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Abstract

Differences in HLA-C expression are inversely correlated with HIV viral load set-point and slower 

progression to AIDS, linked to enhanced cytotoxic T cell immunity. Yet, beyond T cells, HLA-C 

serves as a dominant ligand for natural killer (NK) cell killer immunoglobulin-like receptors 

(KIR). Thus, we speculated that HLA-C expression levels may also impact NK activity, thereby 

modulating HIV antiviral control. Phenotypic and functional profiling was performed on freshly 

isolated PBMCs. HLA-C expression was linked to changes in NK subset distribution and 

licensing, particularly in HLA-C1/C1, KIR2DL3+2DL2-individuals. Moreover, high levels of 

HLA-C, were associated with reduced frequencies of anergic CD56neg NKs and lower frequencies 

of KIR2DL1/2/3+ NK cells, pointing to an HLA-C induced influence on the NK cell development 

in the absence of disease. In HIV infection, several spontaneous controllers, that expressed higher 

levels of HLA-C demonstrated robust NK-IFN-γ secretion in response to target cells, highlighting 

a second disease induced licensing phenotype. Thus this population study points to a potential role 

for HLA-C levels both in NK cell education and development.
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1. Introduction

Several host genetic determinants have been associated with control of HIV-1 infection, 

identified either through classic candidate-gene approaches or, more recently, through 

genomewide association studies (GWAS) [1], able to identify novel genetic variants in an 

unbiased manner. The first reported GWAS identified a number of variants associated with 

viral control including a previously defined specific human leukocyte antigen-B (HLA-B), 

as well as a single nucleotide polymorphism (SNP) 35 kilobases (Kb) upstream of the HLA-
C locus (rs9264942) that showed the most significant association with viral load (VL) 

control [2]. Moreover, in subsequent GWAS analyses, the impact of the SNP upstream of 

HLA-C was confirmed in cohorts of subjects that spontaneously control HIV, in the absence 

of HAART [3]. Using data from 1698 patients of European ancestry, this SNP was shown to 

associate with differences in HLA-C mRNA levels, which was later confirmed at the protein 

level on primary T cells from European Americans [4]. Moreover, HLA-C expression was 

directly linked to the magnitude of the cytotoxic CD8+ T cell response, suggesting a critical 

role for HLA-C level in driving enhanced viral control through the induction of superior 

cytotoxic T cell activity.

However, beyond its role in presenting peptides to T cells, HLA-C is also the primary ligand 

for several natural killer (NK) cell receptors, called the 2-domain killer cell 

immunoglobulin-like receptors (KIR2Ds) [5,6]. Specifically, the low-level, but persistent 

expression of HLA-C, which is upregulated in the setting of inflammation, has been directly 

implicated in both: a) NK cell licensing during NK cell development and b) tonic inhibition 

of NK cells through self-recognition on mature NK cells via inhibitory KIRs [7]. Yet, how 

the baseline expression level of HLA-C impacts NK cells has been incompletely defined.

Here we performed an in-depth analysis of NK cell phenotype and function in a large cohort 

(154) of healthy HIV-uninfected subjects and 28 HIV-infected individuals to determine 

whether variation in HLA-C expression directly impacted NK cell profiles. While changes in 

HLA-C expression showed some evidence of altered NK cell licensing in healthy 

individuals, elevated HLA-C levels were also associated with reduced levels of KIR2D+ NK 

cells as well as anergic CD56neg NK cells in healthy individuals but increased numbers of 

cytolytic CD56dim cells and enhanced IFN-γ licensing signature among HIV+ subjects. 

These data point to a plausible role for HLA-C expression levels on NK cell development 

and function that may contribute to the pre-infection presence of more functional and less 

inhibited NK cells that are then able to respond more aggressively upon infection thereby 

contributing to enhanced antiviral control and the evolution of more effective T cell 

immunity.
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2. Methods

2.1. Subjects and genotyping

Healthy HIV uninfected subjects were drawn from a living biobank of >1600 healthy adult 

blood donors between the ages of 18 and 50 who were recruited from the Boston area as part 

of the Brigham and Women’s Hospital Pheno Genetic Project. Demographic details of the 

cohort were previously described [8]. The Institutional Review Board approved the study 

and all subjects signed informed consent. HIV+ subjects were recruited from the Ragon 

Institute cohort and patients were classified into one of three disease categories: elite 

controller (EC, individuals that spontaneously control HIV to undetectable levels); viremic 

controllers (VC, individuals that spontaneously suppress viremia to below 2000 copies/ml of 

blood), chronic progressors (CRO, non-controllers with viral loads above 2000 copies/ml). 

None of the subjects received anti-retroviral treatment at the time of the study. HLA class I 

typing and KIR genotyping were performed as previously described [9]. HLA-C expression 

levels were determined using a predictive model based on HLA-C genotypes, as previously 

described [10]. The model predicts HLA-C expression levels based on HLA-C alleles for 

which HLA-C expression levels were determined in an independent cohort of 150 African 

Americans. The model was subsequently validated in 100 subjects of European-American 

and African-American descent and thus, only subjects of these races were included in the 

study. Importantly, because of the variation in HLA-C expression among donors encoding 

the same HLA-C alleles, likely related to heterozygosity, the model derived a single HLA-C 

expression value for each allele from this large HLA-C expression study, as a substitute for 

directly measuring HLA-C expression.

2.2. Flow cytometry

Phenotypic and functional profiling was performed on freshly isolated PBMCs using 

multiparametric flow cytometry. PBMCs were isolated from fresh whole blood using Ficoll-

Hypaque density gradient centrifugation, and PBMCs were stained for CD3 (UCHT1), 

CD16 (3G8), CD56 (NCAM16.2), CD161 (DX12), NKG2D (1D11), CD94 (HP-3D9), 

NKp46 (9E2), NKp44 (p44–8), 2-domain KIR by antibody cocktail of CD158a recognizing 

KIR2DL1, 2DS1 (HP-3E4) and CD158b recognizing KIR2DL2/DL3 (CH-L), 3-domain 

KIR by NKB1 antibody recognizing KIR3DL1 (DX9), 2B4 (2–69), CD69 (FN50), HLA-DR 

(G46–6), CD58 (1C3), perforin (γG9), granzyme (GB11) (BD Biosciences), NKG2A 

(Z199, Beckman Coulter) in four panels (106 cells per panel) to dissect the phenotypic 

signatures associated with variation in HLA-C levels. In parallel, NK cell functional activity 

was assessed following stimulation of PBMCs with the following NK target cell lines, each 

at a 10:1 effector:target ratio: i) p815 cells (a mouse leukemic cell line, ATCC) pre- 

incubated for 1 h with 1 μg/ml p815-specific Ab (Abcam, Cambridge, MA) as a measure of 

antibody-dependent cell-mediated cytotoxicity; ii) K562 cells (ATCC), a MHC-devoid target 

cell line; and iii) 721.221 cells (ATCC), a MHC class I-deficient B cell line. As a positive 

control, the PBMCs were treated with PMA (2.5 μg/ml) and ionomycin (0.5 μg/ml) (Sigma-

Aldrich), and a condition with media alone or p815 cells lacking the coating Ab as a 

negative control. All cells were stained for CD107a (H4A3) prior to and throughout the 4 h 

of stimulation in the presence of Brefeldin A (10 μg/ml; Sigma-Aldrich) and monensin (6 

μg/ml; GolgiStop; BD Biosciences). The cells were then stained with 4 different 
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immunophenotypic panels (using the markers described above), fixed/permeabilized, and 

stained for intracellular interferon-γ (IFN-γ, 25723.11). Data were acquired on a BD LSRII 

flow cytometer and analyzed using FlowJo software v9.3.

2.3. Statistical analysis

Correlation analyses using the Pearson product-moment correlations were utilized to 

examine associations between HLA-C expression levels and NK phenotype and functions in 

uninfected controls. Adjustment for multiple testing was made by Bonferroni correction. 

Kruskal-Wallis with Dunn’s multiple comparison test was used to examine differences 

among HIV-infected patient groups. Reported p-values are two sided and values of p ⩽ 0.05 

were considered significant.

3. Results

3.1. HLA-C and KIR gene profiles

HLA-C expression levels, linked to HLA-C genotype, were previously defined in a cohort of 

1698 individuals of European ancestry to generate a predictive model of HLA-C expression 

[10]. Using this model, HLA-C expression levels were predicted for our cohort, 

demonstrating a continuous distribution across the healthy study subjects. Predicted HLA-C 

expression was elevated in subjects homozygous for HLA-C2 groups in contrast to subjects 

homozygous for HLA-C1 or HLA-C1/C2 heterozygotes, nevertheless continuous 

distribution was observed in all HLA-C groups (Fig. 1A). Because HLA-C interacts with 

three inhibitory KIR receptors: KIR2DL1, KIR2DL2 and KIR2DL3, that act as the 

dominant ligands for HLA-C, we next examined the distribution of all 3 KIRs across our 

patient groups by KIR genotyping as previously described [11]. As expected, all healthy 

subjects (154) encoded KIR2DL1. KIR2DL3 was encoded by 92% of healthy subjects, 

among which, 49% lacked KIR2DL2. Conversely, 53% healthy patients encoded KIR2DL2 

(Fig. 1B).

3.2. HLA-C expression levels alter NK cell licensing in subjects restricted by specific 
HLA-C/KIR haplotypes

During development, only NK cells expressing inhibitory receptors for self-HLA [7], which 

ensures self-inhibition, are functionally “licensed” to respond to MHC-I low/deficient target 

cells [7,12,13]. Moreover, the strength of licensing is selectively regulated by the potency 

and level of HLA expression as demonstrated in the Ly49-mouse model system [14]. 

Although the higher dose of HLA-C associated with the rs9264942 SNP has not been shown 

to influence NK cell education in terms of degranulation and cytokine production in 

response to HLA-deficient target cells [15], we speculated that a continuous distribution 

model of HLA-C expression may more accurately reveal links to NK cell licensing, or that 

enhanced HLA-C expression may drive the accumulation of more functional, optimally 

licensed NK cell subsets, able to control HIV viremia more effectively. Moreover, given that 

NK cells may both kill via direct recognition of infected/HLA-low cells by licensed NK 

cells or indirectly kill via unlicensed (KIR-negative, NKG2A-negative) NK cells through 

antibody mediated cellular cytotoxicity (ADCC) [16], here we sought to investigate the 

impact of HLA-C on both direct and indirect NK cell activity.
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To address this hypothesis, PBMCs from healthy donors were stimulated with 3 different 

target cell lines that trigger NK cell activation through disparate pathways, ultimately 

allowing for an unbiased view of the NK cell functionality. Degranulation and cytokine 

secretion were both measured. We observed that HLA-C expression levels did not impact 

global NK cell functional competence upon PMA/ionomycin stimulation (data not shown) 

but associated with NK cell degranulation or IFN-γ secretion following stimulation with all 

three target cell lines. Increased NK-function in high HLA-C expressors was observed only 

in subjects encoding KIR2DL3 and lacking KIR2DL2, homozygous for HLA-C1 group 

alleles (Fig. 1D, framed heatmap column). Overall, these data point to an effect of HLA-C 

expression levels on NK cell function, restricted to particular HLA-C/KIR haplotype 

backgrounds.

3.3. HLA-C expression levels modulate NK cell subsets

NK cells can be divided into three subsets based on their expression of CD56 and CD16 

(Fig. 1C). In peripheral blood, the cytolytic mature CD56dimCD16+ NK cells dominate, 

whereas more immature cytokine producing CD56brightCD16− NK cells make up a smaller 

population [17]. Anergic CD56neg NK cells are rare in healthy individuals and represent at 

most a few percent of total NK cells in the blood but expand in chronic viral infections 

[18,19]. While total NK cell numbers were unaffected by HLA-C expression levels, 

correlation analyses revealed changes in several NK cell subsets in the setting of differential 

HLA-C expression levels. Elevated HLA-C expression levels were inversely associated with 

the overall abundance of anergic CD56neg NK cells (Fig. 1E and F). Moreover, even fewer 

anergic CD56neg NK cells were observed in high HLA-C expressors within HLA-C1/C1 

background that encoded KIR2DL3 and lacked KIR2DL2 (r = −0.4279, Fig. 1E and F). In 

contrast, positive relationships were observed between CD56dim NK cells and HLA-C MFI 

(Fig. 1E and F), while no effects were observed in CD56bright populations. Furthermore, a 

number of additional associations between HLA-C MFI and NK cell phenotype were 

observed in HLA-C1/C1/KIR2DL3+KIR2DL2− subjects, such as a decrease in the 

frequency of 2-domain KIR+ NK cells (Fig. 1E and F), 3-domain KIR+ NK cells (Fig. 1E), 

and an increase in FcγRIIIa expression on NK cells (Fig. 1E) suggesting that enhanced 

HLA-C expression may have a broader impact on NK cell development in specific HLA-

C/KIR backgrounds. Thus these data point to a novel role of KIR/HLA-C interactions in NK 

cell development, and specifically in generation of functional NK cells.

3.4. High HLA-C expression levels, in HIV-1 infection, are linked to licensing

While HLA-C expression appeared to affect NK cell subset distribution and function in 

healthy individuals, enhanced NK cell function has also been linked to heightened antiviral 

activity in HIV infection [9]. Thus we next sought to define whether HLA-C levels affected 

NK cell biology post infection. Using the predictive model of HLA-C expression [10], HLA-

C levels were imputed for a cohort of HIV-1 infected individuals including a spectrum of 

disease progression profiles: spontaneous controllers and normal progressors. As expected, a 

range of HLA-C expression profiles were observed across the patient groups, with the lowest 

levels of HLA-C among chronically infected progressors (CRO) (Fig. 2A). In addition, in 

contrast to spontaneous controllers, chronically infected subjects with high viral load are 

prone to further HLA-C downregulation by HIV Vpu [20]. Interestingly, low levels of HLA-
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C expression were also associated with an expansion of CD56neg NK cells in chronic 

progressors as compared to controllers (Fig. 2B), suggesting that pre-infection CD56neg 

expansions are amplified following infection. Moreover, similar to the healthy cohort, the 

preservation of CD56dim NK cells in HIV-infected subjects was dependent on the presence 

of KIR2DL3 (Fig. 2C), confirming the importance of HLA-C/KIR interactions in shaping 

the evolution of NK cell subset development. We next examined the relationship of HLA-C 

expression and NK cell function within HIV infected subjects. Unique to the HIV-infected 

cohort, high HLA-C expression, particularly in the presence of KIR2DL3, was associated 

with robust IFN-γ secretion, not observed in chronic progressors (Fig. 2C) following 

stimulation with antibody-opsonized targets. These data point to a role for HLA-C/KIR 

interactions following infection in shaping NK cell activity, either related to: a) the rapid 

unleashing of more functional NK cells following infection, or b) the generation of new NK 

cells after infection with enhanced antiviral activity that may contribute to antiviral control 

or the generation of more functional T cell immunity.

4. Discussion

Elevated HLA-C expression has been linked to enhanced viral control and slower 

progression to AIDS linked to increased HIV-specific CTL responses [10]. However, 

because HLA-C is the dominant ligand for KIR receptors, we aimed to define whether 

elevated HLA-C expression may also impact HIV control via alterations in NK cell antiviral 

profiles. Interestingly, HLA-C expression significantly impacted NK cell functional activity 

among healthy subjects encoding HLA-C1/C1 and KIR2DL3 in the absence of KIR2DL2 

(Fig. 1). Moreover, spontaneous HIV control was associated with robust IFN-γ secretion 

among HIV-infected subjects especially in the presence of KIR2DL3 (Fig. 2), arguing for a 

disease-induced HLA-C-dependent induction of highly functional NK cells. Yet, irrespective 

of health or disease, HLA-C expression levels, in combination with select KIRs on a HLA-

C1/C1 haplotype background, had a profound impact on NK cell subset distribution and 

specifically on the accumulation of CD56dim and CD56neg NK cells (Fig.1). Moreover, 

HLA-C expression had an effect on distribution of KIR2DL+ and KIR3DL+ NK cells, 

suggesting the involvement of HLA-C-KIR interaction in limiting the selection and 

expression of KIRs during NK cell development Thus these data highlight the unexpected 

influence of HLA-C expression levels not only on shaping T cell immunity [10], but also in 

influencing NK cell development towards more functional mature NK cells that may then be 

able to respond more aggressively upon infection.

While, specific combinations of KIR/HLA haplotypes have been shown to influence the 

outcome of HIV-1 infection [21] with well-established protective effects of certain HLA-

Bw4/KIR3DL1/S1 haplotypes [22,23], less attention has been given to HLA/KIR 

interactions involving KIR2DL ligands. The identification of KIR2DL2-associated HIV-1 

sequence polymorphisms provided the first evidence for KIR-associated NK-cell-mediated 

immune pressure on HIV [24] and recent studies have identified increased frequencies and 

function of KIR2DL1–3+ NK cells in primary HIV-1 infection that are dependent on HLA-

C haplotypes [25]. Our data further extend the critical role of KIR2D/HLA-C interactions 

that may not only be shaped by the presence of the receptor-ligand in modeling KIR+ NK 

cell repertoires [26], but also by the level of ligand, HLA-C expression. Interestingly, the 
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data reported here argue that prior to infection, HLA-C levels may influence the 

development of NK cells, in such a way that HLA-C signals through KIR2DL3 may 

maintain NK cells in a more functionally mature state, limit the numbers of inhibitory KIR 

expressed on NK cells, and augment the level of FcγRIIIa. These KIR− NK cells can be 

activated more rapidly via activating NK cell receptors including FcγRIIIa due to the 

absence of an inhibitory HLA/KIR signal [27,28]. Importantly, uneducated NK cell 

responses have been shown to play a critical beneficial role in tumor control in patients 

undergoing monoclonal antibody therapeutic treatment via the induction of ADCC [29] as 

well as in response to murine CMV infection [30]. Therefore, HLA-C driven accumulation 

of more mature, functional, inhibitory KIR-negative, FcγRIIIa+ NK cells may result in the 

generation of a pool of NK cells that may respond more rapidly and effectively to antibodies 

following HIV infection. Furthermore, upon HIV infection, we observed that these mature 

functional NK cells also retained the ability to respond more effectively to antibody 

opsonized material, an immunological function that has been recently linked to protection 

from HIV acquisition in the first moderately successful HIV vaccine trial [31] as well as in 

the context of natural control of HIV infection [32].

KIR2DL1 binds C2 HLA-C alleles with high affinity [33], whereas KIR2DL2 and KIR2DL3 

preferentially bind to group C1 HLA-C alleles, although KIR2DL2 can also bind to C2 

alleles [34]. Importantly, KIR2DL2 binds to HLA-C1 with stronger affinity than does 

KIR2DL3 [33]. Thus, the stronger KIR2DL2 binding to HLA-C in subjects encoding this 

KIR may diminish the impact of variation in HLA-C expression on NK cell profile 

dynamics during NK cell education caused by KIR2DL3/HLA-C1 interaction. By contrast, 

subjects encoding KIR2DL3, lacking KIR2DL2, may be more susceptible to variation in 

HLA-C expression, where elevated levels of the ligand may alter NK cell potency via the 

programming of more effective NK cells, that are not anergic CD56neg cells that typically 

accumulate in chronic viral infections [18,19].

While predictive HLA-C expression modeling pointed to NK cell phenotypic and functional 

associations related to HLA-C/KIR backgrounds, it is plausible that the direct assessment of 

HLA-C expression levels could provide enhanced resolution on NK cell clonal dynamics 

associated with HLA-C expression in future studies. Moreover, beyond HLA-C expression, 

other factors influence NK cell development, including cytomegalovirus (CMV) infection. 

Specifically, CMV infection is associated with the accumulation of a fraction of KIR

+NKG2C+ NK cells that significantly impacts the overall NK cell clonal diversity within 

infected individuals [35–38]. Moreover, CMV remains the clearest example of infection-

driven expansion of mature CD57+NKG2C+CD158b+ NK cells that produce significant 

IFN-γ after stimulation with MHC Class I-deficient target cells [39,40]. Thus it is likely that 

combinations of KIR/HLA genotypes, KIR gene copy number variation [41,42], and co-

infections may all contribute to NK cell clonal diversity, function, and bioactivity warranting 

larger population based studies in the future to probe the influence of all these parameters on 

NK cell selection, development, education, and activity following malignant transformation 

and/or infection.

Whether elevated HLA-C expression alters NK cell immunophenotypic properties in the 

bone marrow during development, or in the periphery, through tonic interactions with 
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inhibitory self-sensing KIR, is unknown. However, these data suggest that changes in HLA-

C expression have a significant impact on qualitative changes in NK cell phenotype and 

function, linked to more effective NK cell profiles that may aide in the development of a 

highly effective, rapid innate immune responses upon viral exposure. Thus future larger 

studies aimed at defining the functional consequences of different HLA-C expression levels, 

in the context of co-infection, may identify critical divergences in the NK cell response soon 

after infection, particularly during the most acute window of disease, both in the ability to 

contain virally infected cells, but also in tuning the evolving adaptive immune response.
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Fig. 1. 
HLA-C expression modulates NK cell function and subset distribution in healthy subjects in 

a HLA-C1/C1/KIR2DL3+2DL2− haplotype dependent manner. (A) Predicted HLA-C 

expression levels are depicted based on individual HLA-C allotypes, showing a continuous 

distribution within HLA-C1/C1, HLA-C1/C2 and HLA-C2/C2 groups. The KIR gene 

profiles of the cohort are illustrated in (B). The gating strategy as well as examples of flow 

cytometric stains are illustrated in (C). The heat-map illustrates positive (red) or negative 

(blue) associations (r values) with HLA-C expression levels and various NK cell functions 
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(D) and phenotypes (E) (listed per row) in all HLA-C group subjects, HLA-C1/C1 subjects 

or HLA-C1/C2 subjects encoding different KIR receptors (listed as columns). Correlation 

plots in (F) reveal associations between HLA-C expression levels and the frequency of 

CD56dim (top panels, red framed plots), CD56neg (middle panels, blue framed plots) or 

KIR2D+ (bottom panels, blue framed plots) NK cells in all HLA-C group subjects (left 

panels) or HLA-C1/C1/KIR3DL3+2DL2− subjects (right panels). In the heatmap, red 

depicts positive correlations and blue depicts negative correlations, with color intensity 

indicating the intensity of that relationship.
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Fig. 2. 
Impact of HLA-C expression on NK cell subset distribution and function among HIV-1 

infected subjects. Predicted HLA-C expression levels are depicted based on individual HLA-

C allotypes (A) and show differential levels among clinical subgroups including elite 

controllers (EC), n = 11; viremic controllers (VC), n = 8; chronic progressors (CRO), n = 10, 

healthy controls (HC), n = 154. Open shapes indicate subjects in the HLA-C1/C1 group, 

half-open shapes represent subjects in the HLA-C1/C2 group; and closed shapes represent 

subjects in the HLA-C2/C2. The flow plots illustrate the differences in NK cell subset 

distribution and IFN-γ secretion in subjects with low or high HLA-C expression (B). The 

differences in NK subset distribution and IFN-γ secretion are illustrated in subjects 

expressing KIR2DL1 and KIR2DL3 (C).
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