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Abstract  32 

Coronary artery disease (CAD) is a leading cause of mortality worldwide with Diabetes and human cyto-33 
megalovirus (HCMV) infection as risk factors. CAD’s influence on human NK cells is not well characterized. 34 
CITE-seq analysis of a CAD cohort of 61 patients revealed distinctly higher NK cell SPON2 expression and 35 
lower IFNG expression in severe CAD patients.  Interestingly, HCMV+ patients displayed lower SPON2 ex-36 
pression while diabetes status reversed the HCMV effect. Diabetes led to diminished adaptive FcεRIγ-37 
/low NK cell frequencies and was associated with a higher PBMC IL15/TGFB transcript ratio, while TGFB in-38 
creased in severe CAD. SPON2 expression corresponded to changes in conventional vs. adaptive NK cell 39 
frequencies, and SPON2/IFNG ratio decreased in inflamed plaque tissue with an increased adaptive NK 40 
cell gene signature and was increased in severe CAD patients. Our results indicate that the SPON2/IFNG ra-41 
tio and adaptive NK cell gene signature associated with stenosis severity or inflammation in CAD.  42 
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Introduction 43 

Coronary artery disease (CAD) represents a third of all cardiovascular diseases, with pathophysiology as-44 
sociated with atherosclerotic plaque formation in the arteries that supply blood to the heart1. CAD severity 45 
is reported to increase with diabetes, likely through plaque remodeling2, but the mechanisms are not fully 46 
understood. Several other CAD risk factors are HCMV infection3, smoking, obesity, increased LDL and re-47 
duced HDL, and high blood pressure1. CAD immune responses are described as increased Th1 responses, 48 
associated with increased IFN-γ and chronic low-grade inflammation, macrophage infiltration in the neo-49 
intima, foam cell formation, and decreased smooth muscle cell proliferation4,5.  50 

NK cells are innate lymphocytes that regulate other immune, non-immune, virally infected, and trans-51 
formed cells by cytokine secretion and direct cell lysis6,7. NK cells are CD3-CD56+CD16-/+ lymphocytes with 52 
two main subsets in blood: immature CD56brightCD16- and mature CD56dimCD16+ cells. In CAD, reduced 53 
human peripheral blood NK cell numbers correspond to increased low-grade cardiac inflammation and 54 
heart failure8. Mouse NK cells were shown to limit cardiac inflammation and fibrosis by arresting eosino-55 
phil Infiltration9. Reduced blood NK cell numbers are reported in SARS-CoV-2 infection and are associated 56 
with an increased mature adaptive NK cell immunophenotype and gene signature10–13. Human adaptive 57 
NK cell differentiation accurses with HCMV infection or reactivation10. Mature adaptive NK cells are char-58 
acterized by NKG2A-NKG2Chigh expression, yet adaptive NKG2Cnegative NK cells were reported in NKG2C-de-59 
ficient humans, indicating other mechanisms of differentiation such as due to CD16 stimulation11,14,15. 60 
Adaptive NK cells can be further defined by the expression or lack of expression of the adaptor protein 61 
FcεRIγ. Adaptive FcεRIγ- NK cells (g-NK cells)16 exhibit reduced protein expression of the IL-2 receptor beta-62 
chain (CD122, IL2RB), and high expression of IL-32, CCL5, GZMH, and LAG310,17,18. In a pre-clinical study of 63 
coronary atherosclerosis, adaptive NKG2C+CD57+ NK cells were associated with lower plaque volume, sug-64 
gesting a protective function19. Nonetheless, there is limited data regarding the human NK cell gene ex-65 
pression profile and subset differentiation in CAD and with respect to HCMV status and other risk fac-66 
tors20,21. Thus, CAD-specific impact on NK cells remains unknown. 67 

Here, we analyzed CITE-seq data from a CAD cohort of 61 patients to deconvolve the influence of CAD, 68 
diabetes, HCMV status, and other risk factors on human NK cells. We found higher NK cell SPON2 mRNA 69 
expression in severe CAD patients (CADhigh) that negatively correlated with NK cell IFNG mRNA expression. 70 
HCMV+ CADhigh patients displayed lower SPON2 expression, while diabetes opposed HCMV impact. NK cell 71 
cluster analysis revealed that diabetes status reduced adaptive FcεRIγ-/low NK cell frequencies, which was 72 
linked to an increased PBMC IL-15/TGFβ mRNA ratio, while both cytokines deferentially regulated Spon-73 
din-2 expression in adaptive and non-adaptive NK cells. Correspondingly, higher NK cell SPON2 expression 74 
strongly correlated with reduced adaptive NK cell frequencies and increased conventional NK cell frequen-75 
cies in CAD. Analysis of arteriosclerosis plaque tissue revealed an increased adaptive NK cell gene signature 76 
and lower SPON2/IFNG ratio in inflamed plaques, whereas the SPON2/IFNG ratio increased with CAD ste-77 
nosis severity.  Thus, alterations in a NK cell adaptive gene signature and SPON2/IFNG ratio in CAD are 78 
markers of CAD-associated inflammation and stenosis severity.     79 

Results 80 

Increased NK cell SPON2 expression in severe CAD patients 81 

To study the relationship between CAD and NK cells in humans,  we analyzed PBMC CITE-seq data from a 82 
cohort of 61 patients diagnosed with a low or high CAD severity score (percent stenosis of each artery 83 
segment; CADlow: 0-6, or CADhigh: x > 30, and as was previously defined: GSE190570)22. Thirty-one patients 84 
were diagnosed with T2DM (type 2 diabetes). Therefore, the cohort’s patients were grouped as: I) CAD-85 
lowdiabetes-; n = 16, II) CADlowdiabetes+; n = 13, III) CADhighdiabetes-; n = 18, and IV) CADhighdiabetes+; n = 14 86 
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(CAD/diabetes groups). No significant differences in age, sex, and BMI were detected between the patient 87 
groups (Supplementary Table 1). None of the patients reported having prior heart failure and all patients 88 
exhibited a normal creatinine range, indicating normal kidney function23, with diabetes patients expressed 89 
lower creatinine levels24. To identify blood NK cells, we used CITE-seq surface protein expression25 and 90 
identified 12 immune cell clusters (Figure 1A). Cluster 4 (> 10,000 cells) was characterized as CD56+, CD16+/-91 
, CD3-, CD19-, CD20-, CD14-, CD123-, and CD4- cells (Figure 1A). Furthermore, cluster 4 cells expressed high 92 
levels of NK cell-related genes; NKG7 (Natural Killer cell granule protein 7), PRF1 (perforin), GZMB 93 
(granzyme B), KLRG1 (KLRG1), IL2RB (CD122), and TBX21 (T-bet) (Figure 1B)17,26,27. As these peripheral 94 
blood cells expressed CD56 and CD16 proteins and perforin and KLRG1 mRNA, we concluded these cells 95 
are NK cells28.  96 

To identify CAD-specific variation in NK cell gene expression, we performed a differential gene expression 97 
analysis based on the patient's NK cell mean gene expression between CADlow vs. CADhigh (CADlowdiabetes 98 
-/+ vs. CADhighdiabetes -/+) patients (Figure 1C). We discovered a significant increased expression of IL12RB1, 99 
TCF7, CD7, SPON2, CBLB, SRGN, TGFB1, CXCR3, IL7R, IL23R, EOMES, GIMAP2, TNFR8F25, CXCL5, and 100 
ZAP70, and a significant decrease in IFNG, ACSL1, CD36, and CD27429. As SPON230 (red dot) and CXCR331 101 
(green dot) are reported in cardiovascular disease, and IFNG (blue dot) is reported with increased NK cell 102 
activation32, we focus on those genes. To check if the increased expression of these genes is associated 103 
with diabetes status, we compared diabetes- vs. diabetes+ (diabetes-CADlow/high vs. diabetes+CADlow/high) pa-104 
tients. In line with other publications, we found a high increase in BACH2 (purple dot) expression in diabe-105 
tes+ cases33,34 (Figure 1C, 1D). Yet, SPON2, CXCR3, and IFNG expression did not significantly change based 106 
on diabetes status alone. 107 

We then checked if SPON2 expression was specific to NK cells and found that SPON2 transcripts were 108 
strongly expressed by the NK cell clusters with minimal expression by the T cell clusters (Figure 1E). There-109 
fore, we concluded that increased CAD severity is associated with an increase in NK cell SPON2 and CXCR3 110 
expression, and lower IFNG expression. 111 

HCMV is associated with lower NK cell SPON2 expression in CADhighdiabetes- but not in CADhighdiabetes+ 112 
patients 113 

To test if HCMV influences NK cell SPON2 expression, we tested the patients' anti-HCMV IgG1 serostatus. 114 
Of the 61 patients, 28 were HCMV seronegative (HCMV-), and 33 were HCMV seropositive (HCMV+). We 115 
identified a significantly higher number of HCMV+ cases in the CADhighdiabetes+ group, [HCMV- vs. HCMV+ 116 
cases: I) CADlowdiabetes- (8 vs. 8), II) CADlowdiabetes+ (8 vs. 5), III) CADhighdiabetes- (10 vs. 9), and IV) CAD-117 
highdiabetes+ (2 vs. 12]) (Figure 2A.i). The increase in HCMV+ cases was age-independent and did not asso-118 
ciate with high Systolic blood pressure (BP) levels or BMI score (Figure 2A.ii).  119 

Plotting SPON2 expression, based on the patients’ groups and HCMV serostatus, revealed lower SPON2 120 
expression in HCMV+ relative to HCMV- CADhigh diabetes- patients (Figure 2B), indicating that HCMV infec-121 
tion suppresses NK cell SPON2 increase in severe CAD. In contrast, in CADhighdiabetes+ patients, we did not 122 
reveal a decrease in NK cell SPON2 expression in HCMV+ cases (Figure 2B), suggesting diabetes suppresses 123 
the influence of HCMV on NK cells SPON2 expression during severe CAD. SPON2 expression did not corre-124 
late to other risk factors such as age, blood pressure, or BMI (Figure S1A), indicating CAD-specific altera-125 
tions that are impacted by HCMV and diabetes. 126 

We then compared IFNG, CXCR3, and BACH2 expressions between the patient groups and HCMV serosta-127 
tus. IFNG levels were significantly elevated in HCMV+ relative to HCMV-, CADlowdiabetes- patients, indicating 128 
that HCMV leads to NK cell activation (Figure 2C). Yet, diabetes or CAD attenuated IFNG expression inde-129 
pendent of HCMV serostatus, suggesting a suppression of NK cell in vivo function or changes in NK cell 130 
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subsets associated with reduced IFNG expression32,35. CXCR3 expression increased in CADhighdiabetes- pa-131 
tients and exhibited reduced expression in CADhighdiabetes+ patients, independently of HCMV serostatus 132 
(Figure 2D). BACH2 expression was lower in HCMV+ relative to HCMV- CADlowdiabetes- patients and in-133 
creased in diabetes+ patients independently of HCMV serostatus (Figure 2E). Furthermore, BACH2 nega-134 
tively correlated to IFNG expression (Figure S1D). Thus suggesting diabetes status is associated with re-135 
duced NK cell terminal maturation or activation10,33. Accordingly, IFNG and CXCR3 expression positively 136 
correlated to hsCRP (high-sensitivity C-reactive protein) levels, while SPON2 expression negatively corre-137 
lated with IFNG or CXCR3 expression suggesting reduced inflammation36 (Figure S1B-D).  138 

The results show that higher NK cell SPON2 expression is CAD stenosis severity-specific marker, is impacted 139 
by HCMV serostatus, and is associated with reduced inflammation and NK cell maturation or activation. 140 
Further, it shows that diabetes opposes the negative impact of HCMV on SPON2 expression in HCMV+ 141 
cases. 142 

HCMV-associated adaptive FcεRIγ-/low NK cell frequencies are reduced in diabetes patients 143 

To examine if our observations are associated with variations in the NK cell subpopulations, we clustered 144 
the NK cell population based on available CITE-seq panel protein expression We used markers previously 145 
reported with NK cell maturation, differentiation, and activation (e.g., CD56, CD16, CD2510, CD2733,37, 146 
CD214, HLA-DR11,15). We identified five NK cell clusters (NK1-5) (Figure 3A). Gene expression analysis of NK 147 
cell maturation and differentiation-associated genes identified NK4 as immature NK cells based on the 148 
reduced expression of FCGR3A (CD16), GZMA, GZMH, GZMB, BCL11B, and B3GAT1 (CD57), with higher 149 
expression of NCAM1 (CD56)28, KLRC1 (NKG2A), EOMES, CD27, and GZMK relative to the other four clusters 150 
(Figure 3B)14,17,18,37. Accordingly, NK4 proportions significantly correlated with GZMK expression inde-151 
pendently of HCMV serostatus (Figure S1E)26 and NK4 CXCR3 expression decreased with diabetes+ status 152 
(Figure S1F). NK3 and NK5 displayed a mature conventional NK cell phenotype with reduced FCERIG, BCL2, 153 
CD2, IL-32, and LAG3 expression14,17,18. NK5 differed from NK3 by reduced NCAM1 (CD56) expression, 154 
higher GNLY expression, and lower BCL2 and BCL11B expression, and might represent less active cells17,38. 155 
NK1 and NK2 expressed higher levels of CD2, IL-32, LAG3, GZMH, BCL2, and GNLY14,17,18. NK2 expressed 156 
lower IL2RB (CD122) and FCERIG (FcεRIγ) levels and higher LAG3 expression relative to other mature NK 157 
cell clusters, thus resembling mature adaptive FcεRIγ-/low NK cells10,39.  In line with the literature10,39, the 158 
frequencies of the NK2 cluster significantly increased in HCMV+ cases whereas other NK cell clusters did 159 
not show significant changes based on HCMV serostatus alone (Figure 3C).    160 

We then compared NK cell cluster proportions between the patient groups and HCMV status (Figure 3D). 161 
NK2 (adaptive FcεRIγ-/low NK cells) proportions significantly decreased in diabetes+ patients, independently 162 
of HCMV serostatus, indicating that diabetes status suppresses adaptive FcεRIγ-/low NK cell frequencies. In 163 
contrast, NK3 (mature conventional CD2-, IL-32-, LAG3- NK cells) proportions significantly increased in dia-164 
betes+ patients independently of HCMV serostatus. In line, diabetes+ status led to a reduced adaptive NK 165 
cell gene signature (Figure S1G) (e.g., higher FCERIG and IL2RB and lower LAG3, IL32, CCL5, and GZMH 166 
expression) while CADhigh status attenuated diabetes-associated variations. Accordingly, NK2 cluster fre-167 
quencies negatively correlated and decreased with increased HbA1c or glucose levels (Figure 3E, 3F).  168 

To validate our observation regarding adaptive FcεRIγ-/low NK cell frequencies, we used Cytek flow cytom-169 
etry to assess NKG2ChighFcεRIγ+ or NKG2ChighFcεRIγ- NK cells frequencies in the CAD cohort patient’s PBMC 170 
samples (Figure 3G).  Gating NK cells (CD3-CD19-CD56dimCD16+) based on NKG2C and FcεRIγ protein ex-171 
pression10 confirmed the reduced percentages of mature adaptive NKG2ChighFcεRIγ-/low NK cells in 172 
HCMV+diabetes+ patients (Figure 3G). Thus, we concluded that HCMV-associated adaptive FcɛRIγ-/low NK 173 
cell frequencies are reduced in diabetes while severe CAD attenuates the impact of diabetes on NK cells. 174 
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IL-15 and TGFβ regulate Spondin-2 expression in primary NK cells 175 

Spondin-2 (Mindin), a secreted extracellular matrix protein encoded by the SPON2 gene40,41. We have re-176 
ported that mature adaptive NKG2Chigh FcεRIγ- and FcεRIγlow NK cells express lower surface IL-2Rβ protein 177 
levels relative to mature non-adaptive NKG2C-FcɛRIγHigh and immature CD56brightCD16- NK cells. Addition-178 
ally, we reported that IL-2/15 receptor stimulation leads to FcεRIγ upregulation, which is inhibited by ra-179 
pamycin (mTOR inhibitor) and TGFβ10. In line, NK2 (adaptive FcεRIγ-/low) cluster expressed lower IL2RB tran-180 
scripts (Figure 3B). To determine if Spondin-2 expression is impacted by differential IL-2/15 receptor stim-181 
ulation, we stimulated purified NK cells from adaptive NK cell-positive donors with increasing levels of IL-182 
2 or IL-15 and measured intracellular Spondin-2 expression (Figure 4A). Note that the IL-2/15-dependent 183 
NK92 cell line expressed Spondin-2 (Figure S2A), yet short (1 day) IL-2, IL-15, or IL-12 stimulation of primary 184 
NK cells, which led to IFNγ expression, did not lead to Spondin-2 expression (Figure S2B), which required 185 
prolonged (3 day) IL-2/15 receptor stimulation (Figure S2C). Therefore, we compared Spondin-2 expres-186 
sion between immature (CD56bright CD16-), mature (CD56dim CD16+) non-adaptive NKG2C- FcɛRIγHigh and 187 
adaptive NKG2Chigh FcεRIγlow or NKG2Chigh FcεRIγ- NK cells on day 3 (Figure 4A). Either IL-2 or IL-15 led to 188 
Sponidn-2 upregulation in a concentration-dependent manner, indicating regulation downstream of the 189 
IL-2/15 receptor.  Adaptive NKG2Chigh FcεRIγ- or FcεRIγlow expressed lower Spondin-2 protein relative to 190 
other NK cell subsets, thus showing differential Spondin-2 expression in NK cell subsets, which explains 191 
the lower NK cell SPON2 expression in HCMV+ CADhigh diabetes- cases relative to HCMV- patients (Figure 192 
2B).  193 

We then examined the expressions of IL-2, IL-15, and TGFβ in the CAD cohort data. As we could not assess 194 
protein concentration in the plasma, which is subject to cytokine uptake, we assessed mRNA expression 195 
in PBMC. IL-2 mRNA expression displayed no significant variations (data not shown). IL-15 mRNA increased 196 
in CADlowdiabetes+ and CADhighdiabetes+, with HCMV serostatus dependency (Figure 4B), and positively 197 
correlated to glucose and HbA1c levels (Figure S2D). TGFβ mRNA increased in CADhigh cases with higher 198 
expression in CADhighdiabetes+ patients (Figure 4C). Plotting the ratio of IL-15 vs. TGFβ transcripts revealed 199 
a significant increase in CADlowdiabetes+, but not in CADhighdiabetes+ patients (Figure 4D). To determine if 200 
IL-15/ TGFβ ratio is associated with NK cell cluster variations in diabetes+ patients, we examined the ratio 201 
between NK3 vs. NK2 clusters relative to the patients’ groups. In line with the increase in IL-15/TGFβ ratio, 202 
we detected a significant increase in the NK3/NK2 ratio in CADlowdiabetes+ cases, and a HCMV-associated 203 
increase in the CADhighdiabetes+ groups relative to CADlowdiabetes- group (Figure 4E). Further, the IL-204 
15/TGFβ ratio showed a significant positive correlation in the NK3/NK2 ratio in diabetes+ patients (Figure 205 
4F). Thus, variations in the IL-15/TGFβ ratio explain the reduced proportions of the NK2 cluster in CAD-206 
lowdiabetes+ patients and the attenuated decrease in CADhighdiabetes+ patients and explain the opposing 207 
influence on NK cells between CAD or diabetes patient groups.  208 

To further assess the regulation of Spondin-2 expression, we stimulated purified NK cells with IL-15 (10 209 
ng/ml), with or without TGFβ (5 ng/ml) and in the presence of higher glucose concentrations (16 or 4 g/L 210 
relative to culture media) and measured Spondin-2 upregulation or FcεRIγ upregulation as a control at day 211 
6. In line with our prior study10, TGFβ completely suppressed FcεRIγ upregulation by IL-15, while the in-212 
creased glucose levels showed a negative influence on FcεRIγ upregulation (Figure 4G). In contrast, TGFβ 213 
partly suppressed Spondin-2 upregulation (Figure 4G), suggesting a differential regulation by TGFβ. There-214 
fore, we examined Spondin-2 upregulation during mTOR inhibition by rapamycin (RAPA) and co-inhibition 215 
of FOXO1 (Figure S3E). In line with our previous findings 10, FcεRIγ upregulation was suppressed by ra-216 
pamycin and was salvaged by FOXO1 co-inhibition. In contrast, rapamycin suppressed Spondin-2 upregu-217 
lation whereas FOXO1 co-inhibition did not salvage its expression. Thus, showing differential regulation of 218 
Spondin-2 relative to FcεRIγ, which can explain the increase in NK cell SPON2 expression in CADhigh patients 219 
in the presence of increasing TGFβ mRNA expression.    220 
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NK cell SPON2/IFNG ratio is decreased in carotid plaque tissue and increased with CAD disease burden 221 

As we discovered differential Spondin-2 upregulation in non-adaptive vs. adaptive NK cells and diabetes-222 
associated alterations in the proportions of NK cell clusters, we tested whether changes in SPON2 expres-223 
sion was associated with a particular NK cell subset26,27. SPON2 expression negatively correlated with de-224 
creased NK2 (adaptive FcεRIγ-/low) proportions and positively correlated with increased NK3 (conventional) 225 
proportions (Figure 5A.i,ii). Thus, showing that alterations in SPON2 mRNA expression in the CAD cohort 226 
are associated with changes in blood adaptive FcεRIγ-/low NK cell frequencies.   227 

To further examine this observation, we examined SPON2 expression in NK cell subsets during SARS-CoV-228 
2 infection, reported to increase adaptive FcεRIγ-/low NK cell frequencies in association with COVID-19 pa-229 
tient’s death, disease severity, and increased inflammation10,42. Analysis of single-cell RNA sequencing data 230 
revealed high SPON2 expression in NK cells relative to other cell types during SARS-CoV-2 infection, while 231 
immature and adaptive NK cells expressed lower SPON2 mRNA (Figure 5B.i). Furthermore, higher PBMC 232 
SPON2 expression was significantly associated with COVID-19 patients’ survival (Figure 5B.ii, Supplemen-233 
tary Table 2). Analysis of NK cell SPON2 expression relative to COVID-19 disease severity (WOS score: H = 234 
healthy, 1-2 = mild, 3-4 = moderate, 5-7 = severe), at different time points (T1 = diagnosis, T2 = follow-up, 235 
one week after diagnosis, and T3 = long-term follow-up, 2-3 months after initial diagnosis and should rep-236 
resent any final outcomes of disease), revealed a decreased SPON2 expression in mild cases at T1 and T2, 237 
and a significantly lower expression in severe cases at T3, relative to healthy controls (H). In contrast, NK 238 
cell IFNG expression increased with disease severity at T1, T2, and T3 (Figure S3A.i). Analysis of NK cell 239 
SPON2 expression at T3 relative to patient death revealed reduced SPON2 expression in patients who died 240 
while IFNG expression increased (Figure S3A.iI). Thus, SPON2 expression is lower in adaptive NK cells, 241 
higher SPON2 expression is associated with better patient survival, and NK cell SPON2 expression opposes 242 
NK cell IFNG expression. Thus, we concluded that higher NK cell SPON2 expression might be associ-243 
ated with reduced inflammation linked to reduced NK cell activation and a lower adaptive NK cell gene 244 
signature. 245 

To further examine our observations relevance to Atherosclerosis, we examined SPON2 expression in the 246 
atherosclerotic plaque tissue (Figure 5D). Analysis of NK single-cell RNA sequencing data (GSE23407)43 of 247 
human carotid plaques (“Inflamed”, n = 3) relative to the femoral plaques (“Stable”, n = 7) revealed de-248 
creased SPON2 mRNA expression in carotid plaque, while BCL11b, B3GAT1 (CD57), IFNG, and adaptive NK 249 
cell-associated gene (e.g. GZMH, IL32, CCL5, and LAG3) mRNA expression increased (Figure 5C.i). IFNG 250 
expression positively correlated with adaptive NK cell-associated genes (LAG3, GZMH, CCL5, IL32) and neg-251 
atively correlated to FCERIG and KLRC1 (NKG2A) expression (Figure S3B.ii), whereas SPON2 showed a neg-252 
ative correlation to IL32 (n =10), and CXCR3 expression exhibited a positive correlation to KLRC1 (NKG2A), 253 
HLA-DR, IL2RB (CD122), and FCER1G and a negative correlation to GZMH, LAG3, and BCL11B. Thus, indi-254 
cating that NK cell SPON2 expression is not associated with an adaptive NK cell gene signature or “in-255 
flamed” atherosclerotic plaques. Plotting NK cell SPON2 expression relative to NK cell IFNG expression 256 
revealed a decreased ratio in carotid plaques relative to femoral plaques, indicating that a higher 257 
SPON2/IFNG ratio is associated with less inflamed and more stable plaques (Figure 5D.ii). Thus, the data 258 
validates that higher NK cell SPON2 expression is a marker of more stable plaques associated with in-259 
creased stenosis44 while lower SPON2/IFNG ratio is associated with thin inflamed plaques. 260 

We then assessed the NK cell SPON2/IFNG ratio in the CAD cohort patients based on CAD disease severity 261 
(combined percent stenosis of each artery segment score: I; 0-6 [n = 29], II; 30-48 [n = 13], III; 49-67.5 [n 262 
= 9, IV; 77-150 [n = 8]). The NK cell SPON2/IFNG ratio significantly increased in patients with higher disease 263 
burden (III: 49-67.5 and IV: 77-150, relative to I: 0-6 and II: 30-48). This indicates that the increased CAD 264 
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stenosis is associated with a higher NK cell SPON2/IFNG ratio and reduced NK cell activation and reflect 265 
plaque accumulation and decreased inflammation.  266 

Discussion 267 

Here, we analyzed CITE-seq data from PBMC collected from CAD patients with different disease severity 268 
(low vs. high) and with or without diabetes to study the impact on human NK cells by CAD and CAD-asso-269 
ciated risk factors. NK cells are strongly influenced by HCMV infection, which can lead to the accumulation 270 
of adaptive NK cell subsets. Thus, we included HCMV serostatus in our analysis to characterize CAD-specific 271 
changes in NK cells or the impact of HCMV on NK cells during CAD.  272 

We found that in CADhigh patients NK cell SPON2 expression increased while IFNG mRNA decreased. Addi-273 
tionally, NK cell SPON2 expression was suppressed in CADhighHCMV+ patients, while diabetes opposed the 274 
HCMV effect. Accordingly, diabetes led to reduced frequencies of adaptive FcɛRIγ- NK cells, while CADhigh 275 
attenuated the diabetes impact. We then studied Spondin-2 protein (encoded by SPON2 gene) upregula-276 
tion in human primary NK cells for the first time and showed that IL-2/15 receptor stimulation led to up-277 
regulation of Spondin-2, while adaptive NK cells, reported to exhibit reduced IL-2 and IL-15 sensitivity10,45, 278 
expressed lower Spondin-2.  Furthermore, we found that PBMCs’ IL-15/TGFβ mRNA ratio corresponded to 279 
variations in the conventional/adaptive NK cell (NK3/NK2) ratio, and that Spondin-2 upregulation was dif-280 
ferently suppressed by TGFβ, relative to FcɛRIγ upregulation. Moreover, SPON2 negatively correlated to 281 
adaptive FcɛRIγ- NK cell (NK2) frequencies while positively correlating with mature conventional NK cell 282 
(NK3) frequencies. Thus, showing that variation in sensitivity to IL-2 or IL-15 in NK cells impacts gene ex-283 
pression across NK cell subsets. We have recently reported that adaptive NK cells express lower surface 284 
levels of IL-2 receptor beta chain and exhibit lower mTOR activity10. IL-2 or IL-15 stimulation leads to FcεRIγ 285 
upregulation, which is inhibited by rapamycin or TGFβ, and shows a positive correlation to cell prolifera-286 
tion10,46.  Thus, NK cell studies in association to human diseases such as CAD are required to address 287 
changes in IL-15 or TGFβ, as well as HCMV serostatus and adaptive NK cell subsets, to better understand 288 
disease-associated changes in NK cells.  289 

The accumulation of adaptive NK cells and an adaptive NK cell gene signature is reported during severe 290 
COVID-19 and is associated with reduced blood NK cell numbers, increased inflammation, and patient 291 
death. Blood NK cell numbers are reported to decrease with low-grade cardiac inflammation47, while re-292 
stored circulating NK numbers are associated with reduced cardiac inflammation8. NK cell numbers were 293 
also reported to decrease with inflamed carotid plaques relative to stable femoral plaques43. In a pre-294 
clinical study of coronary atherosclerosis, adaptive NKG2C+CD57+ NK cells were associated with lower 295 
plaque volume, suggesting a protective function19. Interestingly, we found that the adaptive NK cell gene 296 
signature increased in the carotid, more inflamed, plaque tissue. Carotid plaques are thin (lower volume) 297 
relative to femoral plaques (higher volume), which are more stable48. Thus suggesting that the accumula-298 
tion of adaptive NK cells might be associated with increased inflammation and a higher risk of plaque 299 
rupture49,50.  300 

We found that during COVID-19 adaptive NK cells expressed lower SPON2 transcripts.  Accordingly, high 301 
PBMCs’ SPON2 expression was associated with better patient survival, and NK cell SPON2 levels decreased 302 
with patients’ death while IFNG increased. Our analysis revealed the same trend of increased IFNG and 303 
adaptive NK cell-associated gene expression in inflamed carotid plaques relative to stable femoral plaques. 304 
In the CAD cohort analysis, NK cell IFNG expression positively correlated to hsCRP levels, while SPON2 305 
showed a negative correlation to IFNG. Interestingly, the NK cell SPON2/IFNG mRNA ratio increases with 306 
CAD severity. In our study, CAD severity was assessed by the presence of stenosis in each artery segment 307 
and reflected the overall angiographic disease burden. Stenosis reflects the narrowing of blood vessels 308 
due to plaque burden44. Indeed, we also detected an increase in PBMC TGFβ mRNA in severe CAD cases.  309 
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TGFβ is a potent pro-fibrotic and anti-inflammatory agent in CAD, and it increases with CAD severity51. 310 
Aortic stenosis is associated with increased TGFβ and fibrosis52,53. Thus, the NK cell SPON2/IFNG ratio might 311 
be an indicator of TGFβ impact during CAD. 312 

Recently, several publications identified SPON2 expression in human NK cells in scleroderma, melanoma, 313 
acute myeloid leukemia, and tuberculosis26,27,54,55. However, the clinical interpretation of NK cell SPON2 314 
expression was not defined. In humans, Spondin-2 plasma levels increase with major cardiovascular events 315 
risk30. Yet, Spondin-2 is downregulated in humans with failing hearts56 and Spon2 knockout in mice in-316 
creases cardiac risk 56–58. The discrepancy between the increase in Sponidn-2 in human plasma with CAD 317 
severity and mice might be explained through a dysregulated protective mechanism. In line, the extracel-318 
lular matrix proteoglycan, Lumican, is reported to increase in cardiovascular patients, while Lumican 319 
knockout in mice increased mortality post-aortic banding and led to decreased Spon2 expression59. We 320 
have shown here that in CAD, NK cell SPON2 expression is an indicator of stenosis severity and is reduced 321 
in inflamed plaques. Thus, human NK cell SPON2 might play an important role in CAD protection and might 322 
be an indicator of reduced inflammation in other diseases, as we shown in COVID-19. Yet further research 323 
is required to validate if NK cell SPON2 has a direct impact in these conditions or is it only a bio-marker 324 
reflecting inflammatory status. 325 

Overall, our results reveal the CAD-specific impact on human NK cells and the co-impact of CAD risk fac-326 
tors, such as diabetes, and HCMV infection (and the interplay between them) on CAD’s influence and show 327 
that an adaptive NK cell gene signature or NK cell SPON2 expression are indicators of increase inflamma-328 
tion or stenosis severity, respectively. 329 
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As was previously described, individuals between 40 and 80 years old suspected of having coronary artery 351 
disease were recruited from the Coronary Assessment in Virginia cohort (CAVA) through the Cardiac Cath-352 
eterization Laboratory at the University of Virginia Health System, Charlottesville, VA, USA. Written in-353 
formed consent was obtained from all participants, and the study received approval from the Human In-354 
stitutional Review Board (IRB No. 15328). Peripheral blood samples were collected from these participants 355 
before catheterization. Patients underwent standard cardiac catheterization with specific views of the cor-356 
onary arteries. QCA was performed using automatic edge detection to analyze various parameters related 357 
to stenosis, including minimum lumen diameter, reference diameter, percentage diameter stenosis, and 358 
stenosis length. Analysis was carried out by experienced investigators who were blinded to the study. The 359 
severity score was determined based on the percentage stenosis of each artery segment, and the scores 360 
were combined to determine the overall angiographic disease burden. Patients were classified as CAD high 361 
if their score was >30 and CAD low if their score was <6. Diabetes status was evaluated by hemoglobin A1c 362 
(HbA1C) percentage and blood glucose (mg/dL) levels. Blood samples were collected before the SARS-CoV-363 
2 outbreak.   364 

Preparation of PBMC Samples 365 

Peripheral blood samples were collected from coronary artery disease patients and individuals who un-366 
derwent cardiac catheterization to exclude CAD. PBMCs were isolated from the blood samples using Ficoll-367 
Paque PLUS (GE Healthcare Biosciences AB, Uppsala, Sweden) gradient centrifugation. Cell viability was 368 
assessed using Trypan blue staining, and the PBMCs were cryopreserved in a freezing solution (90% fetal 369 
bovine serum with 10% DMSO). Prior to analysis, the frozen PBMCs were thawed, and the viability and 370 
cell count were determined. Next, the tubes containing the PBMCs were centrifuged at 400 × g for 5 371 
minutes. The cells were then resuspended in a combination of 51 AbSeq antibodies, with each antibody 372 
added at a volume of 2 μL and 20 μL of BD's Stain Buffer solution22. This resuspension process was per-373 
formed on ice for 30-60 minutes according to the manufacturer's recommendations. Afterward, the cells 374 
were washed and counted once again. Out of the total 65 samples examined, 61 samples successfully 375 
passed the quality control assessment with a cell viability rate exceeding 80%. For each subject, the cells 376 
were tagged using a Sample Multiplexing Kit from BD. Biosciences. The kit included oligonucleotide cell 377 
labeling. The tagged cells were subsequently washed three times, mixed, counted, stained with the rele-378 
vant antibody mix, washed three more times, and finally loaded into Rhapsody nano-well plates. Each 379 
plate accommodated four samples. 380 

Library Preparation and Single-cell RNA-sequencing 381 

Pre-sequencing quality control (QC) was conducted using Agilent TapeStation high-sensitivity D1000 382 
screentape. Each tube was cleaned using AMPure XP beads and was washed with 80% ethanol. The cDNA 383 
was then eluted, and a second Tapestation QC was performed, followed by dilution as necessary. The sam-384 
ples were combined into a pool and subjected to sequencing according to the recommended parameters: 385 
AbSeq with 40,000 reads per cell, mRNA with 20,000 reads per cell, and sample tags with 600 reads per 386 
cell. The sequencing was performed on an Illumina NovaSeq using S1 and S2 100 cycle kits (Illumina, San 387 
Diego, CA, USA) with specific dimensions (67 × 8 × 50 bp).  388 

The resulting FASTA and FASTQ files were uploaded to the Seven Bridges Genomics pipeline 389 
(https://www.sevenbridges.com/apps-and-pipelines/, accessed on 9 November 2020), where data filter-390 
ing was applied to generate matrices and CSV files. This analysis yielded draft transcriptomes and surface 391 
phenotypes of 213,515 cells involving 496 genes and 51 antibodies22. After removing cell doublets based 392 
on sample tags and undetermined cells, 175,628 cells remained. Further doublets were eliminated using 393 
Doublet Finder (https://github.com/chris-mcginnis-ucsf/DoubletFinder, accessed on 7 December 2020), 394 
resulting in 162,454 remaining cells. Additionally, 291 NK cells were excluded as they appeared to be 395 
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doublets with myeloid cells. NK cells were defined based on the presence of CD56+, CD16-/+, and the 396 
absence of CD19-, CD3-, CD19-, CD4-, CD14-, and CD123- protein expression. 10494 NK cells (6.46% of 397 
total PBMCs) were successfully identified.   398 

Thresholding and Clustering 399 

Antibody thresholds were determined for each antibody by assessing its signal in negative cells or decon-400 
voluting overlapping normal distributions of the known major cell types. The function normalmixEM from 401 
the mixtools R package was used to deconvolve the overlapping distributions. Ridgeline plots were used 402 
to set the best threshold for each antibody. Thresholding helps remove noise from non-specific antibody 403 
binding and enables characterizing cells with the right cell surface phenotype. Before clustering, the data 404 
was batch-corrected using the Harmony (v0.1.1) package. The dimensionality reduction of UMAP (Uni-405 
form Manifold Approximation and Projection) was used to project the cells onto a 2D space. The UMAP 406 
algorithm was applied to the first four principal components obtained from Harmony. The minimum dis-407 
tant parameter was set at 1. The Louvain clustering algorithm was used to cluster the cells based on their 408 
surface phenotypes. For NK cell clusters, cells were clustered based on the expressions of CD56, CD16, 409 
CD25, CD2, CD27, and HLA-DR. The resolution parameter was set to 0.08, and the random seed was set 410 
to 42 for the reproducibility of results. Five distinct populations were identified after clustering.   411 

Single-cell RNA-seq data analysis 412 

RNA and ADT quantifications for the identified NK cells were analyzed in R using Seurat (v4.3.0). Antibody 413 
data were CLR normalized and converted to the log2 scale, while transcripts were normalized based on 414 
total UMIs and converted to the log2 scale. Feature plots were generated using Seurat's FeaturePlot func-415 
tion. Differential expression or correlation analysis was performed on patients’ mean gene expression val-416 
ues to calculate the fold-change expression or correlation between the defined groups, P-values were cal-417 
culated using patients’ mean gene expression values between the defined groups and tested by the Mann-418 
Whitney test (two-tails or one-tail as indicated in the figure legends), and plots were created using 419 
GraphPad 10. Heatmap was generated using the heatmap (v1.0.12) R package. Gene expression data were 420 
scaled across all samples. Genes that were expressed in less than 40% of patients were removed to avoid 421 
misinterpretation of the results. Atherosclerotic plaque data were obtained from GSE23407.43 422 

HCMV ELISA 423 

Anti-cytomegalovirus IgG1 serostatus was assessed using the human Anti-cytomegalovirus IgG1 ELISA kit 424 
(CMV, Abcam, AB108724). Patients' serum samples were diluted at 1:10 and tested according to the com-425 
pany’s protocol.  426 

Cytek analysis  427 

Frozen PBMC samples from the same 61 patients with or without CAD or diabetes were used to analyze 428 
NK cell subsets by a 5 laser Cytek Aurora. LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Invitrogen, cat. No: 429 
L34962) was used to exclude dead cells. AF647-conjugated anti-CD14 (BioLegend cat. No: 302046) and 430 
BV711-conjugated anti-CD1c (BioLegend cat. No: 331536) were used to exclude myeloid cells. BUV805-431 
conjugated anti-CD3 (BioLegend cat. No: 612895) was used to exclude T cells, and PE/Fire 700-conjugated 432 
anti-CD19 (BioLegend cat. No: 302276) was used to exclude B cells. CD3-CD19- cells were gated using 433 
BV570-conjugatyed anti-CD56 (BioLegend cat. No: 362540) vs. BV785-conjugated anti-CD16 (BioLegend 434 
cat. No: 302046), and CD56+CD16-/+ lymphocytes were defined as NK cells as described in the figure leg-435 
end. Percp-cy5.5-conjugated anti-NKG2A (BioLegend cat. No: 375126), Pacific-blue-conjugated anti-CD57 436 
(BioLegend cat. No: 359608), PE-conjugated anti-NKG2C (BioLegend cat. No: 375004) and FITE-conjugated 437 
anti-FcεRIγ (intracellular, Millipore Sigma cat. No: FCABS400F), and BUV615- conjugated anti-NKG2D BD™ 438 
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Biosciences cat. No: 751232). Surface staining and intracellular staining were done as previously de-439 
scribed10.  440 

Primary NK cell culture and Spondin-2 protein expression  441 

Human primary NK cells were isolated from Plateletpheresis leukoreduction filters (Vitalant, https://vi-442 
talant. org/Home.aspx) by using the negative selection “RosetteSep Human NK Cell Enrichment Cocktail” 443 
kit (#15065; STEMCELL Technologies). Primary NK cells were cultured in CellGenix® GMP stem-cell growth 444 
media (SCGM, 20802-0500) supplemented with 1% L-glutamine,1% penicillin and streptomycin, 1% so-445 
dium pyruvate, 1% non-essential amino acids, 10 mM HEPES, and 10% human serum (heat-inactivated, 446 
sterile-filtered, male AB plasma; Sigma-Aldrich). Adaptive NK cell-positive donors were identified by anal-447 
ysis of NKG2C (FAB138P or FAB138A antibodies, R&D Systems) and FcεRIγ (FCABS400F antibody, Milli-448 
pore)10 protein expression on live (Zombie red, 77475; BioLegend), CD3-negative (300318 antibody; Bio-449 
Legend), CD56dim (318322 antibody; BioLegend) CD16+ (302038 antibody; BioLegend) cells. NK cells were 450 
cultured for the indicated amount of time with or without human IL-2 (TECINTM; teceleukin, ROCHE), 451 
human IL-15 (247-IL/CF; R&D Systems), human TGFβ1 (580706; BioLegend), human IL-12 (219-IL;R&D Sys-452 
tems), D-(+)-Glucose (Millipore-Sigma, G7021), mTORC1 inhibitor (Calbiochem; rapamycin, 553210, IC50 453 
= 0.1 µM), or FOXO1 inhibitor Calbiochem (AS1842856, 344355, IC50 = 33 nM). Surface or intracellular 454 
staining was done as previously described32. Spondin-2 (Mindin Antibody (A-10) sc-166868 PE), IFNγ 455 
(502516 antibody; BioLegend).  NK92 cell culture or primary NK cells anti-CD16 beads stimulation was 456 
done as previously described32.   Human TruStain FcX™ (Fc Receptor Blocking Solution, 422302, BioLegend) 457 
was used at 1:100 dilution for blocking nonspecific binding. Data acquisition was performed using an LSR-458 
II flow cytometer and analysis was performed by using FlowJo.v10. 459 

COVID-19 patients’ analysis 460 

The lifelines package (Davidson-Pilon, 2021) was used to plot Kaplan-Meier (KM) curves for patient survival 461 
probability. The date of death was measured as days after the onset of initial COVID-19 symptoms. KM 462 
curves were plotted for up to three months to display all dead patients. Patients were substituted for those 463 
whose comorbidity was known and further split into those with and without given comorbidities. These 464 
two separate groups of patients were utilized to compute KM curves. Statistics for survival analysis were 465 
determined using a chi-squared test as implemented via scipy.stats.chi2_contingency. Single-cell transcrip-466 
tome-based UMAP projections were obtained from the study done by Su et al.42. Cell-type level analyses 467 
were done using the pre-labeled cell types in the dataset. Pre-labeled NK cells were sequestered for fur-468 
ther analyses (IRB No. 20170658).   469 

Statistical analysis 470 

GraphPad Prism 10 or R statistical programming were used to calculate statistical differences using a Mann 471 
Whitney test, one-tail, or Pearson correlation, One-way ANOVA test, or chi-square test (one-tail) as de-472 
scribed in the figure legends (*p ≤ 0.05; **p < 0.01; ***p< 0.001). Data values represent patient mean 473 
gene expression. Unless otherwise indicated, all graphs show mean +/- population standard deviation 474 
(S.D). Patient groups’ data points were integrated into one graph to allow better visualization of relative 475 
changes between HCMV- and HCMV+ patients. A Mann Whitney test comparing variables between patient 476 
groups was done on HCMV- patients (CAD/diabetes groups: number of tests = 6) or HCMV+ patients 477 
(CAD/diabetes groups: number of tests = 6) or between HCMV- vs. HCMV+ patients within each defined 478 
patient group (CAD/diabetes groups: number of tests = 4).  479 

Data availability statement 480 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 26, 2024. ; https://doi.org/10.1101/2024.03.22.581997doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.22.581997
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

All CAD and Atherosclerosis related data are available at GEO: GSE190570 and GSE23407. COVID-19 data 481 
are available as published42.  482 
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Figures and figure legends 622 
 623 

 624 
 625 
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Figure 1: NK cell SPON2 mRNA expression significantly increased in CAD. A) PBMC from 61 patients with 626 
or without diabetes or CAD were clustered by CITE-seq protein expression. A.i) uMAP of PBMC clusters 627 
based on CITE-seq protein expression. NK cells (purple cluster, black arrow). A.ii) uMAP of PBMC clusters 628 
for the specific markers CD45RA, CD45RO, CD56, CD16, CD3, CD4, CD8, CD19, CD20, CD14, or CD123. B) 629 
Single-cell RNA-seq analysis of the relevant NK cell-associated markers, NKG7, PRF1, GZMB, KLRG1, 630 
IL12RB, and TBX21. C) Dot plots displaying differential gene expression (DGE) analysis of patient’s NK cell 631 
mean gene expression between (left) diabetes- vs. diabetes+ patients or (middle) CADlow vs. CADhigh pa-632 
tients. X-axis: fold-change between patient groups, y-axis: p values (log10). Multiple t-tests, Mann Whitney 633 
test, compare ranks. D) Dot plot of CADhigh/CADlow fold change vs. diabetes+/diabetes- fold change gene 634 
expression. SPON2 (red), IFNG (blue), CXCR3 (green), BACH2 (purple).  E) uMAP of SPON2 mRNA expres-635 
sion relative to PBMC clusters.  636 
 637 

 638 
Figure 2: HCMV impact on NK cell SPON2 mRNA expression. A.i) Statistical analysis of patient’s HCMV 639 
serostatus (black: negative, red: positive) between the patients’ groups (Chi-square test). A.ii) Variation of 640 
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age, BP systolic, or BMI (upper to lower) between the patients’ groups and HCMV serostatus. Variation of 641 
B) NK cell SPON2, C) NK cell IFNG, D) NK cell CXCR3, or E) NK cell BACH2 mean expression per patient 642 
between the patients’ groups (left), and HCMV serostatus (right). Mean+/- S.D., Mann Whitney test, one-643 
tail, *p < 0.05, ** p < 0.01, *** p < 0.001.  644 
 645 
 646 

 647 
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Figure 3: Variation in NK cell clusters associated with diabetes, CAD, and HCMV status. A) uMAP of NK 648 
cell clusters (Cluster 4 figure 1A) based on CITE-seq protein expression of CD56, CD16, CD25, CD27, CD2, 649 
or HLA-DR. B) heatmap of NK cell gene expression for the indicated identifier markers. C) Comparison of 650 
NK cell cluster proportions per patient (dot) between HCMV- vs HCMV+ cases. D) Comparison of NK cell 651 
cluster proportions per patient (dot) between the patients’ group (left) and HCMV serostatus (right, black: 652 
HCMV-, red: HCMV+. E) Heatmap showing person correlation r values between NK cell clusters (C1- C5) 653 
frequencies and glucose (mg/mL), HbA1c %, or CAD severity score. F) Comparison of NK cell cluster 2 (NK2) 654 
proportions per patient (dot) between patients’ group based on (left to right): glucose (mg/mL), HbA1c %, 655 
or CAD severity score (one-way ANOVA).  (* p <0.05). G) Cytek analysis of CAD cohort patients’ PBMC (n = 656 
61, without CAD or diabetes status. Upper panels: Cytek gating strategy of PBMC: PBMC were gated to 657 
exclude doublets by FSC-A vs. FSC-H [1] and FSC-A vs. FSC-W [2], following by generating a lymphocyte 658 
gate [3] and removing of dead cells [4], CD14+ cells [5], and CD1c+ cells [6]. The remaining cells were then 659 
plotted by CD3 (T cells) vs. CD19 (B cells) [7], and CD3-CD19- cells were plotted by CD56 vs. CD16 to identify 660 
NK cells [8]. NK cells were then gated as immature CD56brightCD16-, immature CD56bright CD16low, and ma-661 
ture CD56dimCD16+ [9]. Mature NK cells were plotted by FcɛRIγ vs. NKG2C to identify adaptive NK cell sub-662 
sets [10]. Lower panels: Comparison of NK cell subsets percentages per sample between (upper panels) 663 
CAD and diabetes status, (middle panels) CADlow vs. CADhigh, or (lower panels) diabetes- vs. diabetes+ pa-664 
tients, and HCMV serostatus (black: negative, red: positive). Statistical analysis of panels C, D, and F, 665 
Mean+/- S.D, Mann, Whitney test, one-tail (* p <0.05, ** p <0.01, ***p <0.001, green bars: HCMV- vs. 666 
HCMV+, Black bars: between HCMV- patients’ groups, red bars: between HCMV+ patients’ groups). 667 

 668 
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 669 
Figure 4: regulation of Spondin-2 expression by IL-15 and TGFβ in primary NK cells. A) Histograms of 670 
Spondin-2 intracellular expression between the defined NK cell subsets (color-coded) after 3 days of stim-671 
ulation with IL-15 (50 ng/ml) or media without cytokines. The right dot plot represents the gating of ma-672 
ture CD56dimCD16+NK cells to identify adaptive NK cell subsets by NKG2C vs. FcεRIγ protein expression. 673 
Lower panel: IL-2 or IL-15 concentration-dependent expression of Spondin-2 between the defined NK cell 674 
subsets IL-2 (300, 30, and 3 U/ml), IL-15 (50 and 0.5 ng/ml) after 3 days of stimulation and relative to 675 
media without cytokines. Expression of CAD cohort’s PBMC B) IL-15 or C) TGFβ mRNA expression between 676 
the patients’ group and HCMV serostatus. D) PBMC IL-15/ TGFβ ratio between the patients’ group (left) 677 
and HCMV serostatus (left). E) NK3/NK2 cluster proportion ratio between the patients’ group and HCMV 678 
serostatus. F) Person correlation between IL-15/ TGFβ ratio and NK3/NK2 ratio in all cases (black), diabe-679 
tes- cases (blue), or diabetes+ cases (red). Upregulation of G) FcɛRIγ or Spondin-2 expression in purified 680 
primary NK cells stimulated for 6 days with IL-15 (10 ng/ml), with or without glucose (16 or 4 g/L) or TGFβ 681 
(5 ng/ml) relative to media without cytokines. Statistical analysis: panels B, C, D, and E: Mean+/- S.D, 682 
Mann, Whitney test, one-tail (* p <0.05, ** p <0.01, ***p <0.001, green bars: HCMV- vs. HCMV+, Black 683 
bars: between HCMV- patients’ groups, red bars: between HCMV+ patients’ groups). 684 
 685 

 686 
 687 
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Figure 5: CAD NK cell SPON2 mRNA expression in human NK cell clusters. A) Pearson correlation (one-688 
tail) between patients' mature adaptive NK2 (Upper) or mature conventional NK3 (lower) proportions 689 
vs. SPON2 mRNA expression in 61 patients (black), HCMV+ patients (red), or HCMV- patients (blue). B) 690 
PBMCs from COVID-19 patients (n = 216) were analyzed by single-cell RNA-seq. B.i; left: SPON2 mRNA 691 
expression levels in NK cells relative to other defined cells, or in different NK cell subsets (inner panel), 692 
uMAP of PBMC clusters based on RNA expression (middle panel), and SPON2 mRNA expression in the 693 
PBMC clusters (right panel). B:ii; Kaplan-Meier plot of survival probability based on SPON2 high vs. low 694 
cutoff (right. SPON2-low; n = 32, SPON2-high; n = 58). C) NK cell gene expression between the carotid 695 
plaque (n =3) relative to the femoral plaque (n =7). Gene expression is displayed as mean z-score. C.ii: NK 696 
cell SPON2 vs NK cell IFNG ratio between carotid (n = 3) and femoral (n= 7) atherosclerotic plaques. D) NK 697 
cell SPON2/IFNG mRNA ratio relative to CAD severity score. Statistical analysis: Mean+/- S.D, Mann Whit-698 
ney test, one-tail, or person correlation (one-tail).   699 
 700 
Supplementary tables, figures and figure legends 701 

 702 

Supplementary Table 1: Clinical data of the CAD cohort’s CAD/diabetes groups based on CAD and diabetes 703 
status. Data are presented as mean +/- S.D or percentage of the population. Statistical analysis was done 704 
using the ANOVA-one-way or chi-square tests. p >0.05 was considered significant (red). Both the p-value 705 
and p-value after FDR correction are presented.    706 
Supplementary Table 2: Clinical data of the COVID-19 cohort's CAD, diabetes, or SPON2 groups. Data are 707 
presented as mean +/- S.D or percentage of the population. Statistical analysis was done using the 708 
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unpaired t-test or chi-square tests. p <0.05 was considered significant (red). Both the p-value and p-value 709 
after FDR correction are presented. Variations in patient numbers between the CAD or diabetes groups 710 
are due to a lack of diabetes status information. 711 
 712 

 713 
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Supplementary Figure 1: Correlation analysis between A) NK cell SPON2, B) NK cell IFNG, or C) NK cell 714 
CXCR3 mRNA expression relative to (upper to lower) hsCRP (mg/L), patients’ age, BP Systolic (mmHG), or 715 
PB Diastolic (mmGH), BP Systolic/ PB Diastolic ratio, Creatinine (mg/dL), Triglycerides (mg/dL), or BMI 716 
values. *To avoid misinterpretation of the data, one patient outlier (hsCRP (mg/L) = 150) was removed 717 
from the analysis. D) Correlation analysis between; Upper panels: NK cell IFNG vs. NK cell BACH2; left: all 718 
cases, right diabetes+ cases. Middle panels: NK cell SPON2 vs. NK cell IFNG; left: all cases, middle: CADhigh 719 
cases, right: HCMV+ or HCMV- cases.  Lower panels: NK cell SPON2 vs. NK cell CXCR3; left: all cases, middle: 720 
CADhigh cases, right: HCMV+ or HCMV- cases.  E) Correlation analysis between cluster NK4 (immature NK 721 
cells) proportions relative to NK cell GZMK mRNA expression: All cases (black), HCMV+ cases (red), HCMV- 722 
cases (blue). F) Expression of CXCR3 mRNA in each NK cell cluster (NK1-NK5) in diabetes- vs. diabetes+ 723 
patients and HCMV- (black) or HCMV+ (red) patients. G) NK cell mRNA expression of adaptive NK cell sig-724 
nature genes (FCER1G, LAG3, IL32, IL2RB, CCL5, GZMH) between the patients’ groups and HCMV serosta-725 
tus (black HCMV-, red: HCMV+). statistical analysis: person correlation (one-tail) or mean+/- S.D, Mann, 726 
Whitney test, one-tail (* p <0.05, ** p <0.01, ***p <0.001, green bars: HCMV- vs. HCMV+, Black bars: be-727 
tween HCMV- patients’ groups, red bars: between HCMV+ patients’ groups). 728 
 729 

 730 
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 731 
Supplementary Figure 2: A) Histograms of Spondin-2 intracellular expression (light red) relative to Spon-732 
din-2 surface expression (dark red), relative to FMO control, in NK92 cells. B) Dot plots of intracellular 733 
expression of Spondin-2 (X-axis) vs. IFNγ (Y-axis) in isolated human primary NK cells following 24 hours of 734 
CD16 stimulation with media without cytokines or with IL-12 (1 ng/ml), IL-2 (300 U/ml), IL-15 (50 ng/ml), 735 
or IFNα (50 ng/ml) in two donors. C) Histograms of intracellular expression of Spondin-2 in mature 736 
CD56dimCD16+ primary NK cells (let dot plot) after 1 day or 3 days of stimulation with IL-15 (50 ng/ml) 737 
relative to media without cytokines. D) Pearson correlation (one-tail) between PBMC IL-15 mRNA expres-738 
sion and glucose (mg/dL) or HbA1C % in all patients (black line) or diabetes+ patients (green). E) Upregu-739 
lation of (left) FcɛRIγ or (right) Spondin-2 expression in purified primary NK cells stimulated for 6 days with 740 
IL-15 (50 ng/ml) with or without rapamycin (RAPA, 10 nM) or FOXO1 inhibitor (50 nM) relative to media 741 
without cytokines. 742 
 743 
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 744 
 745 
Supplementary Figure 3: A) i; NK cell SPON2 (upper panels), IFNG (middle panels), or CXCR3 (lower panels) 746 
mRNA expression at COVID-19 cohort T1 = diagnosis, T2 = follow-up, one week after diagnosis, and T3 = 747 
long-term follow-up, 2-3 months after initial diagnosis, and relative to COVID-19 disease severity (WOS 748 
score: H = healthy, 1-2 = mild, 3-4 = moderate, 5-7 = severe). ii; NK cell SPON2, IFNG, or CXCR3 expression 749 
at T3 relative to patient’s death.  Mean+/- S.D, Mann Whitney test, one-tail (* p <0.05). B) Heatmap show-750 
ing person correlation (one-tail) r values between NK cell IFNG, SPON2, or CXCR3 mRNA expression rela-751 
tive to the indicated genes in the carotid and femoral plaques (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001   752 
 753 
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