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Aims Invariant natural killer T (iNKT) cells, a T cell subset that is CD1d-restricted and expresses a semi-invariant T cell receptor, 
have been proposed to contribute to dyslipidaemia-driven cardiovascular disease due to their ability to specifically recognize 
lipid antigens. Studies in mice have attributed pro-atherogenic properties to iNKT cells, but studies in humans investigating 
associations of iNKT cells with incident coronary events (CE) are lacking.

Methods 
and results

Here, we used flow cytometry to enumerate circulating iNKT cells (CD3+ CD1d-PBS57-Tetramer+) in a case-control co-
hort nested within the prospective population-based Malmö Diet and Cancer Study (n = 416) to explore associations with 
incident first-time CE during a median follow-up of 14 years. We found a significant inverse association between CD4− and 
CD8− double negative (DN) iNKT cells and incident CE, with an odds ratio of 0.62 [95% confidence interval (CI) 0.38–0.99; 
P = 0.046] comparing the highest vs. the lowest tertile of DN iNKT cells. The association remained significant after adjust-
ment for cardiovascular risk factors with an odds ratio of 0.57 (95% CI 0.33–0.99; P = 0.046). In contrast, total iNKT cells 
were not significantly associated with incident CE after adjustment, with an odds ratio of 0.74 (95% CI 0.43–1.27; P = 0.276).

Conclusion Our findings indicate that animal studies suggesting an atherosclerosis-promoting role for iNKT cells may not translate to 
human cardiovascular disease as our data show an association between high circulating numbers of DN iNKT cells and 
decreased risk of incident CE.
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Introduction
Atherosclerosis, the main underlying pathology for myocardial infarc-
tion and stroke, is a lipid-induced chronic inflammatory disease of the 
arterial wall. Thus, natural killer T (NKT) cells, immune cells that specif-
ically recognize lipid antigens, are of genuine interest in the pathogenesis 
of atherosclerosis and are potential treatment targets to ameliorate the 
burden of cardiovascular disease (CVD). Invariant natural killer T cells 
(iNKT), also referred to as type I NKT cells, are CD1d-restricted and 
have a semi-invariant T cell receptor that in humans consists of a 
Vα24-Jα18 chain coupled with Vβ11.1

Numerous studies in transgenic NKT cell deficient mice (CD1d−, 
Jα18-deficient mice, or adoptive transfer of CD1d-deficient cells) have 
led to the conclusion that NKT cells promote atherosclerosis.2–6

Furthermore, several studies in mice treated with the prototypical 
iNKT cell agonist α-galactosylceramide (α-GalCer) or studies increasing 
iNKT cell numbers by adoptive transfer have essentially established a 
pro-atherosclerotic role of iNKT cells in mice, even though atheropro-
tective effects have been observed in some settings.2–4,7,8 Like conven-
tional T cells, iNKT cells can be stratified based on CD4 and CD8 
expression, with most iNKT cells being CD4+ or CD4−CD8− double 
negative (DN) and rarely CD8+.9 In most atherosclerosis studies in 
mice the potential different effects of these subsets have not been thor-
oughly investigated, but To et al. described that CD4+ iNKT cells, but not 

CD4−CD8− DN cells, exacerbated the development of atheroscler-
osis.10 It should be noted, however, that the hyperlipidaemic mouse 
models used in many of these studies may limit the interpretation of 
the data as both apolipoprotein E and the Low-density lipoprotein 
(LDL) receptor play an important role in the processing and presenta-
tion of lipid antigens by CD1d and absence of either has been shown 
to limit iNKT cell responses.11,12

Several smaller studies in humans (n = 17–40) have shown that indivi-
duals with established atherosclerotic CVD have lower numbers of cir-
culating iNKT cells, mirroring other chronic inflammatory diseases.13–16

A report in systemic lupus erythematosus patients also found lower le-
vels of iNKT cells in patients who had suffered a clinically manifested car-
diovascular event, compared to patients with subclinical CVD.17

Importantly, this study found that iNKT cells in patients with subclinical 
atherosclerosis adopted a more pronounced TH2-like phenotype, char-
acterized by an increased production of IL-4 and increased expression of 
the TH2-promoting transcription factor GATA3, indicating that iNKT 
cells with this phenotype may have a protective role in subclinical athero-
sclerosis. Notably, this potentially protective iNKT cell phenotype was 
lost in patients with clinically established disease.17

Consequently, the effect of iNKT cells on atherosclerotic CVD in hu-
mans might be more complex than anticipated from the studies in mice. 
Yet, prospective studies in humans investigating circulating iNKT cells 
and associations with incident cardiovascular events are lacking. We 
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have previously examined interferon-γ expressing NKT-like (CD3+  

CD56+) cells and found an inverse association with the incidence of 
first-time coronary events (CE), although this association was not inde-
pendent of the LDL/HDL ratio.18

In the current study, we used antigen-loaded CD1d tetramers for the 
specific detection of iNKT cells to examine associations of circulating 
iNKT cells and first-time CE in a matched case-control study nested 
in the Malmö Diet and Cancer (MDC) study.

Methods
Study design
The MDC study is a population-based prospective epidemiological cohort 
of 28 449 participants enrolled between 1991 and 1996. Between October 
1991 and February 1994, every other participant was invited to take part in 
a sub-study of the epidemiology of CVD (MDC-CV), yielding a cohort of 
6103 participants.19 All participants were followed from the baseline exam-
ination until the first hospitalization for a CE, death, emigration, or until 
30 June 2009. A CE was defined as a nonfatal or fatal myocardial infarction 
or death due to ischaemic heart disease, based on International Classification 
of Diseases, Ninth Revision (ICD9) codes 410, 412, and 414 and ICD10 
codes I21, I22, I23, and I25. During follow-up, 491 incident cases of patients 
experiencing a CE (8.0% of the MDC-CV cohort) were retrieved by data 
linkage to the Swedish Hospital Discharge Register and the Cause of 
Death Registry of Sweden. CE cases that had suffered a prevalent nonfatal 
myocardial infarction (n = 36) or lacked a frozen peripheral blood mono-
nuclear cell (PBMC) sample (n = 75) were excluded before an age- and sex- 
matched case-control study was nested within the prospective population 
cohort of the MDC study, as described previously.20 Incident CE cases 
were matched to controls by incidence density sampling of CE-free control 
participants of the same age (±1 year) and sex. After the exclusion of CE 
cases where no control could be matched (n = 12), 368 case-control pairs 
remained. The matching variables were selected because of their nonmodifi-
able nature. Due to the matched design, the exclusion of samples of poor 
quality after thawing, samples with too few cells for flow cytometry analysis, 
samples with less than 25 000 recorded CD3+ events, or non-adherence to 
the standard operating procedures resulted in a final study cohort of 208 
matched case-control pairs. The cohort assembly is described in Figure 1. 
The study was approved by the regional ethics review board (LU 51-90 
and LU 532-2006) and was conducted in accordance with the Declaration 
of Helsinki. All participants gave written informed consent.

Laboratory analyses
Information on anthropometric measures and baseline characteristics was 
collected from self-administered questionnaires and clinical examinations. 
Blood pressure (BP) was measured twice in the right arm after a 10-min 
rest. The average of the two measurements was used. Hypertension was de-
fined as systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg or the use of 
BP-lowering medication. At a second visit, blood samples were drawn after 
overnight fasting and fasting venous blood glucose, serum cholesterol, high- 
density lipoprotein (HDL) cholesterol, C-reactive protein (CRP), white 
blood cells (WBC), HbA1c, creatinine, and triglycerides were analysed 
with standard methods at the clinical laboratory of Malmö University 
Hospital, as described previously.21 LDL was calculated with Friedewald’s 
formula and the estimated glomerular filtration rate (eGFR) was calculated 
with the modification of diet in renal disease (MDRD) formula. Interferon γ 
(IFN-γ), IL-6, IL-18, soluble tumour necrosis factor receptor 1 (sTNF-R1), 
and sTNF-R2 were analysed in ethylenediaminetetraacetic acid (EDTA) 
plasma using proximity extension assay. The analysis was performed at 
the Clinical Biomarkers Facility, Science for Life Laboratory, in Uppsala, 
Sweden. Diabetes mellitus was defined as fasting whole blood glucose 
>6.1 mmol/L (corresponding to a threshold of 7.0 mmol/L in fasting plasma 
glucose), self-reported physician diagnosis of diabetes mellitus, or use of anti- 
diabetic medication.

Carotid ultrasound
Carotid atherosclerosis was assessed as has been described previously with 
B-mode ultrasound by specially trained and certified sonographers after 

completion of an extensive training programme.22 The bifurcation area of 
the right carotid artery was scanned for plaques, defined as focal thickening 
of the arterial wall (>1.2 mm) or plaque area >10 mm2, within a pre-defined 
window encompassing 3 cm of the distal common carotid artery (CCA), the 
bulb, and 1 cm each of the internal and external carotid arteries.23

Flow cytometry
Peripheral blood mononuclear cell isolation
Blood samples were collected into heparin tubes at baseline. PBMCs were 
isolated by density gradient centrifugation (Lymphoprep, STEMCELL 
Technologies; Ficoll-Paque PLUS, GE Healthcare Life Sciences) and resus-
pended in equal volumes of autologous serum and Roswell Park Memorial 
Institute (RPMI)-1640 (Thermo Fisher Scientific) containing 20% dimethyl 
sulfoxide (Sigma-Aldrich). The cells were frozen slowly by placing them in a 
Styrofoam box at −80°C for at least one hour and then transferred to 
−140°C for long-term preservation.

Cell processing and reagents
Cryopreserved PBMCs were thawed by holding the vial for 1 min and sub-
sequent stepwise addition of 8 mL of pre-warmed (37°C) RPMI-1640 

Figure 1 Malmö Diet and Cancer (MDC) study design flow chart.
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(Thermo Fisher Scientific) supplemented with 1% human serum 
(Sigma-Aldrich). PBMCs were centrifuged for 10 min at 330× g and resus-
pended in 10 mL phosphate-buffered saline (PBS) (HyClone, GE Healthcare 
Life Sciences). After another wash with PBS, PBMCs were incubated with 
Zombie Aqua Fixable Viability Dye (Biolegend) for 20 min at room tem-
perature in the dark. After one wash with 3 mL staining buffer (PBS supple-
mented with 2 mM EDTA), the samples were filtered once and advanced to 
antibody staining. For this, tubes with the lyophilized antibody-mixes, 
custom-made by the supplier according to our titrations, were first recon-
stituted with 50 µL dH2O. Lyophilized antibody-mixes were used as they 
have been shown to reduce variability.24 The viability dye-stained PBMCs 
were added to the reconstituted antibody-mixes and incubated for 
30 min at room temperature in the dark. PBMCs were washed once with 
3 mL staining buffer and resuspended in 200 µL PBS containing formalde-
hyde (1% final). The cells were acquired within 24 h. The antibodies used 
in this study were CD27-FITC (clone O323), CCR7-PE (clone G043H7), 
CD95-PE/Dazzle (clone DX2), CD8α-PerCP (clone RPA-T8), CD45RA-PE/ 
Cy7, (clone HI100), CD4-AF700 (clone RPA-T4), CD3-APC/Cy7 (clone 
HIT3a), CD28-BV421 (clone CD28.2), (all from Biolegend), and only one 
lot of each antibody was used throughout the study. APC-labelled 
PBS-57-loaded CD1d tetramer was obtained from the NIH tetramer 
core facility. Single-stained compensation beads (BD CompBeads anti- 
mouse Igκ, Becton, Dickinson and Company Biosciences) were used for 
calculating compensation.

Data acquisition
The samples were acquired on a three-laser, 10-color Gallios flow cyt-
ometer (Beckman Coulter), which was calibrated and optimized for 

sensitivity as described in detail previously.20,25 The daily quality assurance 
routine consisted of running Flow-Check Pro (Beckman Coulter) beads 
to verify the optical and fluidic function and then set the fluorescent signal 
in each channel to ±2% of the previously established target median fluores-
cence intensity (MFI), using single-peak Rainbow beads (Spherotech), which 
resulted in a high instrument precision with a coefficient of variation of the 
single-peak MFI of 0.3–0.7%. Sample handling and data acquisition were per-
formed blinded by two trained research engineers.

Data analysis
Compensation and gating were performed in FlowJo v10.4 and quality as-
surance was done in Kaluza Analysis v1.3 (Beckman Coulter). 
Identification of iNKT cells was done by successive gating on time (to re-
move any artefacts from unstable flow), forward scatter (FSC) height and 
width as well as side scatter (SSC) height and width to remove cell doublets, 
CD3+ live cells on a CD3 vs. viability dye plot, and exclusion of dye aggre-
gates and cell debris, and finally, PBS57-loaded CD1d+ cells (PBS-57 is an 
analogue of the iNKT agonist α-GalCer). CD4+, CD8+, and CD4−CD8− 

DN iNKT cells were subsequently gated on a CD4 vs. CD8 plot 
(Figure 2). Expression of CD45RA, CCR7, CD27, CD28, and CD95 were 
used to describe the memory phenotype of DN and CD4+ iNKT cell sub-
sets in data aggregated from six individuals(see Supplementary material 
online, Figure S1). Data analysis was performed blinded.

Statistics
Statistical analyses were performed in SPSS Statistics 27 (IBM, Armonk, 
USA). Figures were made in draw.io diagrams.net 18.0.6 (JGraph Ltd, 

Figure 2 Flow cytometry gating of invariant natural killer T (iNKT) cells. Peripheral blood mononuclear cells were first gated on time (to remove any 
artefacts from unstable flow), and cell duplets were removed by forward scatter height and width as well as side scatter height and width. Live CD3+ 

cells were gated on a CD3 vs. viability dye plot and dye aggregates and cell debris were excluded from all channels. iNKT cells were gated on a 
CD1d-PBS-57 vs. CD3 plot (PBS-57 is an analogue of the iNKT cell agonist α-GalCer). CD4+, CD8+, and CD4−CD8− double negative iNKT cells 
were subsequently gated on a CD4 vs. CD8 plot.
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UK). Continuous baseline data is presented as median and inter-quartile 
range (IQR) and categorical data is presented with count (n) and percentage 
of the total. Differences in variables between cases and controls were 
tested using the Mann–Whitney test or chi-square test. Differences in vari-
ables between tertiles of iNKT cells were tested using the Kruskal–Wallis 
test or chi-square test. Conditional logistic regression conditioned for 
matched case-control pairs was used to analyse associations between 
iNKT cells stratified into tertiles and incident CE. Regression models 
were unadjusted or adjusted for the CVD risk factors (total cholesterol, 
HDL, diabetes, use of BP-lowering medication, systolic BP, and smoking). 
In all models, tertile one with the lowest iNKT cell numbers was used as 
the reference. HDL values were natural logarithm transformed due to their 
non-normal distribution.

Results
Association of iNKT cells with incident CE
The study population consisted of 416 individuals in 208 age- and sex- 
matched CE case-control pairs (Figure 1). Invariant natural killer T cells 
were identified by gating on cells positive for CD3 and a CD1d tetramer 
loaded with PBS57, an analogue of the canonical iNKT agonist α-GalCer 
(Figure 2).26 The median percentage of iNKT cells among T cells was 
0.017% (IQR 0.008–0.044%), equalling 195 (IQR 89–459) cells/mL, 
which is in line with previous studies.14,15 Male sex was associated 
with lower numbers of circulating iNKT cells, while individuals with dia-
betes had higher numbers of iNKT cells and there was no difference be-
tween individuals with or without prevalent cancer (see Supplementary 
material online, Table S1). Despite the association with cardiovascular 
risk factors such as diabetes, the number of total iNKT cells was not 
significantly different between CE cases and controls (see 
Supplementary material online, Table S1).

Next, we stratified the 208 case-control pairs according to their iNKT 
cell numbers into tertiles. There were fewer males and current smokers 
and study participants had lower systolic BP with increasing iNKT 
tertiles (see Supplementary material online, Table S2). We used condi-
tional logistic regression to examine the associations of iNKT cell tertiles 
with incident first-time CE during a median of 14 years of follow-up. 
Elevated numbers of iNKT cells were not associated with incidence of 
first-time CE when comparing the highest vs. the lowest tertile of 
iNKT cell numbers (Table 3). Associations remained non-significant after 
adjustment for CVD risk factors; total cholesterol, HDL, diabetes, use of 
BP-lowering medication, systolic BP, and smoking with an OR of 0.74 
[95% confidence interval (CI) 0.43–1.27], P = 0.276. Since the sex distri-
bution across the tertiles was heterogenous, we analysed men and wo-
men separately, but associations with iNKT cells remained 
non-significant (data not shown).

Associations of iNKT cell subsets 
and incident CE
Similar to other T cell subsets, iNKT cells can be further stratified based 
on their expression of CD4 and CD8. iNKT cells are most commonly 
CD4+ or DN, expressing neither CD4 nor CD8.27 Accordingly, in our 
cohort the average distribution of iNKT cell subsets was 37% CD4+, 6% 
CD8+, and 57% DN. CD4+CD8+ double-positive iNKT cells were very 
rare (on average 0.1% of the total iNKT cell population, but most sam-
ples lacked this subset entirely) and were not analysed further. There 
was no difference in iNKT cell numbers between cases and controls 
for any iNKT subset, but women had higher numbers of CD4+ iNKT 
cells than men, P = 0.003, current smokers had fewer DN iNKT cells 
than non-smokers, P = 0.016, and diabetes patients had more DN 
iNKT cells than non-diabetics, P = 0.037 (Table 1, Supplementary 
material online, Table S1).
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Table 1 CD4+ and DN iNKT cell counts separated by baseline characteristics

n CD4+ iNKT cells/mL P DN iNKT cells/mL P

Coronary event Yes 208 76 (30–151) 0.873 63 (18–262) 0.242
No 208 74 (29–157) 88 (26–268)

Sex Female 152 86 (40–228) 0.003 100 (22–442) 0.106

Male 264 63 (28–118) 66 (21–227)
Current smoker Yes 117 69 (38–110) 0.578 57 (19–173) 0.016

No 286 77 (27–179) 85 (25–349)

Coronary revascularizationa Yes 8 49 (0–172) 0.300 162 (16–333) 0.874
No 408 75 (30–156) 69 (22–262)

Carotid plaque Yes 179 69 (27–164) 0.273 72 (22–273) 0.993

No 215 77 (31–151) 74 (22–271)
Diabetes Yes 64 93 (37–128) 0.205 123 (33–425) 0.037

No 352 69 (27–158) 67 (20–245)

Cancer Yes 33 60 (30–188) 0.819 61 (18–262) 0.442
No 383 76 (30–154) 72 (22–264)

BP-lowering Yes 92 65 (36–123) 0.974 78 (22–328) 0.544

No 324 77 (29–158) 67 (21–254)
Beta-blockers Yes 56 64 (29–130) 0.705 50 (16–422) 0.643

No 360 76 (30–156) 73 (22–261)

Statins Yes 7 41 (20–89) 0.154 265 (71–581) 0.116
No 409 76 (30–157) 67 (22–261)

Values are presented as median (inter-quartile range). Differences in DN and CD4+ INKT cell counts between categorical variables were calculated using chi-square tests and statistically 
significant P-values are presented in bold. 
BP, blood pressure. 
aCoronary artery bypass grafting or percutaneous coronary interventions.
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In addition, after separating the iNKT cell numbers of each subset into 
tertiles, we found that the number of current smokers differed across 
tertiles of both CD4+ and DN iNKT cell numbers, P = 0.005 and P =  
0.036, respectively (Table 2, Supplementary material online, Table S2). 
Also, the number of diabetes patients increased, P = 0.044, whereas 
WBC, P = 0.025 and systolic BP decreased, P = 0.019, across tertiles of 
increasing DN iNKT cell numbers (Table 2). Taken together, the different 
iNKT subsets had partly different associations with CVD risk factors.

Next, conditional logistic regression analysis revealed that the DN 
iNKT cell subset was significantly inversely associated with incident 
CE, whereas the CD4+ or CD8+ subsets were not (Table 3). This nega-
tive association for DN iNKT cells remained significant after adjustment 
for CVD risk factors: OR 0.57 (95% CI 0.33–0.99), P = 0.046 (Table 3).

As women had higher numbers of CD4+ iNKT cells than men, we 
performed separate regression analyses in men and women, but 
CD4+ iNKT cells were not associated with incident CE in men or wo-
men after adjusting for CVD risk factors, with an OR of 1.39 (95% CI 
0.68–2.82), P = 0.365 in men and 0.56 (95% CI 0.21–1.49), P = 0.245 
in women.

Phenotypic memory markers on DN 
and CD4+ iNKT cells and correlations 
with pro-inflammatory cytokines
Functional studies of iNKT cells have mainly focused on which cytokines 
iNKT cells or iNKT subsets express, but the expression of homing and 
activation markers could also be of functional importance. We found 
that most DN and CD4+ iNKT cells were CD45RA−CCR7−, similar 
to canonical effector memory T cells (see Supplementary material 
online, Figure S1). Further subdivision of DN and CD4+ iNKT cells 
based on CD27 and CD28 also showed likeness to canonical effector 
memory T cells in that the majority of DN and CD4+ iNKT cells 
were CD27+CD28+ (78%) and CD27−CD28+ (16%) and only few 
were CD27−CD28− (4%). Notably, while the distribution of DN and 
CD4+ iNKT cells expressing CD27 and CD95 were similar to canonical 
effector memory T cells, the CD4+ iNKT subset expressed higher sur-
face levels of CD95 than the DN iNKT subset [CD95 MFI 530 (IQR 
310–1110) on DN iNKT cells vs. CD95 MFI 1690 (IQR 560–2490) 
on CD4+ iNKT cells].

Next, we performed correlation analyses to investigate associations 
between circulating iNKT cell subsets and pro-inflammatory cytokines. 
Increased plasma levels of pro-inflammatory cytokines have been asso-
ciated with CVD and in mice activation of iNKT cells with α-GalCer has 
been shown to increase serum levels of IFN-γ, TNF-α, and IL-6.3

We found significant negative correlations between DN iNKT cells 
and plasma levels of the cytokines IL-6, IL-18, and soluble TNF receptor 
1 and 2 (considered as surrogate markers for TNF-α),28 whereas no 
such correlations with CD4+ and CD8+ iNKT cells were found (see 
Supplementary material online, Table S3). None of the iNKT subsets 
were correlated with IFN-γ, although IFN-γ measurements were only 
available in a smaller number of samples (see Supplementary material 
online, Table S3). Taken together it is noteworthy that only the DN 
iNKT subset had an independent association with incident CE after 
risk factor adjustment and displayed inverse correlations with 
pro-inflammatory cytokines.

Discussion
In this study, we aimed to provide a prospective analysis of the associ-
ation of circulating iNKT cells with first-time incident CE to explore pos-
sible links between iNKT cells and CVD in humans. We found that the 
DN iNKT cell subset, which lacks expression of both CD4 and CD8, was 
inversely associated with incident CE independently of CVD risk factors. 
In contrast, we did not find any significant associations for total iNKT 
cells, the CD4+ or CD8+ iNKT cell subsets, and incident CE.

The lack of association between total iNKT cells and incident CE in-
dicates that the net effect of iNKT cells might be of minor significance 
for the risk of suffering a CE.

These results contradict the notion, generated by numerous mouse 
studies, that iNKT cells are potent drivers of atherosclerotic plaque de-
velopment.2–6 In contrast to the majority of mouse studies, van 
Puijvelde et al. have found an atheroprotective effect of iNKT cells in 
experimental atherosclerosis, which was attributed to increased 
IL-10 production.7 More importantly, a recent study of human iNKT 
cells found that these cells can have an atheroprotective TH2-like 
phenotype in patients with subclinical CVD.17 These two studies high-
light an important aspect, namely, that iNKT cells are functionally heter-
ogenous and can be subdivided into TH1-like (NKT1), TH2-like 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Associations between iNKT cell counts and incident first-time coronary events, analysed by conditional logistic 
regression

iNKT cell tertile Unadjusted Adjusted

OR (95% CI) P-Value OR (95% CI) P-Value

Total iNKT cells 1 1 (Reference) 1 (Reference)

2 0.71 (0.45–1.13) 0.151 0.70 (0.40–1.21) 0.202
3 0.81 (0.51–1.29) 0.373 0.74 (0.43–1.27) 0.276

CD4+ iNKT cells 1 1 (Reference) 1 (Reference)

2 1.12 (0.72–1.75) 0.610 1.17 (0.69–2.00) 0.556
3 1.04 (0.65–1.66) 0.879 0.99 (0.581.70) 0.984

CD8+ iNKT cells 1 1 (Reference) 1 (Reference)

2 1.58 (0.99–2.54) 0.056 1.50 (0.88–2.55) 0.134
3 1.10 (0.70–1.74) 0.670 1.03 (0.61–1.74) 0.913

CD4−CD8− iNKT cells 1 1 (Reference) 1 (Reference)

2 0.53 (0.32–0.87) 0.012 0.55 (0.31–0.98) 0.043
3 0.62 (0.38–0.99) 0.046 0.57 (0.33–0.99) 0.046

n in unadjusted model: 208 pairs. n in adjusted model: 181 pairs. Adjustments were made for total cholesterol, HDL, diabetes, BP-lowering medication, systolic BP and current smoking. 
Statistically significant P-values are presented in bold.
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(NKT2), TH17-like (NKT17), and Treg-like (NKT10) cells,29 similar to 
conventional T cells. This aspect has not been examined in mouse stud-
ies of iNKT cells in atherosclerosis so far. The diverse roles of iNKT 
cells represent a potential explanation for the conflicting results, similar 
to what has been described for conventional T helper cells, where stud-
ies have shown that T helper cells as a whole promote atherosclerosis 
development, but certain subsets like TH2 can reduce atherosclerosis 
and clinical events.30,31

In addition, iNKT subsets stratified by expression of CD4 and CD8 
are not functionally identical, lending further support to the idea that 
subset composition of the iNKT pool could be a major determinant 
of functional outcome.32 The DN and CD4+ iNKT cell subsets have 
been shown to be distinct lineages with marked differences in their cyto-
kine secretion profile and expression of chemokine receptors, integrins, 
and NK receptors.33 Several reports have shown that DN iNKT cells 
have higher expression of inhibitory receptors, such as Ly49, CD94, 
and NKG2A, compared to CD4+ iNKT cells.33–35 These differences 
could possibly explain the findings that CD4+, but not DN iNKT cells, 
can exacerbate atherosclerosis in mice,36 although in humans a shift to-
wards higher CD4+ to DN iNKT cell ratio was associated with increased 
IL-4 production and a TH2-like phenotype.17 It is tempting to speculate, 
based on the results of our study in humans, that increased circulating 
numbers of DN iNKT cells may hamper or delay incident CE, whereas 
CD4+ iNKT cells do not. However, little is known about the function of 
DN iNKT cells in humans. iNKT cells have mainly been ascribed func-
tional roles in the liver32making it difficult to infer functional conse-
quences of circulating levels of iNKT cells as it is not clear if increased 
circulating iNKT cells corresponds to increased or decreased tissue le-
vels of iNKT cells, particularly in tissues relevant in CVD. In addition, al-
though the disparate associations for DN and CD4+ iNKT cells in regard 
to incident CE and the correlations with pro-inflammatory cytokines 
observed in our study could be explained by distinct functional proper-
ties of the different iNKT cell subsets, more studies are needed to deter-
mine if iNKT cells play an active role or whether they are a marker of 
human CVD. Of note, both the DN and CD4+ iNKT cell populations 
consisted mainly of effector memory cells, and the DN iNKT cells ex-
pressed lower surface levels of the activation marker CD95, which is 
in line with findings by Montoya et al in healthy adults.37 Although this 
data is very interesting, it remains to be elucidated whether this differ-
ence has any functional consequences in CVD.

iNKT cell numbers as well as cytokine production have been re-
ported to be lower in many autoimmune conditions, such as multiple 
sclerosis, rheumatoid arthritis, systemic lupus erythematosus and, al-
though there are contradictory results, type 1 diabetes.16,27,38

Notably, we found iNKT cell numbers, specifically of the DN iNKT sub-
set, to be higher in diabetes patients in our study, where the majority of 
diabetic study participants had type 2 diabetes. Still, a role of iNKT cells 
in type 2 diabetes remains elusive, but there have been speculations 
about a role of iNKT cells in obesity-induced inflammation and insulin 
resistance.39,40 In addition, patients with established CVD have lower 
numbers of circulating iNKT cells compared to healthy controls,13–15

which, taken together with our data from a cohort of individuals that 
were CE-free at baseline, suggests that iNKT cells or some iNKT cell 
subsets may protect against CVD and other conditions characterized 
by chronic inflammation and autoimmunity.

We found total iNKT cell numbers, particularly the CD4+ iNKT sub-
set, to be higher in females compared to males, even though CD4+ 

iNKT cells had no association with incident CE when analysed separate-
ly in men and women. This observation is in line with previous studies 
that have also seen elevated iNKT cell numbers in females, although the 
difference has not been statistically significant in all studies.37,41,42

Increased iNKT cell numbers in females were not observed in the 
DN or CD8+ iNKT subsets.

There are some limitations of the current study that should be ac-
knowledged. Firstly, it is important to remember that we cannot 

draw any conclusions about causality from this observational study. 
We also had to exclude some samples with a low iNKT cell count 
due to the low frequency of iNKT cells in the volume of blood available, 
which may have decreased the statistical power or introduced selection 
biases, especially in the analyses performed in only a subset of partici-
pants. Still, the reliability of our iNKT cell counts appears unaffected 
as our observed counts agree well with what has been reported previ-
ously. In addition, our highly standardized state-of-the-art flow cytome-
try with very low measurement coefficient of variability likely 
contributed to the validity of our findings.

In conclusion, this study shows that iNKT cells are not associated 
with an increased incidence of first-time CE in a Swedish cohort of 
upper-middle aged individuals. This study does, however, show that 
the CD4−CD8− DN subset of iNKT cells is independently and inversely 
associated with incident CE, suggesting that iNKT subset diversity may 
play a role in atherosclerotic CVD which merits further exploration 
into the detailed function of human iNKT cells.
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