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SUMMARY

The mechanisms underlying human natural killer (NK) cell phenotypic and functional 

heterogeneity are unknown. Here, we describe the emergence of diverse subsets of human NK 

cells selectively lacking expression of signaling proteins after human cytomegalovirus (HCMV) 

infection. The absence of B and myeloid cell-related signaling protein expression in these NK cell 

subsets correlated with promoter DNA hyperme-thylation. Genome-wide DNA methylation 

patterns were strikingly similar between HCMV-associated adaptive NK cells and cytotoxic 

effector T cells but differed from those of canonical NK cells. Functional interrogation 

demonstrated altered cytokine responsiveness in adaptive NK cells that was linked to reduced 

expression of the transcription factor PLZF. Furthermore, subsets of adaptive NK cells 

demonstrated significantly reduced functional responses to activated autologous T cells. The 

present results uncover a spectrum of epigenetically unique adaptive NK cell subsets that diversify 

in response to viral infection and have distinct functional capabilities compared to canonical NK 

cell subsets.

INTRODUCTION

Natural killer (NK) cells are lymphocytes that act at the interface between innate and 

adaptive immunity (Vivier et al., 2011). Target-cell-mediated activation of NK cells can lead 

to eradication of virus-infected and neoplastic cells by directed release of cytotoxic granules 

as well as production of cytokines, including interferon-γ (IFN-γ) and tumor necrosis factor 

(TNF). Aside from such cytotoxic and pro-inflammatory functions, NK cells can fine-tune 

adaptive immune responses and maintain immune homeostasis, e.g., through killing of 

antigen-presenting cells or activated T cells (Crouse et al., 2014; Ferlazzo et al., 2002; 

Waggoner et al., 2012; Xu et al., 2014). Additionally, NK cells produce IFN-γ in response to 

combinations of exogenous cytokines such as interleukin-2 (IL-2), IL-12, IL-15, and IL-18 

(Caligiuri, 2008).

Unlike the activation of adaptive T and B lymphocytes, which is dictated by somatically 

recombined, clonally distributed antigen receptors, NK cell activation is controlled by a 

multitude of activating and inhibitory germline-encoded receptors (Long et al., 2013). Most 

activating NK cell receptors are expressed on the majority of NK cells. These include 

NKp30, NKp46, NKp80, signaling lymphocyte activation molecule (SLAM) family 

receptors such as 2B4, CRACC, and NTB-A, as well as DNAM-1 and NKG2D. These 

receptors recognize ligands expressed on stressed, transformed, and proliferating cells 

(Bryceson et al., 2006). In contrast, activating NKG2C and killer cell immunoglobulin-like 

receptors (KIRs) display variegated expression on NK cell subsets and are encoded by 

rapidly evolving gene complexes (Khakoo et al., 2000; Valiante et al., 1997). Notably, NK 

Schlums et al. Page 2

Immunity. Author manuscript; available in PMC 2016 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell responses to receptor engagement are remarkably heterogeneous within a donor 

population and between individuals.

Developmentally, as well as at the transcriptional level, NK cells are most closely related to 

cytotoxic T lymphocytes (CTLs) (Bezman et al., 2012). Activation through T and B 

lymphocyte antigen receptors is instigated upon phosphorylation of immunoreceptor 

tyrosine-based activation motif (ITAM)-containing cytoplasmic domains and further 

propagated by two different sets of structurally homologous signaling machineries (Weiss 

and Littman, 1994). NK cells express not only canonical T but also homologous B and 

myeloid cell signaling proteins. Hypothetically, modulation of seemingly redundant 

signaling protein expression could alter signaling properties upon NK cell differentiation, 

thereby fine tuning activation thresholds and effector responses.

Heterogeneity in NK cell differentiation and function is a topic of growing interest. Among 

CD3−CD56dim NK cells, loss of CD62L, acquisition of CD57, and expression of inhibitory 

receptors for self-major histocompatibility complex (MHC) class I correlate with an 

increased capacity to degranulate and produce cytokines upon target cell engagement 

(Anfossi et al., 2006; Björkström et al., 2010; Juelke et al., 2010). Subsets of NK cells can 

also display adaptive immune features including robust recall responses (Sun et al., 2009). 

In humans, infection with human cytomegalovirus (HCMV) as well as other viruses is 

associated with lasting expansions of NK cell subsets expressing NKG2C or activating KIRs 

(Béziat et al., 2013; Gumá et al., 2004). Such expansions occur in response to acute 

infection or reactivation of latent virus (Foley et al., 2012; Lopez-Vergès et al., 2011) and 

might, in the case of HCMV, provide protective immunity (Kuijpers et al., 2008; Sun et al., 

2009). At the molecular level, however, it is not clear how surface receptor expression and 

cellular responsiveness is modulated during NK cell differentiation or in response to viral 

infection. Moreover, specific markers of NK cells responding to infection have not been 

established.

Here, we identified subsets of human NK cells selectively lacking expression of B-cell- and 

myeloid-cell-related signaling proteins along with reduced expression of the transcription 

factor promyelocytic leukemia zinc finger (PLZF). Such subsets arose in response to HCMV 

infection and displayed an adaptive NK cell surface receptor phenotype. These cells 

exhibited altered functional responses through activating receptors in response to exogenous 

cytokine stimulation and upon co-culture with activated autologous T cells. Comparative 

analysis of NK cell and CD8+ T cell subsets uncovered genome-wide epigenetic differences 

among NK cell subsets, with adaptive NK cell differentiation paralleling that of CTLs. 

Given the critical importance of NK cells in controlling herpesvirus infections (Biron et al., 

1989) and reports demonstrating an association between HCMV and reduced leukemia 

relapse risk (Green et al., 2013; Ito et al., 2013) that correlates with the expansion of 

adaptive NK cells (Foley et al., 2012), the findings presented here advance our 

understanding of the role of NK cells in viral immunity as well as cancer control.
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RESULTS

Subsets of CD56dim NK Cells Devoid of FcɛRγ, SYK, and EAT-2 Are Induced by HCMV 
Infection

To gain insight into mechanisms underlying heterogeneity in NK cell responsiveness, we 

examined expression of homologous pairs of the transmembrane adaptor proteins CD3ζ and 

FcɛRγ, the tyrosine kinases ZAP-70 and SYK, and the intracellular adaptors SAP and 

EAT-2 in peripheral blood mononuclear cells (PBMCs). As expected, T cells expressed 

CD3ζ, ZAP-70, and SAP, B cells expressed SYK, myeloid cells expressed FcɛRγ, SYK, and 

EAT-2, and NK cells expressed all six proteins (Figure 1A). In a cohort of 196 healthy 

adults, subsets of CD3−CD56dim NK cells from many individuals lacked FcɛRγ, SYK, and 

EAT-2 expression, correlating with HCMV seropositivity but not with age or sex (Figures 

1B–1D and S1). By comparison, CD3γ, ZAP-70, and SAP expression was unchanged 

(Figures 1B–1D). Within the total CD3−CD56dim NK cell population, the size of the 

CD3−CD56dim FcɛRγ− NK cell subset was generally greater than the SYK− or EAT-2− 

subsets (Figure 1E). In total, the lack of at least one signaling protein was observed in 10.1% 

and 50.4% of HCMV-seronegative (HCMV−) and HCMV-seropositive donors (HCMV+), 

respectively (Figure 1F), suggesting HCMV-induced modulation of NK cell signaling.

HCMV infection can trigger emergence and persistence of “adaptive” or “memory-like” NK 

cells (Foley et al., 2012; Sun et al., 2009). Therefore, we examined expression of FcɛRγ, 

SYK, and EAT-2 in a cohort of hematopoietic cell transplant (HCT) recipients of allogeneic 

umbilical cord blood grafts whom either reactivated latent HCMV after transplant, were 

HCMV+ but did not reactivate, or were HCMV−. HCMV reactivation, if it occurred, was 

typically detected between 1 and 3 months after transplantation. CD3−CD56dim NK cells 

from HCMV− recipients and HCMV+ individuals who did not experience HCMV 

reactivation were uniformly positive for FcɛRγ, SYK, and EAT-2 up to a year after 

transplantation. However, in HCT recipients who reactivated HCMV, significant 

populations of CD3−CD56dim NK cells lacking each signaling protein were observed 6 

months and 1 year after transplant (Figure 1G). Thus, numerical expansion of NK cell 

subsets selectively lacking B-cell- and myeloid-cell-related signaling protein expression is 

driven by acute HCMV infection.

Lack of FcɛRγ, SYK, and EAT-2 Expression Correlates with an Adaptive NK Cell 
Phenotype

Latent HCMV infection is associated with imprints on NK cell surface receptor expression 

(Béziat et al., 2013; Bezman et al., 2012; Gumá et al., 2004; Sun et al., 2009). Lack of 

FcɛRγ, SYK, and EAT-2 in CD3−CD56dim NK cells correlated with expression of NKG2C 

(Figure 2A), and the lack of FcɛRγ correlated with significantly reduced NKp30 expression, 

reflecting a requirement for FcɛRγ in NKp30 surface expression at the single-cell level 

(Figures 2B and S2; Hwang et al., 2012). Of note, increased NKG2C expression on 

CD3−CD56dim NK cell subsets correlated strictly with HCMV+, whereas FcɛRγ, SYK, or 

EAT-2 deficiency was also observed in a small subset of CD3−CD56dim NK cells from 

HCMV− individuals (Figure 2C).
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Deviations in inhibitory KIR expression have been used to define adaptive human NK cells 

(Béziat et al., 2013). To analyze the expression of inhibitory receptors for self-MHC and 

DAP12-coupled receptors on CD3−CD56dim FcɛRγ− NK cells, we stained for all KIRs on 

FcɛRγ− NK cells from MHC-genotyped donors. The majority of CD3−CD56dimFcɛRγ− NK 

cells expressed DAP12-coupled receptors (76 ± 23, mean ± SD; Figure 2D). With respect to 

inhibitory receptors specific for MHC class I, NKG2A expression was reduced and 

inhibitory self-KIR expression was increased on CD3−CD56dimFcɛRγ− relative to 

CD3−CD56dim FcɛRγ+ NK cells (15 ± 19 versus 31 ± 9 and 61 ± 32 versus 43 ± 13, 

respectively; Figures 2E and 2F). Within individual donors, multiple FcɛRγ− subsets with 

distinct expression patterns of activating NKG2C and KIRs, as well as inhibitory NKG2A 

and self-KIR, were evident (Figure 2G), suggesting distinct expansions. In summary, 

FcɛRγ−, SYK−, and EAT-2− NK cells were heterogeneous, yet phenotypically resembled 

adaptive NK cells with respect to surface receptor expression. Thus, FcɛRγ, SYK, and/or 

EAT-2 silencing represent markers that broadly encompass adaptive NK cells.

Adaptive FcɛRγ− and EAT-2− NK Cells Display Promoter DNA Methylation

The molecular mechanisms underlying differentiation of adaptive NK cell subsets are not 

well understood (Cichocki et al., 2013). In CD8+ T cells responding to acute viral infection, 

genome-wide DNA methylation remodeling accompanies acquisition of the effector 

phenotype and repression of the naive cell state (Scharer et al., 2013). In our analysis, flow 

cytometry plots of CD3−CD56dim NK cells revealed bi-modal downregulations of FcɛRγ, 

SYK, and EAT-2 (Figure 3A). FcɛRγ, SYK, and EAT-2 expression patterns were variegated 

and stable over time (Figures 3B and S3). Together, tri-modal expression patterns and non-

synchronized deficiencies in signaling protein expression suggested regulation by DNA 

methylation-dependent processes.

To determine whether DNA methylation regulates signaling protein expression upon 

differentiation of adaptive NK cells, we sorted NK cell subsets as well as naive 

CD3+CD8+CD45RA+CD57− and effector CD3+CD8+CD45RA+CD57bright T cell subsets 

(i.e., CTLs) from two HCMV+ donors. Genomic DNA from each cell subset was analyzed 

by bisulfite sequencing. Relative to early mature CD3−CD56dimCD57− and late mature 

CD3−CD56dim CD57brightEAT-2+ NK cells, adaptive CD3−CD56dimCD57bright−EAT-2− 

NK cells displayed hypermethylation of the FCER1G and SH2D1B (encoding EAT-2) 

promoters (Figure 3C). The methylation patterns of the FCER1G and SH2D1B promoters in 

the adaptive NK cell subset were similar to those of naive and effector CD8+ T cell subsets 

that do not express FcɛRγ or EAT-2. Thus, promoter hypermethylation probably explains 

the lack of signaling protein expression in subsets of adaptive NK cells and, hypothetically, 

might reflect large-scale epigenetic changes associated with adaptive NK cell differentiation.

Genome-wide Analyses of DNA Methylation Reveal Parallels between Differentiation of 
Adaptive NK Cells and Cytotoxic Effector T Cells

To test our hypothesis of widespread epigenetic modifications during adaptive NK cell 

differentiation, we examined genome-wide DNA methylation in NK cell and CD8+ T cell 

subsets from HCMV+ individuals. As expected, the global methylation profiles of early and 

late mature EAT-2+ “canonical” NK cells strongly resembled each other. Adaptive EAT-2− 
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NK cells diverged from both early and late mature NK cells in their methylation profile, 

with widespread hyper- as well as hypomethylation (Figure 4A). By contrast, late mature 

NK cells had a methylation profile dissimilar to that of CD8+ T cell subsets, particularly 

effector T cells (Figure 4A). The methylation profile of adaptive NK cells correlated 

strongly with that of effector T cells (Figure 4B). These relationships were also evident upon 

multidimensional scaling analysis of probes with a high variability of methylation across the 

different populations (SD/mean > 0.1) (Figure 4C), confirming that the variation in our data 

was mainly derived from the different cell types.

As expected, probed regions in close proximity to the SH2D1B and FCER1G transcriptional 

start sites (TSSs) were hyperme-thylated in adaptive relative to canonical NK cells (Figure 

S4A). Comparisons of early mature and adaptive NK cells revealed 2,372 differentially 

methylated regions (DMRs), with an enrichment of hypomethylated regions in adaptive NK 

cells (Figure S4B). In contrast, comparisons of adaptive NK cells versus effector CD8+ T 

cells identified only 61 DMRs, supporting the notion of convergent differentiation of 

adaptive NK cells and effector CD8+ T cells. The methylation patterns of CD3D, CD8A, 

BCL11B, NCR1, NCR3, FCGR3A, and TYROBP confirmed the disparate identity of adaptive 

NK cells and effector CD8+ T cells (Figures S4C and S4D).

Epigenetic Changes in DNA Methylation Regulate Adaptive NK Cell Gene Expression

Prompted by the profound epigenetic differences in NK cell subsets, we performed gene 

expression arrays comparing canonical, late mature 

CD3−CD56dimCD57brightNKG2A−NKG2C− and adaptive 

CD3−CD56dimCD57brightNKG2A−NKG2C+ NK cells from four selected donors where 

surface expression of NKG2C marked FcɛRγ− cells (Figures S5A and S5B). With 2-fold 

modulation as a cut-off, 89 upregulated and 102 downregulated genes were identified 

(Figure 5A). KLRC2, KLRC3, and KLRC4 transcripts encoding NKG2C isoforms were 

upregulated up to 52-fold. Conversely, transcripts for FCER1G, IRS2, and PLXDC2, which 

encode signaling and transmembrane proteins, were downregulated by 92% or more. 

Cytokine receptor-encoding transcripts for IL12RB2, IL18RAP, and IL2RB were also signifi-

cantly downregulated. In general, hypomethylated or hyperme-thylated DMRs within TSS 

regions correlated with upregulated and downregulated genes, respectively (Figure 5B). In 

this context, probes in the vicinity of the TSSs of CD7, KLRB1 (encoding CD161), and 

KLRC1 (encoding NKG2A) were hyperme-thylated in adaptive NK cells, whereas probes in 

the vicinity of the TSSs of CD2, ITGAL (encoding CD11a), and LILRB1 (encoding CD85j) 

were hypomethylated (Figures 5C and 5D). Thus, both the methylation and transcriptional 

data reflected the reduced expression of CD7 and CD161 and increased expression of CD2, 

CD11a, and CD85j, which was confirmed at the protein level by flow cytometry (data not 

shown). This expression profile is consistent with reported surface phenotypes of HCMV-

induced adaptive NK cells (Béziat et al., 2013; Gumá et al., 2004).

Reduced Expression of PLZF Marks Adaptive NK Cells

The BTB-zinc finger (BTB-ZF) family of transcription factors can orchestrate changes in 

DNA methylation (Mathew et al., 2012; Puszyk et al., 2013). ZBTB16, encoding PLZF, was 

the most highly differentially regulated of all transcription factor transcripts, being 
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downregulated by 77% in adaptive NK cells (Figure 6A). In addition, ZBTB38 transcripts 

were 1.8-fold upregulated (Figure 6A). Accordingly, an intronic sequence in ZBTB16 was 

hypermethylated, and the TSS of ZBTB38 was hypomethylated in adaptive NK cells (Figure 

6B). Moreover, the TSSs of ZBTB20 and ZBTB32 were hypermethylated and 

hypomethylated, respectively. Bisulfite sequencing confirmed hypermethylation of the 

intronic ZBTB16 sequence in adaptive NK cells (Figure S6A). Chromatin 

immunoprecipitation experiments with NK cells from HCMV donors revealed that PLZF 

bound the promoters of the genes encoding FcɛRγ, SYK, and EAT-2 but not those encoding 

CD3z, ZAP-70, and SAP (Figure 6C). Intracellular flow cytometry revealed strong 

downregulation of PLZF expression in HCMV+ individuals (Figure 6D). FcɛRγ, SYK, and 

EAT-2 NK cell subsets were encompassed within the PLZF NK cell population, and PLZF 

NK cell subsets were consistently larger than those individually lacking expression of 

FcɛRγ, SYK, or EAT-2 (Figures 6E–6H). Intermediate PLZF expression was also evident in 

one donor, corresponding to NK cell subsets displaying reduced expression of FcɛRγ 

(Figure 6E, donor 3). To visualize heterogeneity in NK cell populations, we optimized 

algorithms for nonlinear dimensionality reduction with stochastic neighbor embedding 

capable of handling large amounts of data from multiple individuals. These multivariate 

analyses of flow cytometry data illustrated how all individuals, irrespective of HCMV 

serostatus, contained a range of PLZF-expressing canonical NK cells (Figures 6I–6K). In 

contrast, adaptive NK cells in HCMV+ individuals distinctively displayed uniformly reduced 

PLZF expression along with unique, donor-specific signaling protein expression patterns 

(Figure 6K). Of note, expression of the transcription factors T-bet and EOMES was not 

altered in adaptive NK cell subsets, whereas Helios expression could be reduced or 

increased (Figures S6B–S6E). Thus, PLZF binds the promoters of the genes encoding 

FcɛRγ, SYK, or EAT-2, and reduced PLZF expression reliably marks adaptive NK cells 

displaying a probabilistic, epigenetically regulated lack of FcɛRγ, SYK, and EAT-2 

expression.

Distinct Functional Capacities of Adaptive NK Cells

Having uncovered alterations in NK cell signaling and transcription factor expression in 

adaptive NK cells, we sought to understand the functional consequences of these findings. 

IFN-γ production was examined in healthy individuals with NKG2C+ adaptive NK cells 

where the vast majority of PLZF− NK cells lacked FcɛRγ expression. In such individuals, 

IL-12 and IL-18 co-stimulation induced significantly less IFN-γ production by 

CD3−CD56dimFcɛRγ− NK cells relative to all other NK cell subsets, including the 

CD3−CD56dimCD57+FcɛRγ+ NK cell subset (Figures 7A, 7B, and S7A). IL-12 and IL-18 

co-stimulation also induced significantly less IFN-γ production by 

CD3−CD56dimNKG2C+FcɛRγ− NK cells relative to the CD3−CD56dimNKG2C+FcɛRγ+ NK 

cell subset (Figure 7C). These results demonstrate that adaptive NK cells marked by lack of 

PLZF expression represent a subset functionally distinct from other NK cells expressing 

CD57 or NKG2C, but with expression of PLZF. In NK T cells, PLZF is a key regulator of 

innate effector programs and promotes the expression of IL-12 and IL-18 receptors (Gleimer 

et al., 2012; Mathew et al., 2012). Transcription of IL-12 (IL12RB2) and IL-18 (IL18RAP) 

receptor subunits was reduced in adaptive NK cells (Figure 7D), with concomitant IL-12 

and IL-18 receptor signaling also greatly reduced (Figures 7E–7G). Adaptive NK cells did 
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not have an intrinsic defect in cytokine production, as shown by the fact that the NK cells 

lacking FcɛRγ, SYK, EAT-2, or any combination thereof displayed increased IFN-γ and 

TNF production in response to phorbol-12-myris-tate-13-acetate (PMA) and ionomycin 

stimulation (Figures 7H and 7I), whereas degranulation was not augmented (Figure 7J). 

Thus, adaptive NK cells fail to produce IFN-γ in response to innate cytokines, yet might 

display augmented responses upon target cell recognition. The latter can be explained by 

observed hypomethylation of IFNG and TNF regulatory regions (Figure S7B).

We hypothesized that altered signaling of adaptive NK cells might impede their ability to 

recognized and eradicate activated T cells. NK cells from individuals with adaptive NK cell 

subsets were co-cultured with purified autologous CD4+ or CD8+ T cells unstimulated or 

stimulated with anti-CD3- and anti-CD28-coated beads. Notably, degranulation by adaptive 

NK cells in response to CD16 stimulation was equal to that of canonical CD3−CD56dim NK 

cells expressing FcɛRγ, SYK, and EAT-2 (Figure 7L). However, in response to autologous, 

activated T cells, FcɛRγ− or EAT-2−CD3−CD56dim NK cells manifested significantly 

diminished degranulation relative to other NK cell subsets (Figures 7K and 7L). These 

results suggest reduced innate activities of adaptive NK cells subsets maintaining immune 

homeostasis or relaying signals from innate cytokines such as IL-12 and IL-18.

Individuals with congenital or acquired deficiencies in cellular immune responses are 

susceptible to severe and prolonged HCMV infections, and heightened antibody-dependent 

cellular cytotoxcity activity inversely correlates with the severity of infection (Rook, 1988). 

Thus, given its importance in the control of HCMV, we analyzed Fc receptor-dependent 

activation of adaptive NK cells. In line with responses to PMA and ionomycin, adaptive NK 

cells more frequently produced IFN-γ and TNF in response to IgG-coated S2 insect cells 

(Figures 7M and 7N). In contrast, degranulation was similar between adaptive NK cells and 

canonical NK cells (Figure 7O). Reflecting the differing capacities of SYK and ZAP-70 to 

instigate ITAM-dependent signaling, SYK− NK cells displayed weaker degranulation than 

SYK+ NK cells when treated with the Src kinase inhibitor PP2 (Figure 7P). Importantly, we 

examined the expansion of adaptive NK cells lacking FcɛRγ in response to autologous 

HCMV-infected monocytes (Figures 7Q and 7R). A modest increase in the frequency of the 

FcɛRγ− NK cell subset in response to HCMV-infected monocytes was observed (Figure 

7Q). The addition of anti-HCMV antibody accentuated this increase, driving extensive 

proliferation of the FcɛRγ− NK cell subset (Figure 7R). These results suggest heightened 

resistance of adaptive NK cells to apoptosis during inflammatory conditions, as well as 

superior proliferation upon engagement of ITAM-coupled receptors. In summary, our data 

provide evidence for a functional dichotomy between canonical NK cells and adaptive NK 

cells in terms of regulatory function and capacity to produce cytokines, survive, and 

proliferate in response to ITAM-dependent activating receptor signaling.

DISCUSSION

Viral infections can induce numerical expansions of phenotypically distinct NK cell subsets, 

leading to the establishment of lasting imprints on the receptor repertoire (Béziat et al., 

2013; Gumá et al., 2004). Recently, Zhang et al. (2013) reported that FcɛRγ− NK cells are 

associated with HCMV seropositivity in humans. We found that expression of not only 
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FcɛRγ but also other B and myeloid cell-related signaling proteins (SYK and EAT-2) were 

stochastically silenced in NK cell populations from HCMV+ individuals and upon HCMV 

reactivation in HCT recipients. Silencing correlated with promoter DNA methylation. Such 

NK cells that arose in response to HCMV infection displayed a genome-wide methylation 

profile that approximated that of CTL, maintained expression of cognate T-cell-related 

signaling proteins, and had enriched expression of rapidly evolving DAP12-coupled 

activating receptors.

Genome-wide DNA methylation analyses of NK cell and CD8+ T cell subsets revealed that 

adaptive NK cells epigenetically approximated CD8+ effector T cells. Thus, CD8+ T cells 

and adaptive NK cells appear to share pathogen-driven differentiation pathways. 

Highlighting heterogeneity, surface phenotypes and functional responses of virus-specific 

CD8+ T cells change in a graded and stochastic rather than stepwise manner during the 

induction of memory to generate a remarkable degree of functional and phenotypic diversity 

even among cells of the same origin and antigen specificity (Arsenio et al., 2014; Buch-holz 

et al., 2013; Gerlach et al., 2013; Stemberger et al., 2007). The branching points of and 

molecular mechanisms that underlie adaptive NK cell differentiation are unclear. Nfil3 is 

required for normal development of mouse NK cells (Gascoyne et al., 2009). However, 

recent findings reveal that HCMV infection can nonetheless drive expansions of adaptive 

NK cells in Nfil3−/− mice, bypassing an early developmental requirement for Nfil3 (Firth et 

al., 2013). We observed diverse patterns of FcɛRγ, SYK, and EAT-2 expression along with 

varied expression of maturation markers and surface receptors in adaptive NK cells. 

Stochastic expression of protocadherin genes in neurons is regulated by the de novo DNA 

methyltransferase Dnmt3b and is influenced by histone modifications and gene-specific 

sequence features (Toyoda et al., 2014). Whether a similar process is involved in stochastic 

regulation of genes encoding signaling molecules in NK cells remains to be determined. 

Regardless of the precise mechanism, our data suggest stochastic processes, branching, and 

selection of adaptive NK cells from varying stages of canonical NK cell development along 

a continuum, similar to what has been reported for the generation of CD8+ T cell diversity 

(Arsenio et al., 2014).

Decreased expression of the transcription factor PLZF marked adaptive NK cells that lacked 

FcɛRγ, SYK, and/or EAT-2 expression. PLZF is a member of the BTB-ZF transcription 

factor family, which can recruit chromatin-remodeling co-factors to regulate gene 

expression (Lee and Maeda, 2012). PLZF is required for the generation and function of the 

NK T and γδ T cell lineages and drives innate-like effector differentiation of T cell subsets 

(Kovalovsky et al., 2008; Kreslavsky et al., 2009; Savage et al., 2008). PLZF can interact 

with HDAC1, DNMT, and the E3 ubiquitin ligase CUL3, facilitating chromatin 

modifications (Mathew et al., 2012). Our data indicate that PLZF also maintains innate-like 

aspects of human NK cells, with absence of PLZF contributing to the adaptive properties of 

NK cells from HCMV+ individuals. Several known PLZF-regulated target genes, including 

IL12RB2, IL18RAP, and KLRB1 (Gleimer et al., 2012), were all downregulated in adaptive 

NK cells, which lack responsiveness to inflammatory cytokines. Despite the well-

established role of PLZF as a transcriptional repressor, PLZF directly binds to and induces a 

subset of IFN-stimulated genes in NK cells (Xu et al., 2009). Our data suggest that PLZF 
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also induces or maintains expression of a select group of genes encoding cytokine receptor 

components and a subset of genes encoding signaling molecules in canonical NK cells. 

Notably, fewer than 5% of mouse NK cells express PLZF, and NK cell development appears 

to be normal in Zbtb16−/− (Constantinides et al., 2014). However, our notion is supported by 

studies of an individual with biallelic ZBTB16 mutations whose NK cells produced 

markedly elevated amounts of IFN-γ and TNF upon engagement of activating receptors 

(Eidson et al., 2011). Comparisons of canonical and adaptive NK cells also revealed 

regulation of additional BTB-ZF transcription factors. ZBTB38 was hypomethylated and 

transcriptionally upregulated in adaptive NK cells. ZBTB38 binds methylated CpG sites 

within DNA and participates in negative regulation of apoptosis (Oikawa et al., 2008). 

Zbtb32 is critical for proliferation of mouse adaptive NK cells (Beaulieu et al., 2014). 

Although ZBTB32 transcript levels were similar between adaptive and canonical human NK 

cells in our array analysis, ZBTB32 appeared poised through TSS hypome-thylation. Thus, 

these BTB-ZF proteins might orchestrate genome-wide epigenetic responses of NK cells to 

environmental stimuli.

We have delineated a functional divergence among human NK cell subsets, providing 

evidence for a critical role of FcɛRγ and EAT-2, linked to NCR- and SLAMFR-mediated 

recognition, respectively, in regulatory killing of activated immune cells. A lack of FcɛRγ or 

EAT-2 in NK cells might reduce tonic activating signaling instigated by hematopoietic NCR 

and SLAMFR ligands. Thus, in adaptive NK cells, IFNG and TNF loci can be relaxed, as 

evidenced by DNA hypomethylation, reducing the signaling threshold for induction of 

cytokine expression upon target cell recognition by other activating receptors. NK cell 

responses to activated T cells were not attenuated by the lack of SYK. In fact, the lack of 

SYK correlated with an increased capacity of NK cells to produce IFN-γ and TNF. SYK− 

cells that rely on ZAP-70 for ITAM-coupled receptor activation should receive less tonic 

NK cell signals (Hesslein et al., 2011; Kolanus et al., 1993). Thus, our data suggest that the 

lack of B and myeloid cell-related signaling protein expression can reduce tonic signaling 

and thereby facilitate stronger effector responses by adaptive NK cells specialized for 

recognition of infected cells. Hypothetically, high frequencies of adaptive NK cells might 

also bias for enhanced adaptive responses by sparing activated immune cells that express 

stress ligands, which otherwise can be killed by canonical regulatory NK cells. In addition, 

PLZF might maintain IL12RB2 and IL18RAP expression (Gleimer et al., 2012; Mathew et 

al., 2012). Expression of these IL-12 and IL-18 receptor subunits was diminished in adaptive 

NK cells, resulting in unresponsiveness. From a functional perspective, “canonical” NK 

cells could be termed “immunoregulatory,” reflecting their capacity to uphold immune 

homeostasis and contrasting “adaptive” NK cells specialized for immunosurveillance of 

infected cells and with the capacity to survive and proliferate in inflammatory conditions.

We find long-term persistence of NK cells lacking FcɛRγ, EAT-2, and SYK after HCMV 

reactivation in HCT recipients. Although reactivation of latent HCMV is associated with an 

increased risk of non-relapse-related morbidity and mortality, it is also independently 

associated with substantial reductions in the rates of leu-kemia relapse in patients with acute 

myelogenous leukemia early after transplantation (Green et al., 2013; Ito et al., 2013). It is 

possible that adaptive NK cells that arise in response to HCMV reactivation promote a graft-
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versus-leukemia effect directly through tumor immunosurveillance or indirectly through 

reduced killing of activated T cells. Therefore, adaptive NK cells have the potential to be 

therapeutically beneficial in both controlling HCMV infections and treating patients with 

hematological malignancies.

EXPERIMENTAL PROCEDURES

Cells

This study was approved by The Regional Ethical Review Board in Stockholm. Healthy 

controls were recruited from the Karolinska University Hospital blood bank. PBMCs were 

isolated from healthy donors by density gradient centrifu-gation and resuspended in 

complete medium (RPMI 1640 supplemented with 10% fetal bovine serum [FBS], L-

glutamine; all Hyclone). The K562 and P815 cell lines (both ATCC) were maintained in 

complete medium. All mammalian cells were maintained in, and functional assays 

performed at, 37°C with 5% (v/v) CO2. Insect cells were cultured in Schneider’s Drosophila 

Medium (Invi-trogen) supplemented with 10% FBS and L-glutamine at 28°C.

Hematopoietic Cell Transplant Patient Samples

Informed consent and approval from the University of Minnesota Institutional Review 

Board was obtained for sample collection. All patients received he-matopoietic progenitor 

cells from umbilical cord blood donors. Patients were monitored weekly for HCMV 

reactivation by quantitative PCR, and HCMV viremia (>100 copies/ml) was treated with an 

8-week course of ganci-clovir. PBMCs collected from patients at each time point were 

isolated by density centrifugation and cryopreserved. The average percentage of donor-

derived NK cells across all recipients regardless of HCMV status was 99.3% ± 4.4% at 3 

months, 99.9% ± 0.9% at 6 months, and 99.4% ± 2.3% at 1 year.

Flow Cytometry

Fluorochrome-conjugated antibodies were purchased from BD Bioscience, Beckman 

Coulter, BioLegend, eBioscience, Invitrogen, R&D Systems, or BD Biosciences, as 

specified in the Supplemental Experimental Procedures. For phenotypic analyses, PBMCs 

were surface stained with indicated antibodies and a fixable dead cell stain (Invitrogen) in 

FACS buffer (PBS supplemented with 2% FBS and 2 μM EDTA). Cells were thereafter 

fixed in 2% formaldehyde, permeabilized in 0.05% Triton X-100, and stained intracellularly. 

Details on functional flow cytometry assays, including co-incubations with autologous 

activated T cells or HCMV-infected monocytes, are provided in the Supplemental 

Experimental Procedures. Flow cytometry data were acquired on an LSR Fortessa 

instrument (BD Biosciences) and analyzed with FlowJo (v.9.7.4, Tree Star). 

Multidimensional flow cytometry analysis via Barnes-Hut t-distributed stochastic neighbor 

embedding is described in the Supplemental Experimental Procedures.

Bisulfite Sequencing and Genome-wide DNA Methylation Analyses

Lymphocyte subsets were sorted by flow cytometry (FACSAria II, BD Biosciences), and 

DNA was extracted with the DNeasy Blood & Tissue Kit (QIAGEN). The EpiTect Bisulfite 

Kit (QIAGEN) was used to convert unmethylated cytosines to uracils. Primers used for 
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bisulfite sequencing are detailed in the Supplemental Experimental Procedures. PCR 

products were cloned into the TOPO-XL vector (Invitrogen) and sequenced.

For genome-wide methylation analysis, bisulfite-converted DNA was analyzed with the 

Infinium HumanMethylation450 BeadChip platform (Illu-mina). A comprehensive 

description of the analysis pipeline is provided in the Supplemental Experimental 

Procedures.

Gene Expression Analysis

Donor PBMCs were screened for individuals where FcɛRγ− and PLZF− NK cell subsets 

correlated with NKG2C surface expression. For the donors used in the expression analysis, 

89.3% ± 9.5% (mean ± SD) or 3.6% ± 2.6% expressed FcɛRγ and 89.0% ± 9.8% or 1.7% ± 

1.3% expressed PLZF of the canonical CD3−CD56dimCD57+NKG2A−NKG2C− or adaptive 

CD3−CD56dimCD57+NKG2A−NKG2C+ populations, respectively. Based on CD57, 

NKG2A, and NKG2C expression, CD3−CD56dim NK cell subsets were sorted from four 

donors into RLT buffer (QIAGEN) by flow cytometry (FACS Aria III, BD Biosciences). 

Total RNA was isolated (RNeasy, QIAGEN). At least 100 ng of RNA were used for sample 

preparation (Ambion whole-transcript expression kit and Affymetrix whole-transcript 

terminal labeling kit). Samples were hybridized to GeneChip Human Transcriptome Array 

2.0 cartridges (Affymetrix). Data conversion and quantile normalization was performed with 

Affymetrix software.

Statistical Analyses

Statistics were calculated with GraphPad Prism (v.5.0).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HCMV infection induces adaptive NK cell subsets with diversified signaling 

potential

• Adaptive NK cells share molecular features of differentiation with CTLs

• Adaptive NK cells lose the ability to kill autologous, activated immune cells

• Gain of adaptive NK cell functions correlates with silencing of PLZF expression
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Figure 1. The Presence of NK Cell Subsets Devoid of FcɛRγ, SYK, and EAT-2 Expression Is 
Associated with Cytomegalovirus Infection
(A–F) PBMCs from healthy human blood donors were analyzed by flow cytometry.

(A) Relative median fluorescence intensity (MFI) of CD3ζ, ZAP-70, SAP, FcɛRγ, SYK, and 

EAT-2 expression in immune cell subsets. Data represent mean MFI values from three 

donors.

(B) Expression of CD3ζ, ZAP-70, SAP, FcɛRγ, SYK, and EAT-2 in CD3−CD56dim NK 

cells from two representative donors.
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(C) Expression of FcɛRγ, SYK, and EAT-2 in CD4+ T cells (filled histograms) and 

CD3−CD56dim NK cells (black lines) in a representative donor lacking signaling proteins.

(D) Frequency of CD3−CD56dim NK cells expressing CD3ζ, ZAP-70, SAP, FcɛRγ, SYK, 

and EAT-2 from 196 healthy donors versus age of the individuals. HCMV− (open circles) 

and HCMV+ (filled circles) individuals are indicated. Dotted lines indicate a threshold for 

outliers calculated as the mean of HCMV− individuals plus 3 SD. ***p < 0.001 (Mann-

Whitney test).

(E) Relationship between the frequencies of CD3−CD56dim NK cells expressing FcɛRγ, 

SYK, or EAT-2. Solid lines represent the correlation for HCMV+ individuals only. The 

coefficient of determination (R2) and standard error of estimate (Sx,y) values for HCMV+ 

individuals are indicated.

(F) Relationship between donors with CD3−CD56dim NK cells lacking FcɛRγ (green), SYK 

(red), or EAT-2 (blue) expression among HCMV+ and HCMV− donors. See also Figure S1.

(G) PBMCs from 78 allogeneic hematopoietic cell transplant patients with a total of 37 

HCMV reactivation events were analyzed by flow cytometry for intracellular FcɛRγ, SYK, 

and EAT-2 expression within the CD3−CD56dim NK cell subset at 1, 3, 6, and 12 months 

after transplant. Transplant patients were monitored weekly for HCMV reactivation, which 

occurs between 30 and 90 days after transplant, by PCR for HCMV DNA copy number. *p 

< 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test).
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Figure 2. FcɛRγ−, SYK−, and EAT-2− NK Cells Display an Adaptive NK Cell Phenotype
(A–C) PBMCs from 196 healthy human blood donors were analyzed by flow cytometry. 

The relationship between the frequencies of CD3−CD56dim NK cells expressing NKG2C 

(A) or NKp30 (B) versus FcɛRγ, SYK, and EAT-2. Solid lines represent the correlation for 

HCMV+ individuals only. The coefficient of determination (R2) and standard error of 

estimate (Sx,y) values for HCMV+ individuals are indicated. Relationship (C) between 

donors with CD3−CD56dim NK cells lacking FcɛRγ, SYK, and/or EAT-2 expression (black) 

versus displaying elevated NKG2C expression (light gray) among HCMV+ and HCMV− 

donors.

(D–G) PBMCs from 15 healthy KIR haplotype A donors were analyzed by flow cytometry

(D–F) Percentages of CD3−CD56dim NK cells expressing DAP12-coupled receptors 

NKG2C and/ or KIR2DS4 (D), inhibitory NKG2A (E), or educating KIRs without NKG2A 

(F). Bars indicate SD.

(G) The distributions of CD3−CD56dim NK cells expressing specific KIRs, NKG2A, and 

NKG2C in four HLA-typed individuals are shown. *p < 0.05 and ***p < 0.001 (Student’s t 

test).

See also Figure S2.
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Figure 3. Lack of Signaling Protein Expression in Adaptive NK Cells Is Associated with 
Promoter DNA Hypermethylation
(A and B) PMBCs from healthy donors were analyzed by flow cytometry. Plots depict 

CD57 versus signaling protein expression (A) or combinations of signaling proteins in 

CD3−CD56dim NK cells (B) from representative HCMV− (donor 1) and HCMV+ (donors 2–

7) donors.

(C) NK cell and T cell subsets were sorted from two HCMV+ donors. Genomic DNA from 

each cell subset was treated with sodium bisulfite, purified and amplified by PCR using 
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primers specific for the promoter regions of FCER1G and SH2D1B. PCR fragments were 

cloned, sequenced, and analyzed for CpG methylation content. Each row represents one 

sequenced PCR clone. Open circles represent unmethylated and closed circles methylated 

cytosines.

See also Figure S3.
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Figure 4. Changes in DNA Methylation Patterns in Adaptive NK Cells Are Similar to Those in 
Cytotoxic T Cells
(A–C) NK and T cell subsets were sorted from four HCMV+ donors. Genomic DNA from 

each subset was treated with sodium bisulfite and subjected to genome-wide DNA 

methylation profiling.

(A) Pseudo-color scatterplots illustrating multiple pairwise comparisons of methylation (β-

value) over all probes from specific subsets in donor 10 after data filtering and probe 

normalization. A β-value close to zero corresponds with no methylation, and a β-value close 

to 1 corresponds with full methylation.

(B) Correlation matrix of all pairwise subset comparisons.

(C) MDS analysis of DNA methylation in NK cell and T cell subsets after data filtering and 

normalization. Samples are color coded based on the cell type and labeled according to the 

donor they were derived from (donors 8, 9, 10, and 11). Only probes with a high variability 

in β-values across the different cell subsets are shown (arbitrarily set as a ratio of standard 

deviation over a mean greater than 0.1, n = 271,769). Dimensions 1 and 2 represent the 

largest source of variation (totaling 66%).

See also Figure S4.
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Figure 5. Transcript Expression Analyses of Canonical and Adaptive NK Cells
(A) Microarray analyses of gene expression in sorted 

CD3−CD56dimCD57brightNKG2A−NKG2C− versus 

CD3−CD56dimCD57brightNKG2A−NKG2C+ (corresponding to FcɛRγdim/−) NK cell subsets 

from four HCMV+ donors. Each circle represents the mean expression value of 20,364 

individual genes. Genes regulated more than 2-fold (black circles) and more than 4-fold 

(filled circles) consistently among donors (p < 0.05, Student’s t test) are highlighted.

(B) Relationship between the mean change in DNA methylation values of DMRs located in 

the vicinity of gene TSS (comparison of CD3−CD56dimCD57− versus 

CD3−CD56dimCD57brightEAT-2− NK cells) versus the corresponding mean change in gene 

expression (CD3−CD56dimCD57brightNKG2C− versus CD3−CD56dimCD57brightNKG2C+ 

NK cells).

(C and D) DNA methylation in the vicinity of TSSs of receptors that are downregulated (C) 

or upregulated (D) on the surface of adaptive NK cells.

See also Figure S5.
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Figure 6. Reduced PLZF Expression Specifically Marks Adaptive NK Cells
(A) Fold change in gene expression of BTB-ZF transcription factors in NK cell subsets. Bars 

indicate the mean fold change in expression for four donors. The bar filling reflects the 

average overall intensity of expression for indicated transcripts. *p < 0.05 and **p < 0.01 

(paired Student’s t test).

(B) BTB-ZF transcription factor DMRs. Heat maps show the DNA methylation in different 

cell subsets for a set of probes within each DMR. A β-value close to zero corresponds with 

no methylation, and a β-value close to 1 corresponds with full methylation.
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(C) ChIP analysis of PLZF and Pol II binding to the promoters of FCER1G, SH2D1B, SYK, 

CD247, SH2D1A, and ZAP70 using primary NK cell lysates from three donors in two 

separate experiments. Fold expression values are normalized against input and IgG controls. 

Bars indicate SD.

(D–J) PMBCs from 196 healthy human blood donors were analyzed by flow cytometry.

(D and E) Plots depict PLZF expression versus expression of CD57 (D) or FcɛRγ, SYK, or 

EAT-2 (E) in CD3−CD56dim NK cells from representative HCMV− (donor 1) and HCMV+ 

(donors 2–7) donors.

(F–H) Plots depict the frequency of CD3−CD56dim NK cells expressing PLZF versus FcɛRγ 

(F), SYK (G), or EAT-2 (H). Each circle represents one individual (n = 196). HCMV− (open 

circles) and HCMV+ (filled circles) individuals are indicated. Solid lines represent the 

correlation for HCMV+ individuals only.

(I–K) Barnes-Hut t-distributed stochastic neighbor embedding (t-SNE) analysis of 11-

parametric data was performed on CD3−CD56+ NK cells from four HCMV− and six 

HCMV+ donors (donors 2–7).

(I) Event density in the t-SNE field for all donors compiled together or HCMV− and 

HCMV+ donors compiled separately.

(J) Protein expression levels for single parameters in t-SNE field. Red represents high 

expression, whereas blue represents low expression. The composite FcɛRγ/SYK/EAT-2 

parameter was constructed post-analysis. CD7 and CD161 stainings were also included in 

the model but are not shown.

(K) Event density in the t-SNE field for CD3−CD56+ NK cells from individual donors. Red 

arrows indicate the CD56bright NK cell population, and dashed red lines the border between 

canonical NK cell populations and adaptive NK cell populations found in HCMV+ 

individuals.

See also Figure S6.
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Figure 7. Adaptive NK Cells Display Altered Functional Responses
(A–C) PBMCs from HCMV+ individuals with a clear correlation between PLZF and FcɛRγ 

expression were left untreated or stimulated for 24 hr with combinations of IL-12, IL-15, 

and IL-18, then stained for intracellular IFN-γ and analyzed by flow cytometry. The 

frequencies of IFN-γ-expressing NK cells were quantified in CD3−CD56bright or 

CD3−CD56dim subsets subdivided according to expression of FcɛRγ and CD57.

(A) Gating strategy and IFN-γ expression upon IL-12 plus IL-18 stimulation in NK cell 

subsets from one representative donor.
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(B) Frequencies of NK cells expressing IFN-γ within specific subsets upon stimulation with 

cytokines.

(C) The frequencies of IFN-γ-expressing NK cells were quantified in CD3−CD56bright or 

CD3−CD56dim subsets subdivided according to expression of FcɛRγ and NKG2C. The 

frequencies of NK cells expressing IFN-γ within specific subsets upon stimulation with 

cytokines are presented. Values depict the mean of seven donors, and bars indicate SD.

(D) Quantitative PCR analyses of gene expression in in sorted 

CD3−CD56dimCD57brightNKG2A–NKG2C– versus 

CD3−CD56dimCD57brightNKG2A−NKG2C+ (corresponding to FcɛRγdim/−) NK cell subsets 

from four HCMV+ donors, as indicated. Bars indicate SD.

(E) Immunoblot depicting STAT4 phoshorylation in response to IL-12 stimulation in NK 

cells from one representative donor. (F and G) PBMCs were stimulated with IL-18 or left 

untreated, and CD3−CD56dim NK cell subsets were analyzed for phosphorylation of p38 

MAPK and NF-kB p65 by phospho-specific flow cytometry.

(F) Contour plots show CD3−CD56dim NK cells from one representative donor.

(G) Bar graphs display frequencies of phospho-p38 MAPK+ and phospho-NF-kB+ cells in 

CD3−CD56dim NK cell subsets gated according to FcɛRγ expression. Values depict the 

mean of three donors, and bars indicate SD.

(H–J) PBMCs were left untreated or stimulated for 6 hr with PMA and ionomycin and then 

analyzed by flow cytometry. Graphs show frequencies of NK cell subsets positive for (H) 

intracellular IFN-γ, (I) intracellular TNF, or (J) surface CD107a. Values depict the mean of 

eight donors, and bars indicate SD.

(K and L) Purified CD4+ and CD8+ T cells were left untreated or activated with anti-CD3- 

and anti-CD28-coated beads for 60 hr, washed, and subsequently co-cultured with resting, 

autologous NK cells for 6 hr. Co-incubation with P815 target cells with or without anti-

CD16 mAb served as the control.

(K) Plots show CD107a surface expression versus FcɛRγ or EAT-2 expression on 

CD3−CD56dim NK cells.

(L) The graph depicts frequencies of CD107a-expressing NK cells according to stimulation 

and expression of FcɛRγ, SYK, and EAT-2. Bars indicate SD.

(M–P) PBMCs were incubated for 6 hr with S2 cells pre-coated with increasing 

concentrations of rabbit serum, as indicated. The cells were stained and analyzed by flow 

cytometry. Graphs depict the frequencies of intracellular IFN-γ (M), intracellular TNF (N), 

or surface CD107a (O, P) expressing NK cell subsets. Stimulations were performed in 

regular medium (M–O) or medium containing 1 μM Src kinase inhibitor PP2 (P). Values 

depict the mean of eight donors, and bars indicate SD.

(Q and R) Purified monocytes were mock or HCMV infected and cultured with autologous, 

labeled NK cells added IL-15. After 2 days, anti-HCMV IgG was added where indicated. 

After a total of 10 days co-culture, NK cells were stained and analyzed by flow cytometry. 

The frequency of NK cell subsets and their proliferation was determined.

(Q) Frequency of FcɛRγ− cells among total CD3−CD56dim NK cells after co-culture with 

monocytes.

(R) Proliferation of NK cell subsets after co-culture with monocytes, as indicated. Eight 

donors were used in the experiment, with mean and SD indicated. *p < 0.05, **p < 0.01, 

Schlums et al. Page 27

Immunity. Author manuscript; available in PMC 2016 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



**p < 0.001 (Wilcoxon test). Bars indicate SD. See also Figure S7. Results are 

representative of at least three independent experiments.
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