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Abbreviations: 20 

CBC: complete blood count 21 

DC: dendritic cell 22 

HIV: human immunodeficiency virus 23 

LASSO: Least Absolute Shrinkage and Selection Operator 24 

LDA: Linear Discriminant Analysis 25 

MCMV: mouse cytomegalovirus 26 

MSI: mean signal intensity 27 

MVA: modified vaccinia virus Ankara 28 

NHP: nonhuman primates 29 

NK: natural killer 30 

PBMC: peripheral blood mononuclear cell 31 

SPADE: Spanning-tree Progression Analyses of Density-normalized Events 32 
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Abstract 34 

A better understanding of innate responses induced by vaccination is critical for designing 35 

optimal vaccines. Here, we studied the diversity and dynamics of the NK cell compartment 36 

after prime-boost immunization with the modified vaccinia virus Ankara using cynomolgus 37 

macaques as a model. Mass cytometry was used to deeply characterize blood NK cells. The NK 38 

cell subphenotype composition was modified by the prime. Certain phenotypic changes 39 

induced by the prime were maintained over time and, as a result, the NK cell composition 40 

prior to boost differed from that before prime. The key phenotypic signature that 41 

distinguished NK cells responding to the boost from those responding to the prime included 42 

stronger expression of several cytotoxic, homing, and adhesion molecules, suggesting that NK 43 

cells at recall were functionally distinct. Our data reveal potential priming or imprinting of NK 44 

cells after the first vaccine injection. This study provides novel insights into prime-boost 45 

vaccination protocols that could be used to optimize future vaccines. 46 

 47 

Keywords: innate lymphoid immunity, NK cells, prime-boost, vaccination, MVA, NHP, mass 48 

cytometry, transcriptomics.  49 
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Introduction 50 

A better understanding of the early events following vaccination is critical for identifying key 51 

biomarkers and mechanisms involved in the subsequent establishment of immune memory 52 

to optimize future vaccines (1). This requires extensive characterization of the vaccine-53 

induced innate immune response. 54 

Natural Killer (NK) cells are innate lymphoid cells that can constitutively kill cells carrying an 55 

abnormal MHC signature, via interactions of activating and inhibitory receptors between NK 56 

cells and their targets (2–4). The wide diversity of the NK cell receptor repertoire implies a 57 

large range of potential NK cell subpopulations (5). NK cells exhibit numerous functions other 58 

than cytotoxicity, including modulation of the behavior of other innate and adaptive immune 59 

cell populations, such as through cross-talk with dendritic cells (DCs) or cytokine production 60 

(6–10). In particular, NK cells strongly interact with DCs, resulting in the activation of both cell 61 

types (11,12). Also, NK cells were shown to orientate the B cell response and the underlying 62 

affinity maturation via the restriction of follicular helper T cells, a feature that is key in the 63 

generation of broadly neutralizing antibodies (13). NK cell functions are influenced by 64 

vaccination and infection (14,15). In addition, recent findings in mice, macaques, and humans 65 

indicate that NK cells show adaptive-like features (16–19). However, it is not yet fully clear 66 

how these findings can be exploited to improve the immunogenicity and protective efficacy 67 

of vaccines (20,21). More studies on vaccine-induced NK cell immunity are thus admittedly 68 

required for improving vaccine design. 69 

Modified vaccinia virus Ankara (MVA) is an attenuated vaccine derived from vaccinia virus, 70 

first developed as a vaccine against smallpox, which now serves as the vector for many 71 

recombinant vaccine candidates because of its capacity to induce strong and long-lasting 72 



5 
 

immunity (22). MVA is known to activate NK cells in mouse bone marrow and spleen, where 73 

it induces NK cell proliferation (23), as well as in lymph nodes, where NK cells accumulate via 74 

CXCR3 signaling after being sensed by macrophages. Such recruitment is crucial for the 75 

induction of Th1 responses (24). Moreover, the vaccine we used (MVA HIV B) was reported to 76 

prime human NK cells via NK-DC crosstalk in vitro (25). Other studies in mice reported that NK 77 

cells are recruited to tissues in response to MVA-induced CCL2 (MCP-1) expression by 78 

macrophages (26). We previously reported a difference in the level of CCL2 in the blood of 79 

macaques after an MVA boost relative to prime (27). These and other studies show that MVA 80 

modulates NK cell activity and trafficking. They moreover suggest an important contribution 81 

of NK cells to MVA-induced immunity. 82 

Nonhuman primates (NHP) are an important animal model in vaccinology, given their close 83 

immune proximity with humans, including innate immunity (28). Immune responses in 84 

macaques to human vaccine injection are highly predictive of vaccine immunogenicity in 85 

humans. This is particularly true for MVA (29). Human NK cells are usually subdivided based 86 

on CD56 and CD16 expression, whereas most NK cells from macaques are CD8α+ CD56- (30). 87 

In addition, both human and macaque NK cells express NKp46, but in macaquesNKp46 may 88 

not be expressed by all NK cell subpopulations (28,31). Nevertheless, close phenotypic 89 

analogies have been found between macaque and human NK cell subpopulations and 90 

functional studies have revealed similar behavior in both species (32–35).  91 

We previously uncovered the phenotypic complexity and diversity of innate myeloid cells in 92 

the blood and the impact of vaccinations on the dynamics of their subset composition by mass 93 

cytometry (27) in cynomolgus macaques immunized with a recombinant MVA HIV-B. We used 94 

the very same animals and a similar analytical workflow, but a 31-marker mass cytometry 95 
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antibody panel dedicated to the analysis of NK cells, to determine the phenotype of blood NK 96 

cell subpopulations, as well as their diversity and evolution throughout the vaccination 97 

process.  98 

We demonstrated a high phenotypic diversity within the blood NK cell compartment in 99 

macaques. Importantly, the study reveals the induction of changes within the NK cell 100 

subphenotype composition by the prime, some of which were maintained over time. Hence, 101 

the NK cells present at recall were different from those present at baseline. The key 102 

phenotypic signature discriminating NK cells responding to boost from those responding to 103 

prime was identified and included stronger expression of several cytotoxic, homing, and 104 

adhesion molecules. 105 

This study has important implications for understanding the role of NK cells in vaccine-induced 106 

responses, as well as for the optimization of vaccine protocols.  107 
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Material and Methods 108 

Ethics statement 109 

The experimental protocols were approved by the ethics committee «Comité d'éthique en 110 

expérimentation animale n°44 » under the reference 2015031314518254.02 (APAFIS#319) for 111 

the longitudinal analysis of the MVA-induced response, and 2015062215324227v1 112 

(APAFIS#891) when comparing MVA and buffer injections, and the «Ministère de l’Education 113 

Nationale, de l’Enseignement Supérieur et de la Recherche» (France). Animals were handled 114 

by veterinary staff in accordance with national regulations (CEA Permit Number A 92-32-02) 115 

and the European Directive (2010/63, recommendation Nº9) and in compliance with the 116 

Standards for the Humane Care and Use of Laboratory Animals of the Office for Laboratory 117 

Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-01.  118 

 119 

Experimental design 120 

Five male adult cynomolgus macaques, originating from Mauritius and identified as BB078, 121 

BB231, BC641, BD619, and BD620, were housed individually. Before inclusion in the study, 122 

they were tested to be negative for SIV, herpesvirus B, filovirus, STLV-1, SRV-1, SRV-2, measles 123 

virus, Hepatitis B antigen, and antibodies. Regarding CMV, BB078, BB231, and BC641 were 124 

seropositive, whereas BD620 was seronegative. Animals were captive-born (first generation, 125 

F1), 7-8 year old and weighed 8.2-10.7 kg at the beginning of the study. 126 

Without prior selection, unbiased distribution of MHC haplotype was observed in our group of animals, 127 

with animals carrying one of the complete seven common haplotypes (with H1, H2, and H3 being the 128 

most common), or recombinants, and none of them being homozygous, or matching with one another 129 

for an entire MHC haplotype. 130 
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Animals were inoculated subcutaneously with 4x108 PFU of the ANRS MVA HIV-B vaccine 131 

(MVATG17401; Transgene, Illkirch-Graffenstaden, France) (36), encoding HIV-Gag (amino-132 

acids 1-519), Pol (amino-acids 172-219, 325-383 and 461-519), and Nef (amino-acids 66-147 133 

and 182-206) proteins, as previously described (27,37). Animals were immunized two months 134 

apart following a homologous prime-boost strategy.  135 

For comparison of buffer and MVA injection, six macaques received a subcutaneous injection 136 

with a buffer containing 10 mM Tris-HCl, saccharose 5% (w/v), 10 mM NaGlu, 50 mM NaCl, 137 

pH8.0. One month later they were inoculated with 4x108 PFU of the ANRS MVA HIV-B vaccine. 138 

Animals were 2-5 year old and weighed 4.9 to 6.7 kg. Without prior selection, unbiased 139 

distribution of MHC haplotype was observed in this control group of animals, with some 140 

animals carrying one of the complete seven common haplotypes or recombinants, and none 141 

of them being homozygous or matching with one another for an entire MHC haplotype. 142 

Blood was collected in EDTA tubes for complete blood count and whole blood flow cytometry, 143 

lithium heparin tubes for whole blood mass cytometry analysis, and heparin cell preparation 144 

tube (CPT) (Becton Dickinson, Franklin Lakes, USA) for peripheral blood mononuclear cell 145 

(PBMC) isolation. 146 

 147 

Sample preparation 148 

Fixed leukocytes were prepared for mass cytometry using a previously described cell fixation 149 

protocol (27,38,39), which allows the recovery of all leukocytes, including granulocytes, from 150 

lithium-heparin whole blood. Briefly, 1 mL of blood was incubated with a fixation buffer 151 

containing formaldehyde and glycerol for 10 min at 4°C. After centrifugation, erythrocytes 152 

were lysed in 10 mL milli-Q water at room temperature for 20 min. Cells were then washed in 153 
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1X DPBS and stored at -80°C at a final concentration of 15x106 cells/mL in the fixation mixture. 154 

Note that cells were fixed extemporaneously without re-stimulation ex vivo. 155 

PBMCs were prepared for transcriptome analysis. Blood was collected using CPT tubes. After 156 

centrifugation at 1,200 x g for 30 min at RT, PBMCs were isolated, and remaining 157 

contaminating red blood cells, if any, were lysed with ACK lysis buffer (Thermo Fisher 158 

Scientific, Waltham, USA). PBMCs were then washed in complete culture medium composed 159 

of RPMI 1640 (Invitrogen, Carlsbad, USA) supplemented with 10% heat-inactivated FCS 160 

(Eurobio, Courtaboeuf, France) and 1% Penicillin-Streptomycin/Neomycin (Thermo Fisher 161 

Scientific, Waltham, USA). 162 

 163 

Cell staining and acquisition 164 

Fixed leukocyte staining and acquisition protocols were identical to those previously described 165 

(27). The 31-marker antibody panel used in the present study is described in Table 1. A number 166 

of classical NK cell receptors and other markers of interest (6,40) could not be included at the 167 

time of the study due to lack of reactivity of the tested antibody clones with fixed macaque 168 

leukocytes (CD27: clones O323 and LG-7F9; NKp80: clones 4A4.D10 and 5D12; NKp30: clone 169 

AF29-4D12; CD117: clone 104D2; NKp46: clone BAB281; CX3CR1: clone 2A9-1; CXCR3: clone 170 

1C6; CD122: clone Tu27; CD158a: clone HP-3E4; and CD161: clone DX12).  171 

 172 

Data processing and event selection 173 

FCS files were normalized with the MATLAB normalizer from Rachel Finck et al. (41). Replicates 174 

were concatenated using the tool from Cytobank (Mountain View, USA). Leukocytes were 175 
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gated based on event length, iridium content, and exclusion of non-specifically stained 176 

CD66+CD3+ eosinophils (27,39). 177 

 178 

Complete blood count and cell population count 179 

Complete blood counts (CBCs) were performed using blood collected in EDTA with the HmX 180 

instrument (Beckman Coulter). The absolute number of cells in each sample for a given cell 181 

population was computed as follows: N = the absolute number of leukocytes (expressed per 182 

μL of blood) x the number of cells in the population detected by CyTOF/total number of 183 

leukocytes (excluding CD3+CD66+ cells) detected by CyTOF (given in Table 2). 184 

 185 

Identification of cell populations 186 

The Spanning-tree Progression Analyses of Density-normalized Events (SPADE) (42) algorithm 187 

was performed on the whole dataset of samples from macaques BB078, BB231, BC641 and 188 

BD620 to automatically identify cell populations displaying similar expression levels for the 189 

given markers used for clustering: CD66abce, HLA-DR, CD3, CD107a, CD8, CD45, granzyme B, 190 

CD56, CD62L, CD4, CD11a, CD2, CD7, NKG2D, CD11c, CD69, CD25, CD16, CCR5, CXCR4, CD14, 191 

perforin, NKG2A/C, CD20, and CCR7. Prior to clustering, we performed random pre-192 

downsampling of 50,000 cells (corresponding to the highest number of cells contained in all 193 

samples) to avoid bias in the analysis towards samples with more cells than others (Table 2). 194 

The quality of the SPADE clustering, defined as a narrow and unimodal distribution for each 195 

marker in all cell clusters and NK cell clusters was assessed using the SPADEVizR R package we 196 

developed (43).  197 
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Based on these quality control measurements, SPADE was parameterized to identify 900 198 

clusters using a downsampling of 20%, leading to 77.44% of all clusters with unimodal 199 

(Hartigan’s dip test, p-value ≤ 0.05) and narrow distribution (IQR ≤ 2) of all markers. Most of 200 

the non-unimodal distribution was attributable to perforin (154 clusters of 900 (17.11%)). 201 

Among NK cell clusters identified on the SPADE tree, based on CD3 and CD8 expression, 202 

66.67% (22 of 33) had a unimodal and narrow distribution for all markers. Non-unimodal or 203 

wide distribution was not associated with a particular marker; at worst CD2 and CD16 204 

expression were non-unimodal or wide for 4 of 33 clusters (12.12%) (Table 3). 205 

Two sets of baseline samples were available: 19 days before the prime (BPD19) and just before 206 

the prime, coded 0 hour post-prime (H0PP) in our nomenclature. Only BPD19 samples 207 

(available for the four macaques) were used for SPADE analysis to avoid biasing the SPADE 208 

analysis toward baseline samples, since NK cells were more numerous before than early after 209 

immunization. H0PP samples (only available for three of four animals) were upsampled into 210 

the SPADE analysis, using the closest neighborhood method. Briefly, cells from H0PP samples 211 

were assigned to the cluster of its closest cell-neighbor within the SPADE analysis. The 212 

neighborhood definition was based on the SPADE clustering markers. The closest neighbors 213 

were found using the FNN R package (available at https://CRAN.R-project.org/package=FNN) 214 

and the kd-tree approach. 215 

Samples from macaque BD619 were not included in this SPADE analysis since only H3PP, H6PP, 216 

D1PP, and D1PB samples were available. Indeed, samples from this animal would have been 217 

underrepresented among the samples from the other animals, and they could have biased the 218 

clustering analysis towards early modification of the NK subphenotype composition. 219 

Nevertheless, BD619 samples were mapped afterwards onto the SPADE tree for phenotypic 220 
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characterization based on the same closest neighbor approach used to map H0PP baseline 221 

samples. 222 

We directly identified blood NK cells on the SPADE tree based on CD3 and CD8 expression, 223 

rather than by manual gating followed by SPADE analysis of the NK cells to avoid a bias in the 224 

manual gating of CD3- CD8+ events and contamination with CD66low neutrophils, which 225 

displayed a low background signal in all channels including CD8.  226 

 227 

Categorical heatmap representation of NK cell clusters phenotypes 228 

The median expression among all samples was used to generate the categorical heatmap 229 

using SPADEVizR (43). The range of marker expression was divided into five categories 230 

between the 5th and the 95th percentiles to define the cell cluster phenotype. Samples 231 

containing less than 10 cells were removed from the median computation. Hierarchical 232 

clustering, represented by the cluster and marker dendrograms in the heatmap, was 233 

performed using the Euclidean metric and the ward.D linkage method. The cluster 234 

dendrogram was used to define phenotypic families. 235 

 236 

LASSO-LDA model to classify post-prime and post-boost NK cell immune profiles 237 

The classification of post-prime and post-boost NK cell immune profiles was performed using 238 

a combination of the Least Absolute Shrinkage and Selection Operator (LASSO) and Linear 239 

Discriminant Analysis (LDA) methods. The LASSO method was based on the lars R package 240 

(available at https://CRAN.R-project.org/package=lars). Abundance profiles of phenotypic 241 

families were centered and reduced. Model validity was assessed through the leave-one-out 242 
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cross-validation method. The best configuration was chosen using the elbow criterion. 243 

Essentially, the minimum number of phenotypic families was chosen such that adding more 244 

phenotypic families did not improve the model. Graphically, this corresponds to the number 245 

of phenotypic families for which a break in slope (an “elbow”) is observed when plotting the 246 

mean square error of the model as a function of the number of phenotypic families used 247 

(Figure S5B). The LDA method was based on the MASS R package (available at https://CRAN.R-248 

project.org/package=MASS). Marker expression density distributions were compared using 249 

the CytoCompare R package (44) based on the Kolmogorov-Smirnov distance. 250 

 251 

Validation of the LASSO-LDA model 252 

The LASSO-LDA classifier generated using BB078, BB231, BC641, and BD620 samples was used 253 

to classify BD619 samples and validate the model. Cell cluster abundances from BD619 254 

samples were centered and reduced with the abundance of the four other animals. 255 

 256 

RNA extraction and gene expression profiling 257 

PBMCs were cultured overnight at 2.5x106 PBMCs/well in U-bottom 96-well plates (BD Falcon) 258 

in duplicate. PBMCs were recovered and lysed in 350 µL of RLT Plus buffer (Qiagen, Hilden 259 

Germany) with 1% of mercaptoethanol. RNA was then purified using the RNeasy Plus Micro 260 

Kit (Qiagen, Hilden Germany). Purified RNA was quantified using an ND-8000 261 

spectrophotometer (NanoDrop Technologies, Fisher Scientific, Illkirch, France) and the 262 

integrity verified on a 2100 BioAnalyzer (Agilent Technologies, Massy, France). cDNA was 263 

synthesized and biotin-labeled using Ambion Illumina TotalPrep RNA Amplification kits 264 
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(Applied Biosystem/Ambion, Saint-Aubin, France). Labeled cRNA was hybridized to Illumina 265 

Human HT-12V4 BeadChips, previously successfully used to analyze cynomolgus macaque 266 

whole genome (45,46). All steps were performed following the manufacturers’ protocols. 267 

 268 

Transcriptomic analysis 269 

Transcriptomic signals were background corrected and quantile-normalized using the limma 270 

R package (available at https://bioconductor.org/packages/release/bioc/html/limma.html). 271 

We identified genes associated with NK cell abundance (which is relatively low among PBMCs) 272 

by performing a two-step analysis approach. First, genes for which the expression correlated 273 

with total NK cell abundance (Pearson correlation, |R| ≥ 0.65 and p ≤ 0.05) were analyzed 274 

using the STRING database (47) to define interaction networks. 275 

Transcriptomic data were expressed as fluorescence intensity (resulting from DNA probe 276 

hybridization) per 2.5x106 PBMCs. The percentage of NK cells among PBMCs was used for the 277 

correlation between transcript expressions and NK cell abundances. The number of PBMC in 278 

each leukocyte sample was estimated in our mass cytometry analysis by excluding CD66+ cells. 279 

Thus, the percentage of NK cells among PBMCs was defined as the number of CD3- CD8+ NK 280 

cells detected in the CyTOF analysis divided by the number of CD66- leukocytes identified in 281 

the CyTOF analysis multiplied by 100. The Pearson coefficient of correlation was used to 282 

quantify the association based on log-transformed data. The transcriptomic timepoint D57PP 283 

was associated with the mass cytometry timepoint H0PB (corresponding to D58PP). In 284 

addition, early transcriptomic timepoints (H3, H6, D1) were missing for both immunizations. 285 

The transcriptomic timepoints used were: D-19PP, D3PP, D57PP, and D3PB. 286 
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Second, genes having interactions with at least one other gene were selected, and a functional 287 

enrichment analysis was performed using Ingenuity Pathways Analysis software (Ingenuity 288 

Systems, Inc, IPA, Redwood City, USA) to further decipher the gene signature. IPA maps each 289 

gene identifier to its corresponding molecule in the Ingenuity Pathways Knowledge Base 290 

(IPKB). For all analyses, p-values generated by Fisher's exact test were adjusted by Benjamini-291 

Hochberg Multiple Testing. 292 

 293 

Correlation between NK cell and innate myeloid cell dynamics 294 

The Spearman correlation coefficient between the abundance (number of cells per mL) of 295 

blood NK cell phenotypic families and the abundance of blood innate myeloid cell kinetic 296 

families (groups of phenotypic families sharing similar dynamics as previously defined (27)) 297 

was computed. The correlation was considered significant when |R| ≥ 0.6 and p ≤ 0.05. 298 

 299 

Area under the curve 300 

Areas under the curve (AUC) were calculated as the cumulative sum of concentrations of the 301 

population between H0 and D3 (either after prime or after boost). Post-prime and post-boost 302 

AUC were compared using the permutation test from the exactRankTests R package (available 303 

at https://cran.r-project.org/web/packages/exactRankTests/index.html). 304 

 305 

Inter-individual variability 306 
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The inter-individual variability in term of phenotypic composition was quantified as the 307 

percentage of NK cells that are not classified in the same phenotypic families between two 308 

animals. 309 

 310 

Flow cytometry 311 

Flow cytometry staining was used to identify NK cells in a control group of 6 macaques used 312 

to assess whether the effect of immunizations on NK cell number was specific of MVA 313 

subcutaneous injection or could be induced by the sole buffer subcutaneous injection or no 314 

injection (only anesthetic). For each sample, 100µL of blood were stained during 30 minutes 315 

with 90µL of mix of antibodies diluted in BD Horizon® stained buffer (BD Biosciences, Franklin 316 

Lakes, USA) containing CD123 (BD Biosciences, Franklin Lakes, USA, Clone 7G3), HLA-DR (BD 317 

Biosciences, Franklin Lakes, USA, clone G46-6), CD163 (BD Biosciences, Franklin Lakes, USA, 318 

clone GHI/61), CD11c (Biolegend, San Diego, CA, USA clone 3.9), CD45 (BD Biosciences, 319 

Franklin Lakes, USA, clone DO58-1283), CD66 (Miltenyi Biotec, Bergisch Gladbach, Germany, 320 

clone TET2), CD3 (BD Biosciences, Franklin Lakes, USA, clone SP34-2), CD20 (BD Biosciences, 321 

Franklin Lakes, USA, clone 2H7), CD8 (BD Biosciences, Franklin Lakes, USA, clone RPA-T8), 322 

CD11b (Beckman Coulter, Brea, USA, clone Bear 1), CD14 (BD Biosciences, Franklin Lakes, USA, 323 

Clone M5E2), CD33 (Miltenyi Biotec, Bergisch Gladbach, Germany, Clone AC104.3E3), CD16 324 

(Beckman Coulter, Brea, USA, 3G8) and NKG2A (Beckman Coulter, Brea, USA, clone Z199), and 325 

then cells were fixed and red blood cells were removed with 1 mL of BD FACs Lysing® (BD 326 

Biosciences, Franklin Lakes, USA) during 10 minutes at room temperature and washed twice 327 

using PBS. Samples were acquired with a BD LSR Fortessa (BD Biosciences, Franklin Lakes, 328 

USA). 329 
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NK cells were gated as CD66- CD3- CD20- CD14- CD8+ cells using FlowJo 9 software (FlowJo, 330 

Ashland, USA). The absolute count numbers were calculated as the percentage of NK cells 331 

among all cells X leukocyte count (CBC).  332 

 333 

Data availability 334 

Gated cytometry profiles are available on the FlowRepository database (48) under accession 335 

number FR-FCM-ZYPY. Raw transcriptomic profiles are available on the EBI-ArrayExpress 336 

database (49) under accession number E-MTAB-7697. Main graphical representations and 337 

statistical results are available in an interactive format on the IDMIT data dissemination 338 

platform accessible at http://data.idmitcenter.fr/MVA-innate-NK/. 339 

  340 
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Results 341 

Total NK cell kinetics do not differ between prime and boost 342 

We vaccinated four adult male cynomolgus macaques with a recombinant MVA-based vaccine 343 

following the homologous prime-boost strategy described in Figure1A (27,37). Blood samples 344 

were taken before and at various timepoints during the vaccination time course and fixed 345 

extemporaneously without ex vivo re-stimulation with the vaccine. All samples were stained 346 

with the antibody panel targeting markers of NK cell activation (e.g., CD25 and CD69), function 347 

(e.g., IFNγ, perforin, granzyme B, CD107a, and CD11a), and maturation (e.g., CD2, CD7, and 348 

CXCR4), described in Figure 1B and detailed in Table 2. We then followed the analysis pipeline 349 

described in Figure 1C. Preliminary analyses showed high inter-individual variability in terms 350 

of NKG2A/C expression among NK cells, not associated with CMV serology (Figure S1).  351 

First, we performed a SPADE analysis to identify cell populations based on the expression of 352 

the following markers: CD66abce, HLA-DR, CD3, CD107a, CD8, CD45, granzyme B, CD56, 353 

CD62L, CD4, CD11a, CD2, CD7, NKG2D, CD11c, CD69, CD25, CD16, CCR5, CXCR4, CD14, 354 

perforin, NKG2A/C, CD20, and CCR7. This strategy allowed the segregation of NK cells, defined 355 

classically for macaques as CD3- CD8+ cells, from other leukocytes and into 33 cell clusters on 356 

a separate branch of the SPADE tree (Figure 2A). Note that we notably excluded CD66+ 357 

neutrophils, HLA-DR+ CD14+ monocytes, HLA-DR+ CD11c+ cDCs, CD3+ T cells, and HLA-DR+ 358 

CD20+ B cells (Figure S2). 359 

We analyzed the kinetics of all NK cell clusters in the blood throughout vaccination (Figure 360 

2B). As expected, the number of total NK cells in the blood was relatively low (< 361 

0.5x106cells/mL for all timepoints). NK cell numbers were homogeneously affected by 362 

immunization in all animals. Indeed, NK cell numbers tended to decrease between 3 h (H3) 363 
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and 6 h/1 day (H6-D1) post-immunization, both post-prime (PP) and post-boost (PB). These 364 

changes in NK cell counts were likely to be MVA injection-specific, as shown by six additional 365 

control animals (Figure S3). A high variability in term of NK cell count was observed between 366 

baselines (untreated animals, before buffer injection, and before MVA injection) across the 367 

control animals (Figure S3A). Buffer injection did not induce a significant early decrease in 368 

total NK cell count (p=0.9839) (Figure S3B), whereas MVA injection did (p=0.03697) (Figure 369 

S3C). 370 

This MVA-induced decrease in NK cell count likely corresponds to NK cell recruitment to either 371 

inflamed tissues or lymphoid organs, consistent with a previous study in mice describing the 372 

recruitment of NK cells to the draining lymph node within the first day after MVA injection 373 

(24). There were no significant differences in the NK cell dynamics between the two 374 

immunizations based on the comparison of post-prime and post-boost areas under the curves.  375 

To further complete the picture of the NK cell response at the whole compartment level, we 376 

analyzed the gene signature associated with NK cell number using microarrays on isolated 377 

PBMCs (Figure 3A). There were numerous genes for which the expression correlated with NK 378 

cell abundance with a remarkably high number of gene interactions, among them, a cluster of 379 

NK cell-associated genes, such as activation/cytotoxic associated molecules (CD226, CD69, 380 

KLRK1 (NKG2D), granzyme B, and granzyme H) (50–53), as well as genes encoding proteins 381 

involved in these signaling pathways (notably ITGAL/CD11a and VAV3) (54) and the 382 

chemoattractant cytokine CCL27 (55). 383 

Functional enrichment of this interacting network of genes confirmed a strong association 384 

with NK cells, which indicated that we were able to find an NK cell-associated signature within 385 

the PBMCs. More specifically, this gene signature was associated with NK cell/DC crosstalk, 386 



20 
 

NK cell cytotoxic activity, and FcR-mediated phagocytosis. To a lesser extent, this signature 387 

was associated with granulocyte diapedesis (a surprising signature, as only PBMC RNA was 388 

used) and fatty acid oxidation (Figure 3B). Among regulators, the most statistically significant 389 

was the IL-12 complex (Figure 3C), which is a well-known key cytokine in NK cell biology (56). 390 

ESR1, LCK, CD46, and ITGAL/CD11a were also found to be engaged. ESR1, LCK, and 391 

ITGAL/CD11a are associated with NK cell cytotoxic activity (54,57–59), whereas CD46 is 392 

associated with complement activity (60). 393 

 394 

We previously showed, with the very same animals that IL-12 production was upregulated in 395 

blood neutrophils responding to the second MVA injection, as compared to those responding 396 

to the first MVA inoculation. IL-12 concentration in plasma did not differ between prime and 397 

boost though. (27). Thus, since no significant difference was found at the level of total NK cell 398 

number by contrast to IL-12 level in neutrophils, and since IL-12 signaling appeared correlated 399 

with NK cell number in blood, we further investigated whether differences could exist at a 400 

deeper phenotypic resolution of the NK cell compartment.  401 

 402 

The NK cell compartment displays numerous subphenotypes 403 

We used high-dimensional analysis based on marker expression intensity to investigate 404 

potential changes in NK cell phenotype after immunization. The double clustering of markers 405 

and NK cell clusters resulted in a categorical heatmap with a marker and cell cluster 406 

dendrogram. It facilitated the visualization of the phenotypes of all NK cell clusters at a glance 407 

(Figure 4). On this heatmap, marker expression was divided into five bins between the 5th and 408 

95th percentile of the distribution across the whole dataset. This allowed us to qualify the 409 
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expression of each marker for each cluster as very low, low, mid, high or very high, according 410 

to the bin in which the cluster fell for the indicated marker.  411 

The hierarchical clustering of markers represented in the marker dendrogram revealed two 412 

large groups of co-expressed markers, further subdivided into four subgroups (Figure 4). One 413 

large group of co-expressed markers contained cytotoxic and maturation markers and 414 

comprised highly co-expressed markers among most NK cells (granzyme B, CD107a, NKG2A/C, 415 

CD8, CD7, CD45, and CD11a) in a first subgroup and highly/moderately co-expressed markers 416 

(perforin, NKG2D, CD16, CD2, CCR5, CD56, and CXCR4) in a second. The second large group 417 

contained, notably, several cytokine and chemokine receptors and consisted of 418 

moderately/weakly co-expressed markers (IL-10, Ki-67, MIP-1β, IL-4, TNFα, CD20, CD69, and 419 

CD11c) in a first subgroup and weakly/unexpressed markers (CD14, CD4, HLA-DR, CD25, 420 

CD62L, IFNγ, CCR7, CD66, and CD3) in a second. 421 

The hierarchical clustering of NK cell clusters, represented in the cluster dendrogram, revealed 422 

10 phenotypic NK cell families, arbitrarily numbered from 1 to 10, distributed within three 423 

superfamilies, named A to C (Figure 4). Each phenotypic family contained NK cell clusters with 424 

similar phenotypes, and each superfamily was composed of proximal phenotypic families. 425 

Phenotypic families are likely to better correspond to biologically meaningful cell populations 426 

than cell clusters. Indeed, the number of leukocyte clusters chosen as an entry parameter in 427 

our SPADE analysis (900 cell clusters) was optimally defined to achieve a uniform and narrow 428 

expression of all clustering markers in a maximum number of leukocyte clusters. Admittedly, 429 

it could have resulted in a potentially artificially high number of NK cell clusters (33 NK cell 430 

clusters). The risk of over-clustering was overcome by merging phenotypically similar NK cell 431 

clusters into phenotypic families. 432 
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Superfamily A (phenotypic families 5, 3, 8, and 1) consisted of NKG2Dhigh CD16high CD107ahigh 433 

CCR5high NK cells. Superfamily B (phenotypic families 4, 2, and 6) consisted of NKG2Dmid 434 

CD16mid CD107ahigh CCR5mid NK cells. Finally, superfamily C (phenotypic families 10, 7, and 9) 435 

contained NKG2Dlow CD16low CD107amid CCR5low NK cells. 436 

Beyond such wide phenotypic NK cell diversity, which underlined varying degrees of 437 

expression of cytotoxicity markers and likely past, ongoing or future cytotoxicity, two 438 

phenotypic families (phenotypic families 1 and 4) in superfamilies A and B were CD2high, 439 

suggesting higher activation ability towards antibody coated pathogen/antigen binding. CD2 440 

is a well-known NK cell activator (61), which was shown to potentiate the CD16 signaling 441 

cascade in vivo in humans (62). This action was later shown to be associated with CD58 442 

engagement on infected cells by CD2+ NK cells in vitro (63). Also, phenotypic family 9, within 443 

superfamily C, was the only one to be CD7mid (all other NK clusters were CD7high), likely related 444 

to a lower maturity. Indeed CD7 has been shown to be expressed on highly differentiated 445 

cytotoxic and cytokine-producing NK cells ex vivo in humans (64). Moreover, two phenotypic 446 

families containing one single cluster displayed very peculiar phenotypes (Figure S4). 447 

Phenotypic family 8, was CD66high, whereas other NK cell clusters were CD66low/-, as expected. 448 

It may consist of activated NK cells that can be inhibited through CD66, as reported after 449 

homotypic CD66a interactions between melanoma and NK cells (65). Phenotypic family 10 450 

was HLA-DRhigh granzyme Blow CD107alow and may correspond to “NK DCs” observed in mouse 451 

tissues (66) and ex vivo in humans (67). 452 

 453 

NK cell subphenotypes exhibit different kinetics 454 
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We then studied the dynamics of all identified NK cell phenotypic families (Figure 5A), which, 455 

for some, contrasted with those of total NK cells (Figure 2B). We identified distinct and 456 

complex patterns. 457 

The phenotypic family 7 was more highly affected by the prime than the boost (AUC 458 

comparison, p=0.0286).  459 

By contrast, two phenotypic families (3 and 8) were more highly affected by the boost than 460 

the prime (AUC comparison, p=0.057 and 0.0286, respectively). In particular, family 3 showed 461 

a strong increase at H3PB compared to H3PP (p=0.0286). 462 

The remaining seven phenotypic families (1, 2, 4, 5, 6, 9 and 10) displayed strong inter-463 

individual variability in their dynamics and various patterns. Phenotypic family 10 notably only 464 

showed a very low peak at D14PP. Still note that for phenotypic family 5, 3 animals out of 4 465 

showed a stronger increase in number post-prime than post-boost.  466 

Although the number of total NK cells was low throughout vaccination and essentially 467 

transiently decreased (Figure 2B), many NK cell subphenotypes (e.g., phenotypic families 7, 3, 468 

5, 1, and 9) conversely showed an increase in absolute number for some timepoints (Figure 469 

5A). 470 

We then determined the relative abundance of the phenotypic families within each animal for 471 

each timepoint (Figure 5B). There was high inter-individual diversity of the NK cell 472 

compartment relative to that of the innate myeloid cell compartment (27). In addition, NK cell 473 

number and composition strongly differed between both baseline samples at D-19PP and 474 

H0PP, in the absence of any other experimental perturbation of the immune system (Figure 475 

S5). At baseline, prior to any immunization, there was high intra-individual variability in terms 476 

of cell number, with a difference of up to 0.8x106 NK cells/mL of blood between D19PP and 477 



24 
 

H0PP(Figure S5). This is fully consistent with the results obtained on the six additional control 478 

animals (Figure S3A). To note, the phenotypic composition was remarkably stable within each 479 

animal between the two baselines (Figure S5).  480 

Note that prior to any immunization a high inter-individual variability was observed in term of 481 

the phenotypic composition of the NK cell compartment. Actually, on average 50 ± 6% of the 482 

NK cell compartment differ phenotypically between two animals (i.e.,50 ± 6% of NK cells were 483 

associated with distinct phenotypic families between two animals). Strikingly, the phenotypic 484 

composition of the NK cell compartment after immunization was far more similar between 485 

the different animals (32 ± 6% of difference between individuals at every other timepoint), 486 

indicating that immunization homogenizes the NK cell compartment composition.  487 

The distribution of NK cell subphenotypes changed markedly throughout the prime, as early 488 

as H3PP, and dramatically between H6PP and D1PP. The major shift in the composition of the 489 

NK cell compartment remained relatively stable up to D14 (Figure 5B). Further changes of the 490 

subphenotype composition occurred later, between D14PP and the boost (at D58PP = H0PB). 491 

This was not observed for innate myeloid cells, for which the shift occurred essentially 492 

between D14PP and the boost (27). One explanation is that these subphenotypes correspond 493 

to newly generated immature NK cells arising from the bone marrow, whereas all NK cells 494 

expressing homing markers, such as CCR5, CCR7, CD62L, and CXCR4 (which is indeed the case 495 

for families 3, 5, and 8, which decreased in frequencies at these timepoints) were previously 496 

recruited to tissues. Consistent with this hypothesis, the major phenotypic families at these 497 

timepoints belonged to superfamily C of poorly-cytotoxic NK cells (Figure 4). In addition, this 498 

switch may also reflect the persistence of some poorly cytotoxic NK cells in the blood after 499 

vaccination, rather than a true increase in number or redistribution. For example, family 7 500 
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remained constant in number at D1PP but still became proportionally one the most abundant 501 

families at this timepoint, because of the decrease in the numbers of the other NK cell 502 

populations (Figure 5A and 5B).  503 

Overall, this analysis demonstrated that the NK cell compartment was modified by the priming 504 

immunization, and the NK cell subphenotypes composition was not similar at H0PB relative to 505 

that at baseline. Strikingly, NK cells were mainly phenotypically highly cytotoxic at H0PB 506 

(phenotypic families 3 and 8), compared to H0PP samples where most NK cells were 507 

poorly/moderately cytotoxic (Figure 4 and Figure 5B). Note that this phenotype modification 508 

occurred before the boosting immunization and is thus independent of the boost.  509 

We finally analyzed the diversity and dynamics of the NK cell compartment using the Simpson 510 

index as a readout (Figure 5C). The wide diversity of the NK cell receptor repertoire, for which 511 

each combination of NK cell receptors can virtually give rise to a new subset of NK cells, was 512 

recently uncovered (5). However,the meaning of such NK cell diversity for vaccines is not yet 513 

understood. Admittedly, the lack of a larger set of inhibitory and activating NK receptors 514 

(which are difficult to analyze in NHP) in our antibody panel prevented us from directly 515 

addressing the issue of the NK cell repertoire, for which the diversity was previously shown to 516 

reflect immune experience (68). Nonetheless, we were able to observe two distinct and 517 

complex kinetic patterns among our four animals (BB078 and BB231 vs. BC641 and BD620), 518 

but by no means did we detect a progressive increase in NK cell subphenotype diversity over 519 

time and after immunization. 520 

Altogether, the mass cytometry analysis revealed that the prime induced the modification of 521 

the NK cell subphenotype composition in two main steps, at D1PP and between D14PP and 522 
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the boost (D58PP). As a result of these phenotypic differences pre-existing prior to the boost, 523 

the NK cell response differed between prime and boost. 524 

 525 

Key phenotypic signatures between the NK cell response to prime and boost  526 

We then aimed to define the NK cell phenotypic families that discriminate the primary and 527 

secondary NK cell responses using an approach that combined LASSO and LDA methods.  528 

We first used the LASSO method to determine the optimal number of phenotypic families that 529 

could account for post-prime and post-boost differences (Figure S6). Based on this analysis, 530 

we chose phenotypic families 3, 8, 7, 5, and 6 that were necessary and sufficiently informative 531 

to distinguish prime and boost samples through leave-one-out cross-validation (Figure S6). 532 

These five phenotypic families were then used to build the LDA classification (Figure 6A and 533 

6B). The classification of post-prime and post-boost samples was correct for 31 of 33 samples 534 

(94%) and showed that phenotypic families 5 and 7 were involved with the post-prime 535 

response, whereas phenotypic families 3, 6, and 8 were involved with the post-boost 536 

response. 537 

We further determined the phenotypic differences that distinguished NK cells that responded 538 

to the prime from those responding to the boost. We examined the mean signal intensity 539 

(MSI) of prime-responding vs. boost-responding NK cells and identified eight markers that 540 

differed in expression intensity between the two signatures (Figure 6C and 6D): granzyme B, 541 

CD107a, perforin, CD69, CD66abce, CCR5, CD11c, and CD16. All were more highly expressed 542 

after the boost than the prime. To a lesser extent, CD11a was also more highly expressed after 543 

the boost than the prime (Figure 6D). This suggests that NK cells involved with the post-boost 544 

immune response showed a more cytotoxic phenotype (including the ability for antibody-545 
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dependent cell cytotoxicity –ADCC– based on CD16 expression), associated with an increased 546 

ability to traffic to lymph nodes and inflamed tissues. Phenotypic family 5, which was involved 547 

in the post-prime response, also belonged to superfamily A of highly cytotoxic NK cells, 548 

together with phenotypic families 3 and 8 (Figure 4). However, it displayed a higher CCR5 549 

expression and lower levels of CD2, CD7, CD16, and CD11a than the post-boost highly 550 

cytotoxic NK cells from phenotypic families 3 and 8, suggesting a stronger ability to traffic to 551 

inflamed tissues, while simultaneously showing a less mature/activated phenotype. This 552 

observation is consistent with the fact that NK cells responding to the boost showed a more 553 

cytotoxic (and potentially more mature) phenotype in the blood than those responding to the 554 

prime. 555 

 556 

Validation of the phenotypic signature distinguishing NK responses to prime and boost 557 

To validate the results and model obtained on samples from four animals, we used four 558 

samples from a fifth animal from the same cohort, macaque BD619, which was not included 559 

in the previous steps of the analysis. After associating each cell to the SPADE cluster it was the 560 

closest to, we were able to define the phenotypic composition of these samples with respect 561 

to our SPADE analysis (Figure 7A). BD619 showed a phenotypic signature fairly consistent with 562 

the four animals used to build the model, with a high abundance of phenotypic family 7 and 9 563 

at H3PP, H6PP and D1PP, a high abundance of phenotypic families 2 and 4 at D1PP and D1PB, 564 

and high abundance of phenotypic family 3 at D1PB. We then applied the LDA classifier 565 

detailed in Figure 6 on these new samples (Figure 7B). Three samples (H3PP, D1PP, and D1PB) 566 

out of four were correctly classified. Interestingly, the sole error made was on H6PP (which 567 

obtained a low post-boost score), the timepoint for which the model already misclassified the 568 



28 
 

BC641 sample. This misclassification is due to the relatively high abundance of family 8 at H6PP 569 

for these two animals, while family 8 is overall more enriched after the boost and was used as 570 

such in the LDA classifier.  571 

In conclusion, applying our SPADE analysis and resulting LDA generated from “only” four 572 

animals (but 39 samples) on those previously unseen samples gave consistent results and 573 

strengthened the definition of our NK cell signature to prime and boost. 574 

 575 

The NK cell response correlates with the innate myeloid response 576 

We further investigated how the NK cell response integrated with the innate myeloid response 577 

to MVA. We previously reported, in the same animals, that neutrophils, monocytes, and cDCs 578 

responded differently to the priming and boosting immunization. Some subphenotypes were 579 

enriched only after one of the two immunizations, with cells responding to the boost 580 

expressing higher levels of markers involved in phagocytosis, antigen presentation, co-581 

stimulation, chemotaxis, and inflammation (27). Here, we assessed the correlation between 582 

the dynamics of NK cell subphenotypes and those of these innate myeloid cell subphenotypes, 583 

based on cell abundance (Figure 8). 584 

The abundance of NK cells responding to the prime inversely correlated (R < -0.6) with that of 585 

the innate myeloid cells responding to the boost, but did not correlate (|R|< 0.6) with that of 586 

innate myeloid cells responding to the prime. In contrast, the abundance of NK cells 587 

responding to the boost positively correlated (R > 0.6) with that of innate myeloid cells 588 

responding to the boost, but there was no association (|R|< 0.6) with that of innate myeloid 589 

cells responding to the prime. One explanation may be that the kinetics of NK cells and innate 590 

myeloid cells are not synchronous. Indeed, NK cell expansion mainly occurred at H3-H6 for the 591 
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post-prime expanded subphenotypes, whereas innate myeloid cells that expanded post-prime 592 

were still numerous at D1. Conversely, innate myeloid cells that expanded post-boost mainly 593 

expanded around H6, simultaneously with NK cells. This also indicates that innate myeloid and 594 

NK cell responses are more synchronous during the response to the boost.  595 
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Discussion 596 

We previously reported that vaccination elicits a distinct innate myeloid immunity between 597 

prime and after boost (27). Using the very same animals, we show here that, NK cell immune 598 

responses also differ between each immunization. In contrast to the myeloid response, blood 599 

NK cell dynamics were mainly driven by decreases in cell number and there was wider inter-600 

individual variability. We have previously documented a transient decrease of NK cell numbers 601 

in the blood after intradermal MVA injection in macaques (46). In contrast to total NK cells, 602 

some NK cell subphenotypes increased in number after immunization, with some showing a 603 

differential enrichment after the prime and boost. More strikingly, our study revealed that 604 

some modifications of NK cell subphenotype composition towards a more mature and 605 

cytotoxic phenotype were induced by the prime. These changes occurred in two steps : a first 606 

early and quite long-lasting shift in phenotype (from D1PP and maintained up to D14PP), 607 

followed by a later one (between D14PP and D58PP). As a core result of these phenotypic 608 

changes, the NK cell composition before the prime and prior to the boost differed, and the NK 609 

cells responding to the boost were phenotypically more mature/cytotoxic. 610 

There are numerous terminologies used in literature to described distinct NK cells 611 

subpopulations displaying memory-like features including but not limited to antigen-specific 612 

NK cells (17–19,69), cytokine-induced NK cells (18,19), cytokines activated NK cells (69), liver-613 

restricted NK cells (19), memory-like NK cells (18) or adaptive NK cells (18). Many of these data 614 

were obtained in patients or animals infected by the cytomegalovirus. To our knowledge there 615 

is not yet a clear consensus on the phenotype of these different subpopulations of NK cells, 616 

although some markers seem to be important, such as Ly49H and KLRG1 in mice or NKG2C 617 

and CD57 in humans (19,69). Due to a lack of reactivity with fixed macaque cells of antibodies 618 
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targeting many of NK receptors (such as NKp80, NKp46, NKp30, and CD158a), as well as CD57, 619 

those markers could not be included in our analyses, and available antibodies could not 620 

distinguish between NKG2A and NKG2C in macaques. In the present study, the main argument 621 

for induction of memory-like NK cells is the emergence or preponderance of some particular 622 

NK subphenotypes and overall their persistence long after MVA prime (2 months). Whether 623 

these MVA prime induced NK cells correspond to memory-like NK cells, and which one 624 

(cytokine-induced or antigen-specific), remain to be fully tested with functional assays and 625 

transcriptional profiling approaches. 626 

In addition, these missing markers may impair the capture of the whole NK cell diversity and 627 

explain why our LDA classifier was less efficient when dealing with NK cell subpopulation to 628 

distinguish post-prime and post-boost samples than the LDA generated on innate myeloid 629 

cells subpopulations (27), despite strong correlations between NK cell and innate myeloid cell 630 

response at the boost.  631 

Besides, we noticed a high inter-individual variability in NK cell counts and phenotype at 632 

steady state, prior to any immunization, while this inter-individual variability was low after 633 

immunization, with all four animals behaving similarly. This indicated that changes induced by 634 

vaccination went beyond the sole inter-individual variability. In other words at baseline, 635 

without stimulation, the NK cells compartment activity is highly variable, whereas, upon 636 

stimulation (e.g., immunization, very likely infection), this variability decreases. The number 637 

of animals (n=4) was not sufficient to address in details the variation in the phenotypic 638 

composition of the NK cell compartment prior to immunization. This would be a valuable 639 

problematic to tackle with, since this may explain some of the inter-individual differences in 640 
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term of immune responses observed in various contexts (such as infectious diseases and 641 

cancer).  642 

 643 

Interestingly, the total NK cell dynamics were associated with the modulation of NK cell-644 

related genes in PBMCs, in particular with the involvement of IL-12. However, the lack of 645 

available transcriptomic data at very early timepoints (such as H3, H6, and D1 post-646 

immunization) prevented us from further assessing the kinetics of these transcripts during this 647 

period in which many dramatic changes in the abundance of NK cell phenotypic families 648 

occurred. In addition, transcript levels were assessed at the PBMC level, with NK cells 649 

potentially overwhelmed by B cells, T cells, and monocytes. Overall this transcriptomic dataset 650 

was rather a complementary piece of evidence to show that immunizations impacted NK cells 651 

as a cellular compartment. Future studies addressing vaccine-induced NK cell response should 652 

include early timepoints and use purified NK cells or even single cells, given the wide diversity 653 

of the NK cell repertoire. Still, interestingly, IL-12 has been described to be required in the 654 

efficient differentiation of both antigen-specific memory NK cells and cytokines activated NK 655 

cells in mice model after MCMV infection (69). Since we previously showed that IL-12 was 656 

upregulated in neutrophils in our vaccine schedule, we may hypothesize that IL-12 could play 657 

a similar role in the development of the phenotypically modified NK cells we observed here.  658 

We used mass cytometry to identify key markers that clearly distinguish the NK cell immune 659 

response to the prime from that to the boost. Granzyme B, CD107a, perforin, CD69, CD66, 660 

CCR5, CD11c, CD16, and, to a lesser extent, CD11a were upregulated by NK cells responding 661 

to the boost. Several hypotheses can explain these prime-boost differences among NK cells, 662 

notably the presence of primary circulating antibodies that could activate NK cells via FcRs 663 
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(such as CD16), as well as the local immune reaction involving primary memory T cells and/or 664 

imprinting resident macrophages. But actually, these differences were induced by the prime 665 

and pre-existed to the boost.  666 

CD107a, CD11a, CD11c, CD69, CD16, granzyme B, and perforin are associated with NK cell 667 

maturation and cytotoxic activity (53,54,70–72), suggesting that NK cells would be more 668 

cytotoxic after the boost than after the prime. The increase in CCR5 expression suggests that 669 

NK cells are more prone to recruitment to inflamed tissues, including the injection site or 670 

draining lymphoid organs (73,74). CD66 inhibits NKG2D signaling and subsequent cytotoxicity 671 

and may thus play a role in the downregulation of inflammation (65,75), consistent with the 672 

overall milder inflammation observed in the macaques at the boost relative to the prime (27). 673 

This suggests that prime-induced modifications of the NK cell compartment likely make it 674 

more effective in responding to subsequent infection/immunization, given its high activation 675 

potential. Whether direct ligand/receptor interactions between MVA and NK cells or cytokines 676 

play a role remains to be determined. Also, functional analyses are required to define the 677 

exact enhanced functions of the phenotypically distinct NK cells responding to the boost. Deep 678 

phenotyping analyses were performed on these animals on different cell compartments, not 679 

only in this paper but also elsewhere (27,37). As a consequence, the number of blood samples 680 

left available was too limited to assess NK cell functions at relevant timepoints.  681 

Our results are in contrast to those obtained in mice, showing that MVA immunization, as 682 

opposed to vaccinia virus immunization, failed to induced memory-like NK cells after a single 683 

intraperitoneal injection (76). This strongly suggests that live, replication-competent micro-684 

organisms are likely to be more efficient at priming innate immune memory. Several 685 

hypotheses could explain the discrepancies between these results in mice and ours, apart 686 
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from the simple difference between animal models. Indeed, different routes of injection may 687 

differentially influence systemic immunity. For example, previous studies on trained immunity 688 

showed that intravenous, but not subcutaneous, injection of BCG induced stem cells gave rise 689 

to trained myeloid progeny (77). The impact that the route of injection could have on NK cell 690 

responses is still largely unaddressed (21). Another explanation is that the authors focused on 691 

the NK cell compartment six months after priming, without analyzing intermediate timepoints. 692 

It is possible that the primed NK cells we observed in our setting may be only short-lived and 693 

would vanish in the long-term in the absence of boosting.  694 

Another question is whether those primed NK cells were antigen-specific (and in this case MVA 695 

or HIV) or not. Indeed, one may wonder in which extent these phenotypically modified NK 696 

cells provided cross-protection to a wide range of pathogens, as for trained innate myeloid 697 

cells (78) or whether they would be restricted to some specific antigens (18). Indeed, should 698 

they be antigen-specific, they would respond differently to the boost only if the correct 699 

antigen is present in the boosting immunization. Should they be non-antigen-specific 700 

(cytokine-induced memory NK cells), they would likely respond differently irrespectively of 701 

the boost. Further functional studies will be required to firmly conclude on antigen specificity.  702 

Strikingly, CD16, CCR5, and in a lesser extent CD11a, were more highly upregulated on NK cells 703 

after the boost than the prime, similarly to monocytes, DCs, and neutrophils (27). This 704 

indicates that (i) these features are shared by both lymphoid and myeloid innate cells and (ii) 705 

one consequence of a boost is more consistent CCR5 upregulation, which is likely linked to 706 

tissue recruitment. However, the innate myeloid and NK cell responses were clearly distinct, 707 

with innate myeloid cells being rapidly enriched after immunization, whereas NK cell numbers 708 

decreased. In addition, the kinetics of subphenotype composition modifications induced by 709 
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the prime differed between NK and innate myeloid cells. This suggests that the mechanisms 710 

behind the training of innate lymphoid and myeloid immune cells differ. 711 

We found strong correlations between NK cell and innate myeloid cell responses. Responses 712 

to the boost clearly correlated between the two compartments. Similarly, the innate myeloid 713 

response to the boost negatively correlated with that of the NK cells to the prime. In contrast, 714 

the innate myeloid response to the prime did not correlate with that of the NK cells to the 715 

prime, neither did it negatively correlate with the NK cell response to the boost. Overall, this 716 

suggests that the innate response to the boost is more coordinated between NK cells and 717 

innate myeloid cells than the response to the prime. Whether this is the result of a more 718 

efficient crosstalk between NK cells and myeloid cells after the boost than after the prime is 719 

yet to be addressed.  720 

Finally, addressing whether some features of the NK cell response correlate with the adaptive 721 

immune response and how this could be used to better predict the establishment of immune 722 

memory is still a challenge. Also, further investigating NK cell responses in tissues other than 723 

blood is another challenge that will need to be met to obtain a fully comprehensive picture of 724 

the vaccine-induced NK cell response. 725 

To our knowledge, this is the first study using CyTOF technology for the longitudinal analysis 726 

of NK cells after vaccination. It revealed key features of NK cell phenotype after immunization 727 

and without any ex vivo re-stimulation with the vaccine in contrast to other studies analyzing 728 

the ‘recall’ NK cell response (8,79,80). This work aims to pave the way for future studies aiming 729 

to exploit this knowledge to optimize future vaccine. 730 
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Figure legends 987 

Figure 1. Experimental design and analysis strategy. The experimental approach, including 988 

(A) the vaccine schedule, (B) the 31-marker antibody panel, and (C) the analysis pipeline, is 989 

shown. Five cynomolgus macaques were subcutaneously immunized with MVA-HIV B vaccine 990 

(4.108 PFU) twice, two months apart. Blood samples were collected at the indicated 991 

timepoints, hours (H) or days (D), post-prime (PP), and post-boost (PB), for mass cytometry 992 

(blue dots) or transcriptomic experiments (green dots). FCS files retrieved from mass 993 

cytometry were entered into the SPADE algorithm after exclusion of background events, dead 994 

cells, and non-specifically stained putative eosinophils, to cluster leukocytes based on 25 995 

clustering markers and identify NK cell clusters. NK cell clusters were further clustered into 996 

phenotypic families whose kinetics were analyzed. Prime vs. boost phenotypic signatures 997 

were eventually determined using the LASSO-LDA approach. 998 

 999 

Figure 2. Identification of blood NK cells. (A) The generated SPADE tree is shown. This analysis 1000 

was built using all samples from the dataset, except H0PP samples, which were later mapped 1001 

onto the analysis. NK cell clusters (CD3- CD8+) are indicated in red. (B) The absolute number 1002 

of total NK cells per individual animal at each timepoint is shown. Red arrows indicate MVA 1003 

immunization. The mean AUC +/- SD is indicated, as well as the p-value, after comparison by 1004 

the permutation test and considered statistically significant when p ≤ 0.05. 1005 

 1006 

Figure 3. NK cell-associated transcriptomic signature. (A) Interactions among transcripts for 1007 

which the expression correlated with NK cell abundance identified using the STRING database 1008 

(47) (|R| ≥ 0.65, p-value ≤ 0.05). (B) Top five canonical pathways correlating with NK cell 1009 
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abundance identified using IPA (Ingenuity Systems, Inc). (C) Top five upstream regulators 1010 

correlating with NK cell abundance identified using IPA (Ingenuity Systems, Inc). 1011 

 1012 

Figure 4. Phenotypic heatmap of NK cells. Each line of the heatmap corresponds to one cell 1013 

cluster and each column to one marker. Marker expression is displayed according to 1014 

phenotypical categorical bins, corresponding to the subdivision of marker range of expression 1015 

in five categories between the 5th and 95th percentile of expression (the color code is 1016 

indicated). The marker and cluster dendrograms are shown on the top and left, respectively. 1017 

The cluster dendrogram defined phenotypic families and superfamilies. Phenotypic families 1018 

were randomly numbered and colored with different shades of the same color for each 1019 

superfamily. Markers used as SPADE clustering makers are shown in bold. 1020 

 1021 

Figure 5. Different enrichment of NK cells after each immunization. (A) The individual 1022 

abundance in the number of cells/µL of blood of each phenotypic family is shown over time. 1023 

The mean AUC ± standard deviation and p-value (permutation test) are shown and the 1024 

phenotypic families are grouped based on their profiles. (B) The composition of the 1025 

phenotypic families is indicated over time for each timepoint and each animal. The size of the 1026 

pie is proportional to the absolute count of total NK cells in the blood, as indicated. Pie slices 1027 

correspond to phenotypic families and are color-coded as in Fig. 4. na stands for not available. 1028 

(C) The inverse Simpson index, as a readout for diversity, is displayed for each animal over 1029 

time. Each color represents a distinct animal. 1030 

 1031 
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Figure 6. Signature distinguishing the post-prime and post-boost NK cell response. LDA was 1032 

performed after LASSO regression to select the combination of phenotypic families that best 1033 

discriminate between post-prime (blue, phenotypic families 5 and 7) and post-boost (red, 1034 

phenotypic families 6, 3, and 8) samples. Note that the baseline samples (H0PP and H0PB) 1035 

were not used for this analysis. (A) LDA coefficients and (B) LDA scores for each sample are 1036 

shown. (C) MSI histograms for the eight markers with the highest Kolmogorov Smirnov 1037 

distance between phenotypic families that best discriminate between the post-prime (blue) 1038 

and the post-boost (red) responses as defined in (Fig. 6A) are displayed based on the merge 1039 

of all samples and all timepoints. (D) The Kolmogorov Smirnov distance of all markers, 1040 

including the top eight markers with the highest distance (bright gray vs. dark gray) between 1041 

phenotypic families that best discriminate between the post-prime and the post-boost 1042 

responses are displayed.  1043 

 1044 

Figure 7. Validation of the NK cell signature after immunization(s). Samples from macaque 1045 

BD619 were mapped into the existing SPADE tree to (A) define the phenotypic composition of 1046 

the NK cells compartment of these samples, and (B) assess the quality of the LDA model using 1047 

new samples in the model generation. 1048 

 1049 

Figure 8. Intercorrelation between NK cell and innate myeloid cell immune responses. 1050 

Correlations between the abundance of NK and innate myeloid cell subphenotypes (27) were 1051 

computed using the Spearman method. Correlations with |R| ≥ 0.6 and p ≤ 0.05 are 1052 

represented by green (R ≥ 0.6) and purple (R ≤ 0.6) lines joining the indicated subphenotypes. 1053 

LASSO/LDA was used to discriminate post-prime (blue) and post-boost (red) NK cell (Fig. 6A) 1054 
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and innate myeloid cell subphenotypes (27). Subphenotypes not necessary for the 1055 

classification are shown in black. 1056 

 1057 















Phenotypic family 3

Phenotypic family 5

Phenotypic family 6

Phenotypic family 7

Phenotypic family 8

−2 −1 0 1 2
LDA coefficients

MSI

d
en

si
ty

−4 −2 0 2

D3

D1

H6

H3

D14

BD620

BD620

BD620

BD620

BC641

BC641

BC641

BC641

BC641

BB231

BB231

BB231

BB231

BB231

BB078

BB078

BB078

BB078

BB078

D3

D1

H6

H3

BD620

BC641
BD620

BD620

BC641

BC641

BB231

BB231

BB231

BB231

BB078

BB078

BB078

BB078

LDA score
4

A

B

C

0

1

2

3

0

1

2

3 CD107a

0

1

2

3 Perforin

0

1

2

3 CD69

0

1

2

3 CD66

0

1

2

3 CCR5

0

1

2

3 CD11c

0 1 2 3
0

1

2

3 CD16

0 1 2 3  

KS=0.6537 KS=0.5462

KS=0.4894 KS=0.4022

KS=0.3858 KS=0.2836

KS=0.2748 KS=0.2545

0.00

1.00

C
D

66

H
LA

-D
R

C
D

3

C
D

107a

C
D

8

C
D

45

IL-4

G
ranzym

e B

C
D

56

C
D

62L

C
D

4

C
D

11a

C
D

2

C
D

7

M
IP

-1β

T
N

F
α

K
i-67

N
K

G
2D

C
D

11c

C
D

69

IF
N
γ

C
D

25

C
D

16

C
C

R
5

C
X

C
R

4

C
D

14

P
erforin

N
K

G
2A

/C

C
D

20

C
C

R
7

IL-10

K
S

 d
is

ta
n

ce

D

Granzyme B

Post-prime

Post-boost



H3PP

H6PP

D1PP

D1PB

−2 −1 0 1 2

LDA score

H3PP

H6PP

D1PP

D1PB

A B

Post-prime

Post-boost

B
D

61
9

B
D

61
9









Figure S3. Specificity of vaccine-induced NK cell count decrease. (A) Variability 
of NK cell count across the three baselines. Dots from the same animal are linked 
together. (B) Evolution of NK cell count after buffer injection. (C) Evolution of NK cell 
number after MVA injection. (B-C) p-value: one-sample t-test on the changes  of NK 
cell count compared to baseline for the three timepoints after immunization for all 
animals. (A-C) black: no injection, only anesthetic; blue: buffer; gold: MVA.
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Metal Marker Clone Surface Intra-
cellular 

141Pr CD66abce TET2 ●   
142Nd HLA-DR L243 ●   
143Nd CD3 SP34.2 ●   
144Nd CD107a H4A3 ●   
145Nd CD8 RPAT8 ●   
146Nd CD45 D058-1283 ●   
147Sm IL-4 7A3-3   ● 
148Nd Granzyme B GB11   ● 
149Sm CD56 NCAM16.2 ●   
150Nd CD62L SK11 ●   
152Sm CD4 L200 ●  
153Eu CD11a HI111 ●   
154Sm CD2 RPA2.10 ●   
155Gd CD7 M-T701 ●   
156Gd MIP-1β D21-1351   ● 
159Tb TNFα MAb11   ● 
160Gd Ki-67 B56   ● 
161Dy NKG2D 1D11 ●   
162Dy CD11c 3.9 ●   
164Dy CD69 FN50 ●   
165Ho IFNγ B27   ● 
166Er CD25 4e 3 ●   
167Er CD16 3G8 ●   
168Er CCR5 3A9 ●   
169Tm CXCR4 12G5 ●   
170Er CD14 M5E2 ●   
171Yb Perforin Pf-344   ● 
172Yb NKG2A/Ca Z199 ●   
174Yb CD20 2H7 ●   
175Lu CCR7 G043H7 ●   
176Lu IL-10 JES3-9D7   ● 

 

Table 1. Antibody panel. Targeted markers, clones, and metals are shown. The right columns 

indicate whether the staining was extra- or intra-cellular. aThe antibody clone Z199 recognizes 

both NKG2A and NKG2C. 

 



 

 BB078 BB231 BC641 BD620 
D-19PP 76,557 60,206 60,143 52,082 
H0PP 74,607 93,135  67,358 
H3PP 128,251 109,159 91,420 72,772 
H6PP 124,104 161,898 128,497 66,482 
D1PP 117,081 154,166 110,928 103,526 
D3PP 79,789 81,863 76,958  

D14PP 116,972 108,706 124,386 86,044 
H0PB 135,810 140,496  92,991 
H3PB 179,476 208,479 61,579  

H6PB 177,204 222,968 196,870 118,859 
D1PB 257,189 167,840 243,434 116,967 
D3PB 72,879 130,925  95,656 

 

Table 2. Cells acquired with the CyTOF. For each sample, the number of leukocytes detected 

by the CyTOF (after exclusion of double positive CD3+CD66+ eosinophils) is indicated. Not 

available samples are in grey. 



 

 

Markers 
Number of 

non-uniform 
NK cell clusters 

Percentage of 
non-uniform 

NK cell clusters 

ID of non-uniform 
NK cell clusters 

CD2 4 12 582, 739, 788, 892 
CD16 4 12 122, 380, 721, 788 

Perforin 3 9 723, 757, 819 
CD4 1 3 582 
CD7 1 3 567 

HLA-DR 1 3 567 
NKG2A/C 1 3 892 

CCR5 0 0 - 
CCR7 0 0 - 
CD3 0 0 - 
CD8 0 0 - 

CD11a 0 0 - 
CD11c 0 0 - 
CD14 0 0 - 
CD20 0 0 - 
CD25 0 0 - 
CD45 0 0 - 

CD66abce 0 0 - 
CD62L 0 0 - 
CD69 0 0 - 

CD107a 0 0 - 
CXCR4 0 0 - 

Granzyme B 0 0 - 
NKG2D 0 0 - 

 

Table 3. Number and percentage of non-uniform NK cell clusters. The number, percentage, 

and ID of NK cell clusters that do not reach the condition of uniformity are shown. 


