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NK cell activation is regulated by the collective strength of 

inhibitory and activating signals

Horowitz, 2012 Front Immunol
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NK cell functions are acquired, regulated and differentiated

as NK cells mature

Cichocki, 2013 Front Immunol

Cichocki et al. Epigenetics of NK cells

FIGURE 1 | Checkpoints in NK cell development. As NK cells develop, they

transit through the body and advance through checkpoints that are controlled

by DNA-binding factors. Throughout this process, the expression of

developmental markers, cytokine receptors, natural cytotoxicity receptors,

and functional competencies are all dynamically regulated resulting in

considerable heterogeneity within the NK cell population. Protein expression

data are modified from (Freud et al., 2005; Freud and Caligiuri, 2006) and for

“ memory” NK cells extrapolated from (Sun et al., 2009; Hwang et al., 2012).

mucosa, and lymph nodes (Koopman et al., 2003; Cella et al.,

2009; Luci et al., 2009). Defining NK cell subsets and under-

standing the acquisition of function isparticularly difficult since

superimposing differentiation and education processes on NK

cell functionality does not fully explain the heterogeneity in NK

cell responses. Here, we provide an overview of current insights

into the transcriptional and epigenetic regulation of mature NK

cell development and differentiation.

TRANSCRIPTION FACTORSIMPLICATEDIN DEVELOPMENT
ANDDIFFERENTIATION OFMATURENKCELLS

Cellular identity is formed and often maintained by anetwork of

transcription factors that influencethechromatin stateand drive

gene expression patterns. Mouse models havebeen instrumental

for identifying several key transcription factors that are neces-

sary for commitment to the NK cell lineage. Signaling through

the interleukin-15 receptor common beta and gamma chains

(CD122/132) is essential for NK cell development, and con-

ditional knockout of Stat5a and Stat5b in NK cells results in

an almost complete developmental block at the NK progenitor

(NKP) to immatureNK (iNK) transition (Eckelhart et al., 2011).

Moreover, autosomal recessive STAT5B mutations in humans

are associated with defective NK cell development and severe

herpes virus infections (Kofoed et al., 2003). STAT5 proteins

can enhance cell survival by driving expression of important

anti-apoptotic genes such as Bcl-2, Bcl-xL, and Mcl-1 (Debierre-

Grockiego, 2004) or by inducingactivation of thephosphoinostol

3-kinase(PI3K)/Akt and Ras/MAPK pathways(Nygaet al., 2005).

While these pathways may contribute to NK cell development,

Gascoyne et al. recently discovered an axis in which IL-15R sig-

naling is necessary, specifically in NK cells, for the expression of

the transcription factor E4bp4 (Gascoyne et al., 2009). As NKP

cells transition to the iNK stage, E4bp4 induces transcription of

Id2 and Gata3, which are critical for further NK cell develop-

ment. Thegeneration of micewith targeted mutationsin putative

Stat5bindingsiteswithin theregulatory regionsE4bp4areneeded

to definitively determine whether the requirement for Stat5 pro-

teinsin NK cell development isthrough direct induction of E4bp4

expression. A second axisinvolved in thecontrol of early NK cell

development isdependent upon the transcription factor thymo-

cyteselection-associated high-mobility group box protein (TOX).

NK cellsin Tox-deficient micefail to develop from iNK to mature

NK (mNK) cells (Aliahmad et al., 2010). Although Id2 expres-

sion isslightly lower in Tox-deficient NK cells, overexpression of

Id2 in these cells cannot rescue the developmental block. Tox-

deficient NKPs also express normal levels of IL-15R, suggesting
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Education is regulated by a bipartite system of 

Immunogenetics

Adapted from: Parham, 2012 Phil. Trans. R. Soc. B; Horowitz, 2016, Sci Immunol.

Robinson, 2017 PLoS Genetics

(IPD: Up to date list of HLA alleles)



HLA-A, -B and –C contribute leader sequence-derived 

peptides to HLA-E

85kb

1.8 Mb

VMAPRTLLLVTAPRTLLL (~80% of HLA-B alleles)

X



KIR ligands on HLA class I are distributed 

differently across human populations

Parham and Moffett, 2013 Nat Rev Immunol
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Ramsuran, 2017 J Immunol

Fold change between highest and lowest = 1.2
R2= 0.22

P= 0.36
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Ramsuran, 2015 Am J Hum Genet

Fold change between highest and lowest = 3.8

R2= 0.6

P= 5 x 10-25

HLA-A alleles are differentially transcribed, but HLA-B

alleles are uniformly transcribed
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DT9 antibody distinguishes between alleles of HLA-C 

and demonstrates differential expression
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Thielens, Curr Opin Immunol, 2012

KIR genes diversify both in gene content as well 

as organization on a haplotype

Guethlein, Immunol Rev, 2015



Science Trans Med, 2013

Immunogenetics and environment determine the extent 

of diversity of NK cells



Single Cell Analysis - CyTOFTM Machine
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Mass Cytometry: Surface Panel
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Mass Cytometry: Intracellular / Functional Panel
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Boolean gating: ‘logics’ equations based on 

“AND”, “OR” and “NOT” for sorting cells 

based on phenotypes and functions

Question: If clustering on 28 markers, how many 

possible phenotype combinations can be predicted? 

228 = 268,435,456 



Boolean gating reveals thousands of phenotypes

• These top 50 subpopulations account for only 15% of the total NK cells

• Sampled between 6,000 – 25,000 unique phenotypes/donor

• Sampled ~125,000 unique phenotypes across all donors Horowitz, Sci Transl Med, 2013



Genetics vs Environmental determinants of repertoire 

diversity

Horowitz, Sci Transl Med, 2013

B D 

Inhibitory repertoire Complete repertoire C 

Twin pair 1 

Twin pair 2 

Twin pair 3 

Twin pair 4 

Twin pair 5 

A 

Twin pair 1 

Twin pair 2 

Twin pair 3 

Twin pair 4 

Twin pair 5 

A

B B D 

Inhibitory repertoire Complete repertoire C 

Twin pair 1 

Twin pair 2 

Twin pair 3 

Twin pair 4 

Twin pair 5 

A 

Twin pair 1 

Twin pair 2 

Twin pair 3 

Twin pair 4 

Twin pair 5 

C

D



HLA-B HLA-C

B*15:03 / B*53:01 C*02:02 / C*04:01

HLA-B HLA-C

P2T/ P2T C2/ C2

B*14:02 / B*41:02 C*04:01 / C*08:02

P2M/ P2T C2 / C1

• # of haplotypes

• Haplotype frequencies

• D’ values

• X2 values (P values)

N = 8,204 genotypes

N = 16,408 haplotypes

Sampled 51 populations:

 Curated from Anthropological studies Gap package

R

Population analyses of HLA class I: 

Alleles of HLA-A, -B and -C segregate in human 

populations to modulate education through HLA-E

Horowitz, 2016 Science Immunology



C2+HLA-C and -21M HLA-B alleles segregate on 

different HLA haplotypes in Eurasian populations

HLA-C2 HLA-C1

Proportion of total HLA B  C haplotypes (%)

Population

group HLA-B -21M HLA-B -21T HLA-B -21M HLA-B -21T

African 0.13 0.130.39 0.36

European 0.01 0.270.39 0.33

Asian 0.01 0.190.18 0.61

Australian 0.0 0.050.56 0.39

Oceanian 0.0 0.220.25 0.53

North American 0.0 0.210.36 0.40

South American 0.0 0.310.35 0.35

5,439 haplotypes

10,945 haplotypes



Hypothesis: -21M/T dimorphism  divides 

HLA haplotypes into two schools of 

education:

• One biased to providing CD94:NKG2A ligands

• One biased towards providing KIR ligands



-21 HLA-B genotype correlates with 

cell-surface expression of HLA-E

Horowitz, 2016 Science Immunology



HLA-A and HLA-E expression 

correlates with HLA-B -21 

amino acid variation
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Ramsuran*, Naranbhai*, Horowitz, In revision



Why are the two most polymorphic 

genes in our genome cooperating to 

regulate expression on a very conserved 

gene?
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3D PCA

SPADE

viSNE

Visual tools for reducing data dimensionality are critical!



Spanning-tree Progression Analysis of Density-normalized Events 

(SPADE): requires transformation to reveal informative patterns

T/T M/M

SPADE analysis built on:

~20,000 CD94:NKG2A+ NK cells from 60 donors

Cluster size range: 1-163 cells per cluster

Horowitz, 2016 Science Immunology



Transforming SPADE trees into ‘Immune fingerprints’

Raw

SPADE trees

NKG2A “fingerprints”

T/T M/M

Horowitz, 2016 Science Immunology



SPADE reveals greater diversity in the CD94:NKG2A+

NK repertoire in individuals with -21M HLA-B
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-21M HLA-B correlates with increased levels of inhibitory 

NK receptors on CD94:NKG2A+ NK cells
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-21M HLA-B correlates with increased proportion of 

adaptive CD94:NKG2A+ NK cells

Horowitz, 2016 Science Immunology
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-21M HLA-B correlates with increased sensitivity 

to signaling through FcgRIIIA

Horowitz, 2016 Science Immunology



-21M HLA-B correlates with increased sensitivity 

to signaling through IL-2/15Rb

Horowitz, 2016 Science Immunology



HLA-A and HLA-E expression correlates with direction of 

education and breadth of activation
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When can a protective response turn bad?



Examples of autoimmune and immune-related adverse events 

associated with cancer immunotherapies and NK cells

June, Warshauer & Bluestone 2017 Nat Medicine
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Differential effects of Immune checkpoint blockade on T 

cells at different stages of differentiation/localization

June, Warshauer & Bluestone 2017 Nat Medicine
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Figure 2 CTLA-4 and PD-1 checkpoint blockade affects T cells at 

different stages of differentiation and at different anatomical locations.  

In lymphoid tissues, CTLA-4 expression is induced in naive T cells.  

After the TCR is triggered by an antigen–MHC encounter, CTLA-4 is 

expressed on the cell surface. CTLA-4-blocking therapies suppress 

negative signals delivered by CTLA-4, which permits sustained T cell 

activation and proliferation. The major role of the PD-1 pathway is at a 

later stage of T cell activation. In peripheral tissues (including tumors), 

activated T cells upregulate PD-1 expression. Inflammatory signals in 

the tissues induce the expression of PD-1 ligands, which downregulate 

the activity of T cells through binding to PD-1 and CD80, a feedback 

mechanism to limit collateral tissue damage. T cell exhaustion, a state of 

terminal T differentiation, is induced by prolonged exposure to high levels 

of antigen. Anti-PD-1 or PD-L1 therapies prevent this negative regulation 

and may reinvigorate exhausted T cells or delay T cell exhaustion in 

response to chronic antigen exposure. Alternative new therapies with 

CAR T cells that are highly specific for tumor antigens cause destruction 

directly within the tumor microenvironment.
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Potential mechanism of epitope spreading promoting 

autoimmunity

June, Warshauer & Bluestone 2017 Nat Medicine



NK cell exhaustion: A potential mediator of immune 

dysregulation and autoimmunity

Adam Farkas, PhD Elena González-Gügel, PhD Nina Bhardwaj, MD, PhD 



Di Silva 2014 Cancer Immunol Res

Melanoma patients upregulate inhibitory receptors, 

which may function similar to checkpoint inhibitors



Di Silva 2014 Cancer Immunol Res

Melanoma patients downregulate activating receptors, 

decreasing sensitivity to tumor target cells



Di Silva 2014 Cancer Immunol Res

Melanoma patients display reduced sensitivity to IL-2 as 

well as activation and proliferation



Loss-of-function screening identifies target that increases 

efficacy of immunotherapy

*Study did not report on treatment-related toxicities or autoimmunty assoicated with knocking down MHC-E! 
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