warranted and underway to evaluate methyldopa in potentially preserving residual beta-cell 

function in those with new-onset and at-risk for T1D.
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Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease that results in the loss of insulin 

producing beta cells within pancreatic islets (1–3). There is a significant amount of 

understanding regarding the natural history of T1D development, which comes from 
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prospective birth cohort studies following at-risk children, those with a first degree relative 

with T1D or high risk human leukocyte antigen (HLA) genes, to the development of islet 

autoimmunity and eventual clinical T1D onset (4). From the Diabetes Autoimmunity Study 

in the Young (DAISY) (5), Type 1 Diabetes Prediction and Prevention Study (DIPP) (6), and 

BABYDIAB study (7), it is now appreciated that T1D is predictable with the measurement 

of serum islet autoantibodies directed against insulin, glutamic acid decarboxylase (GAD), 

islet antigen 2 (IA-2), and zinc transporter 8 (ZnT8). The presence of two or more 

autoantibodies confers ~85% risk of developing diabetes within 15 years and nearly 100% 

over the lifetime of an at-risk individual (8). With the ability to accurately assess T1D risk, 

large randomized clinical trials have been completed to delay and prevent disease onset (9, 

10). Unfortunately, none have been successful and T1D prevention has proven more difficult 

than originally thought (11). In our opinion, personalized therapies directed against specific 

molecular targets involved in disease pathogenesis are needed to improve prevention efforts 

including preserving residual beta cell function in new-onset T1D patients. In this review, 

we focus on recent findings that small ‘drug-like’ molecules can specifically block the 

function of T1D-risk HLA molecules.

HLA-DQ8 as a molecular target in type 1 diabetes

HLA genes confer significant genetic risk for T1D development, especially the class II 

genes DQ and DR (and to a lesser extent DP) (12). It is by T1D risk HLA DQ and DR genes 

that subjects have been selected for birth cohort studies including The Environmental 

Determinants of Diabetes in Youth (TEDDY), an ongoing multicenter international study 

(13). HLA class II genes encode major histocompatibility complex (MHC) class II proteins 

expressed on B cells, dendritic cells and macrophages collectively termed antigen presenting 

cells. MHC proteins function to present peptide from processed proteins to CD4 T 

lymphocytes, thus forming a trimolecular complex: MHC class II – peptide – T cell receptor 

(14, 15). In the case of autoimmunity, self-proteins are taken up by antigen presenting cells 

then presented as peptide/MHC complexes on the cell surface that can activate self-reactive 

T cells to target a given tissue, e.g. pancreatic islets in T1D (16, 17). In T1D, approximately 

50–60% of all patients have the HLA-DR4/DQ8 haplotype with the DQ8 gene providing an 

odds ratio for disease development of 6.5–11 (12, 18, 19). This is in contrast to DQ6 

(DQB1*06:02), which confers an odds ratio of only 0.03 for T1D development (12, 20). The 

stark contrast in risk highlights the importance of DQ8 in T1D development and DQ6 in 

providing dominant protection. Furthermore, DQ8 has been shown to present peptides of 

(pro)insulin to activate CD4 T cells isolated from the remaining islets of recent-onset T1D 

organ donors, implicating DQ8 responding T cells in T1D pathogenesis (21–24). The 

evidence that DQ8 is (1) common in T1D, (2) confers significant genetic risk, and (3) is 

involved in disease pathogenesis, makes the DQ8 molecule an attractive therapeutic target to 

treat the underlying autoimmunity in T1D.

Structure-based approach to select DQ8 binding small molecules

Analyzing the crystal structure of an insulin peptide bound to DQ8 revealed that the peptide 

formed hydrogen bonds to DQ8 within four structural pockets (P1, P4, P6 and P9) in the 

peptide-binding groove (25). These structural pockets have the appropriate chemistry and 

geometry to bind small molecules (molecular weight <500 Daltons), but are very unlikely to 
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be contact sites for monoclonal antibodies (26). Although anti-HLA class II antibodies exist, 

e.g. those that bind either pan-DQ, DR, or DP molecules, it is difficult to generate allele-

specific antibodies as key amino acid differences that distinguish closely related molecules 

are at sites within the peptide-binding groove that are unreachable by antibodies. 

Monoclonal antibodies for peptide/MHC molecules have been generated (27–29), but are 

only specific for single epitopes, while there can be immune responses to many different 

self-antigens in T1D (30). As such, we favored a small molecule approach targeting pockets 

within the DQ8 peptide-binding groove (31).

We rationalized that drug binding to DQ8 within structural pockets in the peptide-binding 

groove would block peptide binding and subsequent T cell activation. Therefore, we used a 

supercomputer to perform molecular modeling and docking to screen the P1, P4, P6 and P9 

pockets using a library of ~140,000 small molecules (Fig. 1) (32). Each compound in the 

repository was docked in 1000 orientations within a single pocket and scored based on the 

estimated free energy of binding. The top 40 scoring compounds were then tested with an in 

vitro T cell bioassay (31). A T cell readout was utilized in the initial screening assay, as 

opposed to peptide binding, as effector T cells mediated tissue-specific damage in T1D and 

other autoimmune diseases. Remarkably ~75% of the tested compounds blocked an insulin 

specific T cell response, especially those compounds targeting the middle of the peptide-

binding groove, P4 and P6 (31). Compounds with structural similarity were further evaluated 

for specificity and ‘off-target’ effects. One such identified compound, TATD, was able to 

block both DQ8 and the structurally similar MHC class II molecule (I-Ag7) in the nonobese 

diabetic (NOD) mouse model of spontaneous autoimmune diabetes (33). TATD was 

administered to NOD mice in preclinical studies and able to prevent diabetes onset, block 

the formation of insulin autoantibodies, lessen insulitis and maintain normal blood glucose 

levels when administered at later stages of diabetes development.

Methyldopa as a specific DQ8 blocker

Having success identifying DQ8 blocking compounds and altering diabetes onset in a 

preclinical animal model, we then asked whether a known drug could be repurposed to block 

DQ8. Using the approach outlined in figure 1, we performed molecular modeling and 

docking of FDA approved drugs to bind within pockets in the DQ8 peptide-binding groove 

(31). By screening the top ‘hits’, we discovered methyldopa (Aldomet), a clinically well-

established oral antihypertensive drug used to treat both children and adults (34), specifically 

blocked DQ8. Further testing revealed methyldopa bound DQ8 in the middle of the peptide-

binding groove with a dissociation constant, KD ≈ 26 μM (Fig. 2A) (31). A model of insulin 

peptide binding to methyldopa/DQ8 indicates that there are significant interactions between 

the drug and peptide binding to DQ8 (Fig. 2B). Functional testing of T cells showed that 

methyldopa blocked both insulin (T1D) and gliadin (Celiac disease) reactive T cells 

restricted to DQ8 (35, 36), but those T cells restricted to peptides presented by other MHC 

class II molecules (e.g. DR4) were not inhibited. These data indicate that methyldopa is 

specific for DQ8 and blocks binding to a number of peptides and subsequent T cell 

responses. Interestingly, methyldopa blocked self-antigen T cell responses to DQ8 but not 

responses to a high affinity immunodominant peptide from influenza presented by DQ8. 

These data suggest that cytotoxic T cells may protect from influenza virus infection during 
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methyldopa treatment, which blocks interactions between lower affinity self-peptides to 

DQ8.

Since methyldopa did not cross-react with the NOD mouse MHC class II molecule, in vivo 

studies were conducted using DQ8 transgenic mice. These studies indicated that orally 

dosed methyldopa engaged DQ8 and blocked the ability to activate T cells in a dose 

dependent manner (31). Furthermore, frequency of dosing was critical for an in vivo effect 

as the half-life of methyldopa is only 2-hours. As methyldopa has been used clinically for 

over 50 years, the safety profile is well characterized and is on the World Health 

Organization’s list of Essential Medicines, making it an attractive drug candidate to 

repurpose as a personalized disease modifying therapy in T1D patients with the DQ8 gene.

Methyldopa treatment in recent-onset type 1 diabetes

We translated our preclinical findings into an open-label phase 1b dose escalation trial 

treating recent-onset T1D patients with the DQ8 gene having residual beta cell function 

(NCT01883804). Twenty DQ8 positive T1D participants (median age 22 years, median T1D 

duration 90 days, and all positive for at least one islet autoantibody) received methyldopa at 

three separate dosages titrated over 6-weeks to prevent hypotension and correlate different 

dosages to DQ8 blocking (31). Methyldopa was well tolerated, did not lower systolic or 

diastolic blood pressure, and there were no serious adverse events. Treatment resulted in the 

specific inhibition of DQ8 presentation by peripheral blood mononuclear cells (PBMCs). 

The assay used to measure DQ8 function utilized cryopreserved PBMCs from each 

participant over time as antigen presenting cells to stimulate an engineered T cell, T cell 

receptor transductant (37), responding to a specific peptide presented by an MHC class II 

molecule (DQ8, DR4, or DQ2). DQ8 was blocked in 17/20 (85%) participants compared to 

baseline levels and there was no change in DR4 and DQ2 presentation, indicating that oral 

methyldopa treatment is indeed specific for blocking DQ8. Six weeks after stopping 

treatment, DQ8 function returned to baseline levels showing that the effects of methyldopa 

are reversible (31).

We also evaluated the ability of methyldopa to decrease primary insulin-specific T cell 

responses in treated patients, as opposed to the effects on antigen presenting cells described 

above. In those individuals with detectable insulin-specific T cell responses restricted to 

DQ8 at baseline, as measured by an IFN-ƴ ELISPOT assay (38), all of the responses 

decreased during the course of the 12-week study (31). Importantly, the studied insulin 

peptide is presented by DQ8 to activate islet infiltrating CD4 T cells obtained from the 

pancreatic islets of recent-onset T1D organ donors (21). As a control, T cell responses 

directed towards tetanus toxin, a common vaccine, and peptides within tetanus toxin 

presented by DR4 remained unaffected. This indicates that methyldopa treatment reduced 

inflammatory insulin-specific T cell responses while leaving responses to a commonly 

received vaccine intact.

Metabolic measurements among the participants included hemoglobin A1c (HbA1c), insulin 

use/Kg of body weight, and C-peptide area under the curve (AUC) following a mixed meal 

tolerance test conducted at baseline and end of the study (3 months). Overall, there was 

excellent blood glucose control at study completion with an average HbA1c of 6.5% without 
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a significant change in self-administered insulin. C-peptide AUC, which is a measure of 

residual beta cell function, was preserved over the 3-month study (31). These results indicate 

that methyldopa may preserve residual beta cell function; however, longer treatment in 

placebo-controlled trials are needed to fully evaluate the metabolic effects.

With the clinical proof-of-concept in place that methyldopa specifically blocks DQ8, lessens 

inflammatory T cell responses towards insulin, and may limit loss of residual beta cell 

function, longer-term placebo controlled trials are warranted to evaluate the ability of 

methyldopa to modify the disease course in those with new-onset and at-risk for T1D. As 

such, a multicenter randomized, double-blinded, placebo-controlled crossover trial, 

‘Methyldopa for reduction of DQ8 antigen presentation in at-risk subjects for type 1 diabetes 

mellitus’ (NCT03396484), is being planned by the NIH sponsored Type 1 Diabetes TrialNet 

clinical trials network. This mechanistic study aims to assess the safety, mechanism of action 

(DQ8 blockade), and immunologic effects of methyldopa in DQ8 positive patients at-risk for 

T1D.

HLA as a target to treat autoimmune diseases

In addition to T1D, HLA class II genes confer significant risk for many autoimmune 

diseases including Celiac disease (gluten sensitivity), rheumatoid arthritis, multiple sclerosis, 

narcolepsy, and autoimmune thyroid disease (39, 40). HLA-DQ2 is present in ~90% of those 

with Celiac disease, while DQ8 is present in the remaining 10% of patients (41). Narcolepsy 

only develops in those with DQ6 (DQB*06:02) (42). Specific DR4 subtypes confer risk for 

rheumatoid arthritis (43); DR2 (now named DR15) is present in 50–60% of patients with 

multiple sclerosis (44). In many of these disorders, there is understanding of how self-

peptides are presented by HLA class II molecules to activate T cells. In Celiac disease, 

gliadin peptides are deamidated (Glutamine → Glutamic acid) by tissue transglutaminase, 

which then bind DQ2 and/or DQ8 with high affinity to activate T cells (36). Specific DR4 

subtypes present post-translationally citrullinated antigens to self-reactive CD4 T cells in 

rheumatoid arthritis (45).

From these studies, it is appreciated that many different HLA class II genes predispose risk 

towards different autoimmune diseases, indicating a disease specific HLA genes does not 

produce a globally abnormal MHC class II molecule, rather the disease associated MHC 

class II molecule favors production of self-antigen specific T cells that leads to tissue 

destruction. These insights render HLA molecules attractive therapeutic targets not only for 

T1D but for many autoimmune diseases. Notably, others have described small molecule 

compounds that bind DR3, which is common in autoimmune thyroid disease. Using a 

viritual screening approach, a compound (cepharanthine), was identified to have in vitro 

effects on blocking thyroglobulin peptide binding and in vivo activity using transgenic 

animal models (46). Similarly, DR2 binding small molecules have been described in the 

context of multiple sclerosis with effects both in vitro and in preclinical animal models (47).

There are potential concerns with blocking specific MHC class II molecules in 

autoimmunity. First, there may be negative effects on immune system function by creating a 

hole in the immune repertoire, i.e. blocking T cells specific for a given MHC class II 

molecule. However, this is unlikely given that there are other class II molecules available to 
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process and present peptides to T cells. In the case of methyldopa, DQ8 is blocked but there 

are DR and DP molecules available for normal immune system functioning. Furthermore, 

we showed that methyldopa blocks insulin-specific T cell responses restricted to DQ8 but 

not those of tetanus toxin, a common vaccination. Second, drugs targeting MHC molecules 

may trigger unwanted immune responses, such as hypersensitivity syndromes by changing 

the peptide repertoire that can be presented by a given MHC molecule (48). T cell mediated 

hypersensitivity has been described for the anti-retroviral drug, abacavir, binding to the class 

I molecule HLA-B57 (49, 50). However, this drug binds with a strong affinity in the low 

nanomolar range (~0.2nM) (51), compared to the affinity for methyldopa to DQ8 in the low 

micromolar range (~26μM), which is 100-fold less. By repurposing existing drugs, the 

safety-profile and off-target effects are well-characterized. As methyldopa has over 50 years 

of clinical use and is indicated for the treatment of pregnancy induced hypertension, this 

concern is lessened and methyldopa should be considered safe.

Conclusions

HLA genes provide significant genetic risk for the development of autoimmune diseases. 

For T1D, HLA-DQ8 confers this genetic risk, is common in the patient population, and 

involved in disease pathogenesis by activating islet-resident T cells. Using a rationale 

structure-based approach, we identified methyldopa as a drug capable of binding DQ8 and 

blocking self-antigen T cell responses. With a clinical proof-of-mechanism in place, 

methyldopa represents personalized medicine with the potential to modify the disease course 

and prevent T1D. Furthermore, there is broad applicability to targeting HLA molecules with 

safe and specific small drug-like compounds to develop disease-modifying therapies for the 

treatment of many autoimmune disorders.
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Key Points

• The HLA-DQ8 gene confers significant risk for developing type 1 diabetes 

and is present in 50–60% of all patients.

• The HLA-DQ8 molecule is remarkably amenable to binding small molecules 

within pockets in the peptide-binding groove.

• A clinically well-established small molecule drug, Methyldopa, blocks DQ8 

binding to disease-specific antigens in type 1 diabetes
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Figure 1. 
Structure-based approach to identify small ‘drug-like’ compounds binding to the type 1 

diabetes risk HLA-DQ8 molecule. Using the crystal structure of DQ8, molecular modeling 

and docking was performed with a library of small molecules into each of the four pockets 

(P1, P4, P6, and P9) in the peptide-binding groove. Free energy of binding was estimated 

and the top 40 scoring compounds were further tested with an in vitro T cell bioassay. Lead 

compounds were selected based upon off target, specificity, and in vivo testing. Methyldopa 

(Aldomet), which is an oral FDA approved drug to treat hypertension in both children and 

adults, was identified through this approach. Methyldopa was repurposed and used to treat 

recent-onset T1D patients with DQ8 in a proof-of-mechanism clinical trial.
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Figure 2. 
Molecular models of methyldopa in the DQ8 peptide-binding groove. (A) Methyldopa is 

shown within pocket 6 of DQ8. There are hydrogen bonds between methyldopa and 

asparagine (ASN) at position 62 of the DQ8 alpha chain and tyrosine (Tyr) at position 30 of 

the DQ8 beta chain. These hydrogen bonds were confirmed in structure activity relationship 

testing using modified methyldopa compounds. (B) Methyldopa in the DQ8 peptide-binding 

groove clashing with the binding of an insulin peptide. Images were generated using 

PYMOL software.
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