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Abstract

Objective—Gammadelta (γδ) T cells are a subset of pro-inflammatory innate-like T lymphocytes 

that serve as a bridge between innate and adaptive immunity. γδ T cells are highly enriched in 

cholesterol compared to αβ T cells. In this study, we aimed to identify the role of γδ T cells in 

atherosclerosis, a cholesterol and inflammation-driven disease.

Methods—We found that the percentages of γδ T cells are increased in ApoE−/− mice fed a 

Western diet. We generated TCRδ−/−ApoE−/− mice and fed them either rodent chow or a Western 

diet for ten weeks for the assessment of atherosclerosis.

Results—The atherosclerotic lesion size in diet-fed TCRδ−/−ApoE−/− mice was similar to that of 

diet-fed ApoE−/− mice. There were no differences in cytokine production or numbers of αβ T cells 

in aorta of TCRδ−/−ApoE−/− mice. Plasma lipoprotein profiles were unchanged by the absence of 

γδ T cells.

Conclusion—Our data suggest that γδ T cells do not contribute to early atherosclerotic plaque 

development.
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1. Introduction

Different subsets of T cells play distinct roles in the development of atherosclerosis. For 

example, pro-inflammatory Th1 and possibly also Th17 cells are considered driving forces 

for atherosclerosis, and regulatory T cells are protective [1–3]. Most T cells express the αβ T 

cell receptor (TCR). However, a small subset expresses the γ and δ chains of TCRs. These 

γδ T cells represent ~3–5% of total CD3+ T cells in the blood and recognize non-peptide 

antigens such as lipids and phosphorylated nucleotides, and antigens that do not require 

processing and presentation by MHC molecules. Antigen-naive γδ T cells can react very 
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fast, usually within hours as illustrated by pathogen infection, and thus serve a rapid innate 

immune role before the responses of adaptive αβ T cells could take place [4,5]. Given their 

distinct natures, the regulation of γδ T cells is different from conventional αβ T cells. We 

recently reported that γδ T cells contain a higher intracellular cholesterol content than 

conventional αβ T cells, and that the higher cholesterol content in γδ Tcells leads to 

enhanced TCR signaling and their hyper-active and proliferative nature [6].

Although only representing a small percentage of total CD3+ cells in the peripheral blood, 

γδ T cells may potentially play a significant role in the development of atherosclerosis. At 

least two individual studies reported significantly elevated proportions of γδ T cells in 

human atherosclerotic lesions [4,7,8]. The highest percentage of γδ T cells was found in 

aorta during the early stages of atherosclerotic lesion development, usually when the aorta 

contains relatively few CD3+ cells, implying participation of γδ T cells early during plaque 

development [4]. As γδ T cells possess rapid early, innate-like functions, the hypothesis that 

these cells would play a role in early atherosclerosis seems plausible. Based on their potent 

production of pro-inflammatory cytokines such as IFNγ and IL-17 [9,10], they are surmised 

to be pro-atherogenic. In fact, Smith et al. reported that approximately 50% or more IL-17+ 

CD3+ cells in the aorta and spleen are γδ T cells [11]. However, the exact, direct role that γδ 

T cells play in either driving or protecting against atherosclerosis is unknown. In this study, 

we directly tested whether the absence of γδ T cells impacted early atherogenesis using a 

TCRδ knockout mouse model of atherosclerosis in vivo.

2. Methods

Male ApoE−/− and TCRδ−/−ApoE−/− mice were used in this study. Flow cytometry gating 

strategies for γδ and conventional αβ lymphocytes are shown in Supplementary Fig. 1. 

Please refer to the supplementary data for detailed methods.

3. Results

We have recently shown that γδ T cells are highly proliferative and activated comparing to 

conventional αβ T cells as a result of an increased intracellular cholesterol content in the γδ 

T cells [6]. Many cholesterol metabolism-related genes are differentially expressed in γδ T 

cells [6]. To investigate whether αβ and γδ T cells are differentially regulated by excess 

dietary cholesterol, ApoE−/− mice were fed with either normal chow (contains negligible 

cholesterol and 4% fat) or a Western diet (contains 0.2% cholesterol and 42% fat), and the 

percentages of αβ and γδ T cells were analyzed. Within two weeks of Western diet feeding, 

the percentages of γδ T cells increased approximately 2-fold (Fig. 1A, left panel), compared 

to chow-fed animals (P < 0.001), while the percentages of αβ T cells decreased (Fig. 1A, 

right panel). Given that γδ T cells are up-regulated by Western diet feeding, and that the 

percentage of aorta-infiltrating γδ T cells were found to be significantly elevated in early 

human atherosclerotic lesions [4,7], we decided to investigate the role of γδ T cells in the 

progression of atherosclerosis. TCRδ−/− mice, which were completely devoid of γδ T cells, 

provided a great tool for our study. To facilitate the development of atherosclerosis, we 

crossed TCRδ−/− mice to ApoE−/− mice. The γδ T cell population was confirmed to be 

completely absent in the resulting TCRδ−/−ApoE−/− mice (Supplementary Fig. 2A). 
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Proportions of total CD3+, as well as CD8+ T cells were similar between TCRδ−/−ApoE−/− 

and ApoE−/− mice, while CD4+ cells were increased slightly in TCRδ−/−ApoE−/− mice (p < 

0.05) (Supplementary Fig. 2B). To investigate the role of γδ T cells in atherosclerosis, age- 

and gender-matched ApoE−/− and TCRδ−/−ApoE−/− mice were fed a Western diet for 10 

weeks [12,13]. Aortas of these mice were perfused to rid the tissue of blood cells, isolated, 

and used for either flow cytometric analysis or atherosclerotic lesion quantification. Flow 

cytometric analysis revealed that nearly 1/3 of the total aorta-infiltrated CD3+ cells were γδ 

T cells (29% ± 0.02), and that γδ T cells were similar in numbers to CD4+ and CD8+ cells in 

ApoE−/− mice after 10 weeks of Western diet feeding (Fig. 1B, C). The percentage of γδ T 

cells in aorta were much higher than other tissues, including spleen, lymph nodes, and blood 

(data not shown). However, despite the high proportion, loss of γδ T cells did not 

significantly affect the numbers of CD4+ and CD8+ T cell subsets in the aorta of 

TCRδ−/−ApoE−/− mice, compared to ApoE−/− mice (Fig. 1C).

Plasma cytokines, especially those associated with T cell activation, were quantified by 

multiplex ELISA. We observed an increase in TNFα, IL-6, and IL-10 in the Western diet-

fed group compared to chow-fed group in both genotypes. However, there was no 

significant difference between ApoE−/− and TCRδ−/−ApoE−/− mice fed the same diet (Fig. 

2A). Other cytokines such as IL-1β, IL-2, IL-4, IL-12, and IL-17 were also quantified, but 

their plasma concentrations were essentially non-detectable, as they were lower than the 

range of detection of our assay (data not shown).

Plasma lipoprotein concentrations are closely associated with the development of 

atherosclerosis [14]. FPLC analysis of pooled plasma from mice fed a Western diet for 10 

weeks showed that the lipoprotein profiles (VLDL, LDL, HDL) are essentially the same in 

both ApoE−/− and TCRδ−/−ApoE−/− mice (Fig. 2B). Most importantly, histological 

quantification of atherosclerotic lesion area showed no differences between the two groups, 

suggesting that loss of γδ T cells did not impact the development of early atherosclerosis 

(Fig. 2C). Thus, our data indicate that deficiency of γδ T cells in mice did not appear to 

significantly contribute to the development of early atherosclerosis.

4. Discussion

In the current study, we report that γδ T cells are increased in ApoE−/− mice fed an 

atherogenic Western diet. The main focus of this study was to investigate whether the loss of 

γδ T cells affects the development of atherosclerosis in vivo. We found that although γδ T 

cells are increased in atherosclerotic lesions, deletion of γδ T cells from mice had no impact 

on the development of early atherosclerosis.

A previous study by Elhage et al. reported a slight, yet statistically insignificant, decrease in 

atherosclerotic lesion size of TCRδ−/−ApoE−/− mice at 18 weeks of age when fed a normal 

chow diet [15]. This 18-week chow-fed ApoE−/− model typically would represent an early 

atherosclerosis model. In the Elhage study, atherosclerosis quantification was not studied in 

TCRδ−/−ApoE−/− mice fed chow for a longer time period nor in mice fed an atherogenic 

diet. In our study, we used a high cholesterol and high fat-containing Western diet to 

facilitate the development of atherosclerotic lesions. We found no differences in 
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atherosclerotic lesion sizes between TCRδ−/−ApoE−/− and ApoE−/− mice fed this 10-week 

Western diet (Fig. 2C). This 10-week Western diet feeding of ApoE−/− mice also reflects a 

model of early atherosclerosis development. Taking our findings and the report by Elhage et 

al. [15], both diet-facilitated and spontaneous atherogenesis mouse models illustrate that the 

absence of γδ T cells does not significantly impact the onset or the early progression of 

atherosclerosis. Given the rapid, innate-like role that these cells play in the immune response 

[5], and given that elevated levels of γδ T cells are present specifically in early 

atherosclerotic lesions [4,7,8], we surmised that these cells would primarily function to 

modulate the initiation or early progression of atherosclerosis, and we were surprised by this 

negative outcome. However, neither our study nor Elhage’s examined the possible role that 

γδ T cells may play in advanced stages of atherogenesis. Studies to address the role of γδ T 

cells in advanced atherosclerosis will need to be performed to answer this question.

We recently reported that resting, homeostatic γδ T cells have elevated intracellular 

cholesterol levels compared to αβ T cells [6]. In line with our recent findings that γδ T cells 

are highly proliferative due to this increased cholesterol content [6], the high γδ T cell 

accumulation in the aorta of atherosclerotic ApoE−/− mice suggests that these cells readily 

respond to increased cholesterol in specific regions such as aorta and may be proliferating 

locally there (Fig. 1B). An alternative hypothesis is that these cells are recruited to aorta, 

peri-aortic lymph nodes, and spleen by the inflammatory environment of the vasculature 

during the onset of atherogenesis. The question arises as to what the normal function of γδ 

cells is within the aortic wall. Our study shows that γδ T cell levels are normally very low in 

aorta and spleen in mice fed chow diets, yet γδ T cell levels substantially increase in these 

tissues during Western diet feeding. These findings suggest that γδ cells play a minor role in 

aortic tissue and peri-aortic lymph nodes under homeostatic conditions, and are likely either 

proliferating or being recruited to these tissues in response to the local inflammatory 

environment that ensues during atherosclerosis development. Importantly however, even 

though these γδ cells produce IL-1711, the increase in IL-17 production by these γδ T cells 

does not appear to modulate early atherogenesis. Perhaps the impact of γδ cells is masked by 

the dominant role played by macrophages and other immune cells (such as CD4+ effector T 

cells) that accumulate in the lesion over time. Our data certainly point to a minor role for γδ 

T cells in the aortic wall under both homeostatic conditions and during early atherogenesis.

In conclusion, we have shown that γδ T cells are up-regulated in Western diet-fed mice. 

However, the deficiency of γδ T cells in TCRδ−/−ApoE−/− mice does not modulate the 

overall T cell compartment, plasma lipoprotein profiles, cytokine profiles, or the degree of 

atherosclerosis in diet-fed mice. Our study is the first to directly test the role of γδ T cells in 

atherosclerosis using an atherogenic diet-fed mouse model, and our findings indicate that 

this lymphocyte subset does not play a key role in early atherosclerosis development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Flow cytometric analysis of T cell populations. (A) γδ T cells are increased in mice fed with 

high fat diet. Percentages of γδ cells (left) are significantly higher while αβ cells (right) are 

significantly lower in ApoE−/− mice fed a high fat Western diet. Splenocytes were isolated 

from age- and gender-matched ApoE−/− mice fed a normal chow or Western diet for 2 

weeks. Results are shown in mean ± SEM. N = 5–6 per group. (B)–(C) T cell populations 

are normal except the absence of gd T cells in the aorta of TCRδ−/−ApoE−/− mice fed 

Western diet. Age- and gender-matched ApoE−/− and TCRδ−/−ApoE−/− mice were fed 

Western diet for 10 weeks. After 10 weeks, aortas were isolated, digested, and analyzed by 

flow cytometry. (B) γδ T cells are absent in TCRδ−/−ApoE−/− mice. (C) Numbers of CD3+, 

CD4+, and CD8+ T cells are similar in ApoE−/− and TCRδ−/−ApoE−/− mice. Representative 

cytometric plots are shown on the left and averaged cell numbers are shown on the right. 

Results are shown in individual dots and mean ± SEM. N = 6 per group. ***P < 0.001.
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Fig. 2. 
Similar plasma cytokine concentrations, lipoprotein profile, and atherosclerotic lesion size 

of ApoE−/− and TCRδ−/−ApoE−/− mice. (A) Plasma cytokine concentrations were similar in 

ApoE−/− (closed bar) and TCRδ−/−ApoE−/− (open bar) mice within the same diet group. 

Plasma cytokine were quantified with MSD multiplex assay with fasting plasma samples 

collected from mice fed a chow or 10 weeks of western diet. (B) Plasma cholesterol and 

lipoprotein fractions were the same in of ApoE−/− and TCRδ−/−ApoE−/− mice. Age- and 

gender-matched ApoE−/− and TCRδ−/−ApoE−/− mice were fed Western diet for 10 weeks. 

Fasting plasma were collected, and plasma lipids and lipoproteins were analyzed by FPLC. 

Each sample for FPLC analysis were pooled from plasma samples from 5 mice. Results are 

shown in mean ± SEM. N = 5 per group. (C) No significant difference in the development of 

atherosclerosis in TCRδ−/−ApoE−/− mice. Left: Quantification of plaque area as % of aortic 

surface in matched ApoE−/− and TCRδ−/−ApoE−/− mice after 10 weeks of Western diet 

feeding. Right: Representative Oil Red O staining (red) in aortic ApoE−/− and 

TCRδ−/−ApoE−/− mice after 10 weeks of Western diet feeding. Results are shown in 

individual dots and mean ± SEM. N = 12–14 per group. *P < 0.05, **P < 0.01, ns: not 
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statistically significant. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.)
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