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Abstract

Background: Mechanisms of resistance to immune-modulating cancer treatments are poorly 

understood. Using a novel cohort of patients with head and neck squamous cell carcinoma 

(HNSCC), we investigated mechanisms of immune escape from epidermal growth factor receptor-

specific monoclonal antibody (mAb) therapy.

Methods: HNSCC tumors (n = 20) from a prospective trial of neoadjuvant cetuximab 

monotherapy underwent whole-exome sequencing. Expression of killer-cell immunoglobulin-like 

receptor (KIR) and human leukocyte antigen-C (HLA-C) and the effect of KIR blockade were 

assessed in HNSCC cell lines.

Results: Nonresponders to cetuximab had an increased rate of mutations in HLA-C compared to 

responders and HNSCC tumors (n = 528) in The Cancer Genome Atlas (P < 0.00001). In vitro, 

cetuximab-activated natural killer (NK) cells induced upregulation of HLA-C on HNSCC cells (P 
< 0.01) via interferon gamma. Treatment of NK cells with the anti-KIR mAb lirilumab increased 

killing of HNSCC cells (P < 0.001).

Conclusions: Alterations in HLA-C may provide a mechanism of immune evasion through 

disruption of NK activation.
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1 | INTRODUCTION

The majority of patients with head and neck squamous cell carcinoma (HNSCC) were seen 

with advanced locoregional disease.1–4 Despite significant advances in our understanding of 

the biology of HNSCC, little progress has been made in extending the survival of patients 

with advanced disease. Immunotherapeutic approaches to treating HNSCC, as well as other 

cancers, are of great interest to the scientific and oncologic communities. Although 

excitement surrounding the concept of harnessing the host’s own immune response to 

eradicate a tumor has been present for decades, only recently have immunotherapy 

approaches been shown to improve survival in patients with advanced stage cancer.5 

Currently, interest is focused on immunomodulation with tumor antigen (TA)-specific 

monoclonal anti-bodies (mAb). Many of these approaches have concentrated on reversing 

the suppressive phenotype of cytotoxic T lymphocytes (CTL) through immune checkpoint 

receptor (ICR) inhibition with mAbs, such as anti-CTLA-4 (ipilimumab) and anti-PD-1 

(nivolumab). Although initial results with ICRs have been promising, only a small 

percentage of patients attain a durable response.5 Interestingly, immune modulation in 

HNSCC has been achieved by targeted mAb therapy as well. Cetuximab, an 

immunoglobulin G-1 (IgG1) mAb specific for the epidermal growth factor receptor (EGFR), 

effectively inhibits ligand binding. Although the EGFR is upregulated in approximately 90% 

of HNSCC,6 less than 20% of patients achieve a lasting response to cetuximab.7,8 Initially, 

this was thought to be as a result of alterations in the EGFR or downstream molecules; 

however, such alterations are infrequent in HNSCC9,10

The hypothesis that the antitumor effects of cetuximab are driven by immune mechanisms is 

supported by a number of lines of evidence, including that lymphocytes are necessary for 

cetuximab to induce tumor killing in vitro11,12 and that cetuximab’s effects are influenced 

by Fcγ receptors present on natural killer (NK) cells.13 Work done by our lab11,13–21 and 

others12,22–27 supports the hypothesis that NK cells mediate cetuximab’s antitumor effects 

via antibody-dependent cellular cytotoxicity (ADCC) and through upregulation of EGFR-

specific CTL via NK: dendritic cell (DC) crosstalk. NK-dependent ADCC is mediated by 

binding of FcγRDIa (CD16) to the Fc portion of cetuximab-coated EGFR+ tumor cells. 

Additionally, NK cell activation involves the interaction of killer-cell immunoglobulin-like 

receptors (KIRs) on NK cells with human leukocyte antigen-C (HLA-C) expressed on tumor 

cells. Antigen presentation through HLA class I molecules activates CTL as part of the 

adaptive immune response. However, HLA molecules also interact with KIRs on NK cells 

modulating the balance between inhibitory and activating signals and thus tolerance versus 

killing. Although incompletely understood, previous work has shown that KIRs on NK cells 

can be activating or inhibitory, depending on both the HLA-C allele and KIR molecule.28,29 

Interestingly, HNSCC appears to have a particularly robust NK cell response compared to 

other tumor types.30
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Mechanisms of resistance to cetuximab in HNSCC are poorly understood. Failure of NK 

cell activation or immune evasion of NK cell killing has been hypothesized to be 

mechanisms of resistance. However, direct evidence in HNSCC is currently lacking. To 

investigate the mechanisms mediating response or resistance to cetuximab therapy, we 

recently conducted a prospective clinical trial of neoadjuvant cetuximab monotherapy (UPCI 

#08–013, NCT #01218048) in previously untreated patients with stage III/IV HNSCC. 

Response to treatment was assessed by change in tumor size on CT from precetuximab 

treatment to postcetuximab treatment and before definitive surgery (%ΔCT). This format has 

been used successfully in previous trials designed to evaluate brief exposure to a study drug, 

in which categorical Response evaluation criteria in solid tumors (RECIST) would not be 

informative. Response status was defined using well-characterized RECIST measurement 

techniques to establish the sum of index lesions at baseline and after treatment and then used 

the proportional change in tumor size, which resulted in a 35% response rate (see Supporting 

Information for trial protocol). This novel cohort is optimized to characterize the 

immunogenomic correlates of cetuximab treatment response. Herein, we report results of 

this genomic analysis as well as in vitro experimental correlates.

2 | METHODS

Clinical trial UPCI #08–013 sample collection and processing:

See Supporting Information.

Informed consent:

All patients underwent informed consent as part of UPCI #08–013. The clinical trial, and 

this study, was approved by the UPMC Institutional Review Board.

Sequencing library preparation and whole-exome sequencing:

Tumor DNA was extracted using the DNeasy kit (Qiagen). Peripheral blood DNA was 

extracted using the PAXgene DNA extraction kit (Qiagen). Sequencing libraries were 

prepared using SureSelect Human All Exon V5 and SureSelect Reagent Kit (Agilent). 

Sequencing was performed on an Illumina HiSeq 4000 or 2500 as 100-bp-paired end reads.

Data analysis:

FASTQ files were mapped to human reference genome (hg19) using the BWA mem v0.7.12 

algorithm at default parameters. Removal of duplicate reads, local realignment, and base 

recalibration was done using GATK (v3.4) and Picard (v1.138) tools. Somatic variant calling 

was done using MuTect (v1.1.7) and VarScan2 (v2.3.7), and a union of these variants was 

used for all further analysis. Maftools was used to annotate and visualize these variants. 

MutSigCV v1.4 was used to identify significantly overly mutated genes. Canonical pathway 

analysis was performed using ingenuity pathway analysis (IPA; Qiagen). The top 50 genes 

identified by MutSig were uploaded into IPA, and an over-representation analysis was 

performed with standard settings. HLA-C mutation status in HNSCC from The Cancer 

Genome Atlas (TCGA) datasets was obtained from https://portal.gdc.cancer.gov/.
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Fresh Frozen Paraffin-Embedded (FFPE) DNA extraction for confirmatory sequencing, 
pyrosequencing, and targeted next generation sequencing:

See Supporting Information Methods section.

Peripheral blood mononuclear cell (PBMC) and NK isolation from peripheral blood:

After approval by our Institutional Review Board (UPCI protocol 99–069), informed consent 

was obtained from each subject before blood withdrawal. Blood from healthy donors or 

patients with HNSCC was drawn and lymphocytes were purified by Ficoll-Paque PLUS 

centrifugation following standard protocol (Amersham Biosciences). NK cells were purified 

using NK negative selection magnetic EasySep kits (Stem cell technologies). Purity of the 

selection was more than 95% FcγRIIIa+, CD56+, and CD3−.

Tumor cell lines:

JHU029 was a kind gift from Dr James Rocco (Harvard Medical School) in January of 2006. 

93-VU-147 T (called 93VU in this report) was a kind gift from Dr Henning Bier 

(Technische Universitat Munchen) in October of 2013.

Flow cytometry analysis:

Surface flow cytometry was performed as previously described.31

Antibodies and treatments:

Mouse anti-human HLA-C-PE mAb (clone DT9) was purchased from Millipore. The CD3-

Alexa Fluor 700, CD56-FITC, and KIR-PE (CD158b, clone DX27) were purchased from 

BD Pharmingen. Cetuximab and lirilumab were kindly provided by Bristol-Meyers Squibb 

and used at 10 μg/mL. IgG1 isotype control was purchased from Thermo Fisher and used at 

10 μg/mL.

Enzyme-linked immunosorbent assay (ELISA):

Interferon gamma (IFNγ) production was determined by IFNγ ELISA kit (R&D systems) 

according to the manufacturer’s instructions.

Flow cytometry-based cellular cytotoxicity assay:

Purified NK cells (CD3–CD56+) were cocultured either alone or with tumor target cells 

(JHU029 or 93VU) in the presence or absence of lirilumab (10 μg/mL) for 24 hours in a 1:1 

ratio. Tumor cells were harvested and stained using the 7-AAD and Annexin V cell death kit 

purchased from (BD biosciences). Cell death was determined by flow cytometry within 30 

minutes of staining. Data were collected and analyzed using FloJo v10 software.

Cellular cytoxicity assay:
51Cr-labeled tumor target cells (JHU029 or 93VU) were added to NK cells in the presence 

or absence of lirilumab (10 μg/mL) at a 20:1 effector: target ratio. Following a 4 hour 

incubation, supernatants were harvested, and chromium release and relative percent lysis 

determined as previously described.32
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3 | RESULTS

3.1 | Whole-exome sequencing of responders and nonresponders to cetuximab

Twenty post-treatment HNSCC samples (9 nonresponders and 11 responders) underwent 

whole-exome sequencing (WES) at an average depth of ×52. Patient demographics and 

variant data can be found in Table 1. The median overall mutational and missense mutational 

burden were not statistically different between nonresponders (1583, 224) and responders 

(1428, 163), respectively (P < 0.29, t test). A summary of mutation type, distribution, and 

most commonly mutated genes can be found in Supporting Information Figure S1. MutSig 

was used to identify statistically overly mutated genes, revealing five genes (U2AF2, TP53, 
INPP5E, RBMXL3, and KIR3DL2; P < 0.05, q < 0.05; Supporting Information Figure S2). 

Other than TP53, none of these genes are in the MutSig top 100 genes in 528 HNSCC from 

TCGA (http://firebrowse.org/?cohort=HNSC#). U2AF2 (U2 small nuclear RNA auxiliary 

factor 2), INPP5E (inositol polyphosphate-5-phosphatase E), and RBMXL3 (RNA binding 

motif protein, X-linked-like 3) have no previously reported role in HNSCC or cetuximab 

escape. KIR3DL2 is a transmembrane glycoprotein expressed by NK cells and subsets of T 

cells.

3.2 | Somatic HLA-C alterations are over-represented in nonresponders to cetuximab

We next compared gene mutation rates between responders and nonresponders, to identify 

genes that were statistically over-represented in either group. HLA-C was the most 

disproportionately mutated gene with 10 mutations in six nonresponders as compared with 1 

mutation in responders (Figure 1A,B). The mutation rate in HLA-C in nonresponders 

compared to responders, and 528 untreated HNSCC specimens from TCGA, was 

statistically increased (67%, 9%, and 2%, respectively, P < 0.00001 by x2 test with P < 0.01 

considered significant; Figure 1C). All HLA-C mutations in nonresponders were missense 

mutations and four out of the six nonresponder samples with HLA-C mutations possessed 

deleterious mutations on protein function, as determined by SIFT and/or PolyPhen 

predictions (Figure 1D; Supporting Information Figure S3). As the HLA locus can produce 

higher sequencing error rates because of high polymorphism and guanine cytosine (GC) 

content, we first manually curated HLA-C reads in IGV (Supporting Information Figure S4) 

and, after confirmation, attempted to validate these mutations using pyrosequencing of the 

remaining tumor/normal DNA. Of the 11 mutations identified in HLA-C, 10 failed 

pyrosequencing as a result of either nonspecific amplification or insufficient tumor DNA 

quantity (Supporting Information Methods section). One sample (TS-19) was able to be 

amplified and sequenced with validation of the mutation. We next attempted targeted next 

generation sequencing (tNGS) with HLA-C specific primers (NGSgo, GenDx). Only three 

samples (TS-6, −13, and −19) had adequate tumor DNA remaining. Of these, TS-6 had poor 

sequencing quality, TS-13’s mutation was not identified, and TS-19’s mutation was 

validated. Interestingly, in both TS-6 and −13, we found loss of heterozygosity (LOH) at 

HLA-C (Supporting Information Figure S5). As all DNA had been used at this point, 

additional DNA was extracted from FFPE for all samples for which we had FFPE blocks 

(five samples). DNA TapeStation (Agilent) analysis showed degradation of all samples, and 

no further analysis was possible.
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3.3 | Mutations in NK signaling pathways are over-represented in tumors treated with 
cetuximab

In order to investigate if commonly mutated genes occurred in similar biologic pathways in 

patients treated with cetuximab, we conducted a somatic mutation canonical pathway 

analysis (IPA) using the top 50 genes from MutSig analysis. Interestingly, the pathway most 

statistically over-represented was crosstalk between DCs and NK cells (Supporting 

Information Figure S7). The genes within this pathway, which were mutated in our cohort, 

were HLA-A, KIR3DL2, and MICA (MHC class I polypeptide-related sequence A). The 

most likely upstream regulator of the disrupted pathways was predicted to be the IFN group, 

including IFNγ.

3.4 | KIRs are expressed on NK cells from patients with HNSCC

As noted previously, HLA-C is the ligand for KIR on NK cells. In light of the findings that 

HLA-C alterations were statistically increased in nonresponders to cetuximab and that 

pathway analysis of frequently mutated genes identified NK cell signaling pathways as 

statistically overly mutated, we hypothesized that NK cells may play a critical role in killing 

HLA-C expressing tumors. First, we characterized the expression of KIRs (see section 2) on 

NK cells isolated from peripheral blood of patients with HNSCC by flow cytometry. We 

found that KIR expression was observed only on CD56dim NK cells (Figure 2A), which is 

known to be the main cytotoxic NK cell subset.33,34 Furthermore, we found that KIR 

expression is variable among patients ranging from 2% to 63% of CD56dim NK cells (Figure 

2B; n = 20, mean = 33.5 ± SEM = 2.7). When we compared the frequency of KIR 

expressing NK cells of patients with HNSCC with that of healthy individuals, there was no 

significant difference (Figure 2C; two variable Student’s t test; ns P > 0.05). These findings 

suggest that expression of KIR in patient with HNSCC- derived NK cells is preserved, when 

compared to that of healthy donors, and thus, that NK cell modulation through HLA-C: KIR 

interaction could potentially induce tumor cell killing.

3.5 | Cetuximab-activated NK cells upregulate HLA-C expression on tumor cells via IFNγ

We next hypothesized that cetuximab-activated NK cells could upregulate HLA-C 

expression on tumor cells via IFNγ release. Indeed, in vitro coculture of NK cells and tumor 

cells in the presence of cetuximab induced a significant increase in IFNγ secretion to the 

culture supernatants (Figure 2D). Moreover, cetuximab-activated NK cells induced a 

significant upregulation of HLA-C on tumor cells while maintaining KIR expression (data 

not shown), when compared to untreated or IgG1 control treated NK cells (Figure 2E; *P < 

0.01). Overall, these results suggest that cetuximab-activated NK cells not only eliminate 

tumor targets as previously shown but also upregulate HLA-C expression on tumor cells, 

which could further enhance NK cell activation.

3.6 | Lirilumab-activated NK cells increase killing of HNSCC cells

Lirilumab is an anti-KIR mAb. We cocultured tumor cells (JHU029 and 93VU) and freshly 

isolated NK cells either alone or in the presence of lirilumab for 24 hours and determined 

cell death by flow cytometry and chromium release (see section 2). As shown in Figure 3, 

NK-cell-mediated lysis of tumor targets was significantly higher when cocultured in the 
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presence of lirilumab (analysis of variance [ANOVA]; ***P < 0.001). Interestingly, JHU029 

cells, that express higher levels of HLA-C than 93VU cells at baseline (data not shown), and 

when cocultured with cetuximab-activated NK cells (Figure 2E), showed higher lysis when 

cocultured with lirilumab compared to 93VU cells (Figure 3B; ANOVA, **P < 0.01). The 

lytic activity of NK cells in the presence of lirilumab was enhanced compared to 

spontaneous lysis when cultured with JHU029, but not 93VU, as determined by a 4 hours 

chromium release assay (P < 0.001; Figure 3C). Taken together, these in vitro findings 

support our view that the HLA-C-KIR axis is important in NK-cell-mediated cytotoxicity of 

HNSCC cells.

4 | DISCUSSION

Immune evasion is a sine qua non for cancer development. Mechanisms of resistance to 

immune modulating therapeutics in cancer are poorly understood. For example, less than 

20% of patients with HNSCC have a lasting response to cetuximab, despite initial 

effectiveness.7,8 Existing work supports that the mechanism of action of cetuximab in 

HNSCC may be mediated by NK cells.11–27 Similarly, failure of NK cell activation or 

immune evasion from NK-cell-mediated tumor lysis have been suggested as mechanisms of 

resistance. We recently completed a novel prospective trial of neoadjuvant cetuximab 

monotherapy with post-treatment tumor biopsies and well-annotated response data. Using 

this unique cohort of patients, we examined the relationship between response to cetuximab 

therapy and somatic alterations as a mechanism of immune escape. Of primary interest was 

the finding that HLA-C was the most disproportionately mutated gene between cohorts of 

nonresponders and responders (P < 0.017; Fishers exact) with 6 of 9 nonresponders 

possessing at least one potentially deleterious HLA-C mutation, compared to only 1 of 11 in 

responders (Figure 1; Supporting Information Figure S3). When compared to 528 HNSCC 

from TCGA, the HLA-C nonresponder mutation rate was significantly elevated (67% vs 2%; 

P < 0.00001; x2 test).

HLA-C mutations are of particular interest as HLA-C is the ligand for KIR on NK cells, 

modulating NK cell activity.29 Although the specifics of this interaction remain poorly 

defined, there are nine recognized inhibitory KIRs and six excitatory KIRs.35 Further, 

dimorphism at position 80 in HLA-C defines two epitopes, C1 and C2, which interact 

variably with different KIRs.35,36

HLA mutations have been demonstrated in numerous cancer types but most commonly 

occur in HLA-A and -B.37–39 Loss of HLA expression has been hypothesized to be a means 

of immune escape employed by tumors by downregulating TA presentation.38,40 This 

process is proposed to be as a result of a combination of genetic instability and 

immunoselective pressure.37 HLA-A and -B mutations are both relatively common in 

HNSCC, whereas HLA-C mutations are infrequent, as reported in the TCGA (HLA-A: 6%, 

HLA-B: 5%, and HLA-C: 1%, respectively; https://portal.gdc.cancer.gov/). HLA-A and -B 

predominantly bind antigen peptides and modulate TA-specific CTL activation and killing.38 

HLA-C has garnered less attention because of its low mutation rate in many cancers and its 

perceived minor role in antigen-induced T cell responses. The finding that HLA-C mutations 

were identified in 67% of non-responders to cetuximab is intriguing, due to the existing 
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hypotheses that NK cells are vital to successful HNSCC cetuximab therapy and that failure 

of mAb therapy may be mediated by immune escape from NK-cell-mediated killing. 

Recently, Leidner et al41 demonstrated a significant improvement in response when a first in 

class anti-KIR mAb (lirilumab) was added to checkpoint blockade, suggesting that 

augmentation of NK cell killing may be a mechanism to overcome immunoresistance.

In the light of this novel finding, we attempted to validate and further characterize the 

identified HLA-C mutations. Genotyping HLA-C presents numerous, well known, obstacles. 

High polymorphism of HLA-C prevents accurate identification of mutations due to 

suboptimal alignments. HLA genes are GC rich and typically have lower sequencing 

coverage as a result of lower efficiency in capture and amplification, leading to sequencing 

errors. Additionally, although the ability to leverage tissue samples from a tightly curated, 

patient cohort is advantageous for optimizing the chances of identifying meaningful 

findings, the use of clinical trial specimens has unique challenges because of the limited 

tissue availability and an inability to obtain additional specimens because of the temporal 

importance of when the biopsy was taken in relation to treatment. Although validation of 

some of these mutations was hampered by these obstacles, of significant interest was the 

finding that two of the three samples that underwent HLA-C-specific tNGS harbored LOH 

of an HLA-C allele (Supporting Information Figure S5). LOH, in addition to the mutations 

identified in HLA-C, could serve as a means of immune escape. McGranahan et al recently 

described allele-specific HLA class I loss in nonsmall cell lung cancer as a mechanism of 

immune escape.42 Similarly, Tran et al demonstrated that LOH of HLA-C in a patient 

undergoing adoptive T cell therapy provided a mechanism of immune evasion for a single 

nonresponsive lesion.43

Further supporting our finding that alterations in HLA-C may contribute to immune evasion 

in cetuximab therapy was the identification of NK signaling pathways as the most 

statistically over-represented biologic pathway across the 20 patient cohort, on canonical 

pathway analysis (Supporting Information Figure S7). This finding is despite the fact that 

HLA-C was not included in the analysis, as it fell outside the MutSig gene list. This finding 

suggests that, in addition to HLA-C, alterations in HLA class I signaling pathway genes 

(HLA-A, KIR3DL2, and MICA) occur at an unexpected rate in patients who have received 

cetuximab therapy. Consistent with these findings, our lab has previously done work 

supporting the importance of NK-DC crosstalk in cetuximab therapy.16–18

Acquisition of HLA-C alterations may be through one of two potential mechanisms: (1) 

alterations are acquired de novo after cetuximab treatment as a mechanism of immune 

escape or (2) HLA-C mutations exist at low allelic frequencies and treatment with 

cetuximab causes expansion of these HLA-C possessing clones through selective pressure. 

Although both mechanisms are possible37,38, the recent report by McGranahan et al 

demonstrating HLA LOH in subclones of lung cancers, with higher rates of HLA loss in 

metastatic lesions compared to primary lesions, suggests that selective pressure may induce 

expansion of pre-exiting mutations later in the tumors’ natural history.

To explore the hypothesis that HLA-C disruption could be a mechanism of immune escape 

from cetuximab therapy in HNSCC, we first characterized the expression of KIRs on NK 
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cells (Figure 2A,B). This confirmed our view that KIR expressing NK cells are present in 

the circulation of patients with HNSCC to the same extent as in healthy individuals (Figure 

2C) and may play an important role in tumor rejection. Previously, our laboratory has shown 

that cetuximab-activated NK cells increase HLA class I expression on tumor cells in an in 

vitro coculture system,13,16 however, whether cetuximab-activated NK cells could 

specifically upregulate HLA-C was not known. Herein, we report that cetuximab-activated 

NK cells induce a significant upregulation of HLA-C expression on tumor cells in an IFNγ-

dependent fashion (Figure 2D,E). Of note, canonical pathway analysis of our WES data 

identified IFN signaling as the most likely upstream signaling pathway over-represented. 

These findings suggest that cetuximab-mediated NK cell activation would not only enhance 

ADCC of tumor targets through FcγRIIla stimulation but also potentiate KIR-mediated 

cytotoxicity of HLA-C-upregulated tumor targets. In this context, the identification of HLA-

C alterations in tumors from cetuximab nonresponders may suggest an escape mechanism of 

tumor cells by which HLA-C alteration prevents NK cell activation. We further tested this 

hypothesis by coculturing tumor cells and freshly isolated NK cells in the presence of 

lirilumab, finding that lirilumab-treated NK cells showed a higher specific tumor cell lysis 

than the tumor alone condition or to the coculture control condition, although the latter in a 

nonstatistically significant fashion. Interestingly, tumor targets that expressed higher levels 

of HLA-C such as JHU029 cells showed significantly increased lysis (Figure 3B,C). Taken 

together, these results strongly suggest that HLA-C-KIR interaction is indeed important for 

NK cell activation. Examining HLA-C-KIR alterations at a single-cell level, for example, 

through single-cell RNA-Seq, could help further elucidate these immune escape 

mechanisms. In summary, the identification of HLA-C alterations in nonresponders to 

cetuximab and in vitro correlative data supports a role for HLA-C-NK cell-mediated 

immune evasion in cetuximab treatment failure in HNSCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
HLA-C mutations are over-represented in nonresponders to cetuximab. A, Most 

differentially mutated genes between responders and nonresponders by Fishers exact test. 

Percentages represent the percent of tumors within the cohort that possess a potentially 

deleterious mutation within a given gene. B, Graphical representation of total HLA-C 

mutations within each cohort. C, Comparison of HLA-C mutation rates among responders, 

nonresponders, and TCGA by x2 test. D, Lollipop plot demonstrating distribution of 

mutations within HLA-C. Colored lines correspond to sample, and colored dots correspond 
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to responder/nonresponder category. Abbreviations: HLA-C, human leukocyte antigen-C; 

TCGA, The Cancer Genome Atlas [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2. 
KIR is expressed uniquely in CD56dim NK cells from patients with HNSCC and healthy 

individuals and cetuximab-activated NK cells-induced HLA-C upregulation on tumor cells 

in vitro. A, Frequency of NK cells (CD3–CD56+ cells) from peripheral blood lymphocytes 

(PBLs) in patients with HNSCC. Top row shows gating strategy, second row shows CD56dim 

and CD56bnght NK cell populations, and bottom row shows KIR (CD158b) expression on 

CD56dim NK cells. Representative gating dot plots shown for five patients with HNSCC. B, 

Percent of circulating KIR+ (CD158b/KIR2DL2/KIR2DL3) NK cells (CD3-CD56+ cells) in 
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PBL from patients with HNSCC, n = 20. C, Percent of circulating KIR+ NK cells (CD3-

CD56+ cells) in PBL from patients with head and neck cancer (HNSCC; n = 20) versus 

healthy individuals (n = 5) (Student’s t test ns = P > 0.05). D, NK cells were isolated from 

PBMC and cocultured with JHU029 tumor cells at 2 to 1 ratio for 24 hours in the absence of 

mAb or with IgG1 isotype control (10 μg/mL) or cetuximab (10 μg/mL). IFNγ 
concentration in culture supernatants was determined by ELISA and normalized to number 

of NK cells in each condition (data from triplicate experiments from three different donors, 

ANOVA, ***P < 0.001). E, NK cells from five healthy donors were cocultured with JHU029 

or 93VU tumor targets for 24 hours in the absence of mAb, IgG1 control (10 ĝ/mL), or 

cetuximab (10 μg/mL), harvested, and HLA-C expression on tumor cells was determined by 

flow cytometry (ANOVA, *P < 0.05). Abbreviations: ANOVA, analysis of variance; ELISA, 

enzyme-linked immunosorbent assay; HLA-C, human leukocyte antigen-C; HNSCC, head 

and neck squamous cell carcinoma; IFNγ, Interferon gamma; IgG1, immunoglobulin G-1; 

KIR, killer-cell immunoglobulin-like receptor; mAb, monoclonal antibodies; NK, natural 

killer [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3. 
Lirilumab increased cell killing of HNSCC target cells. Tumor cells (JHU029 and 93VU) 

and freshly isolated NK cells cocultured either alone or in the presence of lirilumab (10 

μg/mL) for 24 hours and with cell death determined by flow cytometry. A, Representative 

dot plot of the gating strategy. B, Graphical summary of cell death data determined by flow 

cytometry (n = 2) (ANOVA, ***P < 0.001). JHU029 cells showed higher lysis when 

cocultured with lirilumab than 93VU cells (ANOVA, **P < 0.01). C, The lytic activity of 

NK cells was assessed in a standard 4 hours chromium release assay with JHU029 or 93VU 
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cell lines as targets at a 20:1 E:T ratio in the presence or absence of lirilumab. 

Abbreviations: ANOVA, analysis of variance; HNSCC, head and neck squamous cell 

carcinoma; NK, natural killer [Color figure can be viewed at wileyonlinelibrary.com]
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