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Abstract

In an effort to improve HLA-“humanized” mouse models for type 1 diabetes (T1D) therapy 

development, we previously generated directly in the NOD strain CRISPR/Cas9-mediated 

deletions of various combinations of murine MHC genes. These new models improved upon 

previously available platforms by retaining β2m functionality in FcRn and nonclassical MHC 

I formation. As proof of concept, we generated H2-Db/H2-Kd double knockout NOD mice 

expressing human HLA-A*0201 or HLA-B*3906 class I variants that both supported autoreactive 

diabetogenic CD8+ T-cell responses. In this follow up work, we now describe the creation of 

ten new NOD based mouse models expressing various combinations of HLA genes with and 

without chimeric transgenic human TCRs reactive to proinsulin/insulin. The new TCR-transgenic 

models develop differing levels of insulitis mediated by HLA-DQ8 restricted insulin reactive 

T-cells. Additionally, these transgenic T-cells can transfer insulitis to newly developed NSG mice 

lacking classical murine MHC molecules, but expressing HLA-DQ8. These new models can be 

utilized to test potential therapeutics for a possible capacity to reduce islet infiltration or change 

the phenotype of T-cells expressing T1D patient derived ß-cell autoantigen specific TCRs.

Introduction

Despite a successful history in mapping the cellular and genetic underpinnings of type 1 

diabetes (T1D)4, the NOD mouse has been less successful as a pre-clinical model in the 

1 Correspondence: Dr. David Serreze, PhD, The Jackson Laboratory, 600 Main St., Bar Harbor, Maine 04609, dave.serreze@jax.org, 
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development of disease therapeutics (1). In an effort to improve the NOD mouse as a pre-

clinical platform, we have undertaken previous efforts at HLA-“humanizing” the strain (2–

5). This work indicated that after HLA-“humanization”, T1D patient-relevant autoreactive 

T-cells can develop and function within the NOD environment (5, 6). However, the early 

generations of HLA-“humanized” NOD mouse models relied upon β2m−/− mutations to 

eliminate murine MHC I expression. This approach, while effective, introduced unintended 

effects on immune cell functionality and therapeutic development (7). β2m is also critical 

for both non-classical MHC formation and the various roles of FcRn functionality (8–12), 

including preventing antibody catabolism (13, 14) and mediating antigen cross-presentation 

(10). This rendered earlier generation HLA-“humanized” NOD mice poor platforms for 

development of antibody-based therapeutics. To avoid functional artifacts elicited by β2m−/− 

mutations, we more recently generated direct-in-NOD clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas9 mediated murine MHC knockout stocks (7). As part 

of this work, we generated a series of base models that could be used for introduction 

of various T1D patient-relevant HLA variants. These included NOD stocks deficient in 

classical murine MHC class I expression (NOD-cMHCI−/−) and another additionally lacking 

murine class II molecules (NOD-cMHCI/II−/−) (7). As proof of principle, we showed that 

NOD-cMHCI−/− mice can be used as a platform to introduce transgenes encoding T1D 

patient HLA-A*0201 (HLA-A2) or HLA-B*3906 (HLA-B39) class I molecules and that 

both supported disease causative autoreactive CD8+ T-cell responses (7).

We now report the creation of additional NOD-cMHCI/II−/− based models expressing 

various combinations of HLA class I and II alleles plus or minus transgenes encoding 

disease relevant human T-cell receptors (hTCR) isolated from T1D patients. Introduction of 

these hTCR transgenes supports the development of insulitis in NOD-cMHCI/II−/− platform 

mice, in which such lesions are normally absent to minimal. Thus, NOD-cMHCI/II−/− 

-based mice provide new model platforms for introductions of any desired combination 

of patient-derived HLA and TCR molecules. Additionally, they provide new pre-clinical 

models to test potential therapeutics that might prevent islet infiltration by patient relevant 

T-cell populations.

Materials and Methods

Mice

NOD/ShiLtDvs (hereafter, NOD (15)), NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (hereafter NSG 

(16)), NOD/ShiLtDvs-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs/Dvs, (hereafter 

NOD-cMHCI/II−/− (7)), NOD/ShiLtDvs-H2-K1d-em1Dvs H2-D1b-em5Dvs Tg(HLA-A/H2-D/

B2M)1Dvs/Dvs, (hereafter NOD-cMHCI−/−-A2 (7)), and NOD.Cg-Prkdcscid H2-Ab1b-
tm1Doi Il2rgtm1Wjl Tg(HLA-DQA1,HLA-DQB1)1Dv/SzJ (hereafter NSG.H2Ab0.DQ8 (17)) 

have all been described previously. NOD.Cg-Prkdcscid H2-Ab1b-tm1Doi Il2rgtm1Wjl Tg(HLA-

DQA1,HLA-DQB1)1Dv Tg(INS*)172Dvs/DvsJ (hereafter NSG.H2Ab0.DQ8.hINS), mice 

4Abbreviations: Clustered regularly interspaced short palindromic repeats, CRISPR; CD4−CD8−, DN; H2-Ab1b-tm1Doi, H2Ab0; 
hINS, human proinsulin with a 26-63 ACAGGGGTGTGGGG class I variable number of tandem repeats; HLA-A*0201, HLA-A2; 
HLA-B*3906, HLA-B39; HLA-DQ8, DQA*0301 DQB*0302; Median fluorescence intensity, MFI; T-cell receptors isolated form 
T1D patient populations, hTCR; Type 1 diabetes (T1D).
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are a publicly available unpublished model originally made by The Type 1 Diabetes Mouse 

Resource (NIH 1UC4DK097610-01) at The Jackson Laboratory (JAX) and were obtained 

from JAX Mice & Clinical Research Services (strain # 026936). Tg(INS*)172Dvs is a 

human proinsulin allele with the class I 26–63 ACAGGGGTGTGGGG variable number 

of tandem repeats sequence associated with T1D development (18). Human insulin and 

C-peptide were detectable in pancreas of founder Line 172 (Supplemental Table). All mice 

used in this study were maintained at JAX in a specific-pathogen-free mouse room. Health 

reports are publicly available at JAX’s website. Mice are now additionally screened for 

segmented filamentous bacterium (19). All procedures involving mice have been approved 

by JAX’s Animal Care and Use Committee. Most incidence studies (unless otherwise noted) 

were performed using female mice. Flow cytometry experiments utilized a mixture of male 

and female mice.

Flow Cytometry

Single cell suspensions of splenocytes were prepared by mechanical disruption through 

70μm nytex nylon mesh in calcium and magnesium-free HBSS (Sigma-Aldrich; St. Louis, 

MO) supplemented with 0.5% Hyclone-FBS (ThermoFisher; Waltham, MA) and 2mM 

EDTA (ThermoFisher). Splenocytes were further treated with Gey’s buffer to lyse red blood 

cells (20). Fc-Shield, anti-CD16/32 (2.4G2, Tonbo, San Diego, CA) was used to block non-

specific Fc-receptor binding. For staining, 1×106 cells were resuspended in a 1:1 mixture 

(50uL total volume) of calcium and magnesium-free PBS (supplemented with 0.1% sodium 

azide and 2% FBS) and Brilliant Stain Buffer (BD Biosciences). After staining, samples 

were resuspended in calcium and magnesium-free PBS (supplemented with 0.1% sodium 

azide and 2% FBS) and run on an Attune NxT (ThermoFisher) or FACS-Symphony A5 (BD 

Biosciences) cytometer. Singlet discrimination was performed by first showing FSC-A vs. 

FSC-H and gating on diagonal cells, followed by further refinement showing SSC-A vs. 

SSC-H and gating on diagonal cells. Live/dead discrimination was then performed using 

propidium iodide vs. FSC-A gating out events positive for propidium iodide. Analysis was 

performed using FlowJo 10 (BD). Additional gating strategies are described in the respective 

figure legends.

For intracellular cytokine staining, up to 5×106 cells were cultured in RPMI 1640 

(ThermoFisher Scientific) media. Cultures were supplemented with 10% heat inactivated 

Hyclone LOW IgG FBS, 100 μM 2-mercaptoethanol, 1X GlutaMAX, 1mM sodium 

pyruvate, and 1X MEM NEAA (all from ThermoFisher Scientific), plus 100 U/mL 

penicillin and 100 μg/mL streptomycin (both from MilliporeSigma). Cells were stimulated 

for 5 hours at 37°C with 25ng/mL PMA (MilliporeSigma) and 1 μg/mL ionomycin (Cayman 

Chemical; Ann Arbor, MI), in the presence of a 1/1000 dilution of GolgiPlug/Brefeldin 

A (BD Biosciences). Following surface marker staining (described below) cells were 

washed with Dulbecco’s PBS then incubated with Ghost Dye UV450 (Tonbo) for live/dead 

discrimination. Cells were subsequently fixed with Cytofix/Cytoperm (BD Biosciences) 

following the manufacturer’s recommended protocol. Intracellular staining was performed in 

the presence of BD Perm/Wash Buffer (BD Biosciences).
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Flow cytometry on islet infiltrating T-cells was performed following the hand picking of 

islets from digested pancreata as previously described (21). The following modifications 

were performed in this study: following a second round of picking islets, instead of 

transferring islets into RPMI for overnight culture, islets were first picked into calcium and 

magnesium-free HBSS (Sigma-Aldrich; St. Louis, MO) supplemented with 0.5% Hyclone-

FBS (ThermoFisher; Waltham, MA) and 2mM EDTA (ThermoFisher). These islets were 

then mechanically disrupted by vigorous pipetting and half the sample was dispersed for 

surface stain experiments while the other cells were used for in vitro cytokine experiments.

Fluorochrome labeled antibodies were obtained from the following vendors: Biolegend (San 

Diego, CA) - CD90.2 (30-H12, APC-Cy7), HLA-DQ (SK10, FITC), HLA-A,B,C (W6/32, 

APC-Cy7), H2-Ld/H2-Db (28-14-8, PE), B220 (RA3–6B2, APC), H2-Kd (SF1.1, FITC), 

IFN-γ (XMG1.2; APC), TNF-α (MP6-XT22; PE-Cy7), CD357/GITR (DTA-1; PerCP-

Cy5.5); BD Biosciences (Franklin Lakes, NJ) – Vβ8.1,2.3 (F23.1, FITC), TCRβ (H57–

597, BV711), CD4 (GK1.5, BV785), CD4 (RM4–5; BV570), CD279/PD-1 (29F.1A12; 

BV711, CD25 (PC61; BV421); CD8α (53–6.7, BV480), CD45 (30-F11, BUV805), CD45.1 

(A20, A700), H2-Db (KH95, PE), I-Ad (AMS32.1 – cross reactive to H2-Ag7, PE), 

CD11b (M170, BV650), B220 (RA3–6B2, BUV496), CD90.2 (53–2.1, APC); Beckman 

Coulter (Pasadena, CA) – TCR-Vβ5.1 (IMMU 157, PE), TCR-Vβ22 (IMMU 546, FITC) 

IL-4 (11B11; PE), IL-5 (TRFK5; PE), IL-17A (TC11–18H10, BV786), CD69 (H1.2F3; 

BUV737); ThermoFisher Scientific: IL-13 (eBio13A; PE); Tonbo – CD11c (N418, redFluor 

710).

Construction of NOD-cMHCI/II−/−.DQ8, and NSG-cMHCI/II−/−.DQ8 mice

NOD-cMHCI/II−/− and NSG.Ab0.DQ8 mice (HLA-DQ8: DQA*0301, DQB*0302) were 

intercrossed and F1 hybrids were backcrossed to the NOD-cMHCI/II−/− parental strain. 

Backcross 1 (BC1) progeny carrying the desired combinations of edited genes and mutations 

were then selected for continued breeding. Prkdcscid, Il2rgtm1Wjl, Tg(HLA-DQA1), and 

Tg(HLA-DQB1) alleles were typed by JAX Transgenic Genotyping Service (JAX-TGS) 

using publicly available protocols. The H2-Ab1b-tm1Doi (H2Ab0) mutation was made in 

129S2/SvPas-derived stem cells and therefore is flanked by H2-Kb instead of the H2-Kd 

class I variant characterizing the NOD strain. 129S2/SvPas also carry H2-Db, which is 

shared with NOD. Therefore, H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs alleles were 

fixed by typing for H2-Kb and H2-Db (which flank H2-Ab1) negative animals by flow 

cytometric analysis of blood mononuclear cells. Homozygosity of the Prkdcscid mutation 

was additionally confirmed by typing for absence of B220+ cells. Antibody against CD11b 

was used as a positive staining-control in mice lacking both B-lymphocytes and murine 

MHC expression. These efforts led to the generation of two new strains. The first is 

officially designated NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs Tg(HLA-

DQA1,HLA-DQB1)1Dv/Dvs, and throughout the rest of this study simply called NOD-

cMHCI/II−/−.DQ8 (where extra clarification is needed) or DQ8. The second is officially 

designated NOD.Cg-Prkdcscid H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs Il2rgtm1Wjl 

Tg(HLA-DQA1,HLA-DQB1)1Dv/Dvs and hereafter in this study as NSG-cMHCI/II−/

−.DQ8.
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NOD-cMHCI/II−/−-A2

NOD-cMHCI/II−/− and NOD-cMHCI−/−-A2 mice were intercrossed and resultant F1 

hybrids backcrossed to the NOD-cMHCI/II−/− parental strain producing a new stock 

officially designated NOD/ShiLtDvs-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs 

Tg(HLA-A/H2-D/B2M)1Dvs/Dvs and hereafter in this study referred to as NOD-

cMHCI/II−/−-A2 (when additional clarification is needed) or simply A2. Mice were typed 

for the loss of H2-Ag7 on B-lymphocytes by flow cytometry and eventual homozygosity 

of the Tg(HLA-A/H2-D/B2M)1Dvs transgene (following sister-brother mating NOD-

cMHCI/II−/−.A2Tg/0 mice) via qPCR by JAX-TGS using a publicly available protocol.

NOD-cMHCI/II−/−.DQ8-hTCR

The DQ8 restricted human TCR 20D11 recognizes Insulin B9–23 and was derived from 

nPOD6323 T1D donor (22). The human 6H9 also recognizes Insulin B9–23 in a DQ8 

or DQ8-trans-restricted fashion and was isolated from nPOD6342 T1D donor (22). The 

A1.9 TCR recognizes human C-peptide42–50 in a DQ8 restricted manner (23). The relevant 

human TCR alpha and beta variable antigen recognition sequences (Table I) have been 

fused to murine constant regions to create chimeric TCR genes. TCRα sequences have 

been inserted into vector pCD2, which drives expression from a human CD2 promoter (24). 

TCRβ sequences have been inserted into p428, which drives expression from a murine 

CD4 promoter (25). Plasmids were purified with an endotoxin-free kit (Nucleobond Xtra, 

Takara). Ten to fifteen micrograms of each plasmid were digested overnight with restriction 

enzymes (New England Biolabs) NotI (mCd4-TCRbeta) or NotI/SalI (hCD2-TCRa) to 

remove the desired transgenic fragments from their plasmid backbones. Digested fragments 

were electrophoresed on a 1% GTG agarose gel (Lonza) and stained with crystal violet. 

Fragments of the desired size (Cd4-TCRbeta: 5.3 kb; CD2-TCRalpha: 12.4 kb) were 

excised and purified using a Nucleospin Gel & PCR fragment kit (Takara) according 

to the manufacturer’s instructions and eluted in TE buffer (IDT) tested in-house to be 

non-toxic to murine embryos. Fragments were then mixed to an equimolar concentration, 

centrifuged at 20,000xg for 15 min, and the top 80% of the supernatant was removed 

to a clean microcentrifuge tube. Combined TCRa/TCRb DNA fragments were diluted to 

2–3 ng/ul total DNA and injected into NOD-cMHCI/II−/− zygotes. Resulting transgenic 

founder mice were identified by PCR genotyping. Briefly, ear or tail samples were lysed 

in NaOH lysis buffer and neutralized by 40 mM TrisHCl. Each sample was subjected to 

three distinct genotyping assays to identify founder mice carrying both transgenes. Only 

founder mice positive in all three assays were used for establishing colonies. Assay1: TCRa 

PCR (9666–9668) amplifies an 1823 fragment encompassing the human CD2 promoter, 

TCRA, and the hCD2 locus control region. Assay2: TCRa PCR (9673–9671) amplifies the 

3’ end of the hCD2 locus control region. Assay3: TCRb PCR (9675–9681) amplifies a 

1031 bp fragment from the mouse Cd4 intron1 to coding sequence of TCRbeta. Primers: 

9666: GGCAAAGGAGCACATCAGAAGG, 9668: TGTTCGGGTCATTCTGGTGAGG, 

9673: TCAGGATGTTTCCTCTCACCAC, 9671: TCCACTTCCCAGGTTCCAGC, 9675: 

TGGGTTGGTTATCAAGGTCCTG, 9681: CCACTGACCAGCACAGCATATAG. Identified 

founders were crossed with NOD-cMHCI/II−/−.DQ8 mice. Resulting positive offspring 

were backcrossed to NOD-cMHCI/II−/−.DQ8 mice two times for A1.9 and three times 

for 6H9 and 20D11. After intercrossing carriers of both TCR-α and TCR-β transgenes, 

Racine et al. Page 5

J Immunol. Author manuscript; available in PMC 2024 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequent progeny were typed by the JAX-TGS to fix the TCR and HLA-DQ 

transgenes to homozygosity. qPCR primers and probes used by JAX-TGS to type 

these new hTCR transgenes are listed in Table II. The formal strain designations 

for the primary lines used in this manuscript are as follows: NOD-cMHCI/II−/−.DQ8–

20D11 (hereafter DQ8–20D11) [NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs 

Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-Tcra20D11,Cd4-Tcrb20D11)1Dvs/Dvs], NOD-

cMHCI/II−/−.DQ8–6H9 (hereafter DQ8–6H9) [NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs 

H2-D1b-em5Dvs Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-Tcra6H9,Cd4-Tcrb6H9)2Dvs/

Dvs], NOD-cMHCI/II−/−.DQ8-A1.9 [NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-

em5Dvs Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-TcraA1.9,Cd4-TcrbA1.9)1Dvs/Dvs].

NSG.H2Ab0.DQ8.hINS were crossed to the NOD-cMHCI/II−/−.DQ8 strain. Offspring 

hemizygous for Tg(INS*)172Dvs were continually backcrossed to NOD-cMHCI/II−/

−.DQ8 mice to remove the Prkdcscid, H2Ab0 and Il2rgtm1Wjl mutations. 

Prkdcscid, Il2rgtm1Wjl and Tg(INS*)172Dvs were typed by the JAX-TGS, while 

loss of the H2Ab0 mutation was typed by flow as described above. The 

Tg(INS*)172Dvs transgene was typed using the following primers (Forward: 

CTCAAATCGCACCCTTCTGT; Reverse: TAGAGAGGATCAGGGGATGC; Internal 

Positive Control Forward: CTAGGCCACAGAATTGAAAGATCT; Internal Reverse 

Control: GTAGGTGGAAATTCTAGCATCATCC). More details on this typing protocol 

are publicly available on the web page for JAX strain 026936. Resulting NOD-cMHCI/II−/

−.DQ8.hINS mice were crossed to the DQ8-A1.9 strain. TCR-hemizygous F1 females were 

entered into a T1D incidence study, while males were backcrossed to DQ8-A1.9 females to 

re-fix the TCR transgenes to homozygosity. After two generations of backcrossing to NOD-

cMHCI/II−/−.DQ8-A1.9, these strains are now maintained in a single colony through sister-

brother matings of hINShemi x hINS− mice. NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs 

H2-D1b-em5Dvs Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-TcraA1.9,Cd4-TcrbA1.9)1Dvs 

Tg(INS*)172Dvs/Dvs (NOD-cMHCI/II−/−.DQ8-A1.9.hINS are hereafter referred to as 

DQ8-A1.9.hINS while NOD-cMHCI/II−/−.DQ8-A1.9 (hINS− littermates) are referred to as 

DQ8-A1.9.

NOD.scid-cMHCI/II−/−.DQ8–20D11

Male NSG-cMHCI/II−/−.DQ8 mice were crossed to DQ8–20D11 mice. Male offspring 

of this cross were crossed a second time to DQ8–20D11. Mice homozygous for 

20D11 transgenes, Il2rg+/+, and carrying the Prkdcscid mutation were intercrossed to 

fix the Prkdcscid mutation back at homozygosity. These mice have been assigned 

the formal strain name NOD.Cg-Prkdcscid H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-

em5dvs Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-Tcra20D11,Cd4-Tcrb20D11)1Dvs/Dvs, 

(hereafter NOD.scid-cMHCI/II−/−.DQ8–20D11).

NOD-cMHCI/II−/−.DQ8-A2 and NOD-cMHCI/II−/−.DQ8-A2–20D11

NOD-cMHCI/II−/−-A2 and NOD-cMHCI/II−/−.DQ8 mice were intercrossed to generate 

a NOD-cMHCI/II−/−.DQ8-A2 strain (hereafter, DQ8-A2, formal strain NOD.Cg-

H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs Tg(HLA-A/H2-D/B2M)1Dvs Tg(HLA-

DQA1,HLA-DQB1)1Dv/Dvs). DQ8–20D11 and DQ8-A2 mice were intercrossed to 
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generate a NOD-cMHCI/II−/−.DQ8-A2–20D11 strain (hereafter DQ8-A2–20D11, formal 

strain name NOD.Cg-H2-K1d-em1Dvs H2-Ab1g7-em1Dvs H2-D1b-em5Dvs Tg(HLA-A/H2-D/

B2M)1Dvs Tg(HLA-DQA1,HLA-DQB1)1Dv Tg(CD2-Tcra20D11,Cd4-Tcrb20D11)1Dvs/

Dvs). For both strains, Tg(HLA-A/H2-D/B2M)1Dvs, Tg(HLA-DQA1,HLA-DQB1)1Dv, 

Tcra-20D11, and Tcrb-20D11 were all typed via qPCR by JAX-TGS and the colony is 

now maintained in a homozygous state for all mutations and transgenes.

Monitoring for T1D development

Mice were checked weekly for glucosuria using Ames Diastix (Bayer; Leverkusen, 

Germany). Mice were considered diabetic after two readings of >0.25% (corresponding 

to 300mg/dl in blood).

Insulitis

Pancreata were fixed in Bouins (Rowley Biochemical; Danvers, MA) and embedded in 

paraffin blocks. Three levels, separated at 100 μm, were sectioned and stained with H&E 

and aldehyde fuchsin. Mean insulitis scores (MIS) were calculated by a blinded observer as 

previously described (26, 27). As photographically documented in (27), this scoring system 

combines analysis of immune cell infiltrate (H&E), in conjunction with a quantitative 

determination of β-cell loss (as determined by loss of aldehyde fuchsin staining). Briefly, the 

scoring system for individual islets is as follows: 0, no lesions; 1, peri-insular aggregates; 2, 

<25% islet destruction; 3, >25% islet destruction; 4, >75% islet destruction. The final score 

was determined by dividing the summed score for each pancreas by the total number of 

islets examined. Representative insulitis histology image was obtained from slides scanned 

with a Hamamatsu NanoZoomer C9600–12 (Shizuoka, Japan). Image was exported from 

NDP.view2 as a *.jpg file and a greyscale filter (Red 0.6, Green 0.2, Blue 0.1, Lightness 0) 

applied in Inkscape 1.2.

Myocarditis Assessment

Myocarditis severity was assessed on 4 areas (left ventricular free wall, septum, anterior 

and posterior left ventricle) of H&E-stained midline cross-sections of the heart for a semi-

quantitative score. Scoring was performed as follows; 0, healthy myocardial morphology; 

1, mild infiltration observed as an increase in mononuclear cells between cardiomyocyte 

fibers; 2, moderate infiltration with small inflammatory lesions mostly restricted to the 

epicardial area; 3, severe inflammatory lesions throughout the myocardium. Scores from the 

4 evaluated cardiac areas in each mouse were then summed. Representative images were 

obtained from stained slides (H&E or Sirius Red) scanned with a Hamamatsu NanoZoomer 

C13239–01 (Shizuoka, Japan). Images were exported from NDP.view2 as a *.jpg file.

Transfer Experiments

Single cell suspensions of splenocytes were prepared as described above in HBSS 

supplemented with 2% FBS from individual DQ8–20D11 mice (Line 1) or from a now 

extinct Line 4 cohort. Cells were resuspended in dPBS with calcium and magnesium 

(ThermoFisher Scientific) and 10×106 total splenocytes were transferred via tail vein 

injection into NSG-cMHCI/II−/−.DQ8 recipients. Cells from a total of two females and 
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two males from each line was injected into 3–5 sex matched recipients. Recipients were 

monitored for T1D development for up to 30 weeks.

qPCR

Spleens were harvested from ten- to fifteen-week-old female mice and RBC-depleted 

single cell suspensions were prepared as above. CD4+ T-cells were negatively enriched 

over LD columns (Miltenyi Biotec; North Rhine-Westphalia, Germany) after incubation 

with biotinylated antibodies directed against B220, Ter119, CD11c, CD11b, and CD8 and 

incubation with Streptavidin MicroBeads (Miltenyi Biotec). Enriched CD4+ T-cells were 

frozen in 1mL Trizol (Thermo Fisher Scientific, Waltham, MA) at −80°C. Total RNA 

was then prepared by phenol-chloroform extraction and reverse transcribed (SuperScript 

IV VILO Master Mix, Thermo Fisher Scientific) following manufacturer’s methods. 

qPCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems, 

Thermo Fisher Scientific) on a QuantStudio 7 Flex real time PCR system (Applied 

Biosystems). Transgenic hTCR gene expression was normalized to CD90 gene expression 

in the sample (to normalize to T-cell count) and compared across the relevant mouse 

strains. Primers were as follows: 20D11 Tcra (F: 5’-GAAGGTTTACAGCACAGGTCG-3’; 

R: 5’-CACCAGAAAGAATTGCACAGAGG-3’); 20D11 Tcrb (F: 5’-

GAAGATCCGGTCCACAAAGC-3’; R: 5’-ATGGCTCAAACAAGGAGACC-3’); 

6H9 Tcra (F: 5’-ACCAATGAAATGGCCTCTCTG-3’; R: 

5’-TCGACTCTGACGATGCAATAG-3’); 6H9 Tcrb (F: 5’-

TCTCCCAGTCCCCCAGTAAC-3’; R: 5’-GCCTCTGTCGGTACCAGTAA-3’); A1.9 Tcra 
(F: 5’-GACTCGCTTTTGGGAAGGGG-3’; R: 5’-AGTCAAAGTCGGTGAACAGGC-3’); 

A1.9 Tcrb (F: 5’-GGCTACACCTTCGGTTCGG-3’; R: 5’-

TGCAATCTCTGCTTTTGATGGC-3’); CD90 (F: 5’-ACCAAGGATGAGGGCGACTA-3’; 

R: TCTGAACCAGCAGGCTTATG-3’).

Insulin Secretion Assay

Briefly, mice were fasted for 5 hours and injected with glucose (2g/kg body weight, 

intraperitoneally). Blood samples (~20 μl) were collected from tail tip using Microvette 

tubes, (Sarstedt Inc, Germany) at 0, 15, 30, 60 and 120 minutes for insulin measurements. 

Plasma was separated and insulin levels were quantified using Ultra-sensitive mouse-insulin 

ELISA kits as per the manufacturer’s guidelines (CrystalChem, IL, USA).

Statistics

All statistics are calculated using Prism 9. Scatter dot plots display biological replicates 

and mean ± standard deviation. Biological replicates are combined from a minimum of two 

independent experiments. P-values are calculated with two-tailed Mann-Whitney analyses 

for two group comparisons and one-way ANOVA with Tukey’s multiple comparisons test 

for more than two groups.
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Results

Creation of NOD-cMHCI/II−/−-A2 and NOD-cMHCI/II−/−-DQ8 mice

In an effort to further refine our “HLA-humanized” NOD mouse models (7), we introduced, 

through genetic crossing, transgenic constructs encoding T1D relevant HLA-A*02:01 
(HLA-A2) or HLA-DQA*0301,DQB*0302) (HLA-DQ8) molecules into our previously 

described NOD-cMHCI/II−/− mice (7). Resulting murine MHC bare A2 and DQ8 mice 

express human MHC I or II molecules while being devoid of classical murine MHC I 

and II (Figure 1A). As expected, A2 mice generate predominantly CD8+ T-cells, while 

DQ8 mice produce mostly CD4+ T-cells (Figure 1B). As has been reported for other NOD 

strains carrying HLA-DQ8 transgenes, our new NOD-cMHCI/II−/−.DQ8 mice do develop 

myocarditis with cellular infiltration and fibrosis (Supplemental Figure 1A, B). While this 

phenotype is under active investigation, it is outside the scope of this current manuscript.

Creation of NOD-cMHCI/II−/−.DQ8–20D11

Plasmids containing chimeric murine-constant-region human-variable region TCR 

sequences from the T1D patient derived T-cell clone 20D11 (Table I) were injected into 

NOD-cMHCI/II−/− zygotes and resultant founder mice crossed to the NOD-cMHCI/II−/

−.DQ8 strain. 20D11 T-cells recognize insulin B9–23 (22), an epitope shared between mouse 

and humans. Four initial lines were generated. While in the process of fixing the relevant 

HLA-DQ8 and hTCR transgenes to a homozygous status, a preliminary experiment was 

performed using two lines of mice (Line 1 and Line 4) that were the first to be HLA-DQ8 

homozygous, but still hTCR hemizygous. During the creation of NOD-cMHCI/II−/−.DQ8 

mice, we simultaneously developed a NSG-cMHCI/II−/−.DQ8 strain (Supplemental Figure 

2) for use as immunodeficient recipients for transfer studies. Therefore, to test functionality 

of the 20D11 T-cells 10×106 whole splenocytes from either NOD-cMHCI/II−/−.DQ8 Line 

1 or Line 4 20D11 donors were transferred into NSG-cMHCI/II−/−.DQ8 recipients. While 

no resulting recipients developed overt T1D, those engrafted with DQ8–20D11 Line 1 

splenocytes had higher levels of insulitis indicating the transgenic hTCR is functionally 

active (Figure 2A). These data, along with an apparent reduced transgenic Vβ usage for Line 

4 (data not shown), lead to the decision to prioritize Line 1 for further studies. From this 

point forward, DQ8–20D11 refers to Line 1.

Compared to DQ8 controls DQ8–20D11 mice have a slightly reduced percentage of CD90+ 

T-cells amongst CD45+ splenocytes (Figure 2B). Additionally, there is a slight reduction in 

the percentage of CD4+ amongst CD90+ cells in DQ8–20D11 mice (Figure 2C), possibly 

indicating negative selection pressure on transgenic TCR expressing cells. This is not at 

the expense of CD8+ cells however, but rather there is an expansion of a CD4−CD8− (DN) 

fraction (Figure 2C). Compared to DQ8 mice which lack hTCR transgenes, a vast majority 

of DQ8–20D11 CD4 cells express the transgenic Vβ22 (Figure 2D). Around 50% of DN 

T-cells express the transgenic Vβ22 (Figure 2E). Finally, enriched T-cells were confirmed to 

express the transgenic TCRα and TCRβ mRNA by qPCR (Figure 2F).

Racine et al. Page 9

J Immunol. Author manuscript; available in PMC 2024 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Creation of NOD-cMHCI/II−/−.DQ8–6H9 mice

The 6H9 hTCR also recognizes insulin B9–23 (22). As we did for 20D11, plasmids 

containing the chimeric hTCR sequences (Table I) for 6H9 were injected into NOD-

cMHCI/II−/− zygotes and resultant founders crossed to the NOD-cMHCI/II−/−.DQ8 strain, 

initially generating two transgenic lines. Subsequent breeding issues (and lack of any 

insulitis development, Supplemental Figure 3) for 6H9 Line 1 led us to focus on DQ8–6H9 

Line 2 mice. No differences in CD90 percentage amongst CD45 (Figure 3A) or CD4 vs CD8 

percentage amongst T-cells (Figure 3B) were observed between DQ8–6H9 and DQ8 control 

mice. The 6H9 TCRα and TCRβ transgenic mRNAs are both expressed (Figure 3C).

hTCR transgenic T-cells recognizing insulin B9–23 induce insulitis in NOD-cMHCI/II−/−.DQ8 
mice

We have yet to observe overt T1D in DQ8 (0/20), DQ8–20D11 (0/19, 4 sick non-diabetic 

mice) or DQ8–6H9 mice (0/21) out to 30-weeks-of-age. Therefore, we histologically 

examined pancreata to determine whether we could detect differences in insulitis 

progression between the various strains. At 10–15 weeks of age, both DQ8–20D11 and 

DQ8–6H9 mice have higher levels of insulitis compared to the DQ8 control strain (Figure 

4A). At this age DQ8–20D11 mice have higher levels of insulitis than the DQ8–6H9 

stock. However, by 30 weeks of age, insulitis in the DQ8–6H9 strain equalized to that in 

DQ8–20D11 mice. Both strains had increased insulitis compared to DQ8 controls without 

transgenic TCRs at each examined age (Figure 4B). A second line of 20D11 with similar 

levels of insulitis as Line 1 (Supplemental Figure 3) is backed up as frozen sperm. While 

these mice remain normoglycemic, the dynamics of the metabolic response differ, as 

measured by insulin secretion after glucose challenge; both the DQ8–20D11 and DQ8–6H9 

strains were lower compared to parental DQ8 mice (Figure 4C). Combined, these data 

indicate that both 20D11 and 6H9 transgenic T-cells selected in a HLA-“humanized” murine 

thymus are both functional as indicated by an ability to mediate spontaneous insulitis, 

although each TCR does so with differing kinetics.

We wondered why there may be differing kinetics in insulitis between the two strains. While 

the 6H9 TCR β-chain is expressed (Figure 3C), we were unable to determine the amount of 

protein on the cell surface due to a lack of a viable staining antibody. Therefore, we checked 

for evidence of allelic exclusion in both 20D11 and 6H9. To our surprise, we found there 

was no difference in murine Vβ8 expression between 6H9 and DQ8 mice (Figure 4D, E). 

However, 20D11 lacked murine Vβ8 (Figure 4D, E). These data indicate that the 20D11, but 

not the 6H9 TCR β-chain signals strongly enough to induce allelic exclusion.

Since 20D11, but not 6H9 exhibited a drop in percentage of both CD90+ T-cells and those 

within the CD4+subset, we wondered whether negative selection was occurring in the former 

strain. Therefore, we developed a NOD.scid-cMHCI/II−/−.DQ8–20D11 strain to prevent 

the development of any endogenous TCR expressing cells. Compared to NSG-cMHCI/II−/

−.DQ8 mice, the NOD.scid-cMHCI/II−/−.DQ8–20D11 strain did develop CD90+ TCRβ+ 

T-cells. This indicated 20D11 transgenic T-cells are positively selected in the absence 

of endogenous murine TCR chains (Figure 4F). However, compared to standard 20D11 

mice, the percentage of CD4+ 20D11 T-cells is drastically reduced in the scid carrying 
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stock suggesting the transgenic TCR does undergo some level of negative selection (Figure 

4G). In comparison, the percentages of CD8+ and DN T-cells are increased in NOD.scid-

cMHCI/II−/−.DQ8–20D11 mice (Figure 4G). This change in the T-cell compartment is due 

to the loss of CD4+ T-cells, and not a numerical expansion of CD8+ or DN T-cells, as 

the yield of CD4+ T-cells is reduced nearly 10-fold (Figure 4H). Conversely, the yield of 

CD8+ T-cells in NOD.scid-cMHCI/II−/−.DQ8-20D11 compared to DQ8–20D11 mice is not 

different, while the numbers of DN T-cells is slightly reduced (Figure 4H). Despite evidence 

of negative selection occurring with forced restriction of the transgenic TCRαβ pairing, the 

T-cells that survive to the periphery in NOD.scid-cMHCI/II−/−.DQ8–20D11 are still capable 

of causing insulitis by 20-weeks-of-age (Figure 4I), with the occasional individual islets 

showing near complete destruction (labelled in the figure with a corresponding score of 4).

Next, we asked if we could detect any further differences that distinguished 20D11 and 

6H9 T-cells. At 15–18 weeks of age, islet derived 20D11 T-cells have an increased TCR 

MFI compared to those from both NOD and 6H9 mice (Figure 5A). Both 20D11 and 6H9 

CD4+ T-cells show higher levels of CD69− PD-1+ surface markers than standard NOD CD4+ 

T-cells (Figure 5B, C). 20D11 T-cells exhibit higher levels than 6H9 at this same period. 

This data indicates past antigen exposure and activation has already occurred on ~10–15% 

of transgenic T-cells in the spleen. Furthermore, 20D11 T-cells also exhibit a slight elevation 

in CD69+ PD-1+ cells, indicating more recent activation events (Figure 5B, C). Interestingly, 

while no differences were observed on intra-islet infiltrating 6H9 T-cells compared to NOD 

controls, those from the 20D11 strain had a reduced level of those with a CD69− PD-1+ 

phenotype, but with increases in both the CD69+ PD-1+ and CD69+ PD-1− fractions (Figure 

5B, D). Together, these data indicate 20D11 T-cells are actively being stimulated by antigen 

(CD69+) but are also prone to tolerance induction (PD-1+) following activation.

Next, we looked for levels of Treg between the three strains. In spleens, CD25+ GITR+ 

Tregs were slightly reduced in 6H9 mice, compared to the 20D11 and NOD strains (Figure 

5E, F). Interestingly, proportions of both CD25+ GITR+ and CD25− GITR+ cells were 

increased among 20D11 T-cells. In the islets, Tregs (CD25+, GITR+) were slightly expanded 

in 20D11 mice compared to the 6H9 and NOD strains (Figure 5E, G). All three stains 

display high, but non-differing, levels of GITR+ non-Tregs (CD25−) (Figure 5G). Since 

GITR is upregulated on non-Tregs following TCR stimulation (28), these data provide 

further evidence of 20D11’s antigenic activation in vivo, as well as indicating a potential 

increase in the ability of these cells to become Tregs.

We next examined consequences of ex-vivo re-stimulation of these hTCR T-cells. 

Immediately following cellular isolation, single cell suspensions from spleens or islets were 

re-stimulated ex vivo with PMA and ionomycin for four hours. Following re-stimulation, we 

observed little difference in splenic T-cell TNF-α or IFN-γ production between NOD, 6H9, 

or 20D11 total T-cells (Figure 5H, I). Intriguingly, there was a slight reduction in TNF-α and 

a large decrease in IFN-γ production by islet infiltrating 20D11 T-cells (Figure 5J, K). Very 

little IL-4,5,13 or IL-17A was detectable in any sample (data not shown). Taken together, 

these data indicate that despite signs of T-cell activation, 20D11 T-cells appear to have taken 

on a tolerized phenotype, likely due to high induction of PD-1 expression.
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Creation of NOD-cMHCI/II−/−.DQ8-A1.9 mice +/− human insulin

A1.9 is a human T-cell clone isolated from the pancreatic islets of a deceased T1D organ 

donor that recognizes human C-peptide42–50 and only weakly cross reacts with murine 

proinsulin (23). Plasmids containing the chimeric A1.9 hTCR (Table I) were injected into 

NOD-cMHCI/II−/− zygotes and resulting founders were crossed to NOD-cMHCI/II−/−.DQ8 

mice. Four initial founders were quickly reduced to two lines (one line was lost to lack of 

germline transmission, whereas another appeared to have a Y-chromosome integration). Due 

to breeding difficulties with Line 2, all experimentation has been done with Line 1. While 

developing DQ8-A1.9, we separately generated, through genetic crossing, NOD-cMHCI/II−/

−.DQ8 mice carrying the human derived Tg(INS*)172Dvs transgene characterized by a 

26–63 ACAGGGGTGTGGGG class I variable number of tandem repeat element (hINS) 

linked to T1D susceptibility (29). In order to test the functionality of the A1.9 T-cell 

in the presence or absence of hINS, we intercrossed DQ8-A1.9 and NOD-cMHCI/II−/

−.DQ8.hINShemi strains resulting in NOD-cMHCI/II−/−.DQ8.hINS mice. F1 females which 

were either A1.9hemi hINShemi or A1.9hemi hINS− were entered into a T1D incidence study. 

Males (positive for hINS) were backcrossed to the DQ8-A1.9 strain to refix the A1.9 

transgenes to homozygosity. While neither A1.9hemi hINShemi nor A1.9hemi hINS− females 

developed overt T1D (0/18, 1 sick nondiabetic vs 0/15, 3 sick nondiabetic) we observed that 

insulitis levels were higher in A1.9hemi hINShemi than A1.9hemi hINS− females (Figure 6A).

After fixing the A1.9 transgenes back to homozygosity, we examined 10–15-week-old 

DQ8-A1.9 mice positive or negative for the hINS transgene for T-cell development. Mice 

hemizygous for the hINS transgene had a slightly reduced %CD90+ amongst splenic CD45+ 

cells (Figure 6B). There was also a minor, but significant reduction in the frequency of CD4+ 

cells amongst CD90+ T-cells (Figure 6C). These results indicate that in the presence of 

hINS, A1.9 expressing T cells may be under increased negative selection pressure. Enriched 

splenic T-cells from both DQ8-A1.9 and DQ8-A1.9.hINS mice expressed the transgenic 

Vβ5.1 while DQ8 mice did not (Figure 6D,E). Both strains also showed expression of both 

transgenic A1.9 Vα and Vβ mRNA as assayed by qPCR (Figure 6F). At this 10–15-week 

timepoint, DQ8-A1.9.hINS mice already have increased insulitis compared to DQ8-A1.9 

littermates (Figure 6G).

Creation of NOD-cMHCI/II−/−.DQ8-A2 and NOD-cMHCI/II−/−.DQ8-A2–20D11 mice

We reasoned one explanation for the lack of overt T1D in the hTCR mice discussed to 

this point could be the lack of endogenous CD8+ T-cells selected by “classical” MHC I 

molecules. Therefore, to create a platform that could be used to introduce both CD4 and 

CD8 hTCR transgenes, we intercrossed NOD-cMHCI/II−/−-A2 and NOD-cMHCI/II−/−.DQ8 

mice to generate a new DQ8-A2 strain. DQ8-A2 mice express both HLA-DQ8 and HLA-

A2 (Figure 7A, B) while lacking classical murine MHC molecules (Figure 7B, C). This 

allows the selection of both CD4+ and CD8+ T-cells that are human HLA-DQ8 or HLA-A2 

restricted (Figure 7E, F, G, H).

An intercross of DQ8-A2 and DQ8–20D11mice generated a DQ8-A2–20D11strain. F1 

females from this cross (hemizygous for both HLA-A2 and 20D11) were entered into a 

T1D incidence study. Males were used to begin the process of fixing the HLA-A2 and 
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20D11 transgenes. We have observed no diabetes for any A2 (0/20, with 5 sick nondiabetic), 

DQ8-A2 (0/28 from combined from two studies, 13 sick nondiabetic), or DQ8-A2–20D11 

(0/23, 4 mice sick nondiabetic) mice. T1D did develop in a group of standard NOD controls 

analyzed concurrently with some of the above cohorts (16/25). Due to the large number 

of DQ8-A2 mice that were sick but not diabetic, we pathologically examined surviving 

mice, and as with the DQ8 model, observed myocarditis in DQ8-A2 mice lacking any 

of our human TCR transgenes (Supplemental Figure 1C, D,E). Despite the lack of overt 

T1D, DQ8-A2–20D11 mice had increased insulitis compared to either A2 or DQ8-A2 mice 

(Figure 7H), and lacked myocarditis found in either DQ8 or DQ8-A2 mice (Supplemental 

Figure 1E). Insulitis was, however, reduced in comparison to surviving NOD controls 

(Figure 7H).

Discussion

Herein we report the creation of ten new NOD-based “humanized” mouse models carrying 

varying combinations of T1D-associated HLA Class I and II alleles along with patient 

derived TCR-transgenes (Table III). Together these models could prove useful platforms 

for the future testing of potential interventions that aim to prevent pancreatic infiltration 

of diabetogenic T-cells. Despite the lack of overt T1D, through measurements of β-cells 

loss (histological methods that assess β-cells surface area/staining or functionally and assays 

such as insulin secretion) interventions can still be quantifiably tested in these HLA/TCR 

humanized NOD mice for efficacy. We should also note, islets with scores of 3 and 4 (as 

depicted in Figure 4I) were also quite large. NOD background mice are known to form 

“mega-islets” which is caused by a combination of strain-specific β-cell hyperactivity and 

lymphocyte infiltration (30, 31). This β-cell hyperactivity is likely the reason that even pre-

diabetic standard NOD mice have normal levels of pancreatic insulin content until around 

14 weeks of age (precipice where most NOD colonies start to have high penetrance of T1D) 

(32). Therefore, it is unsurprising we did not observe greater signs of β-cell dysfunction.

While we did attempt to combine HLA-DQ8 with HLA-B39, we were unable to maintain a 

viable NOD-cMHCI/II−/−.DQ8-B39 colony despite our best efforts to breed mice in various 

combinations of homo- and heterozygosity due to rapid onset of non-T1D illness which 

in hindsight, was likely accelerated myocarditis. This indicates that certain HLA-pairings 

may be more feasible than others when using the NOD-cMHCI/II−/− platform to generate 

new combinations. DQ8 and DQ8-A2 mice were found to develop myocarditis, but minimal 

levels of insulitis (Figure 7H; Supplemental Figure 1A–D). In both strains, expression 

of the human 20D11 and A1.9 hTCR transgenes enhanced insulitis levels (Figure 4A,B; 

Figure 6A,G; Figure 7H), while reducing myocarditis development (Supplemental Figure 

1E). Introduction of the 6H9 transgenic TCR also enhanced insulitis development in DQ8 

mice (Figure 4A). However, the inability of the transgenic 6H9 TCR to induce allelic 

exclusion of endogenous TCRβ chain expression (Figure 4B) correlates with its failure to 

limit myocarditis development in DQ8 mice (Supplemental Figure 1 E).

We should note, due to the inability of the transgenic 6H9 TCR to induce allelic exclusion 

of endogenous murine TCRβ-chains, and the lack of an available specific-Vβ antibody to 

test its expression, we cannot rule out the following two possibilities. The first is the 6H9 
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transgenic β-chain is not capable of allowing for positive selection signals. Alternatively, 

the 6H9 transgenic β-chain protein is simply lowly (or not) expressed on the cell surface. 

Thus, future development of a 6H9 line carrying the Prkdcscid mutation is warranted. If 

the 6H9 TCRβ-chain protein is not present on the surface, this would indicate expression 

of the human TCRα-chain paired with endogenous murine TCRβ-chains is sufficient to 

rescue insulitis development in DQ8 mice. We attempted to test several tetramers that may 

detect 20D11 and 6H9 T-cells in our newly developed mouse models. However, we were not 

able to find any optimal staining conditions. This could be due to the fact that these mice 

retain expression of murine CD4 molecules which may change the stability of TCR:MHC 

(tetramer) interactions.

The 20D11 and 6H9 TCRs recognize the shared human and murine InsB9–23 epitope 

(22), and when expressed in 5KC cell lines exerted similar levels of reactivity to insulin 

(22). However, 20D11 and 6H9 expressing T-cells developing in our NOD based mouse 

models appear to have different affinities towards their cognate antigen. Several pieces 

of evidence point to this. First, DQ8–20D11 mice develop insulitis at a much earlier 

age than those expressing 6H9. Second, the slight reduction in peripheral CD4+ cells 

amongst CD90+ cells observed in 20D11 mice compared to the 6H9 model may indicate 

the former population is under greater thymic negative selection pressure. This is further 

supported by the enhanced reduction of CD4+ T-cells when 20D11 is paired with the 

Prkdcscid mutation. Additionally, islet infiltrating 6H9 T-cells more closely resemble those 

in standard NOD mice than 20D11 T-cells. 20D11 T-cells show a more antigen experienced, 

but exhausted or anergized, phenotype. Together, these pieces of evidence indicate the 

two T-cell clones may have different affinity or avidities towards their shared cognate 

antigen. Additional work dissecting TCR signaling after these TCRs encounter antigen 

are warranted. Preliminary analysis however reveals that 20D11 T-cells show earlier (or 

stronger) evidence of antigen stimulation as those in the spleen already show signs of 

CD69, PD-1, and GITR upregulation compared to standard NOD T-cells. Additionally, the 

same CD4 frequency reductions are also observed when A1.9 is paired with its cognate 

antigen, human pre-pro-insulin. Therefore, all of these models may have additional utility 

for studying signaling events and thymic selection of T-cells expressing varying human 

derived diabetogenic TCRs.

The functional nature and mechanisms of development of the expanded DN population 

observed in 20D11 mice should be pursued in future work. Whether this is a consequence 

of hypothesized negative selection pressures in the thymus is currently unknown. However, 

the expanded DN population is reminiscent to the expanded DN population observed for 

BDC2.5 TCR transgenic thymocytes in B6.H2g7 mice where these cells take on a TCRγδ 
transcriptomic profile (33). However, unlike the situation for BDC2.5, the 20D11 TCRβ is 

driven by the CD4 promoter, meaning expression likely begins properly during the thymic 

CD4+ CD8+ stage, and not at an earlier DN stage as might be the case for BDC2.5. The 

NOD.scid-cMHCI/II−/−.DQ8–20D11 model will be useful in dissecting the functionality and 

nature of these DN T-cells.

We originally anticipated that NOD-cMHCI/II−/− mice expressing DQ8 and A2 alone were 

unlikely to develop insulitis, but those carrying both of these genes might do so. This 
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did not occur. However, introduction of hTCR transgenes derived from the 20D11 CD4+ 

T-cell clone induced insulitis development in NOD-cMHCI/II−/−.DQ8-A2 mice. While there 

are murine TCR transgenics that can develop overt T1D in the absence of CD8+ T-cells 

(34), others require additional genetic modifications to induce spontaneous disease (35). 

Future work will aim to combine human diabetogenic CD8+ T-cell (36) clone-derived TCR 

transgenes with those of CD4+ T-cell origin described herein. Importantly, creation of the 

DQ8-A2 combination together with the hINS transgene would enable introduction of other 

hTCR transgenes, similar to A1.9, which respond to insulin epitopes unique to human 

insulin. Pairing of A1.9 with a CD8 clone, such as 1.C8 (which would also require pairing 

with the hINS transgene) (36) is warranted. Additionally, combination of A1.9 or 6H9 hTCR 

transgenes with the Prkdcscid mutation, as we did for 20D11, would be of interest. This will 

remove potential issues with incomplete TCR allelic exclusion (37) interfering with overt 

T1D development.

Another recent report combined diabetogenic hTCRs with HLA-DR4 in NOD mice. This 

system (Hu-Rg) utilized a retrogenic approach to express patient derived GAD-reactive 

TCRs (38) in the base model NOD.HLA-DR4 Tg.H2Ab1−/−.Rag1−/− mice. Unlike the 

20D11, 6H9, and A1.9.hINS models described here, the Hu-Rg system required peptide 

pulsed DC priming to initiate insulitis development caused by the human TCRs. Whether 

this would be necessary for all TCR combinations is unknown. Based on our observations 

with 20D11 and 6H9 it is likely that different TCRs may not require priming to initiate 

insulitis when expressed within that system. We did not test whether antigen priming 

could precipitate insulitis development for the “non-functional” lines tested in this work 

(Supplementary Figure 3). Interestingly, NOD.HLA-DR4 Tg.H2Ab1−/− mice themselves 

had age-related insulitis development in the absence of the human TCR retrogenes (38). This 

also contrasts with our models, which do not develop significant insulitis in the absence 

of hTCR transgenes. We have two possible explanations for this discrepancy. First, it is 

possible HLA-DR4 has a greater capacity than the DQ8 variant to select insulitis causative 

murine T-cells. In this scenario, we may consider humanization of the CD4 molecule in our 

system which may improve the ability of HLA-DQ8 to select T-cells that cause insulitis 

and not myocarditis (39–41). In our HLA-A2 system, murine CD8 interactions with the 

MHC are maintained, due to the chimeric HHD molecule retaining a murine constant region 

(42). In contrast, the HLA-DQ8 α- and β-chain transgenes utilized here are not similarly 

optimized for interactions with murine CD4. Alternatively, the complete humanization of 

both MHC I and MHC II in our model is contributing to the lack of insulitis development. 

While we have previously observed that HLA-A2 can select CD8+ T-cells that cause T1D, 

it did so in the presence of NOD H2-A2g7 MHC II variant (7). Therefore, it is reasonable 

to assume that CD4+ T-cell populations required to provide help to HLA-A2 selected 

CD8+ T-cells are missing when HLA-DQ8 is used as the MHC II molecule. The future 

introduction of HLA-DR4 paired with HLA-A2 in our model system is warranted to test 

whether this applies to other human MHC II molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

Creation of ten new HLA-humanized NOD strains with or without chimeric human 

TCRs.

NOD T-cells with human murine or human insulin-reactive TCRs infiltrate islets.
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Figure 1 –. Creation of NOD-cMHCI/II−/−-A2 and NOD-cMHCI/II−/−.DQ8 Mice
(A) Splenocytes from 8–10-week-old male NOD, NOD-cMHCI/II−/−-A2, and NOD-

cMHCI/II−/−.DQ8 mice were examined for murine MHC I expression (H2-D/H2-K, Top), 
human MHC I expression (HLA-A, Middle), murine H2-A or human HLA-DQ MHC II 

expression (Bottom) on gated live B220+ B-cells. Representative flow cytometry patterns 

from one of 5 individuals examined per strain. (B) Splenocytes from the same mice in 

A, showing CD90+ TCRβ+ amongst live cells (Top) and CD4+ or CD8+ amongst gated 
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CD90+ TCRβ+ (Bottom). Representative flow cytometry patterns from one of 5 individuals 

examined per strain.
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Figure 2 - Creation of NOD-cMHCI/II−/−.DQ8–20D11 Mice
(A) Male and female NSG-cMHCI/II−/−.DQ8 mice were injected with 10×106 whole 

splenocytes from sex-matched NOD-cMHCI/II−/−.DQ8–20D11 Line 1 or Line 4 donors 

(Left – schematic). Mean insulitis score thirty weeks after transfer showing Mean±SD of 

15–17 mice per group (Right). (B) Representative splenic flow cytometry patterns (Left) 
and quantification (Right) of CD90+ cells amongst live CD45+ cells. (C) Representative 

splenic flow cytometry patterns (Left) and quantification (Right) of %CD4 and %CD8 

amongst gated CD90+ cells. (D) Representative splenic flow cytometry patterns (Left) and 
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quantification (Right) of %hVβ22 amongst gated CD90+ CD4+ cells. (E) Representative 

splenic flow cytometry patterns (Left) and quantification (Right) of %hVβ22 amongst gated 

CD90+ CD4− CD8− cells. Data in A is from N=4 separate cellular preparations per line. 

All data (B-E) combined from two experiments of n=8 10-week-old females per group. (F) 
CD4+ T-cells were negatively enriched in two separate experiments. Data showing human 

transgenic TCRα and TCRβ normalized to CD90 expression in each DQ8 or DQ8–20D11 

sample. All quantification dot plots showing Mean±SD, N=6–7 mice per group.

Racine et al. Page 24

J Immunol. Author manuscript; available in PMC 2024 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3 - Creation of NOD-cMHCI/II−/−.DQ8–6H9 Mice
(A) Representative splenic flow cytometry pattern (Left) and quantification (Right) of 

%CD90+ amongst live cells. (B) Representative splenic flow cytometry pattern (Left) and 

quantification (Right) of %CD4+ and %CD8+ amongst live CD90+ cells. For both panels, 8–

10-week-old male and female mice were examined. A total of 9–11 mice were examined for 

both strains across three experiments. Quantification plots show Mean±SD. (C) Expression 

of human transgenic TCRα and TCRβ mRNA on negatively enriched CD4+ T-cells (N=6–

7 mice per group, enriched in two separate experiments). Data is normalized to CD90 

expression within the sample.
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Figure 4 –. 20D11 and 6H9 Transgenic T-cells Cause Insulitis with Differing Kinetics And T-cell 
Development Outcomes
Mean insulitis scores (Mean±SD) at 10–15 weeks (8–16 mice per group) (A) or 30 

weeks of age (N=12–24) (B) in NOD-cMHCI/II−/−.DQ8, NOD-cMHCI/II−/−.DQ8–20D11 

and NOD-cMHCI/II−/−.DQ8–6H9 female mice. (C) Quantification of plasma insulin at 

various timepoints after exogenous glucose administration. Displayed p-value derived from 

two-way ANOVA’s showing Time x Strain interaction comparing indicated hTCR strains to 

DQ8 parental mice (N=8 mice per strain; 12.9–15 weeks of age; two experiments). (D-E) 
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Representative staining (D) and quantification (E) of percent Vβ8+ amongst live CD4+ cells 

comparing NOD, DQ8, DQ8–20D11 and DQ8–6H9 mice. (F) Quantification of percent 

CD90+ TCRβ+ amongst live CD45+ splenocytes. (G) Quantification of T-cell subsets 

amongst CD45+ CD90+ TCRβ+ splenocytes. (H) Yield of T-cell subsets. All data shows 

Mean±SD. For D-H all data is combined from two experiments. (I) Representative H&E and 

aldehyde fuchsin stained islet histology image (Left) and quantification of mean insulitis 

scores (Mean±SD) (Right) at 20 weeks for scid.DQ8–20D11 mice. Dashed circles show 

rough shape of residual islets; arrows indicate areas of immune cell infiltrate; the darker-

stained sections within islets are aldehyde fuchsin staining of residual insulin producing 

β-cells. Numbers next to circled islets indicate score assigned by blinded observer for that 

individual islet. Scale bar shows 500μm.
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Figure 5 –. hTCR T-cells Display Varying Levels of Activation and Tolerance Within Islets
(A) MFI of TCRβ on splenic and islet T-cells. (B-D) Representative staining (B) and 

quantification (C, D) of CD69 versus PD-1 on gated CD4+ CD90+ TCRβ+ cells from spleen 

(C) and islets (D). (E-G) Representative staining (E) and quantification (F, G) of GITR 

versus CD25 on gated CD4+ CD90+ TCRβ+ cells from spleen (F) and islets (G). (H-K) 
Representative staining (H, J) and quantification (I, K) of TNF-α and IFN-γ on gated CD4+ 

CD90+ splenic (H, I) and islet derived T-cells (J, K). (H) displays a single DQ8–6H9 mouse 
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for representative gating of splenocytes, while (J) displays a representative of islet T-cells 

from each strain. All data shows Mean±SD combined from two experiments.
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Figure 6 –. A1.9 Transgenic T-cells Cause Insulitis in Mice with Human Insulin Expression
(A) Mean insulitis scores at 30 weeks of age in NOD-cMHCI/II−/−.DQ8-A1.9Tg/0 female 

mice with and without human insulin expression (N=9–15). (B-C) Quantification of 

%CD90+ amongst live splenocytes (B), %CD4+ amongst CD90+ splenocytes (C). N=16–17 

8–10-week-old mice (male and female) per strain combined from two experiments. (D-E) 
Representative flow cytometry plot (D) and quantification (E) of %hVβ5 amongst gated 

CD90+ CD4+ splenocytes. N=7–9 8–10-week-old male mice per strain (one experiment). 

(F) CD4+ T-cells were negatively enriched across two experiments (N=5–7 mice per group). 

Data showing human transgenic TCRα and TCRβ mRNA expression normalized to CD90 

expression in each DQ8, DQ8-A1.9, or A1.9-hINS sample. (G) Mean insulitis scores for 
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female NOD-cMHCI/II−/−.DQ8-A1.9Tg/Tg mice with or without hINS at 10 weeks of age 

(N=8–9). All data shows Mean±SD.
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Figure 7 - Creation of NOD-cMHCI/II−/−.DQ8-A2 mice
Eight-ten-week-old male and female were examined by flow cytometry of splenic cells. 

Median fluorescence intensity (MFI) of HLA-A (A), H2-A and HLA-DQ (B) and H2-K 

and H2-D (C) on splenic B220+ cells. Percent (D) and yield (E) of CD90+ cells. Percent 

(F) and yield (G) of CD4+ and CD8+ cells. (H) Mean insulitis scores of female mice at 30 

weeks of age. All data show Mean±SD. Quantification in panels A-G is combined from two 
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experiments with the exception of panel B, which are data from one representative (of two) 

experiments. N=5–10 mice per strain.
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Table I:

Human TCR sequence information

Clone TRAV TRAJ TRA CDR3 TRBV TRBJ TRBD TRB CDR3 Target

20D11 12-3*01 4*01 CAILSGGYNKLIF 2*01 2-5*01 CASSAETQYF Insulin B9–23

6H9 26-1*02 40*01 CIVRVDSGTYKYIF 7-2*02 2-1*01 CASSLTAGLASTYNEQFF Insulin B9–23

A1.9 20*02 7*01 CAVQAGGNNRLAF 5–1*01 1–2*01 1*01 CASSLERDGYTF Human C-peptide42–

50
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Table II:

qPCR Primers and probes for Genotyping hTCR transgenes

Tcra Primers and Probes

Target Primer Name 5’ label 5’ – Sequence – 3’ 3’ label

hCD2 Sequence Common to: 20D11, 
6H9, A1.9 Tg F (hCD2) TGA CTC TCA GTA ACT CTT TTG CT

Tcra Sequence Common to: 20D11, 6H9 Tg R (20D11Tcra) ATA ATG TAG GAG CAT ATG TTT TCA TGG

Probe for 20D11, 6H9 Tg Probe [6-FAM] AGG TGC AGT CTC CAA AGG CCA [BHQ1a-Q]

Tcra A1.9 Tg R (TRAV) GCA CAC TCC AAC ATT TTC TCC

Probe for A1.9 Tg Probe [6-FAM] TGC AGT CTC CAA AGA ATT GCC GC [BHQ1a-Q]

Tcrb Primers and Probes

Target Primer Name 5’ label 5’ – Sequence – 3’ 3’ label

mCd4 Sequence Common to: 20D11, 
6H9, A1.9 Tg F (mCd4) TTG TAG GCT CAG ATT CCC AAC

Tcrb Sequence Common to: 20D11, 
6H9 Tg R (Tcrb) ACA AGA CAT AGG GAA ACA TAG AGG

Probe for 20D11, 6H9 Tg Probe [6-FAM] CCA CCA TGA GCT GCA GGC TTC T [BHQ1a-Q]

Tcrb A1.9 Tg R (TCRbeta) AGC ACC CAA CAG AGC AG

Probe for A1.9 Tg Probe [6-FAM] TCA AGG AGT CGA GCC GCC AC [BHQ1a-Q]

Controls

Apob control F CAC GTG GGC TCC AGC ATT

Apob control R TCA CCA GTC ATT TCT GCC TTT G

Apob controlPR [Cy5] CCA ATG GTC GGG CAC TGC TCA A [BHQ2a-Q]
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Table III:

New Humanized NOD Mouse Models

Short Name H2-K1 
Allele

H2-Ab1 
Allele

H2-D1 
Allele

Prkdc 
Allele

Il2rg 
Allele

HLA-
DQ8

HLA-
A2*0201

Human TCR 
Allele

Human 
Insulin

NSG-Ab0-DQ8-
INS*VNTR b b-tm1Doi b scid tm1Wjl Yes No None Yes

DQ8 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes No None No

DQ8-20D11 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes No

Tg(CD2-
Tcra20D11,Cd4-
Tcrb20D11)1Dvs

No

DQ8-6H9 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes No

Tg(CD2-
Tcra6H9,Cd4-
Tcrb6H9)2Dvs

No

DQ8-A1.9 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes No

Tg(CD2-
TcraA1.9,Cd4-
TcrbA1.9)1Dvs

No

DQ8-A1.9.hINS d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes No

Tg(CD2-
TcraA1.9,Cd4-
TcrbA1.9)1Dvs

Yes

NSG-cMHCI/II−/

−.DQ8
d-

em1Dvs
g7-

em1Dvs
b-

em5Dvs scid tm1Wjl Yes No None No

scid.DQ8-20D11 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs scid wt Yes No

Tg(CD2-
Tcra20D11,Cd4-
Tcrb20D11)1Dvs

No

A2 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt No Yes None No

DQ8-A2 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes Yes None No

DQ8-A2-20D11 d-
em1Dvs

g7-
em1Dvs

b-
em5Dvs wt wt Yes Yes

Tg(CD2-
Tcra20D11,Cd4-
Tcrb20D11)1Dvs

No

Formal strain designations are presented in the Methods Section

Note: NSG-Ab0-DQ8-INS*VNTR is a publicly available, previously unpublished, mouse model available from The Jackson Laboratory (Strain #: 
026936)
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