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Abstract

Unchecked collaboration between islet-reactive T and B lymphocytes drives Type 1 Diabetes 

(T1D). In the healthy setting, CD8 T Regulatory Cells (CD8 Tregs) terminate ongoing T-B 

interactions. We determined that specific CD8 Tregs from Non-obese Diabetic (NOD) mice lack 

suppressive function, representing a previously unreported regulatory cell deficit in this T1D-

prone strain. NOD mice possess 11-fold fewer Ly49+ CD8 Tregs than non-autoimmune mice, a 

deficiency that worsens as NOD mice age toward diabetes and leaves them unable to regulate CD4 

T Follicular Helper Cells (TFH). As IL-15 is required for Ly49+ CD8 Treg development, we 

determined that NOD macrophages inadequately transpresent IL-15. Despite reduced IL-15 

transpresentation, NOD Ly49+ CD8 Tregs can effectively transduce IL-15 mediated survival 

signals when they are provided. Following stimulation with an IL-15/IL-15Ra superagonist 

(IL-15C), Ly49+ CD8 Tregs expanded robustly and became activated to suppress the antigen-

specific antibody response. IL-15C Activated CD8+CD122+ T cells also delayed diabetes transfer, 

indicating the presence of an under-activated CD8 T cell subset with regulatory capacity against 

late stage T1D. We identify a new cellular contribution to anti-islet autoimmunity and demonstrate 

the correction of this regulatory cell deficit. Infusion of IL-15 activated CD8 Tregs may serve as an 

innovative cellular therapy for the treatment of T1D.

Introduction

Circulating islet autoantibodies remain the best clinical predictor of Type 1 Diabetes (T1D) 

in at risk patients(1). Mechanistically, this clinical observation results from unchecked anti-

islet immunity wherein islet-reactive B lymphocytes are inappropriately activated by islet-

reactive T lymphocytes. Clinicians have attempted to halt this collaboration by non-
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selectively targeting the whole B or T cell compartment with anti-CD20, anti-CD3, or 

CTLA4Ig, but these approaches have not resulted in permanent islet protection(2–4). 

Fundamentally, the physiologic regulation of these cellular interactions remains 

incompletely understood. Identifying pathways that control T-B interactions holds promise 

to dampen progressive autoimmunity.

Regulation of the antibody response may be carried out by CD4 T Regulatory Cells (CD4 

Tregs) (5, 6) and newly identified CD4 T follicular regulatory cells(7), though the 

effectiveness of general CD4 Tregs against the antibody response may be limited. In 

addition to these cells, several different types of CD8 based regulatory cell have been 

identified in T1D and have shown some potential to prevent islet destruction(8–10). In this 

study, we focus on a germinal center selective CD8 T cell, which plays an important role in 

limiting autoantibody production. Because the development of the autoantibody response 

heralds the future development of T1D, it is vital to determine whether and how CD8 T 

Regulatory Cells (CD8 Tregs) may prevent the progression of anti-islet autoimmunity. 

Germinal center-targeting CD8 Tregs have been previously defined by expression of the 

activation marker CD44 and by expression of the IL-15/IL-2 receptor beta chain CD122(11). 

These CD8 Treg cells can suppress EAE(12–15), collagen-induced arthritis(16), lupus(17), 

and prevent skin (18) and islet (19) allograft rejection in non-autoimmune mice. 

Mechanistically, these CD8 Tregs eliminate CD4 T follicular helper cells (TFH) that drive B 

cell-mediated immunity(17). Recently, the most potent population of TFH targeting CD8 

Tregs was reported to reside with the Ly49 positive fraction of these CD44+CD122+ CD8 

Tregs(20). These cells regulate the antibody response and quell further B cell-mediated 

immune activation that would otherwise promote epitope spreading. Therefore, 

understanding Ly49+ CD8 Treg function in autoimmune T1D is a significant new 

opportunity in immune regulation that could be part of a comprehensive strategy to 

terminate this disease.

In the present study, we examined the role of germinal center-targeting CD8 Tregs in the 

Non-obese Diabetic (NOD) mouse. We discovered that wild-type NOD mice possess a pool 

of non-functional CD44+CD122+ CD8 Tregs. This functional deficiency may result from 

our observation that NOD mice possess a profoundly diminished pool of TFH targeting 

Ly49+ CD8 Tregs within their CD44+CD122+ CD8 Treg pool. We trace this deficiency to 

inadequate IL-15 trans-presentation by macrophages, a cell known to promote the 

development, maintenance, and activation of these CD8 Tregs(20). We demonstrate that 

NOD CD8 Treg function can be rescued by an IL-15 superagonist(21, 22), thereby restoring 

their ability to suppress the antigen-specific antibody response and delay diabetes 

progression. Overall, these studies further define the phenotype and function of CD8-based 

regulation of the germinal center reaction and antibody response in T1D and lay the 

foundation for a CD8 Treg based cell therapy for its treatment.

Materials and Methods

Animals.

C57BL6/J (B6), C57BL/6NTac-IL15tm1ImxN5 (B6.IL-15−/−), C57BL6/J.RAG1−/− 

(B6.RAG), NOD/ShiLtJ (NOD), and NOD/ShiLtJ.RAG1−/− (NOD.RAG) mice were 
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purchased from the Jackson Laboratories (Bar Harbor, ME) or Taconic Laboratories 

(Rensselaer, New York). Mice were housed in a specific-pathogen free facility at Vanderbilt 

University. The Institutional Animal Care and Use Committee at Vanderbilt University 

approved all procedures.

Flow cytometry.

Splenocytes were stained with the following fluorophore-conjugated antibodies: B220, 

CD11b, CD11c, CD44, F4/80, ICOS, IL-15Ra, Ly49E/F, PD-1 (eBioscience, San Diego, 

CA), or CD4, CD8a, CD122, Ly49C/F/I/H, Ly49F, Ki67 (BD Biosciences, San Jose, CA). 

Samples were collected on a BD LSRFortessa Flow Cytometer and analyzed by FlowJo 

software (TreeStar, Ashland, OR). Gates were set on live lymphocytes using forward and 

side scatter and doublets were excluded.

In vivo CD8 Treg suppression assay.

B6 and NOD mice were injected i.p. with 100ug of NP33-KLH/CFA(20). Seven days later, 

splenic CD8+ T cells were purified magnetically (MACS) (Ly-2, Miltenyi, San Diego, CA) 

and then sorted fluorescently (FACS) to select for CD8Treg (CD8+CD44+CD122+ or 

CD8+CD44+CD122+Ly49E/F+) and non-CD8 Treg populations (CD8+CD44+CD122- or 

CD8+CD44+CD122+Ly49E/F-) (BD FACsAria III). FACS sorted CD8 Tregs or non-CD8 

Tregs (1e5) were i.v. injected into recipient B6.RAG or NOD.RAG mice. Recipients in both 

arms also received MACS purified splenic B Cells (2e6) and CD4+CD25- T Cells (1e6) 

from naïve B6 or NOD donors. Mice were immediately injected i.p. with 100ug of NP33-

KLH/CFA, boosted with 50ug of NP33-KLH/IFA 10 days later, and the anti-NP IgG 

response was measured via ELISA against NP8 on day 17 (NP8-BSA, Biosearch 

Technologies)(20).

IL-15/IL-15Ra surface expression.

Splenocytes were plated in Cell Culture Media (CCM) (DMEM + 10% FCs, 1% Pen/Strep, 

0.1% β-ME) along with 10ug/mL of the TLR3 agonist Poly[IC] (Invivogen, San Diego, 

CA). Forty-eight hours later, cells were stained with anti-IL-15Ra (clone: DNT15Ra, eBio) 

to assess IL-15 transpresentation by Antigen Presenting Cell (APC) populations via flow 

cytometry: Macrophages/MΦs (CD11b+F480+), Plasmacytoid Dendritic Cells/pDCs 

(B220+CD11c+), Conventional Dendritic Cells/cDCs (CD11b+CD11c+), and B Cells 

(B220+). For isotype control staining, a rat-IgG1-PE conjugate was used (eBioscience, San 

Diego, CA).

Phosphoflow cytometry and IL-15C-mediated signaling.

To generate the IL-15/IL-15Ra Superagonist Complex (denoted as IL-15C), carrier free 

IL-15 (eBio) was incubated with the high affinity IL-15 Receptor alpha chain-Fc complex 

(R&D Systems, Minneapolis, MN) for one hour at 37C then snap frozen at −80C until 

further use as previously described (21). For ex vivo signaling assays, whole splenocytes 

were exposed ex vivo to increasing concentrations of IL-15C (1, 10, 100, 1000, 10000 pM) 

for various periods of time (0, 5, 10, 15, 30, 60 mins) in CCM(23). Cells were then fixed 

with 1% PFA, permeabilized with 100% ice cold methanol, and pSTAT5 levels were 
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assessed within Ly49+ CD8 Tregs by staining with a primary anti-pSTAT5(Y694) rabbit 

antibody, followed by a secondary anti-rabbit Fab2-Alexa647 conjugate (Cell Signaling 

Technologies Danvers, MA). For in vivo signaling assays, mice were i.v. injected with 1ug 

of IL-15C or saline as a control(21). One hour after IL-15C or saline injection, spleens were 

immediately fixed with 1% PFA, permeabilized with methanol, and pSTAT5 signaling 

assessed(24).

IL-15C mediated CD8 Treg expansion and suppression.

Mice were i.p. injected with 2ug of IL-15C every-day for 4 days. Splenocytes were counted 

using an Automated Cell Counter (Bio-Rad Laboratories, Hercules, CA) and relative 

expansion of Ly49+ CD8 Tregs analyzed between strains on day 5. To test IL-15C expanded 

Ly49+ CD8 Treg suppressive function, NOD donor mice received a 1ug i.p. injection of 

IL-15C every day for seven days after initial immunization with 100ug of NP33-KLH/CFA. 

1e5 Ly49+ CD8Treg or Ly49- non-CD8 Treg populations were FACS sorted on day 7 and 

transferred into NOD.RAG mice along with naïve 2e6 B and 1e6 CD4+CD25- T cells. Mice 

were immunized with 100ug of NP33-KLH/CFA, boosted with 50ug of NP33-KLH/IFA on 

day 10, and the high affinity anti-NP IgG response analyzed by ELISA on day 17 as above.

Adoptive transfer of diabetes.

NOD.RAG recipients were divided into six groups and i.v. injected with either 1) saline 

control, 2) saline control 3) 5e4 naive CD8+CD122- T cells from pre-diabetic NOD donors, 

4) 5e4 naive CD8+CD122+ T cells from pre-diabetic NOD donors, 5) 5e4 

CD8+CD122+Ly49- CD8 T cells or 6) 5e4 CD8+CD122+Ly49+ CD8 T cells. Transferred 

CD8 T cells for groups 5 and 6 were sorted form pre-diabetic NOD mice undergoing a 

seven-day course of 1ug/day in vivo stable IL-15C. Two days later, these six groups received 

5e6 CD8-depleted diabetic splenocytes purified via MACS from hyperglycemic NOD 

mice(25). NOD.RAG mice in Groups 2, 5, and 6 also received a single 1ug injection of in 
vivo stable IL-15C to maintain CD8 Treg activation on the day of transfer. Glycemia was 

monitored by twice weekly glucose checks (AccuChek, Roche Diagnostics, Indianapolis, 

IN). Two consecutive days of blood glucose readings > 250mg/dL confirmed disease onset. 

Splenic cell populations were assessed by flow cytometry within a week of disease onset.

Statistics:

Statistical analysis was performed with GraphPad Prism V8 (La Jolla, CA), using the 

student’s t-test for comparison of two normally-distributed conditions. One or two-way 

ANOVA followed by Bonferroni post-test was used to compare multiple groups. Analysis of 

the anti-NP response was analyzed via performing a semi-logarithmic linear regression 

analysis followed by y-intercept and slope curve comparison. Diabetes onset was graphed as 

Kaplan Meier curve. Statistical comparisons with p-values <0.05 were deemed significant. 

Experimental replicates and Ns are listed within each figure legend.
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Results

NOD mice possess nonsuppressive CD44+CD122+ CD8 Tregs.

In non-autoimmune B6 mice, CD44+CD122+ CD8 Tregs suppress the antibody response 

and were recently described to be more potent protectors of islet allografts than their CD4 

Treg counterparts(19, 20). To determine whether these CD8 Tregs were functional in NOD 

mice, we utilized a well-established in vivo CD8 Treg suppression assay developed by 

Cantor et al (Figure 1A) (11, 16, 20). Like B6 mice, NOD mice mount a robust T-cell 

response to the foreign antigen KLH ((26), which enabled us to extend this assay to the 

NOD model to test whether NOD CD8 Tregs could target the high-affinity antibody 

response as propogated by CD4 T Follicular Helper Cells (TFH), a cell population whose 

pathogenic role in T1D pathogenesis is just beginning to be elucidated(27, 28). KLH-

activated CD8 Tregs (CD8+CD44+CD122+) or non-CD8 Treg (CD8+CD44+CD122-) 

controls were transferred to immunodeficient recipients along with B lymphocytes and 

CD4+CD25- T cells from matched, antigen-naïve B6 or NOD strains (CD4 Tregs [as 

defined by CD25 positivity] were not transferred to limit suppression to the transferred CD8 

T cell populations). These animals were immunized and boosted with the original test 

stimulus (NP33-KLH) and the relative suppression of the high-affinity anti-NP IgG response 

was compared between mice receiving CD8 Tregs or non-CD8 Tregs. Whereas B6 CD44+ 

CD122+ CD8 Tregs suppressed the generation of high-affinity anti-NP IgG antibodies in 

recipient RAG mice as previously reported (Figure 1B), NOD CD8 Tregs failed to suppress 

this antigen-specific antibody response (Figure 1C).

Diabetes-prone NOD mice are profoundly deficient in TFH targeting Ly49+ CD8 Tregs.

As the most specific population of TFH-targeting CD8 Tregs has been reported to reside 

within the Ly49F fraction of classically defined CD8 Tregs(20), we explored whether NOD 

mice possess an altered pool of Ly49F+ CD8 Tregs as compared to CD8 Treg sufficient B6 

mice. We determined that NOD mice possess an extremely diminished pool of Ly49E/F+ 

CD8 Tregs (Figure 2A), possessing nearly 11-fold fewer splenic Ly49+ CD8 Tregs at 8 

weeks of age as compared to the healthy controls. As allelic differences in the Ly49 locus 

exist between B6 and NOD strains(29), we tested numerous anti-Ly49F detecting antibody 

clones in B6 and NOD prior to choosing this specific clone for analysis (Supplement 1); 

specifically, the anti-Ly49E/F clone CM4 bound unique populations of CD8 T cells and NK 

cells in both B6 and NOD mice. The intensity (MFI) of Ly49 staining in the small 

population of positive cells was similar or greater in NOD as compared to B6 suggesting 

similar reactivity of the CM4 clone to Ly49 in both strains.

Whereas non-autoimmune B6 mice maintain a comparatively robust and stable population of 

splenic Ly49+ CD8 Tregs throughout their lifetime, NOD mice progressively lose Ly49+ 

CD8 Tregs as they age as determined by both percentage and total cell number (Figure 2B). 

Moreover, this deficiency extends to additional immune tissue compartments in NOD mice 

including the bone marrow, inguinal lymph nodes, cervical lymph nodes, and pancreatic 

lymph nodes (Figure 2C). This global Ly49+ CD8 Treg deficiency in NOD mice may in part 

be due to the lower proliferative capacity of these cells as determined by their baseline Ki67 

positivity. Nearly 5% of B6 CD8 Tregs are Ki67+ whereas only 1.5% of NOD Ly49+ CD8 
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Tregs are positive for this marker of cellular division (Figure 2D), suggesting a limitation in 

available stimulatory factors.

As Ly49+ CD8 Tregs target the action of TFH cells, we explored whether splenic TFH cell 

populations differed between these two strains. B6 and NOD mice harbored similar 

percentages of ICOSHIPD-1+ splenic TFH cells at 8 weeks of age (Figure 2E). However, we 

observed that TFH cells in NOD mice divide at a 2.5-fold greater rate as determined by their 

Ki-67 positivity (Figure 2F). Accordingly, regulation of these cells may be compromised as 

TFH cells outnumber Ly49+ CD8 Tregs 87:1. In healthy, non-autoimmune B6 mice the ratio 

of TFH cells to Ly49+ CD8 Tregs was 6:1 (Figure 2G).

Splenic macrophages from NOD mice inadequately trans-present IL-15.

The decrease in Ly49+ CD8 Treg proliferation in NOD mice suggested a lack of endogenous 

stimulation. We therefore examined whether various populations of Antigen Presenting Cells 

(APCs) failed to provide adequate survival signals for this regulatory cell type. Notably, 

work by Kim et. al. (20) revealed that B6 mice deficient in IL-15, the requisite cytokine for 

CD8 T memory cells and NK cells, lack a splenic population of CD122+Ly49+ CD8 Tregs, 

which we have also observed (Supplement 2). These animals do retain a small population of 

CD122+Ly49- CD8 T cells, suggesting that they can sustain a modest population of classical 

CD8 T memory cells despite the absence of IL-15. Thus, we next investigated whether IL-15 

transpresentation by Ly49+ CD8 Treg supporting cells in NOD mice was dysfunctional.

Unlike traditional gamma-chain dependent cytokines like IL-2, IL-15 is transpresented by its 

high-affinity receptor (IL-15Ra) to neighboring cells(30). Thus, as a readout for IL-15 

transpresentation, we compared the relative expression of surface IL-15Ra on splenic 

resident APCs at baseline between B6 and NOD strains. Splenic resident macrophages 

(CD11b+F4/80+) in NOD mice expressed approximately 2-fold less IL-15Ra at baseline 

(Figure 3A). As CD8 Tregs are activated during episodes of ongoing immunity, we 

determined whether NOD macrophages increased IL-15 transpresentation during 

stimulation. Whereas splenic B6 macrophages demonstrated approximately 150% 

upregulation of surface IL-15Ra after 48 hours of immune stimulation with Poly[IC], splenic 

NOD macrophages upregulated surface IL-15Ra only 75% over baseline levels (Figure 3B).

NOD Ly49+ CD8 Tregs adequately transduce IL-15 mediated survival signals.

In addition to the reduced IL-15 availability in the NOD system, Ly49+ CD8 Tregs in this 

T1D-prone setting could fail to thrive due to inadequate IL-15 signal transduction, which 

proceeds via the JAK3/STAT5 system(31). To evaluate IL-15 signaling dynamics in splenic 

Ly49+ CD8 Tregs, we determined relative STAT5 phosphorylation in B6 and NOD Ly49+ 

CD8 Tregs in response to IL-15/IL-15Ra superagonist (IL-15C) exposure (as described in 

the methods section) (21). Importantly, NOD Ly49+ CD8 Tregs phosphorylated STAT5 to 

the same extent as B6 Ly49+ CD8 Tregs when exposed to increasing IL-15C concentrations 

ex vivo for 30 minutes (Figure 4A). To further define IL-15 mediated signaling dynamics 

between B6 and NOD Ly49+ CD8 Tregs, we explored STAT5 phosphorylation kinetics over 

time by exposing B6 and NOD splenocytes to 100, 1000, and 10000 pM concentrations of 

IL-15C. IL-15C mediated STAT5 phosphorylation in Ly49+ CD8 Tregs did not substantially 
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differ between strains across these concentrations (Figure 4B). Additionally, to determine 

whether Ly49+ CD8 Tregs signal differently in the whole animal setting, we injected B6 and 

NOD mice with the maximal dose of IL-15C, which was calculated to achieve a 10000pM 

concentration at a whole animal blood volume of 2mL. Strikingly, both B6 and NOD Ly49+ 

CD8 Tregs robustly upregulated STAT5 phosphorylation nearly 15-fold 60 minutes after 

injection (Figure 4C). Despite similar overall pSTAT5 MFI levels between IL-15C 

stimulated B6 and NOD Ly49+ CD8 Tregs, we did observe a slight bimodality in the 

pSTAT5 response in stimulated NOD Ly49+ CD8 Tregs. Thus, unlike B6 Ly49+ CD8 Tregs, 

there may exist a subpopulation of NOD Ly49+ CD8 Tregs that does not respond as robustly 

to extrinsic IL-15C stimulation although nearly all cells increased their signaling over 

baseline.

In vivo administration of IL-15C robustly expands NOD Ly49+ CD8 Tregs and partially 
rescues their suppressive function.

NOD Ly49+ CD8 Tregs sufficiently transduce IL-15 mediated survival signals via STAT5 

phosphorylation. Therefore, we explored whether systemically administered IL-15C would 

expand NOD Ly49+ CD8 Tregs, and moreover, whether these expanded cells would be 

functionally activated. In vivo administration of IL-15C robustly expanded Ly49+ CD8 

Tregs, increasing total Ly49+ CD8 Treg numbers 15-fold in B6 mice and 612-fold in NOD 

mice (Figure 5A). The observed massive NOD CD8Treg expansion was also associated with 

splenomegaly in NOD mice after IL-15C treatment; total B6 splenocytes increased 1.7 fold 

in absolute number after treatment (95.4e6 +/− 32.2 vs. 165.8e6 +/− 26.9), whereas NOD 

splenocytes increased 3.8-fold (80.4e6+/−16 vs. 307.1e6 +/− 70.9). (N=6 for each strain, 

treated and untreated).

To determine whether these IL-15C expanded NOD Ly49+ CD8 Tregs were functionally 

rescued, we utilized the CD8 Treg suppression assay described above (Figure 1A). Donor 

NOD mice were immunized with NP33-KLH and CD8 Tregs were expanded via 

concomitant IL-15C administration (1ug/day for 7 days). Recipient immunodeficient 

NOD.RAG mice then received either IL-15C expanded Ly49+ CD8 Tregs, IL-15C expanded 

Ly49- CD8 T cells, or no CD8 T cells as a control. These mice then received naïve B cells 

and CD4+CD25- T cells, as well as the NP-KLH test stimulus. Whereas IL-15C activated 

Ly49- CD8 T cells did not suppress the antigen-specific, high affinity anti-NP IgG antibody 

response over mice receiving no CD8 T cells, IL-15C activated Ly49+ CD8 Tregs 

suppressed the antibody response (Figure 5B). However, equivalent numbers of transferred 

IL-15C activated Ly49+ CD8 Tregs in the NOD setting did not suppress the antibody 

response as completely as non-IL-15C activated Ly49+ CD8 Tregs in the B6 setting (Figure 

5C), perhaps due to limited IL-15 availability for transpresentation in recipient NOD.RAG 

mice as compared to B6.RAG mice.

IL-15C activated CD8 T cells delay diabetes transfer.

Finally, we assessed whether IL-15C activated CD8 Tregs alter diabetes progression and 

whether this is enhanced in the antibody-response regulating Ly49 compartment. 

Immunodeficient NOD recipients were injected with either 5e4 CD122- CD8 T cells, 5e4 

CD122+ CD8 Tregs, 5e4 IL-15C expanded CD122+ Ly49+ CD8 Tregs, or 5e4 IL-15C 
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expanded CD122+ Ly49- CD8 T cells from pre-diabetic NOD mice. Two additional groups 

also received saline injection controls. Two days later, all mice received 5e6 CD8-depleted 

diabetic splenocytes purified from hyperglycemic NOD mice. Mice receiving IL-15C 

expanded CD122+ Ly49+ CD8 Tregs, IL-15C expanded CD122+ Ly49- CD8 T cells, as 

well one of the saline injected control groups, also received a single 1ug injection of IL-15C 

on the day of cell transfer to maintain CD8 Treg activation and to assess the role of this 

superkine in the absence of a transferred cell population. Whereas immunodeficient mice 

receiving non-activated CD122- CD8 T cells or classically-defined CD122+ CD8 Tregs 

developed diabetes by 4 weeks on average (MST - 3.9 weeks and 4.1 weeks, respectively), 

progression to overt hyperglycemia took on average 10.4 weeks in mice receiving as few as 

5e4 IL-15C activated CD122+ CD8 Tregs regardless of their expression of Ly49 (Figure 

6A). Mice receiving no CD8 T cells, whether in the absence or the presence of IL-15C, 

progressed to diabetes at a pace falling between these extremes (MST 5.1 and 7.2 weeks, 

respectively) indicating enhanced suppression by the transfer of activated CD8 Tregs. Mice 

receiving IL-15C activated Ly49+ CD8 Tregs possessed the greatest percentage of splenic 

Ly49+ CD8 Tregs (CD122+Ly49+, Figure 6B), suggesting these cells maintain their Ly49+ 

phenotype well after adoptive transfer. IL-15C activated CD8 Tregs, both Ly49- and Ly49+, 

also demonstrated the smallest percentage of splenic CD4 TFH cells after recovery 

(ICOSHIPD-1+, Figure 6C).

Discussion

In addition to the important regulatory functions ascribed to CD4 T cells and some B 

lymphocytes, the capacity for immune regulation by CD8 T cells continues to be revealed. 

Several such regulatory populations have been identified in studies of Type 1 diabetes 

including roles for CD28 low (CD8+CD28-) cells and foxp3 expressing CD8 T cells(8–10). 

The potential for CD8 cells to regulate the antibody response was first identified in CD8 T 

cell deficient animals, which had unexpectedly exaggerated antibody responses to 

immunization(32). Regulation of the developing autoantibody response is now thought to be 

a critical target in T1D pathogenesis as the development of multiple autoantibodies defines a 

diagnosis of Stage 1 T1D(33). A specific subpopulation of CD8 Tregs are emerging as a 

population of regulatory cells that check the germinal center response, prevent dangerous 

epitope spreading, and halt autoimmunity, making them potentially important players in 

diabetogenic autoimmunity(11). Herein, we have determined that T1D-prone NOD mice 

lack a functional population of CD44+CD122+ CD8 Tregs. Recently, the most potent 

population of TFH-targeting CD8 Tregs was identified within the Ly49F positive fraction of 

these classically defined CD44+CD122+ CD8 Tregs. Interestingly, the Ly49F isoform of the 

NK cell family of Ly49 inhibitory receptors is believed to interact with Qa-1(20), which is 

required for CD8 Treg development and is linked to the diabetes risk locus Idd24 but may be 

dispensable for islet tolerance(34). This locus has further been connected to the prolonged 

immune response in NOD mice(35), which is an expected biological consequence of 

defective CD8 Treg function.

To define a cellular mechanism for CD8 Treg functional insufficiency, we determined that 

NOD mice are profoundly deficient in TFH targeting Ly49F+ CD8 Tregs. Genetic analysis 

has revealed that NOD mice possess the largest Ly49 haplotype of any known mouse 
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strain(29). The Ly49 locus in NOD mice contains an overabundance of activating receptors 

whose function has been linked to diabetes progression. This locus resides in the diabetes 

susceptibility Idd6 region on chromosome 6 in NOD mice. NOD mice congenic for the B6 

chromosomal region D6 Mit 254 to D6 Mit 14 (NOD.NK1.1 mice) have reduced diabetes 

incidence(36). Although the authors suggest improved NK/NKT cell performance as a 

mechanism of disease protection, introduction of the Ly49 locus from B6 mice could also 

restore Ly49+ CD8 Treg function in this NOD congenic strain, although this possibility has 

not been studied. Thus, although NOD mice possess an extremely polymorphic Ly49 locus, 

our ability to rescue the antibody suppressive function of these Ly49+ CD8 Tregs suggests 

that Ly49 does identify retention of functional CD8 T cells in NOD with the potential to 

regulate islet-antibody production.

In addition to the use of Ly49 as a functional marker for CD8 Tregs, a recent report 

highlighted the potential role of the Programmed Death Receptor 1 (PD-1) in CD8 Treg 

mediated suppression of the allograft response. These PD-1+CD44+CD122+ CD8 Tregs 

from B6 mice delayed rejection of Balb/C skin allografts via an IL-10 dependent 

mechanism(18). As TFH cells also express components of the PD-1/PD-1L cellular 

exhaustion pathway(17), CD8 Treg expression of PD-1 may allow direct TFH cell targeting. 

In our analysis of Ly49+ CD8 Tregs in NOD mice, we detected no expression of PD-1 on 

CD44+CD122+ CD8 T Cells (not shown). This finding is corroborated by a report that 

wild-type NOD mice lack PD-1+CD122+ CD8 Tregs, which in turn, permitted enhanced 

islet effector function by their PD-1-CD122+ CD8 T cell counterparts(37). Alternatively, the 

Cantor group recently published data demonstrating that the transcription factor Helios of 

the Ikaros family represents that master transcription factor of TFH-regulating CD8 

Tregs(38). Preliminary work by members of our lab have since found that NOD mice also 

possess a diminished population of Helios-expressing CD122+ CD8 Tregs (not shown). As 

our results demonstrate functional rescue of Ly49+ CD8 Tregs by the IL-15C superagonist, 

future studies could investigate whether treatment with IL-15C restores PD-1 expression on, 

IL-10 secretion by, and/or Helios expression within CD122+ CD8 T cells in wild-type NOD 

mice.

As IL-15 deficient B6 mice lack Ly49+ CD8 Tregs, we explored whether IL-15 insufficiency 

in the NOD system contributed to the deficiency of these cells. We determined that NOD 

macrophages inadequately trans-present the CD8 Treg-requisite cytokine IL-15. In 2010, 

Suwanai et al (39) reported that NOD mice possess a defective IL-15 allele, which underlies 

this strain’s NK cell functional deficiency. Exogenous administration of low doses of IL-15C 

to the diabetes-protected BDC2.5/NOD mouse preferentially expanded NK cells, which 

broke islet cell tolerance and rapidly precipitated diabetes. The authors reported no 

expansion of CD44+CD122+ CD8 T cells, suggesting that in contrast to the high doses of 

IL-15C used to expand CD8 Tregs in our study, low doses of IL-15C may favor the 

expansion of diabetes-promoting cells rather than their disease-protective regulatory cell 

counterparts. In fact, NOD mice demonstrate reduced disease incidence when they 

genetically lack IL-15 (40) or are treated with an anti-IL-15Rb blocking antibody(41). Thus, 

although disruption of the IL-15 axis in these systems could interrupt residual Ly49+CD8 

Treg function, we hypothesize that the already profoundly diminished pool of IL-15 Ly49+ 
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CD8 Tregs would limit any addition deleterious effect from loss of IL-15. It was further 

reported, however, that in the absence of IL-15-dependent NK cells, administration of IL-15 

to NOD mice prevented disease(42). Moreover, in the non-autoimmune B6 setting, co-

administration of IL-15 with naturally occurring naïve CD122+ CD8 Tregs prolonged 

foreign islet allograft survival(19). Thus, we hypothesize that activating CD8 Tregs with 

IL-15C specifically, and not their pathogenic IL-15 dependent cellular counterparts, affords 

disease protection in the NOD setting as we observed in our transfer study.

Although we determined that IL-15C activation rescued the antibody suppressive function of 

Ly49+ CD8 Tregs (cf Figure 5B), we found that the transfer of either IL-15C-activated 

Ly49- or Ly49+ CD8 T cells delayed diabetes progression (cf Figure 6A). Diabetes 

prevention may not solely rely on the antibody-suppressing action of Ly49+ CD8 T cells. 

Antibody production is an early aspect of T1D pathogenesis with T cells escaping their 

dependence on B lymphocytes by disease onset. Both IL-15C activated Ly49- or Ly49+ CD8 

T cells diminished the TFH cell response and diabetes progression; thus, the significant 

activation provided by the IL-15 superagonist may also stimulate regulation in the Ly49- 

compartment although these cells were not as effective in suppressing antibody production 

as the Ly49+ cells. Ly49+ CD8 T cells may be more relevant in prevention/early 

pathogenesis leading to antibody maturation or in the absence of an activating stimulus, 

while IL-15C activation of CD122+ (either Ly49+ or Ly49-) CD8 Tregs may be broadly 

valuable for halting progression of later disease.

Finally, patients with T1D have been reported to possess non-functional peripheral blood 

resident CD8 Tregs(43) as well as a unique TFH cell phenotype (28) that may result from 

this dysfunction. Specifically, CD8 Tregs from patients with T1D failed to eliminate GAD-

reactive CD4 T cells via TCR-restricted interactions with the non-classical MHC Class Ib 

molecule HLA-E expressed by target cells. In related clinical studies, patients with recent 

onset T1D responding positively to anti-CD3 therapy (Teplizumab) demonstrated an 

expanded pool of circulating central memory like CD8 T Cells(3). In fact, CD8 T cells 

isolated from the peripheral blood of patients treated with Teplizumab have restored 

regulatory function as compared to CD8+ T cells isolated from patients treated with a 

control IgG(9). These reprogrammed CD8 T Cells upregulated the expression of the 

regulatory cell identifier GITR(44, 45), a marker that we also determined to be upregulated 

on CD8 Tregs from B6 and NOD mice (not shown). Thus, anti-CD3 may reprogram CD8 T 

cells from an effector to an islet-protective regulatory phenotype. We have observed that 

NOD mice treated with a single 50ug injection of anti-CD3 demonstrate a 10-fold expansion 

of Ly49+ CD8 Tregs seven days later (not shown).

In conclusion, NOD mice lack a functional population of antibody-suppressive 

CD44+CD122+ CD8 Tregs, a dysfunction that may result from a severe deficiency of the 

Ly49+ CD8 Tregs that regulate TFH cells in healthy animals. Despite reduced IL-15 

availability in the NOD system, these Ly49+ CD8 Tregs respond adequately to IL-15 and 

can be restored numerically and functionally with a novel IL-15C superagonist to prevent 

the high affinity antibody response. IL-15C-activated CD8 T cells, both Ly49+ or Ly49, 

prevented diabetes transfer and reduced target CD4 TFH cell number. Overall, IL-15C may 
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activate CD8 Tregs in patients with T1D, thereby offering new approaches for using CD8 

Tregs as biomarkers for disease progression or as a novel cell-based therapy.

Supplementary Material

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

1. NOD mice are deficient in number and function of CD8 Tregs that control the 

germinal center.

2. Treatment with IL-15 superagonist expands NOD CD8 Tregs and restores 

their activity.

3. IL-15 activated CD8 Tregs delay the adoptive transfer of type 1 diabetes.
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Figure 1. NOD mice possess nonfunctional, CD44+ CD122+ CD8 Tregs.
A) In vivo CD8 Treg suppression assay. Briefly, naïve B6 and NOD mice were injected i.p. 

with NP33-KLH/CFA. Seven days later, splenic CD8+ T cells were sorted fluorescently 

(FACS) to select for CD8Treg (CD8+CD44+CD122+) and non-CD8 Treg populations 

(CD8+CD44+CD122-). FACS sorted CD8 Tregs or non-CD8 Tregs (1e5) were i.v. injected 

into recipient B6.RAG or NOD.RAG mice alongside matched MACS purified splenic B 

Cells (2e6) and CD4+CD25- T Cells (1e6) from naïve B6 or NOD donors. Mice were 

immediately injected i.p. with 100ug of NP33-KLH/CFA, boosted with 50ug of NP33-

KLH/IFA 10 days later, and the high-affinity anti-NP IgG response was measured via 

ELISA against NP8 on day 17. B) CD122+ CD8 Tregs (black triangles) from KLH-activated 

B6 mice readily suppress the high-affinity anti-NP IgG response as compared to mice 

receiving CD122- non-CD8 Tregs (black squares) or no CD8 T cells (black circles) as a 

control. C) In comparison, CD122+ CD8 Tregs (white triangles) from KLH-activated NOD 

mice fail to suppress the high-affinity anti-NP-IgG response over mice receiving CD122- 

non-CD8 Tregs (white squares) or no CD8 T cells (white circles). Data represent one 

experiment which was repeated twice with similar results. N=4 mice per B6.RAG recipient, 

N=5 mice per NOD.RAG recipient. *p<0.05, ns = non-significant, by semi-logarithmic 

linear regression analysis followed by y-intercept and slope curve comparison or two-way 

ANOVA followed by Bonferroni post-test.
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Figure 2. Diabetes-prone NOD mice are profoundly deficient in TFH-targeting Ly49+ CD8 Tregs.
A) Wild-type, 8-week old NOD mice possess 11-fold fewer splenic TFH targeting Ly49+ 

CD8 Tregs (CD8a+CD122+Ly49E/F+) as compared to non-autoimmune, age-matched B6 

mice. B) Whereas healthy B6 mice maintain a relatively robust and stable population of 

Ly49+ CD8 Tregs as they age, NOD mice progressively lose this protective population as 

they age toward diabetes. Data represent one experiment which was repeated twice with 

similar results. N=3 mice per B6 at each age, N=3 mice per NOD at each age. C) The 

observed Ly49+ CD8 Treg deficiency in NOD mice extends to additional lymphoid 

compartments including the bone marrow, inguinal lymph nodes, cervical lymph nodes, and 

pancreatic lymph nodes. Data represent one experiment from pooled immune compartments 

of B6 (N=3) and NOD (N=3) mice at 8 weeks of age. D) Ly49+ CD8 Tregs in NOD mice 

divide at a rate three times lower than their B6 counterparts as determined by their Ki67 

positivity (Data are from two independent pooled experiments, for a total of N=6 B6 mice 

and N=6 NOD mice [8 weeks]). Although age-matched NOD mice possess similar 

percentages of Ly49+ CD8 Treg target TFH cells vs B6 mice (E) (Data pooled from three 

independent experiments, for a total of N=12 B6 mice and N=11 NOD mice [8 weeks]), TFH 

cells in NOD mice demonstrate a 2.5-fold higher proliferative rate (F). This discrepancy may 

account for our observation that CD4 TFH cells outnumber Ly49+ CD8 Tregs in NOD mice 
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approximately 87 to 1 (G) (Data is pooled from two independent experiments, for a total of 

N=6 B6 mice and N=6 NOD mice [8 weeks]). *p<0.05, **p<0.01, ****p<0.0001, ns = non-

significant, by either two-way ANOVA followed by Bonferroni post-test or by student’s t-

test.
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Figure 3. Splenic macrophages from NOD mice inadequately transpresent and upregulate IL-15.
A) Baseline IL-15 transpresentation, as measured by relative surface IL-15 Receptor alpha 

expression (IL-15Ra), is significantly reduced on splenic resident NOD macrophages 

(MΦs). B) Splenic resident macrophages from NOD mice fail to upregulate IL-15Ra 

expression to the same extent as B6 macrophages when stimulated with 10ug of the TLR3 

agonist PolyI:C. Isotype control staining for IL-15Ra on B6 and NOD Macrophages is 

shown by the dotted line. Percent upregulation of IL-15Ra is calculated by first subtracting 

the isotype MFI from the individual mouse MFIs for each strain. Data represent one 

experiment, independently repeated three times with similar results. Data shown includes 

N=5 B6 mice and N=5 NOD mice. **p<0.01, by two-way ANOVA followed by Bonferroni 

post-test or student’s t-test.
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Figure 4. NOD Ly49+ CD8 Tregs adequately transduce IL-15 mediated survival signals.
A) Within whole plated splenocytes, B6 and NOD Ly49+ CD8 Tregs phosphorylate STAT5 

at Y694 to the same extent when exposed ex vivo to increasing concentrations of the IL-15C 

superagonist for 30 minutes. To account for the relatively small cell population analyzed, a 

minimum of 150 Ly49+ CD8 Treg events were captured, from which the MFI of 

pSTAT5Y694 was calculated. Data represent one experiment, repeated twice with similar 

results, which includes N=3 B6 mice and N=3 NOD mice. B) B6 and NOD Ly49+ CD8 

Tregs phosphorylate STAT5 with similar time kinetics when exposed ex vivo to either 100, 

1000, and 10000pM of IL-15C. Data represent one experiment, repeated twice with similar 

results, which includes N=3 B6 mice and N=3 NOD mice. Of note, NOD CD8 Tregs 
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demonstrate statistically lower pSTAT5 levels 30 and 60 minutes after stimulation with the 

maximal 10000pM concentration of IL-15C (right panel). C) When exposed i.v. to 1ug of 

IL-15C for 60 minutes (calculated to reach 10000pM in a 2mL blood volume), both B6 and 

NOD Ly49+ CD8 Tregs increase pSTAT5 levels 15-times over animals injected with saline 

as a control. Data represent one experiment which includes N=3 B6 mice and N=3 NOD 

mice. *p<0.05, **p<0.01, ***p<0.005, ns = non-significant by two-way ANOVA followed 

by Bonferroni post-test.
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Figure 5. In vivo administration of IL-15C robustly expands NOD Ly49+ CD8 Tregs and 
partially rescues their suppressive function.
A) When injected with 2ug of IL-15C for 4 consecutive days, B6 and NOD Ly49+ CD8 

Tregs expand robustly. Data are from two independent pooled experiments, for a total of 

N=6 B6 mice and N=6 NOD mice [8 weeks]). B) IL-15C activated Ly49+ CD8 Tregs (white 

triangles) from NOD mice immunized with KLH partially suppress the high affinity anti-NP 

IgG response as compared to mice receiving Ly49- non-CD8 Tregs from the same donor 

mouse (white squares) or mice receiving no CD8 T cells as a control (white circles). Data 

represent one independent experiment, repeated two times with similar results, with a total 

of N=3 NOD mice in each recipient group [8 weeks]). C) In comparison, non-activated 

Ly49+ CD8 Tregs from CD8 Treg sufficient B6 mice that did not receive concomitant 

IL-15C activation (black triangles) robustly suppress the high affinity anti-NP IgG response 

as compared to mice receiving Ly49- non-CD8 Tregs from the same donor mouse (black 

squares). Data represent one independent experiment, repeated two times with similar 

results, with a total of N=4 B6 mice in each recipient group [8 weeks]). ****p<0.0001, ns = 

non-significant, by semi-logarithmic linear regression analysis followed by y-intercept and 

slope curve comparison or two-way ANOVA followed by Bonferroni post-test.
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Figure 6. IL-15C activated Ly49+ and Ly49- CD122+ CD8 Tregs delay diabetes transfer.
A) A single injection of 5e4 Ly49+ (black diamonds) or Ly49- (white diamonds) CD122+ 

CD8 Tregs FACS-purified from pre-diabetic NOD mice receiving 1ug of in vivo stable 

IL-15C for 7 days delay diabetes onset 2.6-fold longer than either 5e4 unactivated CD122+ 

CD8 T cells (black squares) or 5e4 CD122- CD8 T cells (white squares) from naïve pre-

diabetic NOD mice. NOD.RAG mice in all arms received 5e6 CD8-depleted splenocytes 

from hyperglycemic NOD mice 2 days prior to CD8 T cell infusion. On the day of CD8 T 

cell transfer, NOD.RAG mice receiving IL-15C activated CD8 Tregs also received a 1ug 

injection of in vivo stable IL-15C to maintain CD8 Treg activation. One week after diabetes 

onset, mice receiving IL-15C activated Ly49+ CD8 Tregs possessed the largest population of 

splenic Ly49+ CD8 Tregs (B). Mice receiving either IL-15C activated Ly49+ or Ly49- CD8 

Tregs possessed the smallest populations of target CD4 TFH cells (C). For Panel A – the N 

for each group is indicated below the survival curve. Groups were compared to naïve 

CD122+ cell transfer by log-rank analysis: CD8-depleted control (p=0.03), IL-15 alone 

(p<0.001), naïve CD122- (p=NS), Ly49- (p<0.0001), Ly49+ (p<0.0001). Additional 

comparisons include Ly49+ or Ly49- vs CD8-depleted control (p=0.01) and Ly49+ or Ly49- 

vs IL-15C alone (p<0.01). For Panel B and C – naïve CD122- [N=5], naïve CD122+ [N=6], 

IL-15C activated Ly49- CD8 Tregs [N=7], IL-15C activated Ly49+CD8 Tregs [N=6]. 

Number of animals in Panels B and C do not match Ns in Panel A as some recipients died 

prior to analysis. Significance determined by one-way ANOVA followed by Bonferroni post-

test or by t-test.
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