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Abstract

Type 1 diabetes (T1D) is a chronic disease caused by autoimmune destruction of insulin-

producing pancreatic β-cells. T1D is typically diagnosed in children, but information regarding 

immune cell subsets in juveniles with T1D is scarce. Therefore, we studied various lymphocytic 

populations found in the peripheral blood of juveniles with T1D compared to age-matched 

controls (ages 2–17). One population of interest is the CD28− CD8+ T cell subset, which are late-

differentiated cells also described as suppressors. These cells are altered in a number of disease 

states and have been shown to be reduced in adults with T1D. We found that the proportion of 

CD28− cells within the CD8+ T cell population is significantly reduced in juvenile type 1 

diabetics. Furthermore, this reduction is not correlated with age in T1D juveniles, although a 

significant negative correlation between proportion CD28− CD8+ T cells and age was observed in 

the healthy controls. Finally, correlation analysis revealed a significant and negative correlation 

between the proportion of CD28− CD8+ T cells and T1D disease duration. These findings show 

that the CD28− CD8+ T cell population is perturbed following onset of disease and may prove to 

be a valuable marker for monitoring the progression of T1D.

Keywords

Juvenile type 1 diabetes; CD28− CD8+ T cells; T suppressor cells

1. Introduction

Type 1 diabetes (T1D) is caused by both environmental and genetic factors and, for 

unknown reasons, the prevalence of this disease has been rising by 2–5% per year in recent 
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years [1, 2]. Approximately 1.4 million people in the United States have been diagnosed 

with T1D and roughly 40% of newly diagnosed patients are under the age of 20 [1–4]. T1D 

is a chronic disease that can cause many health complications, including hypertension, heart 

and kidney disease, stroke, and blindness [5].

T1D is considered an autoimmune disease, generally characterized by lymphocytic 

destruction of insulin-producing pancreatic β-cells. Although metabolic stabilization after 

diagnosis can temporarily increase insulin production, β-cell mass continues to decline and 

thus necessitates the use of exogenous insulin [6]. The first indication of immune 

involvement was through the discovery of islet cell autoantibodies [7], including those 

specific for insulin, glutamic acid decarboxylase (GAD), zinc transporter 8 (ZnT8), islet cell 

antibody 512 (ICA512), and insulinoma antigen 2 (IA2), among others [8]. Measurement of 

these markers is useful for diagnosis and also to identify those at risk of developing the 

disease. Since the initial discovery of autoantibodies, CD4+ and CD8+ T cells, B cells, and 

macrophages have been observed in infiltrated human islets [9, 10]. Furthermore, increased 

numbers of B and CD8+ T cells in islets is associated with increased β-cell death [10].

T-cell specificities change over time in T1D progression and, interestingly, changes in the 

immunodominance of CD8+ T cell responses occur more quickly than changes in 

autoantibody titers in humans [11]. One CD8+ T cell population of interest in T1D is the 

CD28− CD8+ T cell subset. This population, which is altered in a number of disease states, 

including rheumatoid arthritis, multiple sclerosis (MS), multiple myeloma, and following 

cytomegalovirus (CMV) and human immunodeficiency virus (HIV) infection [12–14], is 

significantly reduced in adult T1D patients [15].

CD28 is a co-stimulatory receptor required for T cell signaling [16]. Interaction between 

CD28 and its ligands, B7-1/CD80 and B7-2/CD86, has been shown to be critical for T-cell 

proliferation and differentiation, maintenance of the regulatory T (Treg) cell population, 

interaction with B cells, and production of IL-2 [17]. Nearly all CD8+ T cells are CD28+ at 

birth, but CD28 expression is lost over time such that healthy human adults amass CD28− 

CD8+ T cells that typically express CD57 [18–21]. This population, which expands in 

response to changes in Hsp27 and the Fas pathway, is senescent, lacks proliferative capacity, 

and has shortened telomeres compared to CD28+ cells [13, 14, 22–24]. Indeed, CD28− 

CD8+ T cells have undergone more rounds of replication than their CD28+ counterparts due 

to chronic antigen stimulation [12, 24, 25].

CD28− CD8+ T cells are also reportedly T suppressor (TS) cells, now commonly known as 

Treg cells, which impair the responsiveness of other immune cells [26, 27]. TS cells are 

typically induced after multiple rounds of stimulation [26]. This subset of T cells can 

modulate function of antigen-presenting cells (APCs) by enhancing expression of inhibitory 

receptors or down-regulating expression of co-stimulatory factors on these cells [28, 29]. 

Furthermore, CD28− CD8+ TS cells can suppress CD4+ T cell proliferation and memory 

CD4+ T cell responses [28, 30]. In a study of CD28− CD56+ CD8+ T cells from the synovial 

tissues of rheumatoid arthritis patients, Davila and colleagues found that these cells inhibited 

production of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and various chemokines, 
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resulting in a robust anti-inflammatory response [30]. CD8+ TS cells have also been shown 

to dampen the immune response via secretion of interleukin (IL)-6 and IL-10 [31, 32].

As mentioned, CD28− CD8+ T cell expression has been reported to be significantly reduced 

in adults with T1D [15], suggesting that this population may be involved in the dysregulated 

autoimmunity seen in these patients. We extended this work by studying various 

lymphocytic populations found in the peripheral blood of juveniles with T1D compared to 

age-matched controls (ages 2–17). Similar to what was found in the adult population, 

children with T1D exhibit significantly reduced CD28− CD8+ T cells when compared to 

healthy controls. Interestingly, this subset of cells is negatively correlated with age in normal 

controls but not in type 1 diabetics. However, within the T1D group, the proportion of 

CD28− CD8+ T cells was negatively associated with disease progression, such that those 

individuals that had T1D for a greater duration of time had significantly fewer CD28− CD8+ 

T cells. Overall, our results show that this CD28− CD8+ T cell population is perturbed after 

T1D onset and thus may prove to be a valuable marker for monitoring the progression of 

this disease.

2. Materials and Methods

2.1. Patient population and sample processing

Peripheral venous blood was obtained from type 1 diabetics (presence of ≥1 autoantibody), 

ages 2–16, and healthy, age-matched controls with no history of autoimmune disorders 

(Table 1). Blood was held overnight (<18hours) in EDTA-coated BD vacutainers. Red blood 

cells were then lysed using ammonium chloride lysis buffer and white blood cells per 

milliliter (mL) were calculated using a haemocytometer. Prior to flow cytometric antibody 

staining, dead cells were labeled using LIVE/DEAD® Fixable Dead Cell Stain (Life 

Technologies Corporation) per manufacturer’s protocol. Cells were then washed twice with 

phosphate buffered saline (PBS) and resuspended in a flow cytometry staining buffer 

(FCSB; PBS, 0.75% bovine serum albumin, 0.05% sodium azide, and 1 mM 

ethylenediaminetetraacetic acid). Fc receptors were then blocked using irrelevant unlabeled 

human IgG, and cells were subsequently incubated with antibody cocktails for 30 minutes at 

4°C in the dark (for a list of all antibodies used, see Supplementary Table S1). Cells were 

then washed twice with FCSB and incubated with streptavidin-conjugated fluorochromes in 

the dark for 20 minutes at 4°C. Following two more washes, cells were fixed with 4% 

paraformaldehyde for 20 minutes at room temperature in the dark, washed once with FCSB, 

and finally resuspended in FCSB and analyzed on an LSR II flow cytometer (BD 

Biosciences) within 24 hours.

2.2. Data analysis and T cell gating

Scatterplots were generated and flow cytometry data was analyzed using FlowJo X (Tree 

Star, Inc.). In this study, CD8 T cells are defined as mononuclear singlets that are LIVE/

DEAD−, CD45+, CD3+, CD4− and CD8+. First, singlets were selected using forward scatter 

area (FSC-A) versus forward scatter height (FSC-H) parameters. Dead cells were then 

removed by gating on LIVE/DEAD− events. CD45, a pan-leukocyte marker, was then used 

to select total leukocytes. We subsequently gated on lymphocytes and monocytes based 
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upon FSC and side scatter (SSC) properties, and identified T cells through expression of the 

pan-T cell marker CD3. Finally, CD8 T cells were identified as the CD8+, CD4− subset of 

total T cells.

2.3. Statistics

The percent of parent, percent of CD8 T cells, percent of total T cells, and percent of total 

leukocytes were calculated using FlowJo X. The number of circulating cells per milliliter 

was calculated by dividing the percent of total leukocytes by 100, then multiplying this 

value by the number of total white blood cells per mL as calculated above. The Mann-

Whitney U Test was used to test for statistical significance of proportional and numerical 

differences between subsets for all cohorts. For correlation analysis, immune subset data 

was first transformed to logarithmic values, and Pearson product-moment correlation 

coefficient (Pearson’s r) analysis was then performed to test for strength of correlations. 

Finally, linear regression analysis was performed on our correlations to generate trend lines 

and to compare correlations between groups. For all statistical tests, results were considered 

significant when p < 0.05. Statistical tests were performed using SPSS v21 and GraphPad 

Prism v6 (GraphPad Software), and figures were created using GraphPad Prism v6.

3. Results

3.1. The proportion of CD28− CD8+ T cells within the total CD8+ T cell population is 
reduced in juvenile type 1 diabetics

Type 1 diabetes mellitus (T1D) is a disease caused by autoimmune-mediated destruction of 

pancreatic beta cells. CD4, CD8 and natural killer (NK) T cells have all been implicated in 

the pathogenesis of T1D [33–35], but little is known about these cell populations in 

juveniles. To this end, we collected peripheral venous blood from 31 juvenile T1D patients 

(ages 2–16) and 35 healthy, age-matched controls (ages 2–17) (Table 1). We subsequently 

analyzed peripheral blood mononuclear cells (PBMCs) from these subjects using flow 

cytometry to characterize differences in leukocyte subsets between the T1D and control 

populations.

CD28− CD8+ T cells have been reported to be significantly reduced in adult T1D patients 

[15]. Therefore, we analyzed this CD28− CD8+ T cell population in the PBMCs harvested 

from juveniles. CD28− cells were gated from the CD8+ T cell population as shown in Fig. 

1A. Similar to Mikulkova’s report in adults with T1D [15], a significant decrease (p<0.05 as 

determined by Mann-Whitney U test) in the percentage of CD28− CD8+ T cells is seen in 

juvenile patients with T1D compared to healthy controls (Fig. 1B). We further subdivided 

the T1D population into new-onset type 1 diabetics (NT1D; T1D <1 year) and long-standing 

type 1 diabetics (LT1D; T1D >1 year – 5 years). Interestingly, a significant decrease in 

percent CD28− cells of CD8+ T cells was seen in LT1D compared to controls, but not in 

NT1D compared to controls (Fig. 1B). Furthermore, no significant differences in proportion 

of CD28− CD8+ T cells of total leukocytes or of CD28− CD8+ T cells per milliliter was 

found when comparing control to T1D, NT1D and LT1D (Fig. 1C, D). These results 

indicate that, while the CD28− CD8+ T cell subset is decreased in proportion of CD8+ T 

cells, other leukocyte populations must also be altered in T1D patients because no difference 

Yarde et al. Page 4

Hum Immunol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



is seen when looking at the proportion of this population in total leukocytes and in total 

cells/ml.

3.2. Proportion of CD28− cells of CD8+ T cells is negatively correlated with age among 
controls but not type 1 diabetics

Since a significant reduction in CD28− CD8+ T cells was seen in juvenile T1D patients as a 

whole and in LT1D subject, but not in NT1D subjects, we next wanted to determine if the 

proportion of CD28− cells of CD8+ T cells was correlated with age in type 1 diabetics as 

well as controls. Therefore, linear regression analysis was performed (Fig. 2A) and it was 

determined that the percent CD28− cells of CD8+ T cells is not correlated with age in 

juvenile T1D patients (p=0.7572 determined by Pearson’s r analysis, as shown in Fig. 2C). 

Accordingly, age and proportion CD28− cells of CD8+ cells are also not correlated in NT1D 

(p=0.8340) and LT1D (p=0.1864) subgroups (Fig. 2B; statistical analysis shown in Fig. 2C). 

Also, in total T1D, NT1D and LT1D groups, no correlation was established between age and 

percent CD28− CD8+ T cells of total T cells (Supplementary Fig. S1) or between age and 

percent CD28− CD8+ T cells of total leukocytes (Supplementary Fig. S2). Interestingly, 

however, a significant negative correlation between age and percent CD28− cells of CD8+ T 

cells is seen in the control group (p=0.0073; Fig. 2A, C). The significant correlation between 

age and percent CD28− CD8+ T cells found in healthy individuals but not in juvenile type 1 

diabetics points to a dysfunctional immune system present in these young patients.

3.3. Proportion of CD28− CD8+ T cells is negatively correlated with T1D disease duration

Although there is no correlation between age and proportion of CD28− CD8+ T cells in 

juveniles with T1D (Fig. 2), there is a significant reduction in this cell population in the 

LT1D group but not the NT1D group (Fig. 1B). Based on this information, we next 

performed correlation analyses to determine if the proportion of CD28− CD8+ T cells in 

T1D patients is related to disease duration. As shown in Fig. 3, there is no correlation 

between the percentage of CD28− cells of CD8+ T cells and months since diagnosis 

(p=0.1846). Significantly, however, the percent CD28− CD8+ T cells of total T cells and of 

total leukocytes is negatively correlated with disease duration (p=0.0338 and 0.0339, 

respectively; Fig. 3). In other words, the longer the juvenile has had T1D, the fewer CD28− 

CD8+ T cells that patient will have.

4. Discussion

T1D is an autoimmune disorder characterized by alterations in immune cell subsets that 

ultimately leads to the destruction of insulin-producing pancreatic β-cells. Although various 

immune subsets have been shown to be important for T1D progression, the exact 

mechanism for the pathogenesis of disease has not been determined in humans, and only few 

studies have been performed in juveniles. We therefore analyzed peripheral blood 

lymphocytic cells collected from juveniles with T1D and age-matched controls. Analysis of 

these cells revealed a perturbation in the CD28− CD8+ T cell subset in the juveniles with 

T1D, suggesting that this population may be involved in the dysregulated autoimmunity 

seen in these patients.
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In this study, we show that the proportion of CD28− CD8+ T cells is significantly reduced in 

juvenile T1D patients compared to healthy controls. Similar results have also been reported 

in adults with T1D [15], as well as in adults with multiple sclerosis, another autoimmune 

disease [36]. The CD28− CD8+ T cell population is oligoclonal and senescent, having 

undergone many rounds of replication [13, 23, 24]. These results may seem counterintuitive, 

then, when considering T1D as an autoimmune disease characterized by chronic antigen 

stimulation. Indeed, loss of CD28 expression on CD8+ T cells has been observed in other 

clinical settings where chronic antigen stimulation may occur, such as in rheumatoid 

arthritis, HIV and CMV infection, and after transplantation [12, 14]. In the case of T1D, 

however, it is possible that CD8+ T cells are less chronically stimulated in comparison to 

these other situations. It is also possible that the CD28− CD8+ T cell population may be 

undergoing apoptosis at a faster rate in type 1 diabetics compared to healthy individuals. In 

support of this proposition, Glisic-Milosavljevic and colleagues reported a CD4+ Treg 

population that had significantly elevated levels of apoptosis in T1D patients compared to 

controls [37]. Other potential explanations are that juveniles with T1D have dysregulated T 

cell maturation or are responding to disease-specific homeostatic disruption.

Importantly, CD28− CD8+ T cells also have suppressor or regulatory activity (referred to as 

TS or Treg cells), allowing these cells to repress the function and responsiveness of other 

immune cells [26–32]. In this regard, it is possible that appropriate levels of this TS cell 

population are necessary to keep the immune system in check. Other Treg populations may 

also play a role, and decreased function of CD4+ Treg cells has been reported in pediatric 

T1D cases [37–39]. Of note, CD28− CD8+ TS cells can be further classified based on surface 

expression of other markers. CD28− FoxP3+ CD8+ T cells and CD28− CD56+ CD8+ T cells, 

for example, suppress immune activity through direct cell-to-cell contact [40, 41], whereas 

CD28− CD45RA+ CCR7− FoxP3− CD8+ T cells mediate their suppressive effects through 

secretion of soluble factors [31, 42]. A more in-depth study is required to further 

characterize the CD28− CD8+ T cell population described in this study.

Although there was a significant reduction in the proportion of CD28− cells within the CD8+ 

T cell subset in type 1 diabetics compared to controls (Fig. 1B), no difference was observed 

in the proportion of CD28− CD8+ T cells of total leukocytes (Fig. 1C) or in total CD28− 

CD8+ T cells per ml (Fig. 1D). These results indicate that other subsets of cells within the 

total leukocyte population of juvenile type 1 diabetics are altered in abundance as well. We 

are currently analyzing a wide array of CD4+ and CD8+ immune cell subpopulations to 

provide a clearer picture of what is occurring in the immune system as a whole in juveniles 

with T1D.

We determined that the proportion of CD28− cells of CD8+ T cells was not correlated with 

age in juveniles with T1D (Fig. 2A), and this lack of correlation held even when the T1D 

population was further divided into new-onset T1D (NT1D; T1D<1year) and long-standing 

T1D (LT1D; T1D>1 year-5 years) (Fig. 2B). Unexpectedly, however, we did find a 

significant negative correlation between the proportion of CD28− cells of CD8+ T cells and 

age in the healthy control population. This subset of CD8+ T cells significantly decreases 

from ages 2 to 17 (Fig. 2C). Others have reported that expansion of CD28− CD8+ T cells is a 

consequence of aging [18, 20, 43]. Fagnoni and colleagues, for example, reported a 
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significant positive correlation between this T cell population and age in healthy adults 

ranging from 20 to 105 years of age [18]. The decrease in CD28− CD8+ cells seen when 

healthy juveniles age compared to the expansion of CD28− CD8+ cells as adults age is 

intriguing and highlights the fact that scientific observations in adults do not always extend 

to children. Studies of the CD28− CD8+ T cell population in children have shown that this 

cell population is not affected by age [44] or that this cell population increases with age [45, 

46]. The discrepancy between these different studies and between our current work may 

perhaps be explained by subtle differences in experimental design, or because of a 

difference in the population sampled, which may have consisted of different ethnicities or 

CMV infection rates, for example.

Based on the linear regression analysis to determine if CD28− CD8+ T cell proportions 

correlate with age (Fig. 2A), the regression lines suggest that young children with T1D (<5 

years old) have a lower percentage of CD28− CD8+ T cells to start with, when compared to 

healthy controls. If very young T1D patients do indeed have a lower percentage of CD28− 

CD8+ T cells, the data would suggest that these young patients, and perhaps type 1 diabetics 

in general, have a perturbed immune system from very early on, possibly at birth. These 

patients may have been under-exposed to normally-encountered environmental pathogens, 

or have inherent, genetically- or metabolically-derived abnormalities in antigen processing 

and presentation resulting in insufficient T cell activation. This differential homeostasis may 

not allow for certain individuals to thwart an autoimmune response, resulting in the 

pathogenesis of T1D. A larger study in newborns and infants would be required, however, to 

determine if this theory holds true.

Although no correlation with age and percentage of CD28− CD8+ T cells was observed, the 

proportion of these cells in type 1 diabetics is negatively correlated with disease duration 

(Fig. 3). In other words, the percentage of CD28− CD8+ T cells decreases as T1D 

progresses. It is therefore possible that the proportion of CD28− CD8+ T cells also 

correlates with C-peptide levels, and future studies will determine if this is indeed the case. 

Our data show that the proportion of CD28− CD8+ T cells in new-onset T1D juveniles is 

similar to healthy controls, but significantly decreased in long-standing type 1 diabetics. 

These results suggest that a reduction in the proportion of CD28− CD8+ T cells may 

contribute to the progression of T1D after diagnosis. As discussed above, since CD28− 

CD8+ T cells are late-differentiated, this negative correlation does not seem to support the 

theory that these T1D patients are undergoing chronic antigen stimulation. However, these 

results do suggest that since CD28− CD8+ cells have suppressor activity, the longer a 

juvenile has T1D, the less able that patient’s immune system may be to inhibit any 

autoimmune response. In the early stages following T1D diagnosis, individuals typically 

undergo a “honeymoon period,” characterized by a decrease in exogenous insulin 

requirements due to metabolic stabilization [47]. This transient period is followed by further 

destruction of pancreatic β-cells and a resultant increased reliance on exogenous insulin. 

Finding a way to enhance the CD28− CD8+ T cell population in juvenile type 1 diabetics at 

the early stages of disease, or to preserve this population as the disease progresses, may 

dampen the autoimmune response and thus extend the honeymoon period or lessen the 

downstream complications associated with this disease.
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In summary, our study shows that the CD28− CD8+ T cell population is significantly 

reduced in juvenile T1D patients compared to healthy controls, and that this population is 

negatively correlated with disease duration. These results provide further insight into the 

dysregulated immune system of juveniles with T1D, and suggest that the CD28− CD8+ T 

cell subset may be important for regulating the autoimmune response in humans.
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Figure 1. CD28− CD8+ T cells are significantly reduced in proportion of CD8 T cells among 
diabetics
(A) Representative scatter plot depicting gating of CD28− CD8+ T cells. CD8+ T cells were 

first selected as described in the Methods section. (B) Percentage CD28− T cells of CD8+ T 

cells. (C) Percent CD28− CD8+ T cells of total leukocytes. (D). Total CD28− CD8+ T cells 

per ml. Statistical analysis was performed using the Mann-Whitney U-test; *p<0.05; NS=not 

significant. T1D=Type 1 Diabetes. NT1D=new-onset T1D. LT1D=long-standing T1D.
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Figure 2. Proportion CD28− cells of CD8+ T cells is significantly and negatively correlated with 
age among controls but not among type 1 diabetics
(A) Regression line showing correlation between % CD28− of CD8+ T cells and age in 

controls (Con; open circle, solid line) but not in type 1 diabetics (T1D; filled circle, dashed 

line). (B) Regression line showing no correlation between % CD28− of CD8+ T cells and 

age in new-onset type 1 diabetics (NT1D; filled triangle, solid line) or in long-standing type 

1 diabetics (LT1D; open square, dashed line). (C) Statistical analysis of regressions shown 

in A and B using Pearson’s r analysis.

Yarde et al. Page 12

Hum Immunol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Proportion of CD28− CD8+ T cells is negatively correlated with T1D disease duration
(A) Regression lines and (B) statistical analysis using Pearson’s r analysis, showing a 

significant negative correlation between % CD28− CD8+ T cells of total T cells and of total 

leukocytes and months since diagnosis. *p<0.05.
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Table 1

Juvenile patient population.

Control T1D NT1D LT1D

n (n female) 35 (19) 31 (12) 18 (7) 13 (5)

Mean age, years (range) 10.2 (2–17) 10.0(2–16) 9.3 (2–16) 11.0 (4–16)

Mean T1D duration, months (range) n/a 14.4 (0–57) 4.5 (0–11) 28.1 (14–57)

Mean HbA1c at draw (range) n/a 8.2 (5.55–15) 8.7 (5.5–15) 7.4 (6–9.4)
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