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Abstract21

Natural killer (NK) cells contribute to post-vaccination immune responses following 22

activation by IL-2 from antigen-specific memory T cells or by crosslinking of the low affinity 23

IgG receptor, CD16, by antigen-antibody immune complexes. Sensitivity of NK cells to these 24

signals from the adaptive immune system is heterogeneous and influenced by their stage of 25

differentiation. CD56dimCD57+ NK cells are less responsive to IL-2 and produce less IFN-γ in 26

response to T cell-mediated activation than do CD56bright or CD56dimCD57- NK cells. 27

Conversely, NK cell cytotoxicity - as measured by degranulation - is maintained across the 28

CD56dim subsets. Human cytomegalovirus (HCMV), a highly prevalent herpes virus causing 29

lifelong, usually latent, infections, drives the expansion of the CD56dimCD57+NKG2C+ NK 30

cell population, skewing the NK cell repertoire in favour of cytotoxic responses at the 31

expense of cytokine-driven responses. We hypothesised, therefore, that HCMV seropositivity 32

would be associated with altered NK cell responses to vaccine antigens. In a cross-sectional 33

study of 152 UK adults, with HCMV seroprevalence of 36%, we find that that HCMV34

seropositivity is associated with lower NK cell IFN-γ production and degranulation following 35

in vitro restimulation with pertussis or H1N1 influenza vaccine antigens. Higher expression 36

of CD57/NKG2C and lower expression of IL-18Rα on NK cells from HCMV seropositive 37

subjects do not fully explain these impaired responses, which are likely the result of multiple 38

receptor-ligand interactions. This study demonstrates, for the first time, that HCMV 39

serostatus influences NK cell contributions to adaptive immunity and raises important 40

questions regarding the impact of HCMV infection on vaccine efficacy.    41
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Introduction42

Natural killer (NK) cells are traditionally classified as cells of the innate immune system but43

can also act as mediators of adaptive immunity. In addition to their well-recognised role in 44

antibody-dependent cytotoxicity, recent research has demonstrated a potential contribution to 45

adaptive responses through their activation by antigen-specific CD4+ T cell-derived IL-2 [1-46

7]. The heightened IFN-γ response of NK cells in the context of a vaccine recall response 47

suggests that NK cells may play a role in protection from vaccine preventable diseases, 48

particularly as NK cells respond more quickly than T cells and comprise as much as 70% of 49

all IFN-γ producing cells in the first 12-24 hours of the recall response [3]. 50

We have shown, using the individual components of the diphtheria toxoid/ tetanus toxoid/ 51

whole cell pertussis (DTwP) vaccine, that activation of NK cells following restimulation with 52

vaccine antigens is heterogeneous, with CD56bright and CD56dimCD57- NK cells being most 53

responsive as measured by surface expression of the high affinity IL-2 receptor (CD25) and54

accumulation of intracellular IFN-γ (CD25+IFN-γ+) [6]. Expression of CD57 by CD56dim NK 55

cells was associated with a reduced capacity to produce IFN-γ, although degranulation 56

responses were maintained [6]. These data are consistent with the accepted model of NK cell 57

maturation whereby acquisition of CD57 is a marker of decreased sensitivity to exogenous 58

cytokine stimulation [8,9].59

Human cytomegalovirus (HCMV) infection drives profound changes in the NK cell 60

repertoire. In particular, HCMV infection is strongly associated with preferential expansion 61

of the CD56dimCD57+NKG2C+ NK cell subset [10-12]. This has direct implications for NK 62

cell function as CD56dimCD57+NKG2C+ NK cells degranulate and secrete cytokines such as 63

IFN-γ and TNF-α in response to crosslinking of CD16 (by IgG) or natural cytotoxicity 64
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receptors (NCRs; by infected, stressed or transformed cells) but respond poorly to pro-65

inflammatory cytokines such as IL-12 and IL-18 [12,13].66

These observations imply that, in the context of infection or vaccination, NK cells from 67

HCMV seropositive (HCMV+) individuals may effectively mediate antibody-dependent 68

cytotoxicity (ADCC) after crosslinking of CD16  by IgG in immune complexes [11,13,14],69

but may respond poorly to inflammatory cytokines (reviewed in [15]). Specifically, the 70

expanded CD56dimCD57+NKG2C+ NK cell subset may be less sensitive to IL-2 produced by 71

antigen-specific CD4+ T cells and IL-12/IL-18 from accessory cells, such as dendritic cells 72

and macrophages [3,6]. However, much of the data on skewing of the NK cell repertoire in 73

HCMV+ individuals comes from studies of haematopoietic stem cell or solid organ 74

transplantation [11,16,17] and follow up of these patients over time, in terms of susceptibility 75

to infection or response to vaccination, is lacking. As a result, the true functional significance 76

of HCMV-driven NK cell phenotypic changes is poorly understood. Moreover, previous 77

investigations of the impact of HCMV infection on vaccination have produced rather 78

inconsistent results with some studies reporting impaired vaccine responses in HCMV+79

donors [18-23] whereas others find no impact of  HCMV infection [24-27]. The impact of 80

HCMV-driven immune differentiation on vaccine responsiveness and efficacy is therefore 81

still unclear.82

The aim of this study, therefore, is to compare NK cell responses to antigens previously 83

encountered during immunisation (Bordetella pertussis) or during natural infection (H1N184

influenza virus), in HCMV seronegative (HCMV-) and HCMV+ individuals.85
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Materials and Methods86

Study subjects87

Volunteers (n = 152) were recruited from staff and students at LSHTM. All subjects gave 88

written consent and the study was approved by the London School of Hygiene and Tropical 89

Medicine Ethics Committee. Each subject provided a 50ml venous blood sample and reported 90

vaccination history was recorded. Subject characteristics are summarised in Table I.91

Antibody detection by ELISA92

Plasma was collected from heparinised whole blood and stored at -80°C until use. HCMV 93

infection status was determined by HCMV IgG ELISA (BioKit). IgG antibodies to pertussis 94

toxin (PT; NIBSC) and to formalin-inactivated whole H1N1 influenza virus (influenza 95

A/California/7/2006(H1N1)v(NYMC-X179A); H1N1; NIBSC) were determined using in-96

house ELISA assays with goat anti-human IgG-peroxidase (Sigma) as the secondary antibody 97

and SIGMAFAST™ OPD (Sigma) as the substrate. IgG concentrations were calculated by 98

interpolation from a standard curve which was produced using anti-pertussis reference serum 99

(NIBSC; IU/ml) or using plasma from a donor with high titres of antibodies to H1N1 100

influenza  (IgG concentration expressed in Arbitrary ELISA Units, AEU) [28]). The pooled 101

AB plasma used for in vitro assays contained 6.8 IU/ml IgG to PT and had an H1N1 titre of 102

273.8 AEU.  103

PBMC preparation and culture104

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinised venous blood 105

on a Ficoll-Hypaque gradient and cryopreserved in liquid nitrogen. Prior to use, PBMC were 106

thawed into complete medium (RPMI 1640 supplemented with 100U/ml 107

penicillin/streptomycin and 20mM L-glutamine [Gibco, Lifesciences] and 10% pooled 108
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human AB plasma), washed and rested for 30 minutes before use. For some experiments, AB 109

plasma was IgG-depleted plasma using a protein G Sepharose column (GE Life Sciences).110

PBMC were cultured for 18 hours at 37°C  at 2x105/well in 96-well U-bottomed plates 111

(Nunc) in complete medium with or without: low concentration of cytokines (LCC; 112

12.5pg/ml rhIL-12 [PeproTech] plus 10ng/ml rhIL-18  [MBL, Woburn, USA]); high 113

concentration of cytokines (HCC; 5ng/ml rhIL-12 plus 50ng/ml rhIL-18); rat anti-rhIL-2 (3 114

µg/ml; BD Biosciences); rat IgG2A isotype control (3 μg/ml; BD Biosciences, this was 115

included in wells with medium alone, as well as antigen alone); 1 µg/ml formalin-inactivated 116

whole H1N1 influenza virus (NIBSC, as above); 1 IU/ml killed whole cell B. pertussis117

(pertussis; NIBSC); or MHC Class I-deficient K562 target cells (E:T ratio 2:1). GolgiStop 118

(containing Monensin, 1/1500 concentration; BD Biosciences) and GolgiPlug (containing 119

Brefeldin A, 1/1000 final concentration; BD Biosciences) were added after 15 hours. Anti-120

CD107a antibody (A488-conjugated; BD Biosciences) was included in the medium for the 121

entirety of cell culture.122

For activation via CD16 crosslinking, 96-well flat-bottomed plates (Nunc) were coated with 123

anti-human CD16 (BD Biosciences) or an isotype-matched control antibody (mIgG1k, BD 124

Biosciences) overnight at 4°C. Wells were rinsed with PBS before addition of 2x105125

PBMC/well, which had been incubated overnight at 37°C with 50 IU/ml IL-2 (PeproTech). 126

Anti-CD107a-FITC antibody was added at the beginning of culture and cells were harvested 127

after five hours.128

Flow cytometry129

PBMCs were stained in 96-well U-bottomed plates as described previously [6] . Briefly, cells 130

were stained with fluorophore-labelled antibodies to cell surface markers, fixed, 131

permeabilised (Cytofix/Cytoperm; BD Biosciences), and stained for intracellular molecules.132
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The following monoclonal antibodies were used: anti-CD3-V500, anti-CD56-PECy7, anti-133

IFN-γ-APC, anti-CD107a-FITC, anti-CD16-APC-H7, anti-CD25-APC-H7, (all BD 134

Biosciences), anti-CD57-e450, anti-CD25-PerCPCy5.5, anti-CD16-APC, anti-CD25-PE, 135

anti-IL18Rα-PE, anti-IL18Rα-FITC, anti-IFN-γ-APCe780, anti-CD16-APCe780 (all e-136

Biosciences), anti-NKG2C-APC, anti-NKG2C-PE (both R&D Systems), and anti-NKG2A-137

FITC (Miltenyi). IL-12Rβ2 antibody was conjugated using EasyLink PE-Cy5 (AbCam). 138

Cells were acquired on an LSRII flow cytometer (BD Biosciences) using FACSDiva® 139

software. Data analysis was performed using FlowJo V10 (Tree Star). FACS gates set on 140

unstimulated cells (medium alone or isotype controls) were applied in standard format across 141

all samples and all conditions.  142

NKG2C genotyping143

DNA was extracted from whole blood using a Wizard genomic DNA extraction kit 144

(Promega). Donors were then genotyped for NKG2C using touch-down PCR (Phusion® High 145

Fidelity PCR kits, New England Biolabs) as described previously [29,30].146

Statistical analyses147

Statistical analysis of flow cytometry data was performed using Prism 6 (GraphPad), or 148

STATA/IC 13 (StataCorp), as detailed in figure legends. Responses where the gated cell 149

subset contained fewer than 100 cells were excluded. Mann-Whitney U tests were used to 150

compare responses between HCMV- and HCMV+ donors and linear regression was used to 151

adjust for sex and age. Unless otherwise stated, statistical tests were one-sided. **** 152

p≤0.0001, *** p<0.001, ** p<0.01, * p<0.05.153
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Results154

Donor characterisation155

Subject characteristics are summarised in Table I. Subjects (n =152) ranged in age from 20-156

77-years (median = 33-years). Fifty-five subjects (36.2%) were found to be seropositive. 157

Anti-HCMV IgG titre increased significantly with increasing age (R2 = 0.248, p = 0.0001; 158

Figure S1A) but age did not differ significantly between HCMV+ and HCMV- donors (two-159

tailed Mann-Whitney test, p = 0.561). As the proportion of female and male donors differed 160

between the HCMV- and HCMV+ groups subsequent analyses were adjusted for sex. 161

Cells from all 152 subjects were analysed for responses to pertussis. The median anti-PT IgG 162

titre was higher among HCMV- donors than among HCMV+ donors, but this difference was 163

not statistically significant (6.7 IU/ml vs 5.0 IU/ml, two-tailed Mann-Whitney, p = 0.078). 164

One hundred and fourteen donors (75.0%) confirmed that they had been vaccinated against 165

pertussis but a minority of donors reported that they had not been vaccinated against pertussis 166

(n = 13; 8.6%) or were unsure of their vaccination status (n = 25; 16.4%). However, the 167

proportions of these individuals did not differ between the HCMV+ and HCMV- groups and 168

their antibody titres did not suggest a difference in vaccination history (data not shown).  169

All donors analysed for responses to vaccine H1N1 influenza (n = 52) confirmed only natural 170

exposure to H1N1, i.e. no previous seasonal influenza vaccination. Median anti-H1N1 IgG 171

titres were higher among HCMV- donors (204.1 AEU/ml) than among HCMV+ donors 172

(187.2 AEU/ml), although this difference was not statistically significant (two-tailed Mann-173

Whitney, p = 0.135). 174

Antibody and antigen-specific IL-2 drive NK cell responses to pertussis and H1N1 175

influenza virus176
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PBMC from 100 donors were stimulated overnight with pertussis (Figure 1B-D) and NK cell 177

responses were measured by flow cytometry (Figure 1A). Significant induction of CD25 and 178

IFN-γ (Figure 1B, 1C) and degranulation (CD107a; Figure 1D) was observed in response to 179

pertussis. Analysis of this response by CD56bright and CD56dim subsets reveals that the 180

CD56dim cells respond more robustly to pertussis than do the CD56bright NK cells (and are 181

thus the major contributors to the vaccine response; Figure S2A-C).  182

Co-expression of CD25/IFN-γ was markedly attenuated in the presence of a blocking 183

antibody to IL-2 and after depletion of IgG from the plasma used to supplement the culture 184

medium, indicating a role for both memory T cell-derived IL-2 and antigen-specific antibody 185

in the NK cell IFN-γ response. By contrast, the degranulation response (as measured by cell 186

surface expression of the lysosomal marker LAMP-1/CD107a [31]) was dependent upon IgG 187

but not IL-2. The observation that neither anti-IL-2 nor IgG depletion completely abrogated 188

the NK cell IFN-γ response suggests that these two signals may synergise for optimal IFN-γ 189

production. 190

Cells from a subset of subjects (n = 16) were also analysed for responses to H1N1 influenza191

in the context of IL-2 blockade or IgG depletion (Figure 1E-G). As observed with pertussis, 192

statistically significant induction of CD25 (Figure 1E), CD25/IFN-γ (Figure 1F) and CD107a 193

(Figure 1G) was observed in response to restimulation with H1N1 antigen, and IL-2 blocking 194

significantly decreased CD25/IFN-γ expression (Figure 1F) whilst IgG depletion inhibited the 195

degranulation (CD107a) response (Figure 1G). Interestingly, and in contrast to the response 196

to pertussis, IgG depletion enhanced IFN-γ production in response to H1N1 and IL-2 197

blockade slightly decreased degranulation, indicating competition between these pathways 198

for NK cell activation during influenza responses (Figure 1F).199
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HCMV infection is associated with impaired NK cell responses to pertussis and H1N1 200

influenza virus 201

NK cell responses to pertussis (n = 152) and H1N1 (n = 52) were compared between HCMV-202

and HCMV+ donors (Figure 2). Consistent with prior observations [3,6], responses to 203

pertussis and H1N1 were significantly augmented by low concentrations of  cytokines IL-12 204

and IL-18 LCC (p ≤ 0.0001 for all parameters) indicating that in vitro accessory cell 205

activation and production of IL-12 and IL-18 (which is essential for IL-2-mediated NK cell 206

activation [3,5,32]) were suboptimal. 207

Interestingly, in the absence of LCC, pertussis induces stronger NK cell responses than H1NI 208

whereas in the presence of LCC, H1N1 induces the most robust responses. This may indicate 209

that pertussis induces some IL-12 and IL-18 (such that LCC is redundant in these assays) 210

whereas H1N1 may be a poor inducer of IL-12 and IL-18 but a better inducer of IL-2 or other 211

accessory cytokines. This would be consistent with differences in Toll-like receptor (TLR) 212

signalling by RNA viruses such as influenza (TLR3) and gram-negative bacteria such as 213

pertussis (TLR4) [33-36].214

NK cells from both HCMV+ and HCMV- donors responded to pertussis and H1N1 (with or 215

without LCC; Figure 2), however NK cell responses to these two vaccines (whether defined 216

as CD25+, CD25+IFN-γ+, or CD107a+) were significantly lower among HCMV+ donors than 217

among HCMV- donors (Figure 2A, 2B). This was true for both vaccines and all parameters 218

when cells were cultured with LCC, and was also true for the CD25+ and CD25+IFN-γ+219

responses to H1N1 and the CD25+ and CD107a+ responses to pertussis in the absence of 220

LCC. Importantly, resting levels of CD25 expression did not differ significantly between 221

HCMV+ and HCMV- donors (Figure 2A), and there was no difference in the potential of T 222

cells from HCMV- and HCMV+ donors to produce IL-2 in response to pertussis antigen 223
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(Figure S1B, S1C). Furthermore, there is no intrinsic difference in the ability of NK cells 224

from HCMV+ and HCMV- donors to degranulate in response to CD16 crosslinking or K562 225

stimulation (Figure S1D, S1E). However, NK cell CD25+, CD25+IFN-γ+ and CD107a+
226

expression in response to HCC (high concentrations of IL-12 and IL-18) were all 227

significantly higher in HCMV- compared to HCMV+ donors (Figure 2A-C). Analysis of this228

response by CD56bright and CD56dim subsets reveals that the effect of HCMV status is due 229

entirely to an effect within the CD56dim subset (Figure S2D-F). 230

In addition to consistently lower NK cell responses to vaccine antigens in HCMV+231

individuals, there was a trend for CD25 and CD25/IFN-γ responses to pertussis (with or 232

without LCC) to decline with increasing age (Figure 2D, 2E). This was statistically 233

significant for the cohort as a whole (CD25+ pertussis: R2 = 0.0549, p = 0.0052; CD25+234

pertussis + LCC: R2 = 0.0453, p = 0.0122; CD25+IFN-γ+ pertussis: R2 = 0.0379, p = 0.0203; 235

CD25+IFN-γ+ pertussis + LCC: R2 = 0.0478, p = 0.0095) but not when analysed separately 236

for HCMV- and HCMV+ donors due decreased power. There was no effect of age on 237

CD107a expression (pertussis: R2 = 0.00491, p = 0.4089; pertussis + LCC: R2 = 0.00879, p = 238

0.272; Figure 2F), which is consistent with maturation of the NK cell repertoire, and 239

therefore decreased sensitivity to exogenous cytokines, but maintained cytotoxicity, during 240

normal ageing (reviewed in [37]) and increasing NK cell differentiation [8,9]. Importantly, 241

the effect of HCMV infection on impaired NK cell responses to pertussis and H1N1 is 242

entirely independent of the association between age and NK cell function. In line with this 243

conclusion, adjusting for age by parametric regression did not alter the conclusions of the 244

study (Table II).245

Overall, NK cell responses did not differ significantly between males and females although 246

there was a trend for median responses to be higher in women than in men and this reached 247
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statistical significance (p < 0.05) for the IFN-γ response to pertussis + LCC in HCMV+248

donors (data not shown). As the proportion of female subjects differed between the HCMV-249

and HCMV+ groups (Table I), the data in Figure 2 were reanalysed, adjusting for sex as well 250

as age using parametric regression (Table II). After adjustment, CD25/IFN-γ and CD107a251

expression in response to vaccine alone (i.e. without LCC) are no longer significantly 252

different between HCMV- and HCMV+ donors, but responses to vaccine with LCC, and 253

responses to HCC, remain significantly lower in HCMV+ compared to HCMV- donors.254

Finally, no associations were observed between anti-HCMV titre and any NK cell responses 255

among the HCMV+ subjects, and there was no effect of NKG2C genotype (which may affect 256

NK cell differentiation [30,38,39]) on NK cell responses (data not shown). 257

NK cell differentiation only partially explains reduced responses to vaccines in HCMV+ 258

donors259

We hypothesised that reduced cytokine-mediated NK cell responses among HCMV+ donors 260

would reflect expansion of the highly differentiated CD56dimCD57+NKG2C+ NK cell subset 261

which is known to be hyporesponsive to cytokines [12]. Indeed, ex vivo analysis confirmed262

observations from previous studies that HCMV+ donors had lower proportions of 263

CD56dimCD57- NK cells and higher proportions of CD56dimCD57+ NK cells than did HCMV-264

donors (Figure 3A, 3B); there was no difference between the groups in the proportion of cells 265

with intermediate CD57 expression (CD56dimCD57int, gating shown in Figure 3A). Consistent 266

with previous work [10-12,16,17], HCMV seropositivity was also associated with a higher 267

proportion of CD16+ (Figure 3C) and NKG2C+ (Figure 3D) cells, and a lower proportion of 268

NKG2A+ cells (Figure 3E), within the total NK cell population. Moreover, HCMV 269

seropositivity was correlated with a lower proportion of CD57-NKG2C- cells and a higher 270

proportion of CD57+NKG2C+ cells within the CD56dim NK cell population (Figure 3F).271
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Whilst the increased proportion of CD56dimCD57+ NK cells among HCMV+ donors likely 272

contributes to their reduced responsiveness to cytokines, we also observed significantly 273

reduced CD25, CD25/IFN-γ, and CD107a expression in response to both pertussis and H1N1 274

within individual NK cell subsets. This was especially evident among CD56dimCD57+ cells 275

and for cultures containing LCC (Figure 4A-F), but was also the case for cultures stimulated 276

with vaccine alone (Figure S3G-I, M-O).277

Similarly, when cells were grouped by expression of CD57 and NKG2C we found that 278

responses to pertussis with LCC were lower among NKG2C+ NK cells than among NKG2C-
279

cells (Figure 4G-I). This association was statistically significant for CD57+ NK cells of 280

HCMV+ donors, but evaluation of the HCMV- cohort lacked statistical power as too few 281

donors had sufficient NKG2C+ cells to allow a robust analysis. Interestingly, however,282

responses of all four subsets were significantly lower among HCMV+ donors than among 283

HCMV- donors (Figure 4G-I), despite minimal differences in responses to LCC alone (Figure 284

S3A-F). These data indicate that the reduced response of HCMV+ donors reflects differences 285

in the intrinsic responsiveness of NK cells within a subset as well as differences in the 286

distribution of these subsets. Although the level of expression (MFI) of both CD57 and 287

NKG2C was higher on CD56dimCD57+ NK cells in HCMV+ donors compared to HCMV-288

donors (median MFI CD57 13526 vs 10575, p = 0.0032; median MFI NKG2C 141 vs 80.9, p 289

< 0.0001, data not shown), there was no significant association between CD57 and NKG2C 290

expression levels and NK cell responsiveness in HCMV+ donors (data not shown). 291

Since only some HCMV+ individuals have obvious expansion of the 292

CD56dimCD57+NKG2C+ subset we considered whether NK responses might differ between 293

HCMV+ individuals with and without this expanded population. Sixteen of 55 (29%) 294

HCMV+ donors demonstrated expansion of the CD56dimCD57+NKG2C+ subset (defined as295
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% CD56dimCD57+NKG2C+ cells greater than the mean + 3SD of that in HCMV- donors) and 296

NK cells from these donors tended to respond less robustly than did cells from HCMV+ 297

donors without this expansion (Figure 5). Importantly, there was evidence by trend analysis 298

for decreasing NK cell responsiveness with HCMV infection, and then with HCMV infection 299

plus expansion of the CD56dimCD57+NKG2C+ subset (Figure 5). This confirms that whilst  300

expansion of the CD56dimCD57+NKG2C+ subset is associated with loss of NK cell 301

responsiveness in vaccine recall assays, cells of HCMV+ donors respond less well than do 302

cells of HCMV- donors, irrespective of NKG2C expression. 303

304

HCMV infection is associated with altered expression of cytokine receptors by NK cells305

Although there was a clear role for specific IgG in induction of CD25, CD25/IFN-γ, and 306

CD107a expression (Figure 1), impairment of CD16-mediated signalling seemed an unlikely 307

explanation for reduced NK cell responsiveness since HCMV+ individuals have a higher 308

frequency of CD16+ NK cells (Figure 3C), cells from HCMV+ and HCMV- donors 309

responded equally well to CD16 crosslinking (Figure S1D), and use of pooled AB plasma for310

in vitro assays ensured that specific IgG concentrations were consistent in all assays.311

On the other hand, differences between HCMV+ and HCMV- donors were most marked in 312

cultures containing LCC (Figure 2), and in cultures with high concentrations of the cytokines 313

IL-12 and IL-18 (HCC; Figure 6A-C), suggesting that differences in expression of cytokine 314

receptors might explain our observations. Although there was no difference in resting (ex 315

vivo) expression of IL-12Rβ2 on any NK cell subset (Figure 6D, 6E), IL-12Rβ2 was 316

significantly upregulated on the total NK cell population in HCMV- but not from HCMV+317

donors after culture with HCC (Figure 6F). Moreover, and consistent with data showing 318

associations between acquisition of CD57 and increased IL-18Rα expression [6,8,9], resting 319

NK cells from HCMV+ donors were significantly less likely than cells from HCMV- donors 320
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to express IL-18Rα and this difference was especially marked in the (expanded) 321

CD56dimCD57+ NK cell subset (Figure 6G, 6H).322
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Discussion323

During secondary immune responses, both CD4+ T cell-derived IL-2 and antigen-antibody 324

immune complexes induce “antigen-specific” NK cell activation, allowing  NK cells to act as 325

effectors of the adaptive immune response and to contribute to post-vaccination immunity by 326

secretion of IFN-γ and/or by cytotoxicity [3-6,14]. Here we demonstrate, for the first time, 327

that the contribution of NK cells to adaptive immune responses is affected by HCMV328

infection: NK cells from HCMV+ donors respond significantly less well than cells from 329

HCMV- donors to killed whole cell pertussis or inactivated whole H1N1 influenza virus. The330

effect of HCMV infection on NK cell responsiveness is independent of age, sex, or anti-331

HCMV IgG titre.332

Our data also demonstrate, for the first time, that there is an additive effect between the333

cytokine and the IgG pathways driving NK cell IFN-γ production, as both IgG depletion and 334

IL-2 blockade reduced NK cell IFN-γ responses in response to stimulation of PBMCs with 335

pertussis vaccine. Of particular interest, IgG depletion markedly reduced antigen-induced 336

CD25 expression on NK cells. We propose that CD16 crosslinking by immune complexes337

upregulates CD25 expression, increasing sensitivity to T cell-derived IL-2 and thereby 338

enhancing IFN-γ production. However, CD16 crosslinking is not essential for upregulation of 339

CD25, as this can be induced by antigen alone, presumably in response to IL-12 and IL-18 340

produced by APCs [6,40-42]. Release of cytotoxic granules, as measured by upregulation of 341

CD107a on the cell surface, is also inhibited by IgG depletion but is unaffected by IL-2 342

blockade, suggesting that NK cells could act as effectors of the adaptive response through 343

ADCC in the absence of memory T cells, providing there was sufficient circulating antibody. 344

However, while IgG depletion also decreased H1N1-induced CD25 expression on NK cells, 345

H1N1 induction of IFN-γ was significantly enhanced in the absence of IgG. We have 346
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observed that individual NK cells tend to either produce IFN-γ or degranulate (but not both; 347

unpublished data) suggesting that inhibiting the degranulation response to H1N1 by removing 348

IgG skews the response towards IFN-γ production. However, given the limited effect of IgG 349

depletion on H1N1-induced degranulation, it is unclear why this should be the case. Indeed, 350

expression of CD107a in response to H1N1 seems to be relatively unaffected by either IL-2 351

blockade or IgG depletion. This suggests that H1N1-driven degranulation may be affected by 352

other stimuli, such as type I interferons [43,44]. 353

We had hypothesised that decreased responses to vaccines in HCMV+ donors would be 354

attributable to a redistribution of the NK cell repertoire. HCMV infection drives the 355

expansion of a CD56dimCD57+NKG2C+ subset of NK cells [11,16,17,45], which display a 356

highly differentiated phenotype, including reduced responsiveness to exogenous cytokine 357

stimulation [8,9] and epigenetic changes at the IFNG locus [46]. These phenotypic and 358

functional changes are similar to those observed during ageing [15,47] and comparisons have 359

been drawn between the effects of HCMV and immunosenescence [48]. As our previous 360

work has indicated that NK cell IFN-γ production after restimulation with vaccine antigens is 361

cytokine-dependent [3], we predicted that fewer NK cells from HCMV+ donors would362

produce IFN-γ in response to pertussis or influenza antigens due to the reduced capacity of 363

the expanded CD56dimCD57+NKG2C+ subset to respond to cytokines. Ex vivo analyses 364

confirmed that HCMV+ donors had higher proportions of CD56dimCD57+ and 365

CD56dimCD57+NKG2C+ NK cells than did HCMV- donors and functional analysis confirmed 366

that very few of the highly differentiated CD57+ NK cells produced IFN-γ after antigen 367

stimulation. Interestingly, however, our data also show that - irrespective of their 368

CD57/NKG2C surface phenotype - NK cells from HCMV+ are less likely to produce IFN-γ369

in response to vaccines than are cells from HCMV- donors. In other words, there are 370

pronounced functional differences between HCMV+ and HCMV- donors within NK cell 371
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subsets. The reduced NK cell IFN-γ response to vaccine antigens in HCMV+ donors is 372

therefore not simply due to expansion of the CD56dimCD57+NKG2C+ subset. Although 373

acquisition of NKG2C was functionally relevant (associated with reduced IFN-γ and 374

degranulation responses), it was not sufficient to explain the reduced responsiveness of cells 375

from HCMV+ donors.376

Whilst further studies are required to define the “within subset” effects of HCMV infection, 377

our data suggest that reduced expression of IL-18Rα or reduced ability to upregulate IL-378

12Rβ2 among NK cells from HCMV-infected individuals may partially explain their failure 379

to produce IFN-γ. Although decreasing expression of IL-12Rβ2 and IL-18Rα expression have 380

been associated with CD57 expression, this is the first demonstration that there are 381

differences in cytokine receptor expression between HCMV+ and HCMV- donors and it is 382

possible to see how each of these might affect NK cell responses. Higher resting levels of IL-383

18Rα expression would increase the sensitivity of NK cells to low concentrations of IL-18 384

being produced by APCs in response to innate receptor ligands in whole cell pertussis or 385

inactivated influenza virus. IL-18 signalling upregulates CD25 [49] thereby increasing386

sensitivity to IL-2. IL-2 signalling might then upregulate IL-12R2β [50,51] allowing IL-12 to 387

synergise with IL-2 to drive IFN-γ production [3,40,52], whilst also generating a positive 388

feedback loop in which IL-12 signalling upregulates IL-18Rα [53,54], IL-18 signalling and 389

CD25. However, while cytokine receptor expression is likely to play a role in determining 390

NK cell responsiveness to vaccine antigens in HCMV- and HCMV+ donors, the biological 391

relevance of small changes in surface expression on IL-12Rβ2 needs to be demonstrated. 392

Moreover, while we have no evidence to suggest that T cell IL-2 production in response to 393

vaccine antigens is affected by HCMV infection, future studies will need to determine the 394

extent to which concomitant changes in APC function during HCMV infection also affect 395

NK cell responses.396
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397

We had initially considered NK cell degranulation during vaccine restimulation to be a result 398

of CD16 crosslinking by IgG immune complexes, as suggested by the IgG depletion data and 399

accepted models of ADCC. The expectation was, therefore, that although IFN-γ responses 400

might be impaired, NK cell degranulation responses would be sustained in HCMV+ donors. 401

Indeed, crosslinking with anti-CD16 antibody induced equivalent levels of CD107a 402

upregulation. It was, therefore, somewhat surprising that degranulation responses to vaccine 403

were lower in HCMV+ donors than in HCMV- donors. However, degranulation responses to 404

HCC were also lower in HCMV+ donors, supporting the notion of synergy between the 405

cytokine and CD16 pathways and adding weight to the suggestion that HCMV infection may 406

affect cytokine receptor expression.   407

Our findings have potentially important implications. HCMV infection is a known risk factor 408

for all-cause mortality in adults [55] and perinatal HCMV infection is associated with slower 409

growth and increased rates of hospitalisation in African children [56]. The underlying biology 410

of these relationships is unknown but reduced responsiveness to vaccination or reduced 411

resilience in the face of infection are plausible explanations. Distorted T cell and NK cell 412

phenotypes in HCMV+ individuals have been widely reported [15,57-59] giving credence to 413

the possibility that adaptive immune responses may be less effective in infected individuals.414

Further work will need to address the clinical consequences of altered NK cell responses to 415

infection and vaccination in HCMV-infected individuals.416

To our knowledge, this is the first published study of the effect of HCMV infection on NK 417

cell responses to vaccine antigens. When compared to the marked effect of HCMV on 418

cellular immune responses in our adult cohort, the modest phenotype seen in the infant 419

studies raises the intriguing question as to whether the duration of HCMV infection affects 420
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vaccine responses. We have previously shown in an African population that, with near 421

universal infant HCMV infection, the characteristic “adult HCMV” NK cell profile is reached 422

by early adolescence [30]. The majority of our donors are of European or North American 423

origin (data not shown) suggesting that they may have been infected in adolescence or 424

adulthood [60,61], potentially explaining some of the heterogeneity in the responses we see 425

within the HCMV+ group. Similarly, there will be variation among our donors in time since 426

vaccination (pertussis) or infection (H1N1), and it is likely that relatively low IFN-γ 427

responses we observe in comparison to earlier studies [3] is due to the much longer interval 428

between primary and secondary exposures to antigen. Future studies will need to assess 429

whether the duration of HCMV infection is a risk factor for altered NK responses and 430

whether this manifests itself as reduced responsiveness to active vaccination and reduced 431

vaccine efficacy.     432
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Figure Legends650

Figure 1. Natural killer (NK) cell responses to pertussis and H1N1 are inhibited by IL-2 651

neutralisation and IgG depletion. PBMC were cultured in vitro for 18hr with medium 652

alone, killed whole cell pertussis (Per), inactivated whole H1N1 influenza virus (H1N1), 653

pertussis or H1N1 with blocking antibody to IL-2 (Per α-IL-2, H1N1 α-IL-2) or pertussis or 654

H1N1 in IgG-depleted plasma (Per IgG depl., H1N1 IgG depl.). The isotype control antibody 655

(IgG2A) for the IL-2 blocking antibody was included in the medium, pertussis, and H1N1 656

wells. Representative flow cytometry plots show gating of CD3-CD56+ NK cells and 657

expression of CD25, IFN-γ, and CD107a (A). Responses to pertussis (B-D) and H1N1 (E-G) 658

were measured by the percentage of NK cells expressing CD25 (B, E), co-expressing 659

CD25/IFN-γ (C, F), and expressing CD107a (D, G). Data were analysed in Prism using 660

paired, one-tailed Wilcoxon signed-rank tests. **** p ≤ 0.0001, *** p < 0.001, ** p < 0.01, * 661

p < 0.05. Each data point represents one donor, n = 100 (B-D) or n = 16 (E-G), and bar 662

graphs denote medians.663

Figure 2. Natural killer (NK) cell responses to vaccine antigen are affected by human 664

cytomegalovirus (HCMV) infection. PBMC were cultured in vitro for 18hr with medium 665

alone, low concentration of cytokines (LCC), killed whole cell pertussis (Per), inactivated 666

whole H1N1 influenza virus (H1N1), Per + LCC, H1N1 + LCC, or high concentration of 667

cytokines (HCC). Donors were stratified into HCMV seronegative (-) and HCMV 668

seropositive (+) groups. Responses were measured as the percentage of NK cells expressing 669

CD25 (A), co-expressing CD25/IFN-γ (B), or CD107a (C). Data were analysed in Prism 670

using, one-tailed Mann-Whitney tests. **** p ≤ 0.0001, *** p < 0.001, ** p < 0.01, * p < 671

0.05. Bivariate regression of age against responses to Per + LCC was performed for the 672

percentage of NK cells expressing CD25 (D) CD25/IFN-γ (E), and CD107a (F). Each data 673
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point represents one donor, n = 152, except for H1N1 and H1N1 + LCC where n = 52. Bar 674

graphs denote medians.675

NB, all antigen stimulations induced statistically significant increases in expression of CD25, 676

CD25/IFN-γ, and CD107a over background (medium alone for pertussis/ H1N1, or LCC for 677

pertussis+LCC /H1N1+LCC; p < 0.05 in all cases), except that H1N1 did not induce a 678

significant increase in CD25+IFN-γ+ NK cells in HCMV+ donors (p = 0.416).679

Figure 3. Comparison of ex vivo expression of natural killer (NK) cell markers and 680

receptors in human cytomegalovirus (HCMV) seronegative and seropositive donors. 681

PBMC were analysed ex vivo for surface expression of CD56, CD57, CD16, NKG2C, and 682

NKG2A, as shown by representative flow cytometry plots (A). Proportions of total NK cells 683

in the CD56bright, CD56dimCD57-, CD56dimCD57int, and CD56dimCD57+ subsets were 684

compared between HCMV seronegative and HCMV seropositive donors (B), as was 685

expression of CD16 (C), NKG2C (D), NKG2A (E), and CD57/NKG2C (F, CD56dim only) 686

The percentages of cells expressing each marker in HCMV seronegative (-) and HCMV 687

seropositive (+) donors were compared using two-tailed Mann-Whitney tests. **** p ≤ 688

0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. Each data point represents one donor, n = 152, 689

and bar graphs denote medians.  690

Figure 4. Human cytomegalovirus (HCMV) infection affects vaccine antigen responses 691

of all natural killer (NK) cells, irrespective of their differentiation status. PBMC were 692

cultured in vitro for 18hr with killed whole cell pertussis with a low concentration of 693

cytokines (pertussis + LCC) (A-C, G-I) or inactivated whole H1N1 influenza virus (H1N1 + 694

LCC) (D-F). Responses were measured as the percentage of cells expressing CD25 (A, D, G), 695

CD25/IFN-γ (B, E, H), and CD107a (C, F, I) by CD56/CD57-defined subsets (A-F), or 696

CD56dim CD57/NKG2C-defined subsets (G-I) and compared between HCMV seronegative (-697
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) and HCMV seropositive donors (+). Data were analysed using one-tailed Mann-Whitney698

tests. **** p ≤ 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. Each data point represents one 699

donor, n = 152 (A-C, G-I), or n = 52 (D-F), and bar graphs denote medians. 700

NB, for CD57/NKG2C-defined subsets, CD57int cells were grouped together with CD57-701

cells. 702

Figure 5. Natural killer (NK) cell responses of human cytomegalovirus (HCMV) 703

seropositive donors with or without the characteristic CD56dimCD57+NKG2C+
704

expansion. PBMC were cultured in vitro for 18hr with medium alone, low concentration of 705

cytokines (LCC), killed whole cell pertussis (Per), inactivated whole H1N1 influenza virus 706

(H1N1), Per + LCC, H1N1 + LCC, or high concentration of cytokines (HCC). Donors were 707

stratified into HCMV seronegative (-), HCMV seropositive without expansion of708

CD56dimCD57+NKG2C+ cells (+), and HCMV seropositive with expansion of 709

CD56dimCD57+NKG2C+ cells (++). Responses are expressed as the percentage of total NK 710

cells expressing CD25 (A), co-expressing CD25/IFN-γ (B), or expressing CD107a (C). 711

CD57-defined (D-F) or CD57/NKG2C-defined subsets (G-I) were analysed for responses to 712

pertussis with LCC for CD25 (D, G), CD25/IFN-γ (E, H), and CD107a (F, I). Data were 713

analysed in Prism using, one-tailed Mann-Whitney tests to compare responses between 714

HCMV+ donors and either HCMV- donors or HCMV++ donors. Analysis of variance for 715

linear trend (from – to + to ++) was also performed for each functional readout **** p ≤ 716

0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.  Each data point represents one donor, n = 717

152, except for H1N1 and H1N1 + LCC where n = 52. Bar graphs denote medians.718

Figure 6. Decreased cytokine responsiveness and decreased cytokine receptor 719

expression by NK cells from human cytomegalovirus (HCMV) seropositive donors. (A-720

C) PBMC were cultured in vitro for 18hr with a high concentration of cytokines (HCC). 721
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Responses were measured as the percentage of CD56dim CD57/NKG2C-defined cells 722

expressing CD25 (A), CD25/IFN-γ (B), and CD107a (C) and compared between HCMV 723

seronegative (-) and HCMV seropositive donors (+). (D-F) NK cells were analysed for 724

surface expression of IL-12Rβ2 using a mIgG1 PECy5-conjugated isotype control to set the 725

gate (D). Total NK cells (E-F) and CD56/CD57-defined subsets (E) were analysed ex vivo726

(E) and after 18hr culture in vitro with low concentration cytokines (LCC) or HCC (F). (G-H) 727

NK cells were also analysed for IL-18Rα surface expression using the T cell population to set 728

the IL-18Rα gate (G), for total NK cells and CD56/CD57-defined subsets ex vivo (H). 729

HCMV- and HCMV+ donors were compared using one-tailed (A-C) or two-tailed (E-F, H) 730

Mann-Whitney tests. **** p ≤ 0.0001, ** p < 0.01, * p < 0.05. Each point represents one 731

donor, n = 152 (A-C, E, H), or n = 16 (F), and bar graphs denote medians.732
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Table I

HCMV seronegative

(n = 97)

HCMV seropositive

(n = 55)

Median Age, Years 
(range)

32
(20-70)                        

35
(21-77)

Female n (%) 73
(75)

32
(58)

NKG2C Genotype
+/+, +/-, -/- n (%)

67/24/2
(72/26/2)

35/17/2
(65/31/4)

NKG2C- Haplotype Frequency 
(%)

15.0 19.4

anti-HCMV IgG titre IU/ml 
median (range)

< 0.25 394.2
(31.1-4411.6)

anti-PT IgG titre IU/ml 
median (range)

6.7
(0.5-139.3)

5.0
(0.8-179.9)

anti-H1N1 IgG titre arbitrary 
ELISA units median (range)

214.6
(80.7-953.2)

190.1
(90.2-522.7)

Table I. Donor characteristics. Donors were classified as human cytomegalovirus (HCMV) 

seronegative and HCMV seropositive by anti-HCMV IgG ELISA, using 0.25IU/ml as the 

cut-off as per manufacturer’s instructions. NKG2C genotype (NKG2C+/+, NKG2C+/-, NKG2C-

/-) was determined by PCR. IgG antibody titres against pertussis toxin (PT) and H1N1 were 

calculated from interpolation of a reference serum or high titre donor standard curve, 

respectively.
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Table II

Stimulus Parameter

(Total NK cells)

Adjusted for sex and age

Effect (95% CI)1 p value2

Pertussis CD25+ -4.4 (-8.3, -0.5) 0.014

CD25+IFN-γ+ -0.5 (-1.2, 0.3) 0.125

CD107a+ -1.5 (-3.4, 0.5) 0.071

Pertussis + LCC CD25+ -8.5 (-13.7, -3.4) 0.001

CD25+IFN-γ+ -1.5 (-2.8, -0.1) 0.020

CD107a+ -2.9 (-5.5, -0.3) 0.016

H1N1 CD25+ -5.4 (-9.5, -1.3) 0.005

CD25+IFN-γ+ -0.4 (-1.1, 0.4) 0.158

CD107a+ -1.8 (-3.9, 0.3) 0.049

H1N1 + LCC CD25+ -12.2 (-22.6, -1.8) 0.011

CD25+IFN-γ+ -5.1 (-10.4, 0.1) 0.027

CD107a+ -5.1 (-8.9, -1.5) 0.004

HCC CD25+ -11.3 (-16.7, -6.0) <0.0001

CD25+IFN-γ+ -6.5 (-11.4, -1.7) 0.005

CD107a+ -2.1 (-3.5, -0.6) 0.004

Table II. Natural killer (NK) cell responses to vaccine antigens by human 

cytomegalovirus (HCMV) status after adjusting for sex and age. A regression analysis 

was performed in STATA to adjust for sex and age when comparing natural killer (NK) cell 

responses to pertussis (-/+ LCC), H1N1 (-/+ LCC), and HCC between HCMV seronegative 

and HCMV seropositive donors. The response was quantified by the percentage of total NK 

cells expressing CD25, CD25/IFN-γ (CD25+IFN-γ+), and CD107a. 



1Effect (coefficient), with 95% confidence interval, represents the change in the mean 

percentage of NK cells responding in HCMV-seropositive donors as compared to HCMV-

seronegative donors. 

2The p-value refers to the significance of the difference in response between HCMV 

seronegative and HCMV seropositive donors after adjusting for sex and age.
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