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Abstract  
 

Natural killer (NK) cells are key components of the immune response to viral infections and 

cancer.  Their functions are controlled by activating and inhibitory killer-cell immunoglobulin-

like receptors (KIR) which have MHC class I ligands. KIR2DS2 is an activating KIR, that 

binds conserved viral peptides in the context of HLA-C and has been associated with protective 

responses to both cancer and viral infections.  We sought to investigate whether NK cells can 

be specifically activated in a peptide:MHC dependent manner to generate functional immune 

responses as a potential immunotherapeutic strategy. 

  

We developed a  peptide-based KIR targeting DNA vaccine. Immunizing KIR-Tg mice with 

the vaccine construct generated in vivo peptide-specific activation of  KIR2DS2-positive NK 

cells leading to canonical and cross-reactive peptide specific immune responses in vitro, and 

also in vivo inhibition of tumor growth.  Using immunopeptidomics we identified that the 

nuclear export protein XPO1, which has been associated with a poor prognosis in many 

different human cancers, furnishes an HLA-C restricted cancer-associated peptide ligand for 

KIR2DS2-positive NK cells.  We thus define a novel strategy to activate KIR in a peptide-

specific manner and identify a rationale for its use in cancer immunotherapy. 

 

 

Significance statement 

Natural killer (NK) cells are known to have important roles in determining the outcomes of 

viral infections and cancer. The  killer cell immunoglobulin-like receptors (KIR), and in 

particular the activating receptor KIR2DS2, have been associated with the outcome of a 

number of different human cancers.  Specific activation of NK cells through KIR2DS2 is 

challenging because it shares high (>98%) sequence homology with related inhibitory KIR.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.04.15.042077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.042077


We have used a peptide:MHC targeting strategy to activate NK cells through KIR2DS2 and 

identified a novel cancer-associated ligand for this receptor. The work provides a proof-of-

concept for targeting NK cells through activating KIR as a cancer immunotherapy strategy.  

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.04.15.042077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.042077


Introduction 

The potential of natural killer (NK) cells for treating cancer is now becoming recognized (1).   

However defining the role of NK cells in a personalized medicine strategy to treat cancer 

requires detailed understanding of the receptor:ligand interactions between NK cells and their 

cancer targets (2, 3). One important family of NK cell receptors are the killer cell 

immunoglobulins like receptors (KIR).  These form a polymorphic gene family of receptors 

with MHC class I ligands (4). KIR have been implicated in susceptibility to and the outcome 

of many different cancers (5-11).   Thus targeting the KIR has the potential to form part of a 

therapeutic strategy to treat cancer (12). 

 

The KIR can be activating or inhibitory with the MHC class I ligand specificities of the 

inhibitory KIR being relatively well defined.  However the ligand specificities of the activating 

KIR have been much harder to identify.   Recent work has shown that activating KIR can have 

an MHC class I-restricted peptide specificity (13-16).   Whilst T cell receptors have a tight 

restriction on the peptide:MHC complexes that they bind, the KIR recognize families of 

peptide:MHC complexes in a motif-based manner allowing recognition of multiple peptides 

and HLA class I allotypes (17, 18).  KIR2DS2 is an activating receptor that recognizes group 

1 HLA-C molecules in combination with different viral and synthetic peptides, and we have 

recently shown that KIR2DS2 recognizes highly conserved flaviviruses and hepatitis C 

peptides with an alanine-threonine sequence at the C-terminal -1 and -2 positions of the peptide 

in the context of HLA-C (14, 19).  

 

To date no cancer-associated peptides that bind activating KIR have been identified.  This is 

relevant as activating KIR have been associated with protective responses against cancer. KIR 

haplotypes containing activating KIR confer protection against relapse of acute myeloid 
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leukemia (AML) following bone marrow transplantation, and this has been mapped to the 

region of the KIR locus that contains KIR2DS2 (20-22).  In cord blood transplantation this 

benefit is accentuated if the recipient of the transplant has group 1 HLA-C allotypes, the 

putative ligands for KIR2DS2 (23).  KIR2DS2 has also been associated with protection against 

a number of solid tumors including cervical neoplasia, breast cancer, lung cancer, colorectal 

cancer and hepatocellular carcinoma (6, 7, 24-26).  In vitro, recognition of cancer cell lines for 

KIR2DS2 has been observed, but is not specific and also encompasses inhibitory KIR2DL2/3 

(27). Additionally, KIR2DS2-positive NK cells appear to express higher levels of FcgRIII 

(CD16), have enhanced functionality and confer enhanced protection against glioblastoma in 

a xenograft model (28). Consistent with this enhanced functionality, in a clinical trial of an 

anti-GD2 antibody in neuroblastoma, KIR2DS2-positive patients had improved survival 

compared to KIR2DS2-negative patients (29).   

 

Targeting KIR2DS2 in an immunotherapeutic strategy is challenging as it shares more than 

98% sequence homology with the inhibitory receptors KIR2DL2 and KIR2DL3.  However 

KIR2DS2 does have a distinct peptide:MHC specificity suggesting that there is potential for 

developing peptide-based approaches to activate NK cells in a manner analogous to targeting 

cytotoxic T cells (30).  Furthermore as it has a broad peptide:MHC class I specificity, it has 

the potential to recognize multiple different peptide:MHC combinations, consistent with 

observations of protection in both viral diseases and cancer (14, 23).  To investigate the 

therapeutic potential of targeting activating KIR in a peptide-dependent manner, we have used 

a DNA vaccine strategy to activate NK cells through KIR2DS2 and generate anti-tumor 

immune responses. 
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Results 
 
Activation of NK cells using peptide:MHC mediated ligation of KIR2DS2 

To assess the potential for peptide-based activation of NK cells we developed peptide:MHC 

(pMHC) DNA constructs that expressed HLA-C*0102 linked to a peptide separated by a T2A 

self-cleaving sequence. Two previously described KIR2DS2-binding peptides were used for 

these: LNPSVAATL (C*0102-LNP) and IVDLMCHATF (C*0102-IVDL) (14).  The 

constructs were used as naked DNA vaccines to immunize KIR transgenic (KIR-Tg) mice (31).  

These mice express a human KIR haplotype B locus that includes KIR2DS2 and are 

backcrossed onto an MHC class I negative background. KIR-Tg mice were injected 

intramuscularly with 50µg of DNA, without additional adjuvant, weekly for two weeks. Mice 

were sacrificed one week after the final injection, and splenocytes and hepatic lymphocytes 

isolated. Results were compared to DNA constructs encoding HLA-C*0102 alone, or DNA 

encoding HLA-C*0102 in combination with a control peptide, IVDLMCHAAA (C*0102-

AAA), in which the P9 and P10 residues of the peptide IVDLMCHATF had been mutated to 

alanine to abrogate binding to KIR2DS2 and HLA-C*0102 respectively.  Injection with DNA 

encoding viral peptides induced activation of splenic NK cells as indicated by KLRG1 

expression, but was greatest in the C*0102-IVDL group (40%) compared to C*0102-AAA 

(28%), p<0.001 (Fig. 1A and Fig. S1 for gating strategy).  However we did not observe a 

specific increase in the frequency of KIR2DS2-positive NK cells (data not shown), suggesting 

additional signals are required to drive NK cell proliferation.  In paired analyses KLRG1 

expression was upregulated to a significantly greater extent on KIR2DS2-positive 

(KIR2DS2+) versus KIR2DS2-negative (KIR2DS2-) splenic NK cells (p<0.01 for C*0102-

IVDL and p<0.05 for C*0102-LNP), but not by control constructs (Fig. 1B). Activation was 

more marked in mice injected with C*0102-IVDL compared to C*0102-LNP, consistent with 

the stronger binding in vitro noted previously in tetramer binding experiments (14).  
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Furthermore, activation of hepatic NK cells was noted only in experiments using the C*0102-

IVDL construct, with the expression of KLRG1 being significantly higher on the KIR2DS2+ 

versus KIR2DS2- population (p<0.01) (Fig. 1C). KLRG1 was upregulated by C*0102-IVDL 

vaccination on both mature CD11b+CD27+ and terminally mature CD11b+CD27- splenic NK 

cells compared to C*0102-AAA: 27% versus 18% (p<0.05) and 62% versus 40% (p<0.001) 

respectively (Fig. 1D and E).  Specific activation of KIR2DS2+ versus KIR2DS2- NK cells 

was most marked on the CD11b+CD27+ splenocytes (p<0.001), as compared to terminally 

differentiated CD11b+CD27- NK cells (Fig. 1F and G). Similarly after four weekly injections 

we observed activation of NK cells, with upregulation of KLRG1 on splenic and hepatic NK 

cells with both peptide-containing constructs, and KIR2DS2-specific activation in the 

CD11b+CD27+ double-positive population with C*0102-IVDL (Fig. S2).   

 

NK cells from C*0102-IVDL and C*0102-AAA vaccinated mice were profiled by RNA seq 

to determine changes in expression one week following vaccination (Fig S3 for gating 

strategy).  Principal component analysis (PCA) showed that KIR2DS2+ NK cells from 

C*0102-IVDL vaccinated mice formed a discrete cluster to KIR2DS2+ NK cells  from 

C*0102-AAA vaccinated mice, in contrast to KIR2DS2- NK cells (Fig. 2A). Those mice 

receiving C*0102-IVDL had upregulation of genes in pathways associated with cellular 

metabolism, as compared to those receiving control C*0102-AAA vaccination (Figure 2B).  

Differential gene expression analysis identified 54 differentially expressed genes (FDR<0.05) 

between the KIR2DS2+ NK cells from the C*0102-IVDL versus control groups (Table S1). 

These included upregulation in genes associated with: RNA binding and splicing; metabolism, 

especially glutathione metabolism;  and regulation of IFN alpha (Fig. 2C).  Additionally, we 

observed downregulation of genes related with histone H3 dimethylation at K4 (H3K4me2) 

and trimethylation at K27 (H3K27me3), consistent with a change in transcriptional regulation 
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induced by vaccination (Fig. S4).    H3K4Me2 epigenetic marks are associated with naïve T 

cells and H3K27me3 marks associated with reduced NK cell IFNg secretion (32, 33).  Thus 

downregulation of these pathways are consistent with activation or maturation of NK cells. 

 

A KIR targeting vaccine augments NK cell functions 

To test for functional effects of our DNA vaccination strategy, KIR-Tg mice were inoculated 

subcutaneously in the flank with B16F10 melanoma cells and injected intramuscularly with 

DNA on the same day and one week later. Growth of B16F10 cells was significantly attenuated 

by day 12 in mice given C*0102-IVDL as compared to those given C*0102-AAA or 

unvaccinated (p<0.02) (Fig. 2D). In vitro, KIR2DS2+ NK cells, but not KIR2DS2- NK cells, 

from C*0102-IVDL-vaccinated mice had increased degranulation to B16F10 cells as 

compared to the control vaccinated mice (p<0.05) (Fig. 2E). As B16F10 cells do not express 

HLA-C these data indicate that DNA vaccination with C*0102-IVDL activates NK cells and 

induces MHC class I unrestricted responses. 

 

To identify if peptide-specific NK cell responses were generated using this strategy, NK cells 

from vaccinated mice were tested against the MHC class I-negative target human cell line 

721.221 transfected with either HLA-C or a construct of HLA-C in combination with the 

peptides LNPSVAATL and IVDLMCHATF  (14).  KIR2DS2+ NK cells from mice vaccinated 

with C*0102-IVDL demonstrated increased activity against 721.221 cells expressing HLA-

C*0102 in combination with both KIR2DS2-binding peptides as compared to 721.221 cells 

transfected with HLA-C*0102 alone (p<0.01 for both LNP and IVDL targets) (Fig. 2F).  No 

effect was observed for KIR2DS2- NK cells. Thus activation using a peptide:MHC strategy 

can generate both specific and cross-reactive peptide responses.  
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KIR2DS2 recognizes a cancer associated antigen 

Having identified that our strategy could activate NK cells to kill targets expressing a cross-

reactive peptide, we investigated its potential as a therapeutic reagent. As KIR2DS2 has been 

associated with beneficial outcomes of cancer we sought to identify additional peptides that 

may be recognized by KIR2DS2. Hepatocellular carcinoma is one of the commonest cancers 

worldwide and is extremely difficult to treat pharmacologically (34).  Activating KIR, 

including KIR2DS2, have been associated with a beneficial outcome to HCC (7).  The Huh7 

cell line is derived from human hepatocellular carcinoma (HCC) and has been used as a model 

in pre-clinical studies for HCC (35, 36). We used this as a model cell line to identify potential 

KIR2DS2-binding peptides. Huh7 cells express HLA-A*11, but HLA-B and HLA-C at 

undetectable levels on the cell surface and so, to provide an MHC class I ligand for KIR2DS2+ 

NK cells we transfected the cell line with HLA-C*0102 (37). We sequenced MHC class I 

bound peptides from Huh7 cells transfected with HLA-C*0102 (Huh7:C*0102) and from 

parental Huh7 cells following elution with the pan class I antibody W6.32.  We identified 

~5800 and ~7200 peptides from Huh7 and Huh7:C*0102 cells respectively (Table S2). The 

Huh7 immunopeptidome consisted mainly of peptides carrying a C-terminal lysine or arginine 

residue which is characteristic of the HLA-A*11 binding motif (Fig. 3A). In contrast, epitopes 

identified from the Huh7:C*0102 cell line contained two distinct populations, one with the 

HLA-A*11 binding motif and one with an HLA-C*0102 binding motif.  From this 

comprehensive repertoire of HLA class I binders, only one peptide, NAPLVHATL,  was 

identified that conformed to both the HLA-C*0102-binding motif (xxPxxxxxL) and the 

KIR2DS2-binding motif (xxxxxxATx).  NAPLVHATL, which was identified by three 

independent, high-quality peptide-spectrum matches (Fig. 3B), is derived from the nuclear 

export protein exportin-1 (XPO1).  This protein is upregulated in many hematological 
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malignancies and solid tumors including HCC, is generally associated with a poor prognosis 

in cancer and has been successfully targeted in clinical trials of refractory multiple myeloma 

(38-43).  

 

Data-independent acquisition mass spectrometry (DIA-MS) was used to quantify epitopes 

between the transfected Huh7:C*0102 and the parental Huh7 cell line (Table S3). The peptide 

NAPLVHATL was eluted at 15 fold greater levels in Huh7:C*0102 compared to Huh7 cells, 

consistent with it being presented by HLA-C*0102. Searching of the IEDB database revealed 

that this peptide has been previously eluted from C1R and 721.221 B-lymphoblastoid cell lines 

transfected with HLA-C*0102 (44, 45). In vitro, NAPLVHATL bound HLA-C*0102 

expressed by TAP-deficient 721.174 cells to a similar level as VAPWNSFAL, a previously 

defined HLA-C*0102 binding peptide (46), and at saturating concentrations bound a KIR2DS2 

tetramer (Fig. 3C and D, and Fig. S5).    

 

KIR2DS2+/KIR2DL2/3- primary NK cells upregulated CD107a expression following 

incubation with 721.221 cells expressing NAPLVHATL in combination with HLA-C*0102 to 

a greater extent than other NK cell subsets (Fig. 3E and Fig. S6).  The KIR-negative NKL cell 

line was transfected with KIR2DS2 (NKL-2DS2) or with KIR2DL2 (NKL-2DL2) and 

incubated with the 721.221 cells expressing HLA-C*0102 with or without NAPLVHATL. 

NKL-2DS2, but not NKL-2DL2 demonstrated enhanced VAV1 phosphorylation in the 

presence of NAPLVHATL, indicating that this peptide can induce activation of NKL cells in 

a KIR2DS2 specific manner (Figure 3F).  

 

To test if our vaccination strategy induced specific responses against NAPLVHATL we tested 

the activity of NK cells from C*0102-IVDL-vaccinated KIR-Tg mice against transfected 
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721.221 cells.  This demonstrated increased degranulation of KIR2DS2+ NK cells against 

721.221 cells expressing NAPLVHATL in combination with HLA-C*0102 as compared to 

those expressing HLA-C*0102 only (p<0.05) (Figure 3G). Thus, NAPLVHATL is recognized 

by KIR2DS2 in the context of HLA-C*0102, and this interaction activates NK cells. To 

determine if this response translated into a functional benefit we performed an adoptive transfer 

study.   KIR-Tg mice were vaccinated with two doses of the DNA vaccine C*0102-IVDL or 

the control vaccine weekly, and then purified splenic NK cells containing <1% CD3+ T cells, 

were adoptively transferred into immunodeficient NSG mice, which had been inoculated with 

Huh7-C*0102 cells.  We observed a significantly delayed growth of the tumor in mice that 

received C*0102-IVDL-stimulated NK cells compared to control vaccine concomitant (Fig. 

3H).  Thus stimulation of NK cells via KIR2DS2 can generate anti-cancer reactivity against 

HLA-C expressing human tumor cells.  To test if endogenously expressed XPO1 was 

recognized by KIR2DS2, XPO1 was knocked down in Huh7:C*0102 cells using siRNA (Fig. 

4A). NKL-2DS2 cells, but not NKL-2DL2, killed XPO1 knockdown Huh7:C*0102 cells less 

efficiently than those transfected with control siRNA at all effector:target (E:T) ratios tested 

(p<0.001) (Fig. 4B and C).  Furthermore XPO1 knockdown decreased CD107a expression on 

KIR2DS2+ primary NK cells as compared to KIR2DS2- NK cells (Fig. 4D and E). Thus, 

endogenously expressed XPO1 is recognized specifically by KIR2DS2+ NK cells.  
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Discussion 

We describe proof-of-concept evidence that NK cells can be activated through peptide:MHC 

to generate functional immune responses.  In our model, KIR2DS2-mediated activation 

generated a cytotoxic immune response against targets both with and without a cognate 

KIR2DS2-ligand.  However we did not observe specific proliferation of KIR2DS2+ NK cells 

and the levels of KLRG1 expression are lower than would be found during a viral infection 

such as MCMV, which is not surprising as the same cytokine milieu may not be created by 

DNA vaccination (47).  However, it is consistent with co-expression of the antigen-specific 

receptor Ly49H and KLRG1 noted following MCMV infection (48). This strategy may have 

implications for cancer therapy.  In particular we provide evidence that tumors may be directly 

susceptible to KIR2DS2-mediated killing by identifying a human cancer-associated peptide 

from XPO1 that is an HLA-C restricted ligand for KIR2DS2.  XPO1 (exportin-1/CRM1) is 

thought to function as the sole nuclear exporter for many different tumor suppressor and growth 

regulatory proteins including p53, p27, FOXO1, IkB, cyclin B1, cyclin D1 and survivin  (38).  

It is overexpressed and associated with poor prognosis in multiple cancers including 

hematological malignancies and difficult to treat cancers such as pancreatic cancer and HCC 

(41, 43, 49).  Inhibition of XPO1 is gaining traction as a cancer therapeutic target following 

clinical trials, and our data suggest it could also be a target for KIR2DS2+ NK cells (40). 

Previous work has also shown that KIR2DS2+ NK cells can recognize several different cancer 

targets in vitro, including cell lines derived from prostate, breast and ovarian carcinomas (27). 

However this recognition was not specific to KIR2DS2 and was beta-2-microglobulin 

independent, suggesting that there may also be non-peptide:MHC class I ligands for KIR2DS2.  

Additionally, KIR2DS2+ NK cells appear to have a greater potential to mediate ADCC in vitro 

and in vivo (28, 29), therefore KIR2DS2 may be an attractive target for cancer immunotherapy  

in combination with antibody based therapeutics. 
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The in vivo studies demonstrated that KIR2DS2 could be targeted using a peptide:MHC 

specific approach.  We observed activation of both KIR2DS2+ and KIR2DS2- NK cells in 

vivo, but activation was preferential for KIR2DS2+ NK cells and, in vitro, peptide specific 

recognition of 721.221 targets was only noted for splenocytes from mice vaccinated with 

IVDLMCHATF. Our data is consistent with a model of activation through one receptor and 

killing mediated by a different receptor; for instance killing of the B16 melanoma cell line is 

mediated by NKp46, and hence not MHC class I restricted (50).  Additionally, we demonstrate 

peptide cross reactivity of KIR2DS2, as mice vaccinated with IVDLMCHATF were able to 

recognize the XPO1 peptide NAPLVHATL, and also the HCV peptide LNPSVAATL, 

consistent with KIR2DS2 recognizing peptides with an AT motif at the carboxy-terminal -1 

and -2 positions. Thus, in order to take our findings to the clinic it is not necessary to identify 

the ligand on the cancerous cell, or to match for HLA class I as KIR2DS2 may bind other group 

1 HLA class I allotypes such as HLA-C*0304 (14, 16).  However, it may be necessary to refine 

the strategy by the addition of  cytokines such as IL-15 to induce proliferation of KIR2DS2-

positive NK cells.  The broad specificity of KIR2DS2 also provides an advantage for peptide-

based NK cell therapy over T cell pMHC therapeutics which require more precise pMHC 

matching.  Additionally as the strategy provides both the peptide and the MHC class I ligand, 

then no HLA class I matching is required.  As NK cells are involved in the early immune 

response to viral infections, and KIR2DS2 recognizes peptides derived from many different 

viruses, then targeting KIR2DS2 by DNA vaccination may also form part of an anti-viral 

therapeutic strategy to reduce infection and transmission in the early stages of infection. In 

conclusion, our work identifies a novel cancer associated ligand for  KIR2DS2 and provides 

evidence that KIR2DS2 ligation inhibits tumor growth in vivo. This data provides a rationale 

for targeting activating KIR as a novel NK cell based therapy for human cancer. 
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Materials and Methods 

Mice vaccination and tumor models 

KIR transgenic mouse expressing a complete human KIR B haplotype, on a C57BL6 

background MHC class I–deficient Kb-/- Db-/- were a kind gift from J Van Bergen and kept 

under specific pathogen-free conditions (31).  DNA constructs were made expressing HLA-

C*0102 alone or linked with the T2A self-cleaving peptide, and peptide and cloned into pIB2 

(14). For the B16 model, mice were injected intramuscularly with 50µg DNA.  2.5x105 B16F10 

cells into the mice left flank, and 50ug of DNA plasmid on days 0 and 7. For the Huh7 model,  

NSG mice were injected with 2x106 Huh7:C*0102 cells subcutaneously and then106 purified 

NK cells from 2 weeks vaccinated KIR-Tg mice spleen were injected intravenously on days 0 

and 14. NK cells were purified using MACS technology (Miltenyi Biotec, NK cell isolation 

kit II). Purity was > 90% NK cells with < 3% CD3+ T cells. 

 

Cell lines  

HLA class I-deficient 721.221 lymphoblastoid EBV-B cells were cultured in R10 medium 

(RPMI 1640 supplemented with 1% penicillin-streptomycin (Life Technologies) and 10% heat 

inactivated fetal bovine serum (FBS; Sigma). 721.221 cells were transduced with the pIB2 

constructs to express HLA-C*0102 alone or together with peptides LNPSVAATL, 

IVDLMCHATF or NAPLVHATL.  For tetramer staining 721.174 cells were cultures in R10 

incubated overnight with peptides and then stained KIR2DS2 tetramers as previously described 

(14).  B16F10 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 1% 

penicillin-streptomycin (Life Technologies) and 10% FBS. 

 

Flow cytometry analyses 
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Murine splenocytes and intra-hepatic lymphocytes were stained using anti-mouse CD3ε-PE, 

NK1.1-BV421, CD11b-APC-Cy5, CD27-BV510, KLRG1-PECy7, (Biolegend). The 1F12-

FITC antibody was used to selectively stain KIR2DS2 (51). For CD107a assays, freshly 

isolated splenocytes were cultured with anti-CD107a AF647 (Biolegend) and GolgiStopÔ (BD 

Biosciences) prior to staining. Cells were stained with 1F12-FITC, CD3-PE, NK1.1-BV421 

(Biolegend). For the IFN-γ secretion assay, splenocytes were surface stained with 1F12-FITC, 

CD3-PE, NK1.1-BV421 antibodies, fixed and permeabilized using BD Cytofix/Cytoperm 

buffers and then stained with anti-mouse IFNg-APC (Biolegend).  Events were acquired on 

Aria II (BD Biosciences) using the FACSDiva software (BD Biosciences) and analyzed with 

FlowJo software (Treestar). 

Human PBMC were obtained with full ethical approval from the National Research Ethics 

Committee  reference 06/Q1701/120.  IL-15 stimulated PBMCs were incubated with 721.221 

or Huh7:HLA-C*0102 cells for 4 hours, anti-CD107a-AF647 (Biolegend), GolgiStop  added 

and cells analyzed by flow cytometry. For Huh7:HLA-C*0102 cytotoxicity assays target cells 

were co-incubated with the indicated NK cell population for 4 hours. Cells were then stained 

with LIVE/DEADÔ stain (ThermoFisher Scientific) and analyzed by flow cytometry, gating 

on the target cell population identifiable by GFP within the HLA-C*0102 construct. For XPO1 

knockdown, Huh7:HLA-C*0102 cells were transfected using Jetprime (Polyplus, UK) reagent 

with siRNA control or siRNA targeting XP01 (ThermoFisher Scientific). XP01 expression was 

analyzed by immunoblotting after 48 hours and cells were used in cytotoxicity and 

degranulation assays 48 hours post transfection.  

 

Immunoblotting 

NKL-KIR2DS2 or NKL-KIR2DL2 were co-incubated with 721.221:HLA-C*0102 or 

721.221:HLA-C*0102+NAPLVHATL cells as indicated for 5min at an E:T ratio of 1:1. Cells 
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were then lysed in NP40 Cell Lysis Buffer (Fisher Scientific UK Ltd) and analyzed by 

immunoblotting. Antibodies recognizing phospho-VAV1, VAV1 and actin (ThermoFisher 

Scientific) were used with HRP-conjugated antibodies and visualized using ChemiDoc-It 

Imaging system (BioRad). Bands were quantified using ImageJ software. 

 

RNA Seq data analysis and processing  

RNA was isolated using the RNeasy Kit (QIAGEN) and prepared the QIAseq UPX 3’ 

Transcriptome Kit (QIAGEN). 10ng purified RNA was used for the NGS libraries. The library 

pool was sequenced on a NextSeq500 instrument. Raw data was de-multiplexed and FASTQ 

files generated using bcl2fastq software (Illumina inc.). FASTQ data were checked using the 

FastQC tool (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  For differential 

gene expression analysis, raw counts from RNA-Seq were processed in Bioconductor 

package EdgeR(52), variance was estimated and size factor normalized using TMM. Genes 

with minimum 4 reads at minimum 40% samples were included in the downstream analyses. 

Differentially expressed genes (DEG) were identified applying significance threshold FDR 

p<0.05.  Blind, normalized log2 values calculated by EdgeR were used for principal component 

analysis and to calculate Euclidean distances for hierarchical clustering using Ward’s method. 

For heatmaps the normalized log2 values of all high-fold change peaks were used to 

hierarchically cluster peak regions into seven clusters, with the top 100 most variable genes 

(based on calculated variance across all samples).  Gene ontology and pathway 

enrichment analysis were done using CAMERA (53), Ensemble of Gene Set Enrichment 

Analyses (EGSEA) (54) and ToppGene (55) . All analyses used default settings considering 

mouse orthologs from the MSigDB v5.2 databases retrieved from 

http://bioinf.wehi.edu.au/software/MSigDB/. Only pathway terms with a minimum of 25 genes 

were considered and used for multiple-hypothesis correction. Enriched pathways were filtered 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.04.15.042077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.042077


for those that showed Padj < 0.05 for both P values as calculated for the contrast C*0102-IVDL 

vs  C*0102-AAA in KIR2DS+ and KIR2DS2- NK cell populations. Pathway results were 

further filtered on those that showed the lowest p.adj values.  

 

Peptide elution, identification and quantification 

HLA class I peptides were eluted from Huh7 and Huh7:HLA-C*0102 cells as previously 

described before (56-58).  HLA-peptide eluates were loaded onto C18 RP-HPLC column 

(Chromolith Speed Rod; Merck). The bound peptides were separated using increasing 

concentration of 80% acetonitrile and 0.1% trifluoroacetic acid (80% ACN / 0.1% FA ). 

Peptide-containing fractions were collected, and reconstituted with 0.1% formic acid (FA). 

Indexed retention time (iRT) peptides (Escher et al., 2012) were spiked in for retention time 

alignment.  Peptides were then loaded onto a Dionex UltiMate 3000 RSLCnano system via an 

Acclaim PepMap 100 trap column onto an Acclaim PepMap RSLC analytical column 

(ThermoFisher Scientific), separated using increasing concentrations of 80% ACN/0.1% FA 

and analyzed with a QExactive mass spectrometer (ThermoFisher Scientific).  HLA-bound 

peptides were quantified using data-independent acquisition (DIA) on an Orbitrap Fusion 

Tribrid mass spectrometer (ThermoFisher Scientific) coupled to an identical LC setup. 50 

sequential DIA windows with an isolation width of 12 m/z between 375 - 975 m/z were 

acquired in 2 consecutive injections following a full ms1 scan (resolution: 120.000; AGC 

target: 4e5; maximum IT: 50 ms; scan range: 375-1575 m/z). Acquired DDA .raw files were 

searched against the human UniProtKB/SwissProt database (v2012_07) using Byonic (Protein 

Metrics) embedded in Proteome Discoverer (ThermoFisher Scientific) to obtain peptide 

sequence information. Only peptides identified at a false discovery rate (FDR) of 1% based on 

a decoy database were considered for further analysis. Spectronaut Orion (Biognosys) was used 
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to create the corresponding spectral library as well as to evaluate all DIA data using in-house, 

peptide-centric parameters.  

 

Statistical analysis 

Experimental statistical analyses were performed using Graph-Pad Prism 7.0 software. Student 

two-tailed t test was used for comparison between two groups and two-way ANOVA with post-

hoc analysis were used to compare more than two groups.   Data were considered statistically 

significant at p< 0.05. For the tumor model statistical comparisons between survival to the 

humane end point was performed by Log-rank test (Mantel-cox).   
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Fig. 1:  A peptide:MHC DNA vaccine that targets KIR2DS2 activates NK cells 

KIR-Tg mice were injected intramuscularly using two doses of the indicated DNA construct 

one week apart and then assessed for activation of NK cells by flow cytometry for expression 

of KLRG1.  A) The frequency of KLRG1 expression on KIR2DS2+ NK cells in the spleen and 

livers of KIR-Tg mice vaccinated with DNA plasmids containing HLA-C*0102 (C*0102, 

white bars), HLA-C*0102 plus IVDLMCHATAAA (C*0102-AAA, light gray bars), HLA-

C*0102-LNPSVAATL (C*0102-LNP, dark gray bars), HLA-C*0102-IVDLMCHATF 

(C*0102-IVDL, black bars). B, C) Comparison of KLRG1 frequencies on KIR2DS2+ (filled 

circles) or KIR2DS2- (open circles) CD3-NK1.1+ NK cells in the spleens (B) and livers (C) 

following vaccination.  D, E) KLRG1 on splenic CD11b+CD27+ (D) and CD11b+CD27- (E) 

NK cell sub-populations following vaccination.  F,G) Comparison of KLRG1 expression on 

KIR2DS2+ and KIR2DS2- splenic NK cells in the CD11b+CD27+ (F) and CD11b+CD27- 

(G) sub-populations.  N=8-14 mice per group.  For all plots comparisons between two groups 
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were made by paired t test (2 groups) and 2-way ANOVA (more than 2 groups) (*p < 0.05, 

**p< 0.01, ****p<0.001). 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.04.15.042077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.042077


 

 

 

Fig. 2:  Preferential activation of KIR2DS2+ NK cells by peptide-based DNA vaccination 

A) Principal component analysis (PCA) of whole NK cell transcriptomes from C*0102-IVDL 

and C*0102-AAA vaccinated mice. KIR2DS2+ NK cells from both groups are shown in the 

left panel and KIR2DS2-positive NK cells in the right panel. Counts were normalized and 

filtered using EdgeR. The first two components of the PCA are shown.  B) Heatmap of the top 

100 differentially expressed genes derived from the comparison of KIR2DS2  positive NK 

cells from C*0102-IVDL and  C*0102-AAA vaccinated mice. C) EGSEA analysis of C5 

signatures (GO) comparing KIR2DS2+ and KIR2DS2- NK cell populations in both C*0102-

IVDL and control vaccinated mice.  Effect significances were calculated individually for each 

arm of the study and the plot indicates the overall effects of vaccination on KIR2DS2+ NK 
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cells in the C*0102-IVDL vaccinated mice (“positive”) as compared to the other three groups 

(“negative”). The color denotes the direction of the change and the size of the bar represents 

the -Log10(FDR). All categories shown were significant at FDR<0.05.  D)  KIR-Tg mice were 

injected subcutaneously with B16F10 melanoma cells on day 0 and then vaccinated 

intramuscularly with C*0102-IVDL (black bars) or C*0102-AAA (gray bars) on days 0 and 7 

or untreated (white bars) and tumor volume measured. (n=4 mice per group: one of two 

independent experiments).  E,F) Mice were injected intramuscularly with C*0102-IVDL 

(black bars) or C*0102-AAA (gray bars) on days 0 and day 7 and then NK cells purified from 

the spleens on day 14 for in vitro assays of activation.  E) shows degranulation of KIR-Tg NK 

cells to B16F10 melanoma cells (n=4 mice per group).  F) shows degranulation of KIR2DS2+ 

and KIR2DS2- KIR-Tg NK cells to human 721.221 cells expressing HLA-C*0102 alone (221-

C*0102) or HLA-C*0102 in combination with the peptide: LNPSVAATL (221-C*0102-LNP) 

or IVDLMCHATF (221-C*0102-IVDL), (n=8 mice per group).  Comparisons were by 

Students t-test (2 groups) or two-way ANOVA (more than 2 groups).   For all plots *p < 0.05, 

**p< 0.01, ***p< 0.005, ****p< 0.001.  
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Fig. 3. An XPO1 derived peptide is a ligand for KIR2DS2 
 
A) SeqLogo plots of peptides eluted from Huh7 and Huh7:HLA-C*0102 cell lines.  

B)  Representative and annotated ms2 spectrum that has been assigned to the peptide sequence 

NAPLVHATL. The resulting Byonic score, the posterior error probability (PEP) and the m/z 

value of the singly protonated species is shown in the inset. C) 721.174 cells were incubated 

with NAPLVHATL at the indicated concentrations, stained for HLA-C using the DT9 antibody 

and analyzed by flow cytometry. The mean fluorescence intensity (MFI) of DT9 staining 

compared to the control VAPWNSFAL peptide is shown.  D) 721.174 were incubated with 

NAPLVHATL (100µM) and stained with a KIR2DS2-tetramer and analyzed by flow 
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cytometry.  Histogram plots of KIR2DS2-staining compared to a no peptide control are shown 

with MFIs indicated. E) 721.221 cells were transfected with HLA-C*0102 alone (C*0102) or 

in combination with the peptide NAPLVHATL (C*0102-NAP), and the cell lines used as 

targets for degranulation assays for IL-15 activated NK cells. CD107a expression on the 

indicated sub-populations of CD3-CD56+ NK cells was assessed by flow cytometry against 

these targets (NT, no target).  For the gating strategy see Supplementary Figure 5. One 

representative flow cytometry plots of CD107a expression is shown from six donors tested.  F) 

NKL-2DS2 or NKL-2DL2 cells were incubated with either no target (NT), 721.221:HLA-

C*0102 (C*0102) or 721.221:HLA-C*0102+NAPLVHATL (NAP) cells for 5 minutes and 

assessed for VAV1 (Tyr174) phosphorylation by immunoblotting. A representative image 

from six experiments is shown. G) Mice were injected intramuscularly with C*0102-IVDL 

(black bars) or C*0102-AAA (gray bars on days 0 and day 7 and then NK cells purified from 

the spleens on day 14 for in vitro assays of activation against human target cell lines. 

Summarized degranulation data of KIR2DS2+ KIR-Tg NK cells to 721.221:HLA-

C*0102+NAPLVHATL  targets (n=4 mice per group) is shown. H) NK cells from KIR-Tg 

mice vaccinated either with C*0102-IVDL or C*0102-AAA as a peptide control, were 

adoptively transferred into NSG mice inoculated subcutaneously with Huh7:C*0102 hepatoma 

cells and tumor volume was measure (n=4 mice per group, one of two independent 

experiments). **p< 0.01 by ANOVA.  
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Fig. 4. Silencing of XPO1 expression in Huh7:HLA-C*0102 cells reduces KIR2DS2+ but 

not KIR2DS2- NK cell activation.  

A) Representative immunoblot of XPO1 silencing following XPO1-targeting siRNA treatment 

of Huh7:HLA-C*0102 cells.  B) and C) Huh7:HLA-C*0102 cells were treated with control or 

XPO1 targeting siRNA and used as targets in cytotoxicity assays with NKL-S2 or NKL-L2 

cells.  Killing was determined using the LIVE/DEADÔ stain.  Representative plots at an 

effector:target ratio of 5:1 are shown in B) and the mean specific cytotoxicity and SEM from 

five independent experiments are shown C), (***p<0.005).  D) and E) Huh7:HLA-C*0102 

cells were treated with control or XPO1-targeting siRNA and used as targets for KIR2DS2+ 

NK cells in CD107a degranulation assays.  CD107a expression in KIR2DS2+ or KIR2DS2- 

CD3-CD56+ NK cells determined using the 1F12 antibody in KIR2DL2/S2 homozygous 

donors was analyzed by flow cytometry. Representative contour plots are shown in D) and the 

ratio of CD107a positivity in KIR2DS2+ to KIR2DS2- NK cells from three donors is shown 

E) (*p<0.05). 
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Figure S1: Gating strategy for KLRG1 on KIR2DS2-positive NK cells Gating strategy 

for KLRG1 on KIR2DS2+ NK cells derived from spleens (A) and livers (B) of KIR-Tg 

mice.  KIR2DS2+ NK cells were identified using the antibody 1F12.  
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Figure S2: Activation of NK cells after DNA vaccination for 4 weeks KIR-Tg mice were 

injected intramuscularly weekly for 4 weeks with DNA constructs encoding HLA-C*0102 

(white bars), HLA-C*0102-LNPSVAATL (C*0102-LNP; gray bars) or HLA-C*0102-

IVDLMCHATF (HLA-C*0102-IVDL; black bar).  KLRG1 expression was measured on 

KIR2DS2+ NK cells and CD11b, CD27 subsets.  A, B) KLRG1 frequencies on KIR2DS2+ 

and KIR2DS2- NK cells in spleen (A) and livers (B).  C, D).  Frequency of KLRG1 expression 

on CD11b+CD27+ NK cells in the KIR2DS2+ NK cell subpopulations in the spleens (C) and 

livers (D) of vaccinated KIR-Tg mice. E, F) Comparison of KLRG1+ expression on 

CD11b+CD27+ within the KIR2DS2+ and KIR2DS2- NK cells in the spleens (E) and livers 

(F) of vaccinated mice. For all experiments n=4 mice per group.  A paired t test was used for 

comparisons between two groups and a 2-way ANOVA with correction used when comparing 

more than two groups.  For all plots *p< 0.05, **p< 0.01, ***p< 0.005. 
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Figure S3: Gating strategy for sorting KIR2DS2-positive and -negative NK cells for 

analysis by RNA seq 

Splenocytes from C*0102:IVDL and C*0102:AAA vaccinated mice were isolated and sorted 

by flow cytometry for analysis by RNAseq.   Shown is a flow cytometry plot of the gating 

strategy used to delineate KIR2DS2+ from KIR2DS2- NK cells.  Cells are gated on the CD3-, 

NK1.1+ sub-population. 
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Figure S4: EGSEA analysis of differentially expressed genes comparing 2DS2-

positive NK cells from C*0102-IVDL versus C*0102-AAA vaccinated mice KIR2DS2+ 

and KIR2DS2- NK from mice vaccinated with C*0102-IVDL or the control vaccine 

C*0102-AAA were isolated by flow cytometry and analysed by RNAseq.  Shown is an 

EGSEA analysis of the differentially expressed genes (FDR<0.05) between the 2DS2-

positive NK cells from the C*0102-IVDL versus the 2DS2-positive NK cells from the C*0102-

AAA control group, indicating upregulation of the H3K4me2 and H3K27me3 pathways. 
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Figure S5: Flow cytometry plot HLA-C stabilisation by NAPLVHATL Representative 

FACs plots of HLA-C staining of 721.174 cells either with no peptide (black) or loaded with 

200µM of A) VAP-FA peptide (red) or B) NAPLVHATL peptide (red).  

A B

DT9

C
ou
nt

DT9

C
ou
nt

MFI
No	Peptide	 	15827
VAP-FA 39184

MFI
No	Peptide	 	15827
NAPLVHATL 37181

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 29, 2020. ; https://doi.org/10.1101/2020.04.15.042077doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.15.042077


Figure S6: KIR2DS2 gating strategy for human PBMCs 

Gating strategy to identify KIR2DS2+KIR2DL2/3- NK cells using the antibodies CH-L and 

REA147 as defined by Blunt et al (57). KIR2DS2+KIR2DL2/3- NK cells are CH-L positive 

and REA147 negative.  Cells are gated on CD3-CD56+ lymphocytes 
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