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ABSTRACT

Background: Natural killer (NK) cells are increasingly being recognized as agents for cancer
immunotherapy. The killer cell immunoglobulin-like receptor (KIR) are expressed by NK
cells and are immunogenetic determinants of the outcome of cancer. In particular KIR2DS2
is associated with protective responses to several cancers and also direct recognition of cancer
targets in vitro. Due to the high homology between activating and inhibitory KIR genes to date
it has been challenging to target individual KIR for therapeutic benefit.

Methods: A novel KIR2DS2-targeting therapeutic peptide:MHC DNA vaccine was designed
and used to immunize mice transgenic for KIR genes (KIR-Tg). NK cells were isolated from
the livers and spleens of vaccinated mice and then analysed for activation by flow cytometry,
RNA profiling and cytotoxicity assays. In vivo assays of NK cell function using a syngeneic
cancer model (B16 melanoma) and an adoptive transfer model for human hepatocellular
carcinoma (Huh7) were performed.

Results: Injecting KIR-Tg mice with the vaccine construct activated NK cells in both liver and
spleens of mice, with preferential activation of KIR2DS2-positive NK cells. KIR specific
activation was most marked on the CD11b+CD27+ mature subset of NK cells. RNA profiling
indicated that the DNA vaccine upregulated genes associated with cellular metabolism and
downregulated genes related to histone H3 methylation, which are associated with immune cell
maturation and NK cell function. Vaccination led to canonical and cross-reactive peptide: MHC
specific NK cell responses. In vivo, DNA vaccination led to enhanced anti-tumour responses
against B16F10 melanoma cells and also to enhanced responses against a tumour model
expressing the KIR2DS2 ligand HLA-C*0102.

Conclusion: We show the feasibility of a peptide-based KIR-targeting vaccine strategy to

activate NK cells and thence generate functional anti-tumour responses. This approach does
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not require detailed knowledge of the tumour peptidomes, nor HLA-matching with the patient.

It therefore offers a novel opportunity for targeting NK cells for cancer immunotherapy.
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INTRODUCTION

The potential of natural killer (NK) cells for treating cancer is becoming increasingly
recognized. Current NK cell therapeutics include adoptive transfer of NK cells, CAR-NK
cells, cytokine-based activation of NK cells and checkpoint inhibitors, with methods to
specifically target endogenously expressed activating receptors being less common !. In order
to develop new methods to target NK cells requires a detailed understanding of the
receptor:ligand interactions between NK cells and their cancer targets 23. 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 >-!'. Thus targeting the KIR

could form part of a therapeutic strategy to treat cancer 2.

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 HLA class I-restricted peptide specificity 13-1¢.  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 7 18, Utilising this cross-reactive specificity of KIR offers novel
opportunities for immunotherapy in which precise peptide:HLA matching to the target is not

required.

KIR2DS?2 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
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sequence at the C-terminal -1 and -2 positions of the peptide in the context of HLA-C 419,
Activating KIR have been associated with protective responses against cancer. Specifically,
KIR haplotypes containing activating KIR confer protection against relapse of acute myeloid
leukaemia (AML) following bone marrow transplantation, and this has been mapped to the
region of the KIR locus that contains KIR2DS2 2022, In cord blood transplantation the benefit
of KIR2DS2 is augmented if the recipient of the transplant possess group 1 HLA-C allotypes,
the putative ligands for KIR2DS2 23, KIR2DS2 has also been associated with protection
against a number of solid tumours including cervical neoplasia, breast cancer, lung cancer,
colorectal cancer and hepatocellular carcinoma 72426, [n vitro, recognition of cancer cell lines
for KIR2DS2 has been observed, but is not specific and also encompasses inhibitory
KIR2DL2/3 ?7. Additionally, KIR2DS2-positive NK cells appear to express higher levels of
FcyRIII (CD16), have enhanced functionality and confer enhanced protection against
glioblastoma in a xenograft model 2. 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 2°.

Targeting KIR2DS2 in an immunotherapeutic strategy is challenging as it shares more than
98% sequence homology with the inhibitory receptors KIR2DL2 and KIR2DL3 making
antibody-based therapeutics challenging. = 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 3.
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 '# 2>, To investigate the therapeutic potential of targeting
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activating KIR in a peptide-dependent manner, we have tested a DNA vaccine strategy to

activate NK cells through KIR2DS2.

oNOYTULT D WN =

6

https://jitc.omj.com



oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

METHODS

Mice vaccination and tumour 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 3!. 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 50ug DNA. 2.5x10° 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 2x10% Huh7-C*0102 cells subcutaneously and then10° 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 IT). Purity was > 90% NK cells with <3% CD3* T cells.

Histology

Formalin-fixed paraffin embedded sections were generated form muscle tissue isolated 1 week
after the second vaccination. Five micrometre sections were cut, dewaxed and incubated with
0.5% hydrogen peroxidase to block endogenous peroxidase activity. Following blocking with
avidin-biotin blocking solution (Vector Labs) and then with 1% bovine serum albumin 20%
foetal calf serum in Dulbecco’s modified Eagle’s medium (DMEM), sections were stained with
1:100 anti-HLA class I antibody (Invitrogen), followed by 1:800 biotinylated goat anti-rabbit
secondary antibody (Vector Labs) and then avidin biotin-peroxidase (Vector Labs). Slides
were developed with DAB substrate (BioGenex) then counterstained with haematoxylin blue

for 30 seconds.
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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 foetal bovine serum [FBS; Sigma]). 721.221 cells were transduced with the pIB2
constructs to express HLA-C*0102 alone or together with peptides LNPSVAATL,
IVDLMCHATEF. B16F10 cells were cultured in DMEM with 1% penicillin-streptomycin (Life

Technologies) and 10% FBS.

Flow cytometry analyses

Murine lymphocytes were stained using anti-mouse CD3e-PE, NK1.1-BV421, CD11b-APC-
Cy5, CD27-BV510, KLRGI1-PECy7, (Biolegend). The 1F12-FITC antibody was used to
selectively stain KIR2DS2 32. For CD107a assays, freshly isolated splenocytes were cultured
with anti-CD107a AF647 (Biolegend) and GolgiStop™ (BD Biosciences) prior to staining.
Cells were stained with 1F12-FITC, CD3-PE, NK1.1-BV421 (Biolegend). For the IFN-y
secretion assay, splenocytes were surface stained with 1F12-FITC, CD3-PE, NK1.1-BV421
antibodies, fixed and permeabilised using BD Cytofix/Cytoperm buffers and then stained with
anti-mouse IFNy-APC (Biolegend). Events were acquired on Aria II (BD Biosciences) using
the FACSDiva software (BD Biosciences) and analysed with FlowJo software (Treestar). 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/DEAD™ stain (ThermoFisher
Scientific) and analysed by flow cytometry, gating on the target cell population identifiable by

GFP within the HLA-C*0102 construct.
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RNA Seq data analysis and processing

RNA was isolated from murine splenic NK cells 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-Seqwere processed in Bioconductor
package EdgeR33, 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 34 Ensemble of Gene Set Enrichment
Analyses (EGSEA) % and ToppGene 3¢ . All analyses used default settings considering mouse
orthologues 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
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.
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Immunoblotting

NK cells were obtained from murine spleens using an NK cell isolation kit (Miltenyi Biotech
Ltd) and lysed in NP40 Cell Lysis Buffer (Fisher Scientific UK Ltd). Primary antibodies from
Cell Signalling Technology against Di-Methyl-Histone H3 (Lys4) (#9725), Tri-Methyl-
Histone H3 (Lys27) (#9733), Histone H3 (#14269) and actin (#3700) were used in conjunction
with HRP-conjugated secondary antibodies. Proteins were visualised using ChemiDoc-It

Imaging system and VisionWorks software.

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 ANOV A with post-
hoc analysis were used to compare more than two groups. Data were considered statistically
significant at p< 0.05. For the tumour model statistical comparisons between survival to the

humane end point was performed by Log-rank test (Mantel-cox).
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RESULTS

Activation of NK cells using peptide:MHC DNA vaccine to target KIR2DS2

We developed a DNA construct that expresses the peptide:MHC (pMHC) ligand for KIR2DS2
as a single ORF, building on the model that KIR2DS2 is a cross-reactive receptor that
recognises different pMHC ligands, and that in order to target KIR2DS2 for therapeutic benefit
it is therefore not required to know the peptide ligand of the tumour being targeted, or to match
for the HLA of the patient. These constructs contained HLA-C*0102 linked to a viral peptide
and separated by a T2A self-cleaving sequence and with an E3/19K endoplasmic reticulum
(ER) targeting sequence upstream of the peptide '4. The constructs were made with two
previously described KIR2DS2-binding peptides: LNPSVAATL (C*0102-LNP) and
IVDLMCHATF (C*0102-IVDL) and cloned in to the pIB2 vector (Fig. 1A). They were used
as naked DNA vaccines to immunize KIR transgenic (KIR-Tg) mice 3!. These mice express a
human KIR haplotype B locus that includes KIR2DS2 and are backcrossed onto an MHC class
I negative background. An MHC class I deficient mouse was used to avoid presentation of
peptides onto endogenous murine MHC class 1 and hence confounding T cell or NK cell
responses.  In these animals KIR2DS2 expression is unaffected by the absence of an
endogenous HLA-C ligand 3'. KIR-Tg mice were injected intramuscularly with 50ug of DNA
and expression of MHC class I analysed by immune histochemistry one week after the final
injection. This demonstrated expression of the construct within muscle tissues (Fig. S1). KIR-
Tg mice were the injected intramuscularly with 50ug of DNA, without additional adjuvant,
weekly for two weeks. Mice were sacrificed one week after the final injection, and splenocytes
and hepatic lymphocytes isolated using KLRG1 expression as a marker of NK cell activation
that is also associated with NK cell proliferation and maturation 37 38, Results were compared
to DNA constructs encoding HLA-C*0102 alone, or DNA encoding HLA-C*0102 in

combination with a control peptide, VDLMCHAAA (C*0102-AAA), in which the P9 and P10
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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 KLRGI1 expression, but was greatest in the
C*0102-IVDL group (40%) compared to C*0102-AAA (28%), p<0.001 (Fig. 1B and 1C).
However we did not observe a specific increase in the frequency of KIR2DS2-positive NK

cells (data not shown).

In paired analyses KLRGI1 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.
1D). 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 !4

. 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. 1E).

Peptide:MHC vaccination upregulates KLRG1 expression on KIR2DS2-positive mature
splenic NK cells

Maturation of NK cells can be characterized by expression of CD11b and CD27, with CD11b-
CD27+ NK cells being classified as the least mature, CD11b+CD27+ NK cells as mature, and
CD11b+CD27- NK cells terminally differentiated. Overall there were no substantial changes
in the relative proportions of the different CD11b/CD27 subsets induced by these constructs
(Fig. S2). KLRG1 was upregulated by C*0102-IVDL vaccination on CD11b+CD27+ splenic
2DS2+ NK cells compared to C*0102-AAA: 27% versus 18% (p<0.05) respectively and on

terminally mature CD11b+CD27- splenic 2DS2+ NK cells compared to both C*0102-AAA
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and C*0102: 62% versus 40% (p<0.001) and 46% (p<0.005) respectively (Fig. 2A and 2B).
However effects on hepatic lymphocytes were less clear, with upregulation of KLRG1 only
noted on terminally differentiated CD11b+CD27- NK cells in the C*0102-IVDL group only
(p<0.05 vs control vaccinations) (Fig. 2C and 2D). Conversely we observed up regulation of
CD69 on hepatic, but not splenic CD11b+CD27+ and CD11b+CD27- 2DS2+ NK cells (Fig.
2E). This difference may reflect the kinetics of CD69 versus KLRG1 expression and also the
observation that CD69 can mark tissue resident NK cells, in addition to being a marker of

activation.

Specific activation of KIR2DS2+ versus KIR2DS2- NK cells was most marked on the
CD11b+CD27+ splenic NK cells (p<0.001), as compared to terminally differentiated
CD11b+CD27- NK cells (Fig. 2F and 2G). Analysis of draining lymph nodes demonstrated a
trend towards an increase in KIR2DS2-positive NK cells and also towards expression of
KLRGI on NK cells in the C*0102-IVDL group as compared to the C*0102-AAA group
(Fig.S3). After four weekly injections we observed activation of NK cells, with upregulation
of KLRGI 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. S4). However at this timepoint there was no significant difference between the
C*0102-LNP and C*0102-IVDL constructs. This lack of difference may reflect that a ceiling
for activation using this strategy may have been reached, or that after four doses more apoptosis

is induced by the C*0102-IVDL than the C*0102-LNP construct.

Education of NK cells in the mouse is determined by interactions between the Ly49 inhibitory
receptors and their MHC class I ligands. Therefore to confirm that activation of NK cells could

be induced on educated NK cells, we crossed the KIR-Tg mice with wild type C57BL/6 mice
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to provide MHC ligands for the murine Ly49 receptors, and immunized with 2 doses of DNA.
Consistent with findings in the MHC deficient mouse, we observed KLRG1 upregulation on
mature CD11b+ CD27+ KIR2DS2+, and terminally differentiated CDI11b+ CD27-

KIR2DS2+NK cells (p<0.01 and p<0.05 respectively) (Fig 2G).

NK cells from C*0102-IVDL and C*0102-AAA vaccinated mice were profiled by RNA seq
one week following vaccination (see Fig. S5 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. 3A). 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 (Fig. 3B). Differential gene expression analysis identified 42
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. 3C). 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 induced by vaccination (Fig. 3D). Purified NK cells from
the spleens of vaccinated mice had upregulation of both H3K4me2 and H3K27me3 in IVDL
mice as compared to control (Fig. 3E). Changes in H3K4 and H3K27 methylation have been
associated with both NK cell activation and maturation 3°4°, In particular promoters with H3K4
and H3K27 methylation marks are considered to be in a poised, ready to transcribe state, which
is consistent with our analysis at 7 days post-vaccination 4. Whilst H3K4me2 and H3K4me3
marks are generally concordant in T cell analyses, H3K4me2 marks are associated with genes

that are rapidly transcribed after stimulation consistent with such a poised state 4>43. Detailed
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temporal analysis by chromatin immunoprecipitation is required to further clarify the changes

in histone methylation induced by vaccination.

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. 4A). 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. 4B). 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, which is relevant as many cancers can down-

regulate MHC class I.

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 4. 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. 4C). No
effect was observed for KIR2DS2- NK cells. Similarly, we observed an increase in IFNy

secretion for the KIR2DS2+ NK cells from IVDL vaccinated mice when incubated with the
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C*0102-LNP target as compared to KIR2DS2+ NK cells from AAA vaccinated mice (42.5%
vs 30.5%, p<0.05) (Fig. 4D). Thus activation using a peptide:MHC strategy can generate both

specific and cross-reactive peptide responses.

To identify if this strategy could recognize a human MHC class I target in vivo, we used the
Huh7 hepatocellular carcinoma cell line transfected with the KIR2DS2 ligand HLA-C*0102.
In vitro killing assays demonstrated that NKL cells transfected with KIR2DS2 killed Huh7-
C*0102 cells to a greater extent than untransfected NKL cells (p<0.0001) (Fig. 4D), thus
validating the cell line as KIR2DS2-specific target. As the KIR-Tg mice are not permissive
for human tumours we used an adoptive transfer model to test the effects of our DNA vaccine
on Huh7-C*0102 cells. 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
tumour in mice that received C*0102-IVDL-stimulated NK cells compared to control vaccine
concomitant (Fig. 4E). Thus stimulation of NK cells via KIR2DS2 can generate anti-cancer

reactivity against HLA-C expressing human tumour cells.
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DISCUSSION

We have developed a novel strategy to activate NK cells through KIR2DS?2 in a peptide: MHC
dependent manner using a construct that expresses both the cognate MHC and peptide. This
strategy may be relevant for other activating KIR, such as KIR2DS1and KIR2DS4 which have
been convincingly shown to have peptide:MHC specificities '3 15 44, Additionally KIR3DSI,
which is associated with protection from HIV, is more controversially thought to have a peptide

dependent HLA-B specificity . Thus our work may be relevant for a number of different

KIR in addition to KIR2DS2.

KIR2DS2-mediated activation generated a cytotoxic immune response against targets both
with and without a cognate KIR2DS2-ligand, and thus utility of this strategy as a therapeutic
may not be critically dependent on MHC class I expression by the target. Furthermore,
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 2.
This recognition was beta-2-microglobulin independent, suggesting that there may also be non-
peptide:MHC class 1 ligands for KIR2DS2 and is consistent with our observation that
KIR2DS2+ murine NK cells are more cytotoxic against BI6F10 melanoma cells even in
unvaccinated mice. Additionally, KIR2DS2+ NK cells appear to have a greater potential to
mediate antibody-dependent cellular cytotoxicity (ADCC) in vitro and in vivo *%°. Therefore
KIR2DS2 may be an attractive target for cancer immunotherapy in combination with antibody

based therapeutics.

In our experimental model KIR2DS2 expression is unaffected by the absence of an endogenous
HLA-C ligand as NK cell education is driven by inhibitory, rather than activating, receptors

for MHC class I 3!. This could be further investigated in humanised mouse models, with the
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caveat that this requires administration of human IL-15 to maintain NK cells, and so will
require careful interpretation 6 47, Despite the absence of a known ligand for KIR2DS2, we
observed activation of both KIR2DS2+ and KIR2DS2- NK cells in vivo. This is not
unexpected as a DNA vaccine may generate an inflammatory response thus activating NK
cells, and CpG sequences within the DNA vaccine may activate NK cells either directly or
indirectly via dendritic cells. Importantly, NK cells are well known to undergo reciprocal
activation with dendritic cells which could lead to cytokine release and further activation of
NK cells in a non-specific manner through release of IL-12 48, This is consistent with our
observations that whilst there was activation of both KIR2DS2+ and KIR2DS2- NK cells in
vivo, activation was preferential for KIR2DS2+ NK cells. The presence of antigen non-specific
responses may be important for generating more effective anti-tumour responses, and is
consistent with a mode of action of NK cells in which they are activated through one receptor
and recognize a target through a different one. For instance, killing of the B16F10 melanoma

cell line is mediated by NKp46, and hence not MHC class I restricted 4°.

Furthermore, we demonstrated peptide cross reactivity of KIR2DS2, as mice vaccinated with
IVDLMCHATF were able to recognize the hepatitis C virus 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 '4 16, 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 [ matching is required.
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Plasmid DNA vaccination is a novel strategy to activate NK cells. To understand its effects in
detail would be interesting in additional studies. In particular we have noted differences
between splenic and hepatic NK cells. Baseline KLRG1 expression appears relatively elevated
within the liver which may be the result of homeostatic proliferation or more ready activation
of KIR2DS2-positive NK cells which has been observed in humans 28 38 | Additionally we
formally tested only splenic NK cells ex vivo but not hepatic or lymph-node NK cells, which

could also have anti-cancer effects.

Based on our work we propose the following model based. As there is expression of MHC
class I in the muscle tissue we envisage that circulating NK cells can be activated directly
within the tissues. NK cells circulate in a primed state, in comparison to T cells, so uptake by
professional antigen presenting cells may not be required for NK cell activation. The activated
NK cells circulate to the periphery and generate anti-cancer responses. Potentially, some may
develop a “memory” phenotype within the liver. We envisage that this strategy could be
readily translated to the clinic as a DNA or RNA therapeutic that activates NK cells in vivo to
generate anti-cancer responses or augment other immunotherapeutic strategies, including
antibody-dependent cellular cytotoxicity. It would however only be relevant for the
approximately 50% of individuals who express KIR2DS2 as part of a KIR B haplotype. An
intramuscular approach has advantages over other delivery methods, such as intra-tumoral
injection as it is less invasive and could be administered in primary care settings. To harness
the functional activation advantage of KIR2DS2+ NK cells, cell lines expressing peptide:MHC
combinations designed to specifically activate KIR2DS2-positive NK cells could also be used
in ex vivo expansion protocols for adoptive therapy. This strategy may offer a more controlled

activation of NK cells but would be more cumbersome than an injection therapeutic.
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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

oNOYTULT D WN =

vaccination may also form part of an anti-viral therapeutic strategy to reduce infection and
10 transmission in the early stages of infection. In conclusion, our work identifies a novel
mechanism for activating NK cells and we propose that this may have potential as a novel

15 therapeutic.
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FIGURE LEGENDS

Figure 1: A peptide:MHC DNA vaccine that targets KIR2DS2 activates NK cells

A) The conformation of the constructs used in this study to inoculate the mice. B) Gating
strategy for KLRG1 on KIR2DS2+ NK cells derived from the spleens (top panels) and livers
(lower panels) of KIR-Tg mice. KIR2DS2+ NK cells were identified using the antibody 1F12
and the numbers indicate the percentage positive cells in the gate. C) The frequency of
KLRGI expression on KIR2DS2+ NK cells in the spleen and livers of KIR-Tg mice vaccinated
with DNA plasmids containing HLA-C*0102 (C*0102, light grey bars), HLA-C*0102 plus
IVDLMCHATAAA (C*0102-AAA, grey bars), HLA-C*0102-LNPSVAATL (C*0102-LNP,
dark grey bars), HLA-C*0102-IVDLMCHATF (C*0102-IVDL, black bars) and compared to
PBS alone control mice (white bars). D, E) Comparison of KLRG1 frequencies on KIR2DS2+
(filled circles) or KIR2DS2- (open circles) CD3-NK1.1+ NK cells in the spleens (D) and livers
(E) following vaccination. All analyses were performed one week following the second
vaccination. Comparisons between two groups 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).

Figure 2: Vaccination activates mature and terminally differentiated NK cells.

KIR-Tg mice were injected with two doses of the indicated DNA construct one week apart and
then assessed for expression of KLRG1 on CD11b, CD27 NK cell subsets from the spleens
and livers one week after the final injection. A-D) KLRG1 on splenic CD11b+CD27+ (A)
and CD11b+CD27- (B) NK cells and on hepatic CD11b+CD27+ (C) and CD11b+CD27- (D)
NK cells following vaccination. N=7-14 mice per group. E) CD69 expression on KIR2DS2-
positive CDI11b CD27 NK cell subsets (n=3 per group). F, G) Comparison of KLRGI
expression on KIR2DS2+ and KIR2DS2- splenic NK cells in the CD11b+CD27+ (F) and

CD11b+CD27- (G) sub-populations. N=7-14 mice per group. H) KIR-Tg mice crossed with
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C57BL/6 mice were injected with two doses of the indicated DNA construct one week apart
and then assessed for expression of KLRGI on total NK cells, and CD11b, CD27, NK cell
2DS2+ and 2DS2- subsets from their spleens. N=4-6 mice per group. Comparisons between
two groups were made by paired t test (2 groups) and 2-way ANOVA (more than 2 groups)

(*p < 0.05, **p< 0.01, p<0.005 ****p<0.001).

Figure 3: Transcriptomic analysis of NK cells following DNA vaccination

A) Principal component analysis (PCA) of whole NK cell transcriptomes from C*0102-IVDL
and C*0102-AAA vaccinated mice taken one week after the second vaccination. KIR2DS2-
negative 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, D ) EGSEA analysis of C5 gene ontology (C) and C2 canonical
pathway (D) signatures 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 plots indicate the overall effects of vaccination on KIR2DS2+
NK cells in the C*0102-IVDL vaccinated mice (“positive”) as compared to the other three
groups (“negative”). The colour 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. E) Western
blot analysis of histone 3 marks (H3K4me2 and H3K27me3) on purified NK cells from the
spleens of vaccinated mice one week after the second vaccination with either C*0102-AAA

(AAA) or C*0102-IVDL (IVDL).
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Figure 4: DNA vaccination induces functional NK cell responses

A) KIR-Tg mice were injected subcutaneously with B16F10 melanoma cells on day 0 and
then vaccinated intramuscularly with C*0102-IVDL (squares) or C*0102-AAA (triangles) on
days 0 and 7 or untreated (circles) and tumour volume measured. (n=4 mice per group: one of
two independent experiments). B,C,D) Mice were injected intramuscularly with C*0102-
IVDL (black bars) or C*0102-AAA (grey bars) on days 0 and day 7 and then NK cells purified
from the spleens on day 14 for in vitro assays of activation. B) shows degranulation of
KIR2DS2+ and KIR2DS2- KIR-Tg NK cells to B16F10 melanoma cells (n=4 mice per group),
C) shows degranulation of NK cells from KIR-Tg mice 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) and D) shows
IFNy expression following incubation with 221-C*0102 and 221-C*0102-LNP cells (n=7-8
mice per group). E) Killing of Huh7-C*0102 hepatoma cells by NKL cells either untransfected
(NKL) or transfected with KIR2DS2 (NKL-2DS2) or the inhibitory receptor KIR2DL2 (NKL-
2DL2) at the indicated effector to target (E:T) ratios. Cytotoxicity was determined by flow
cytometry using the LIVE/DEAD™ stain. Shown are the results of two independent
experiments performed in triplicate. F) 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 tumour volume was
measure (n=4 mice per group, one of two independent experiments). The control mice (n=3)
did not receive any NK cells. 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<

0.0001.
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ABSTRACT

Background: Natural killer (NK) cells are increasingly being recognized as agents for cancer
immunotherapy. The killer cell immunoglobulin-like receptor (KIR) are expressed by NK
cells and are immunogenetic determinants of the outcome of cancer. In particular KIR2DS2
is associated with protective responses to several cancers and also direct recognition of cancer
targets in vitro. Due to the high homology between activating and inhibitory KIR genes to date
it has been challenging to target individual KIR for therapeutic benefit.

Methods: A novel KIR2DS2-targeting therapeutic peptide:MHC DNA vaccine was designed
and used to immunize mice transgenic for KIR genes (KIR-Tg). NK cells were isolated from
the livers and spleens of vaccinated mice and then analysed for activation by flow cytometry,
RNA profiling and cytotoxicity assays. In vivo assays of NK cell function using a syngeneic
cancer model (B16 melanoma) and an adoptive transfer model for human hepatocellular
carcinoma (Huh7) were performed.

Results: Injecting KIR-Tg mice with the vaccine construct activated NK cells in both liver and
spleens of mice, with preferential activation of KIR2DS2-positive NK cells. KIR specific
activation was most marked on the CD11b+CD27+ mature subset of NK cells. RNA profiling
indicated that the DNA vaccine upregulated genes associated with cellular metabolism and

downregulated genes related to histone H3 methylation, which are associated with immune cell

maturation and NK cell function. Vaccination led to canonical and cross-reactive peptide: MHC
specific NK cell responses. In vivo, DNA vaccination led to enhanced anti-tumour responses
against B16F10 melanoma cells and also to enhanced responses against a tumour model
expressing the KIR2DS2 ligand HLA-C*0102.

Conclusion: We show the feasibility of a peptide-based KIR-targeting vaccine strategy to

activate NK cells and thence generate functional anti-tumour responses. This approach does

2
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not require detailed knowledge of the tumour peptidomes, nor HLA-matching with the patient.

It therefore offers a novel opportunity for targeting NK cells for cancer immunotherapy.
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INTRODUCTION

The potential of natural killer (NK) cells for treating cancer is becoming increasingly
recognized. Current NK cell therapeutics include adoptive transfer of NK cells, CAR-NK
cells, cytokine-based activation of NK cells and checkpoint inhibitors, with methods to
specifically target endogenously expressed activating receptors being less common !. In order
to develop new methods to target NK cells requires a detailed understanding of the
receptor:ligand interactions between NK cells and their cancer targets 23. 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 >-!'. Thus targeting the KIR

could form part of a therapeutic strategy to treat cancer 2.

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 HLA class I-restricted peptide specificity 13-1¢.  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 7 18, Utilising this cross-reactive specificity of KIR offers novel
opportunities for immunotherapy in which precise peptide:HLA matching to the target is not

required.

KIR2DS?2 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

4
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sequence at the C-terminal -1 and -2 positions of the peptide in the context of HLA-C 419,
Activating KIR have been associated with protective responses against cancer. Specifically,
KIR haplotypes containing activating KIR confer protection against relapse of acute myeloid
leukaemia (AML) following bone marrow transplantation, and this has been mapped to the
region of the KIR locus that contains KIR2DS2 2022, In cord blood transplantation the benefit
of KIR2DS2 is augmented if the recipient of the transplant possess group 1 HLA-C allotypes,
the putative ligands for KIR2DS2 23, KIR2DS2 has also been associated with protection
against a number of solid tumours including cervical neoplasia, breast cancer, lung cancer,
colorectal cancer and hepatocellular carcinoma 72426, [n vitro, recognition of cancer cell lines
for KIR2DS2 has been observed, but is not specific and also encompasses inhibitory
KIR2DL2/3 ?7. Additionally, KIR2DS2-positive NK cells appear to express higher levels of
FcyRIII (CD16), have enhanced functionality and confer enhanced protection against
glioblastoma in a xenograft model 2. 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 2°.

Targeting KIR2DS2 in an immunotherapeutic strategy is challenging as it shares more than
98% sequence homology with the inhibitory receptors KIR2DL2 and KIR2DL3 making
antibody-based therapeutics challenging. = 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 3.
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 '# 2>, To investigate the therapeutic potential of targeting

5
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activating KIR in a peptide-dependent manner, we have tested a DNA vaccine strategy to

activate NK cells through KIR2DS2.

oNOYTULT D WN =
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METHODS

Mice vaccination and tumour 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 3!. 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 50ug DNA. 2.5x10° 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 2x10% Huh7-C*0102 cells subcutaneously and then10° 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 IT). Purity was > 90% NK cells with <3% CD3* T cells.

Histology

Formalin-fixed paraffin embedded sections were generated form muscle tissue isolated 1 week

after the second vaccination. Five micrometre sections were cut, dewaxed and incubated with

0.5% hydrogen peroxidase to block endogenous peroxidase activity. Following blocking with

avidin-biotin blocking solution (Vector Labs) and then with 1% bovine serum albumin 20%

foetal calf serum in Dulbecco’s modified Eagle’s medium (DMEM), sections were stained with

1:100 anti-HLLA class I antibody (Invitrogen), followed by 1:800 biotinvlated goat anti-rabbit

secondary antibody (Vector Labs) and then avidin biotin-peroxidase (Vector Labs). Slides

were developed with DAB substrate (BioGenex) then counterstained with haematoxylin blue

for 30 seconds.
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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 foetal bovine serum [FBS; Sigma]). 721.221 cells were transduced with the pIB2
constructs to express HLA-C*0102 alone or together with peptides LNPSVAATL,
IVDLMCHATEF. B16F10 cells were cultured in DMEM with 1% penicillin-streptomycin (Life

Technologies) and 10% FBS.

Flow cytometry analyses

Murine lymphocytes were stained using anti-mouse CD3e-PE, NK1.1-BV421, CD11b-APC-
Cy5, CD27-BV510, KLRGI1-PECy7, (Biolegend). The 1F12-FITC antibody was used to
selectively stain KIR2DS2 32. For CD107a assays, freshly isolated splenocytes were cultured
with anti-CD107a AF647 (Biolegend) and GolgiStop™ (BD Biosciences) prior to staining.
Cells were stained with 1F12-FITC, CD3-PE, NK1.1-BV421 (Biolegend). For the IFN-y
secretion assay, splenocytes were surface stained with 1F12-FITC, CD3-PE, NK1.1-BV421
antibodies, fixed and permeabilised using BD Cytofix/Cytoperm buffers and then stained with
anti-mouse IFNy-APC (Biolegend). Events were acquired on Aria II (BD Biosciences) using
the FACSDiva software (BD Biosciences) and analysed with FlowJo software (Treestar). 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/DEAD™ stain (ThermoFisher
Scientific) and analysed by flow cytometry, gating on the target cell population identifiable by

GFP within the HLA-C*0102 construct.
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RNA Seq data analysis and processing

RNA was isolated from murine splenic NK cells 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-Seqwere processed in Bioconductor
package EdgeR33, 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 34 Ensemble of Gene Set Enrichment
Analyses (EGSEA) % and ToppGene 3¢ . All analyses used default settings considering mouse
orthologues 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
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.
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Immunoblotting

NK cells were obtained from murine spleens using an NK cell isolation kit (Miltenyi Biotech

Ltd) and lysed in NP40 Cell Lysis Buffer (Fisher Scientific UK Ltd). Primary antibodies from

Cell Signalling Technology against Di-Methyl-Histone H3 (Lys4) (#9725), Tri-Methyl-

Histone H3 (Lys27) (#9733), Histone H3 (#14269) and actin (#3700) were used in conjunction

with HRP-conjugated secondary antibodies. Proteins were visualised using ChemiDoc-It

Imaging system and VisionWorks software.

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 ANOV A with post-
hoc analysis were used to compare more than two groups. Data were considered statistically
significant at p< 0.05. For the tumour model statistical comparisons between survival to the

humane end point was performed by Log-rank test (Mantel-cox).
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RESULTS

Activation of NK cells using peptide:MHC DNA vaccine to target KIR2DS2

We developed a DNA construct that expresses the peptide:MHC (pMHC) ligand for KIR2DS2
as a single ORF, building on the model that KIR2DS2 is a cross-reactive receptor that
recognises different pMHC ligands, and that in order to target KIR2DS2 for therapeutic benefit
it is therefore not required to know the peptide ligand of the tumour being targeted, or to match
for the HLA of the patient. These constructs contained HLA-C*0102 linked to a viral peptide
and separated by a T2A self-cleaving sequence and with an E3/19K endoplasmic reticulum
(ER) targeting sequence upstream of the peptide '4. The constructs were made with two
previously described KIR2DS2-binding peptides: LNPSVAATL (C*0102-LNP) and
IVDLMCHATF (C*0102-IVDL) and cloned in to the pIB2 vector (Fig. 1A). They were used
as naked DNA vaccines to immunize KIR transgenic (KIR-Tg) mice 3!. These mice express a
human KIR haplotype B locus that includes KIR2DS2 and are backcrossed onto an MHC class
I negative background. An MHC class I deficient mouse was used to avoid presentation of
peptides onto endogenous murine MHC class 1 and hence confounding T cell or NK cell
responses.  In these animals KIR2DS2 expression is unaffected by the absence of an

endogenous HLA-C ligand 3'. KIR-Tg mice were injected intramuscularly with 50ug of DNA

and expression of MHC class I analysed by immune histochemistry one week after the final

injection. This demonstrated expression of the construct within muscle tissues (Fig. S1). KIR-

Tg mice were the injected intramuscularly with 50ug of DNA, without additional adjuvant,
weekly for two weeks. Mice were sacrificed one week after the final injection, and splenocytes
and hepatic lymphocytes isolated using KLRG1 expression as a marker of NK cell activation
that is also associated with NK cell proliferation and maturation 37 3%, Results were compared
to DNA constructs encoding HLA-C*0102 alone, or DNA encoding HLA-C*0102 in

combination with a control peptide, VDLMCHAAA (C*0102-AAA), in which the P9 and P10
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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 KLRGI1 expression, but was greatest in the
C*0102-IVDL group (40%) compared to C*0102-AAA (28%), p<0.001 (Fig. 1B and 1C).
However we did not observe a specific increase in the frequency of KIR2DS2-positive NK

cells (data not shown).

In paired analyses KLRGI1 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.
1D). 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 !4

. 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. 1E).

Peptide:MHC vaccination upregulates KLRG1 expression on KIR2DS2-positive mature
splenic NK cells

Maturation of NK cells can be characterized by expression of CD11b and CD27, with CD11b-
CD27+ NK cells being classified as the least mature, CD11b+CD27+ NK cells as mature, and

CD11b+CD27- NK cells terminally differentiated. Overall there were no substantial changes

in the relative proportions of the different CD11b/CD27 subsets induced by these constructs

(Fig. S2). KLRGI1 was upregulated by C*0102-IVDL vaccination on CD11b+CD27+ splenic
2DS2+ NK cells compared to C*0102-AAA: 27% versus 18% (p<0.05) respectively and on

terminally mature CD11b+CD27- splenic 2DS2+ NK cells compared to both C*0102-AAA
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and C*0102: 62% versus 40% (p<0.001) and 46% (p<0.005) respectively (Fig. 2A and 2B).
However effects on hepatic lymphocytes were less clear, with upregulation of KLRG1 only
noted on terminally differentiated CD11b+CD27- NK cells in the C*0102-IVDL group only
(p<0.05 vs control vaccinations) (Fig. 2C and 2D). Conversely we observed up regulation of
CD69 on hepatic, but not splenic CD11b+CD27+ and CD11b+CD27- 2DS2+ NK cells (Fig.
2E). This difference may reflect the kinetics of CD69 versus KLRG1 expression and also the
observation that CD69 can mark tissue resident NK cells, in addition to being a marker of

activation.

Specific activation of KIR2DS2+ versus KIR2DS2- NK cells was most marked on the
CD11b+CD27+ splenic NK cells (p<0.001), as compared to terminally differentiated

CD11b+CD27- NK cells (Fig. 2F and 2G). Analysis of draining lymph nodes demonstrated a

trend towards an increase in KIR2DS2-positive NK cells and also towards expression of

KLRGI1 on NK cells in the C*0102-IVDL group as compared to the C*0102-AAA group

(Fig.S3). After four weekly injections we observed activation of NK cells, with upregulation
of KLRGI1 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. S4). However at this timepoint there was no significant difference between the

C*0102-LNP and C*0102-IVDL constructs. This lack of difference may reflect that a ceiling

for activation using this strategy may have been reached. or that after four doses more apoptosis

1s induced by the C*0102-IVDL than the C*0102-LNP construct.

Education of NK cells in the mouse is determined by interactions between the Ly49 inhibitory
receptors and their MHC class I ligands. Therefore to confirm that activation of NK cells could

be induced on educated NK cells, we crossed the KIR-Tg mice with wild type C57BL/6 mice
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to provide MHC ligands for the murine Ly49 receptors, and immunized with 2 doses of DNA.
Consistent with findings in the MHC deficient mouse, we observed KLRG1 upregulation on
mature CD11b+ CD27+ KIR2DS2+, and terminally differentiated CDI11b+ CD27-

KIR2DS2+NK cells (p<0.01 and p<0.05 respectively) (Fig 2G).

NK cells from C*0102-IVDL and C*0102-AAA vaccinated mice were profiled by RNA seq
one week following vaccination (see Fig. S5 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. 3A). 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 (Fig. 3B). Differential gene expression analysis identified 42
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. 3C). 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 induced by vaccination (Fig. 3D). Purified NK cells from

the spleens of vaccinated mice had upregulation of both H3K4me2 and H3K27me3 in IVDL

mice as compared to control (Fig. 3E). Changes in H3K4 and H3K27 methylation have been

associated with both NK cell activation and maturation 3°4°. In particular promoters with H3K4

and H3K?27 methylation marks are considered to be in a poised, ready to transcribe state, which

is consistent with our analysis at 7 days post-vaccination 4!. Whilst H3K4me2 and H3K4me3

marks are generally concordant in T cell analyses, H3K4me2 marks are associated with genes

that are rapidly transcribed after stimulation consistent with such a poised state 4?43. Detailed
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temporal analysis by chromatin immunoprecipitation is required to further clarify the changes

in histone methylation induced by vaccination.

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. 4A). 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. 4B). 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, which is relevant as many cancers can down-

regulate MHC class I.

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 4. 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. 4C). No
effect was observed for KIR2DS2- NK cells. Similarly, we observed an increase in IFNy

secretion for the KIR2DS2+ NK cells from IVDL vaccinated mice when incubated with the
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C*0102-LNP target as compared to KIR2DS2+ NK cells from AAA vaccinated mice (42.5%
vs 30.5%, p<0.05) (Fig. 4D). Thus activation using a peptide:MHC strategy can generate both

specific and cross-reactive peptide responses.

To identify if this strategy could recognize a human MHC class I target in vivo, we used the
Huh7 hepatocellular carcinoma cell line transfected with the KIR2DS2 ligand HLA-C*0102.
In vitro killing assays demonstrated that NKL cells transfected with KIR2DS2 killed Huh7-
C*0102 cells to a greater extent than untransfected NKL cells (p<0.0001) (Fig. 4D), thus
validating the cell line as KIR2DS2-specific target. As the KIR-Tg mice are not permissive
for human tumours we used an adoptive transfer model to test the effects of our DNA vaccine
on Huh7-C*0102 cells. 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
tumour in mice that received C*0102-IVDL-stimulated NK cells compared to control vaccine
concomitant (Fig. 4E). Thus stimulation of NK cells via KIR2DS2 can generate anti-cancer

reactivity against HLA-C expressing human tumour cells.
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DISCUSSION

We have developed a novel strategy to activate NK cells through KIR2DS?2 in a peptide: MHC
dependent manner using a construct that expresses both the cognate MHC and peptide. This
strategy may be relevant for other activating KIR, such as KIR2DS1and KIR2DS4 which have
been convincingly shown to have peptide:MHC specificities '3 15 44, Additionally KIR3DSI,
which is associated with protection from HIV, is more controversially thought to have a peptide

dependent HLA-B specificity . Thus our work may be relevant for a number of different

KIR in addition to KIR2DS2.

KIR2DS2-mediated activation generated a cytotoxic immune response against targets both
with and without a cognate KIR2DS2-ligand, and thus utility of this strategy as a therapeutic
may not be critically dependent on MHC class I expression by the target. Furthermore,
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 2.
This recognition was beta-2-microglobulin independent, suggesting that there may also be non-
peptide:MHC class 1 ligands for KIR2DS2 and is consistent with our observation that
KIR2DS2+ murine NK cells are more cytotoxic against BI6F10 melanoma cells even in
unvaccinated mice. Additionally, KIR2DS2+ NK cells appear to have a greater potential to
mediate antibody-dependent cellular cytotoxicity (ADCC) in vitro and in vivo *%°. Therefore
KIR2DS2 may be an attractive target for cancer immunotherapy in combination with antibody

based therapeutics.

In our experimental model KIR2DS2 expression is unaffected by the absence of an endogenous
HLA-C ligand as NK cell education is driven by inhibitory, rather than activating, receptors

for MHC class I 3!. This could be further investigated in humanised mouse models, with the
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caveat that this requires administration of human IL-15 to maintain NK cells, and so will

require careful interpretation 46 47, Despite the absence of a known ligand for KIR2DS2, we

observed activation of both KIR2DS2+ and KIR2DS2- NK cells in vivo. This is not
unexpected as a DNA vaccine may generate an inflammatory response thus activating NK
cells, and CpG sequences within the DNA vaccine may activate NK cells either directly or
indirectly via dendritic cells. Importantly, NK cells are well known to undergo reciprocal
activation with dendritic cells which could lead to cytokine release and further activation of
NK cells in a non-specific manner through release of IL-12 48, This is consistent with our
observations that whilst there was activation of both KIR2DS2+ and KIR2DS2- NK cells in
vivo, activation was preferential for KIR2DS2+ NK cells. The presence of antigen non-specific
responses may be important for generating more effective anti-tumour responses, and is
consistent with a mode of action of NK cells in which they are activated through one receptor
and recognize a target through a different one. For instance, killing of the B16F10 melanoma

cell line is mediated by NKp46, and hence not MHC class I restricted 4°.

Furthermore, we demonstrated peptide cross reactivity of KIR2DS2, as mice vaccinated with
IVDLMCHATF were able to recognize the hepatitis C virus 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 '4 16, 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 [ matching is required.
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Plasmid DNA vaccination is a novel strategy to activate NK cells. To understand its effects in

detail would be interesting in additional studies. In particular we have noted differences

between splenic and hepatic NK cells. Baseline KLRG1 expression appears relatively elevated

within the liver which may be the result of homeostatic proliferation or more ready activation

of KIR2DS2-positive NK cells which has been observed in humans 28 38 | Additionally we

formally tested only splenic NK cells ex vivo but not hepatic or lymph-node NK cells, which

could also have anti-cancer effects.

Based on our work we propose the following model based. As there is expression of MHC

class I in the muscle tissue we envisage that circulating NK cells can be activated directly

within the tissues. NK cells circulate in a primed state, in comparison to T cells, so uptake by

professional antigen presenting cells may not be required for NK cell activation. The activated

NK cells circulate to the periphery and generate anti-cancer responses. Potentially, some may

develop a “memory” phenotype within the liver. We envisage that this strategy could be

readily translated to the clinic as a DNA or RNA therapeutic that activates NK cells in vivo to

generate anti-cancer responses or augment other immunotherapeutic strategies, including

antibody-dependent cellular cytotoxicity. It would however only be relevant for the

approximately 50% of individuals who express KIR2DS2 as part of a KIR B haplotype. An

intramuscular approach has advantages over other delivery methods, such as intra-tumoral

injection as it is less invasive and could be administered in primary care settings. To harness

the functional activation advantage of KIR2DS2+ NK cells, cell lines expressing peptide: MHC

combinations designed to specifically activate KIR2DS2-positive NK cells could also be used

1n ex vivo expansion protocols for adoptive therapy. This strategy may offer a more controlled

activation of NK cells but would be more cumbersome than an injection therapeutic.
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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

oNOYTULT D WN =

vaccination may also form part of an anti-viral therapeutic strategy to reduce infection and
10 transmission in the early stages of infection. In conclusion, our work identifies a novel
mechanism for activating NK cells and we propose that this may have potential as a novel

15 therapeutic.

20

https://jitc.omj.com



oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

DECLARATIONS

Acknowledgements:

We would like to than Jeroen van Bergen and John Trowsdale for KIR-Tg mice and
Mohammed Naiyer for technical assistance.

Funding:

The work was funded by grants M019829 and S009338 from the MRC UK and grants 19917
and the “HUNTER” accelerator award from CRUK.

Competing interests:

The University of Southampton has applied for patents covering the use of the DNA vaccine
constructs described in this manuscript

Author contributions:

SIK, PR, MDB designed experiments; PR, MDB, RF, LBL, LE-S performed experiments;
AVP, PR, MDB, and SIK analysed data; CR provided key reagents; SIK, AA-S, MP supervised
experiments and interpreted data; PR, MDB, AVP, AA-S and SIK wrote the manuscript.
Data availability:

Data are available upon reasonable request. All data relevant to the study are included in the

article or uploaded as supplementary information.

21

https://jitc.omj.com

Page 54 of 74



Page 55 of 74

oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

REFERENCES

1. Demaria O, Cornen S, Daeron M, et al. Harnessing innate immunity in cancer therapy.
Nature 2019;574(7776):45-56. doi: 10.1038/s41586-019-1593-5 [published Online First:
2019/10/04]

2. Cooley S, Parham P, Miller JS. Strategies to activate NK cells to prevent relapse and induce
remission following hematopoietic stem cell transplantation. Blood 2018;131(10):1053-62.
doi: 10.1182/blood-2017-08-752170 [published Online First: 2018/01/24]

3. Hu W, Wang G, Huang D, et al. Cancer Immunotherapy Based on Natural Killer Cells:
Current Progress and New Opportunities. Front Immunol 2019;10:1205. doi:
10.3389/fimmu.2019.01205 [published Online First: 2019/06/20]

4. Vilches C, Parham P. KIR: diverse, rapidly evolving receptors of innate and adaptive
immunity. Annu Rev Immunol 2002;20:217-51.

5. Leone P, De Re V, Vacca A, et al. Cancer treatment and the KIR-HLA system: an overview.
Clin Exp Med 2017;17(4):419-29. doi: 10.1007/s10238-017-0455-4 [published Online First:
2017/02/12]

6. Bao X, Hanson AL, Madeleine MM, et al. HLA and KIR Associations of Cervical Neoplasia.
J Infect Dis 2018;218(12):2006-15. doi: 10.1093/infdis/jiy483 [published Online First:
2018/08/14]

7. Cariani E, Pilli M, Zerbini A, et al. HLA and killer immunoglobulin-like receptor genes as
outcome predictors of hepatitis C virus-related hepatocellular carcinoma. Clin Cancer Res
2013;19(19):5465-73. doi: 10.1158/1078-0432.CCR-13-0986 [published Online First:
2013/08/14]

8. Carrington M, Wang S, Martin MP, et al. Hierarchy of resistance to cervical neoplasia
mediated by combinations of killer immunoglobulin-like receptor and human leukocyte

antigen loci. J Exp Med 2005;201(7):1069-75.

22

https://jitc.omj.com



oNOYULT D WN =

Journal for ImmunoTherapy for Cancer

9. Cornillet M, Jansson H, Schaffer M, et al. Imbalance of Genes Encoding Natural Killer
Immunoglobulin-Like Receptors and Human Leukocyte Antigen in Patients With Biliary
Cancer. Gastroenterology 2019;157(4):1067-80 €9. doi: 10.1053/j.gastro.2019.06.023
[published Online First: 2019/06/24]

10. Impola U, Turpeinen H, Alakulppi N, et al. Donor Haplotype B of NK KIR Receptor
Reduces the Relapse Risk in HLA-Identical Sibling Hematopoietic Stem Cell Transplantation
of AML Patients. Front Immunol 2014;5:405. doi: 10.3389/fimmu.2014.00405 [published
Online First: 2014/09/10]

11. Almalte Z, Samarani S, Iannello A, et al. Novel associations between activating killer-cell
immunoglobulin-like receptor genes and childhood leukemia. Blood 2011;118(5):1323-8. doi:
10.1182/blood-2010-10-313791 [published Online First: 2011/05/27]

12. Vey N, Karlin L, Sadot-Lebouvier S, et al. A phase 1 study of lirilumab (antibody against
killer immunoglobulin-like receptor antibody KIR2D; IPH2102) in patients with solid tumors
and hematologic malignancies. Oncotarget 2018;9(25):17675-88. doi:
10.18632/oncotarget.24832 [published Online First: 2018/05/01]

13. Stewart CA, Laugier-Anfossi F, Vely F, et al. Recognition of peptide-MHC class 1
complexes by activating killer immunoglobulin-like receptors. Proc Natl Acad Sci U S A
2005;102(37):13224-9.

14. Naiyer MM, Cassidy SA, Magri A, et al. KIR2DS2 recognizes conserved peptides derived
from viral helicases in the context of HLA-C. Sci Immunol 2017;2(15) doi:
10.1126/sciimmunol.aal5296 [published Online First: 2017/09/17]

15. Sim MJW, Rajagopalan S, Altmann DM, et al. Human NK cell receptor KIR2DS4 detects
a conserved bacterial epitope presented by HLA-C. Proc Natl Acad Sci U S A

2019;116(26):12964-73. doi: 10.1073/pnas.1903781116 [published Online First: 2019/05/30]

23

https://jitc.omj.com

Page 56 of 74



Page 57 of 74

oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

16. David G, Djaoud Z, Willem C, et al. Large spectrum of HLA-C recognition by killer Ig-
like receptor (KIR)2DL2 and KIR2DL3 and restricted C1 SPECIFICITY of KIR2DS2:
dominant impact of KIR2DL2/KIR2DS2 on KIR2D NK cell repertoire formation. J Immunol
2013;191(9):4778-88. doi: 10.4049/jimmunol.1301580 [published Online First: 2013/10/01]
17. Boyington JC, Brooks AG, Sun PD. Structure of killer cell immunoglobulin-like receptors
and their recognition of the class | MHC molecules. Immunol Rev 2001;181:66-78.

18. Das J, Khakoo SI. NK cells: tuned by peptide? Immunol Rev 2015;267(1):214-27. doi:
10.1111/imr.12315

19. Blunt MD, Rettman P, Bastidas-Legarda LY, et al. A novel antibody combination to
identify KIR2DS2(high) natural killer cells in KIR2DL3/L2/S2 heterozygous donors. HLA
2019;93(1):32-35. doi: 10.1111/tan.13413 [published Online First: 2018/11/02]

20. Cooley S, Trachtenberg E, Bergemann TL, et al. Donors with group B KIR haplotypes
improve relapse-free survival after unrelated hematopoietic cell transplantation for acute
myelogenous leukemia. Blood 2009;113(3):726-32.

21. Cooley S, Weisdorf DJ, Guethlein LA, et al. Donor killer cell Ig-like receptor B haplotypes,
recipient HLA-C1, and HLA-C mismatch enhance the clinical benefit of unrelated
transplantation for acute myelogenous leukemia. J Immunol 2014;192(10):4592-600. doi:
10.4049/jimmunol.1302517 [published Online First: 2014/04/22]

22. Bachanova V, Weisdorf DJ, Wang T, et al. Donor KIR B Genotype Improves Progression-
Free Survival of Non-Hodgkin Lymphoma Patients Receiving Unrelated Donor
Transplantation.  Biol  Blood  Marrow  Transplant  2016;22(9):1602-07.  doi:
10.1016/5.bbmt.2016.05.016 [published Online First: 2016/05/26]

23. Sekine T, Marin D, Cao K, et al. Specific combinations of donor and recipient KIR-HLA

genotypes predict for large differences in outcome after cord blood transplantation. Blood

24

https://jitc.omj.com



oNOYULT D WN =

Journal for ImmunoTherapy for Cancer

2016;128(2):297-312. doi: 10.1182/blood-2016-03-706317 [published Online First:
2016/06/02]

24. Alomar SY, Alkhuriji A, Trayhyrn P, et al. Association of the genetic diversity of killer
cell immunoglobulin-like receptor genes and HLA-C ligand in Saudi women with breast
cancer. Immunogenetics 2017;69(2):69-76. doi: 10.1007/s00251-016-0950-x [published
Online First: 2016/09/16]

25. Beksac K, Beksac M, Dalva K, et al. Impact of "Killer Immunoglobulin-Like Receptor
/Ligand" Genotypes on Outcome following Surgery among Patients with Colorectal Cancer:
Activating KIRs Are Associated with Long-Term Disease Free Survival. PLoS One
2015;10(7):e0132526. doi:  10.1371/journal.pone.0132526 [published Online First:
2015/07/17]

26. Wisniewski A, Jankowska R, Passowicz-Muszynska E, et al. KIR2DL2/S2 and HLA-C
CI1C1 genotype is associated with better response to treatment and prolonged survival of
patients with non-small cell lung cancer in a Polish Caucasian population. Hum Immunol
2012;73(9):927-31. doi: 10.1016/j.humimm.2012.07.323 [published Online First: 2012/07/28]
27. Thiruchelvam-Kyle L, Hoelsbrekken SE, Saether PC, et al. The Activating Human NK Cell
Receptor KIR2DS2 Recognizes a beta2-Microglobulin-Independent Ligand on Cancer Cells.
J Immunol 2017;198(7):2556-67. doi: 10.4049/jimmunol.1600930

28. Gras Navarro A, Kmiecik J, Leiss L, et al. NK cells with KIR2DS2 immunogenotype have
a functional activation advantage to efficiently kill glioblastoma and prolong animal survival.
J Immunol 2014;193(12):6192-206. doi: 10.4049/jimmunol.1400859 [published Online First:
2014/11/09]

29. Siebert N, Jensen C, Troschke-Meurer S, et al. Neuroblastoma patients with high-affinity
FCGR2A, -3A and stimulatory KIR 2DS2 treated by long-term infusion of anti-GD2 antibody

ch14.18/CHO show higher ADCC levels and improved event-free survival. Oncoimmunology

25

https://jitc.omj.com

Page 58 of 74



Page 59 of 74

oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

2016;5(11):¢1235108. doi: 10.1080/2162402X.2016.1235108 [published Online First:
2016/12/22]

30. Ott PA, Hu Z, Keskin DB, et al. An immunogenic personal neoantigen vaccine for patients
with melanoma. Nature 2017;547(7662):217-21. doi: 10.1038/nature22991 [published Online
First: 2017/07/06]

31. van Bergen J, Thompson A, van Pel M, et al. HLA reduces killer cell Ig-like receptor
expression level and frequency in a humanized mouse model. J Immunol 2013;190(6):2880-5.
doi: 10.4049/jimmunol.1200650 [published Online First: 2013/02/08]

32. David G, Morvan M, Gagne K, et al. Discrimination between the main activating and
inhibitory killer cell immunoglobulin-like receptor positive natural killer cell subsets using
newly characterized monoclonal antibodies. Immunology 2009;128(2):172-84. doi:
10.1111/5.1365-2567.2009.03085.x [published Online First: 2009/09/11]

33. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 2010;26(1):139-40. doi:
10.1093/bioinformatics/btp616 [published Online First: 2009/11/17]

34. Wu D, Smyth GK. Camera: a competitive gene set test accounting for inter-gene
correlation. Nucleic Acids Res 2012;40(17):e133. doi: 10.1093/nar/gks461 [published Online
First: 2012/05/29]

35. Alhamdoosh M, Law CW, Tian L, et al. Easy and efficient ensemble gene set testing with
EGSEA. FI1000Res 2017;6:2010. doi: 10.12688/f1000research.12544.1 [published Online
First: 2018/01/16]

36. Chen J, Bardes EE, Aronow BJ, et al. ToppGene Suite for gene list enrichment analysis
and candidate gene prioritization. Nucleic Acids Res 2009;37(Web Server issue): W305-11. doi:

10.1093/nar/gkp427 [published Online First: 2009/05/26]

26

https://jitc.omj.com



oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

37. Fogel LA, Sun MM, Geurs TL, et al. Markers of nonselective and specific NK cell
activation. J Immunol 2013;190(12):6269-76. doi: 10.4049/jimmunol.1202533 [published
Online First: 2013/05/10]

38. Huntington ND, Tabarias H, Fairfax K, et al. NK cell maturation and peripheral
homeostasis is associated with KLRG1 up-regulation. J Immunol 2007;178(8):4764-70. doi:
10.4049/jimmunol.178.8.4764 [published Online First: 2007/04/04]

39. Lau CM, Adams NM, Geary CD, et al. Epigenetic control of innate and adaptive immune
memory. Nat Immunol 2018;19(9):963-72. doi: 10.1038/s41590-018-0176-1 [published
Online First: 2018/08/08]

40. Yin J, Leavenworth JW, Li Y, et al. Ezh2 regulates differentiation and function of natural
killer cells through histone methyltransferase activity. Proc Natl Acad Sci U S A
2015;112(52):15988-93. doi: 10.1073/pnas.1521740112 [published Online First: 2015/12/17]
41. Henning AN, Roychoudhuri R, Restifo NP. Epigenetic control of CD8(+) T cell
differentiation. Nat Rev Immunol 2018;18(5):340-56. doi: 10.1038/nri.2017.146 [published
Online First: 2018/01/31]

42. Orford K, Kharchenko P, Lai W, et al. Differential H3K4 methylation identifies
developmentally poised hematopoietic genes. Dev Cell 2008;14(5):798-809. doi:
10.1016/j.devcel.2008.04.002 [published Online First: 2008/05/15]

43. Russ BE, Olshanksy M, Smallwood HS, et al. Distinct epigenetic signatures delineate
transcriptional programs during virus-specific CD8(+) T cell differentiation. Immunity
2014;41(5):853-65. doi: 10.1016/j.immuni.2014.11.001 [published Online First: 2014/12/18]
44. Chapel A, Garcia-Beltran WF, Holzemer A, et al. Peptide-specific engagement of the
activating NK cell receptor KIR2DS1. Sci Rep 2017;7(1):2414. doi: 10.1038/s41598-017-

02449-x [published Online First: 2017/05/27]

27

https://jitc.omj.com

Page 60 of 74



Page 61 of 74

oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

45. O'Connor GM, Vivian JP, Gostick E, et al. Peptide-Dependent Recognition of HLA-
B*57:01 by KIR3DSI. J Virol 2015;89(10):5213-21. doi: 10.1128/JVI1.03586-14 [published
Online First: 2015/03/06]

46. Herndler-Brandstetter D, Shan L, Yao Y, et al. Humanized mouse model supports
development, function, and tissue residency of human natural killer cells. Proc Natl Acad Sci
US 4 2017;114(45):E9626-E34. doi: 10.1073/pnas.1705301114 [published Online First:
2017/10/29]

47. Strowig T, Chijioke O, Carrega P, et al. Human NK cells of mice with reconstituted human
immune system components require preactivation to acquire functional competence. Blood
2010;116(20):4158-67. doi: 10.1182/blood-2010-02-270678 [published Online First:
2010/07/31]

48. Gerosa F, Baldani-Guerra B, Nisii C, et al. Reciprocal activating interaction between
natural killer cells and dendritic cells. J Exp Med 2002;195(3):327-33. doi:
10.1084/jem.20010938 [published Online First: 2002/02/06]

49. Glasner A, Ghadially H, Gur C, et al. Recognition and prevention of tumor metastasis by
the NK  receptor NKp46/NCR1. J  Immunol  2012;188(6):2509-15.  doi:

10.4049/jimmunol.1102461 [published Online First: 2012/02/07]

28

https://jitc.omj.com



oNOYTULT D WN =

Journal for ImmunoTherapy for Cancer

FIGURE LEGENDS

Figure 1: A peptide:MHC DNA vaccine that targets KIR2DS2 activates NK cells

A) The conformation of the constructs used in this study to inoculate the mice. B) Gating
strategy for KLRG1 on KIR2DS2+ NK cells derived from the spleens (top panels) and livers
(lower panels) of KIR-Tg mice. KIR2DS2+ NK cells were identified using the antibody 1F12
and the numbers indicate the percentage positive cells in the gate. C) The frequency of
KLRGI expression on KIR2DS2+ NK cells in the spleen and livers of KIR-Tg mice vaccinated
with DNA plasmids containing HLA-C*0102 (C*0102, light grey bars), HLA-C*0102 plus
IVDLMCHATAAA (C*0102-AAA, grey bars), HLA-C*0102-LNPSVAATL (C*0102-LNP,
dark grey bars), HLA-C*0102-IVDLMCHATF (C*0102-IVDL, black bars) and compared to
PBS alone control mice (white bars). D, E) Comparison of KLRG1 frequencies on KIR2DS2+
(filled circles) or KIR2DS2- (open circles) CD3-NK1.1+ NK cells in the spleens (D) and livers
(E) following vaccination. All analyses were performed one week following the second
vaccination. Comparisons between two groups 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).

Figure 2: Vaccination activates mature and terminally differentiated NK cells.

KIR-Tg mice were injected with two doses of the indicated DNA construct one week apart and
then assessed for expression of KLRG1 on CD11b, CD27 NK cell subsets from the spleens
and livers one week after the final injection. A-D) KLRG1 on splenic CD11b+CD27+ (A)
and CD11b+CD27- (B) NK cells and on hepatic CD11b+CD27+ (C) and CD11b+CD27- (D)
NK cells following vaccination. N=7-14 mice per group. E) CD69 expression on KIR2DS2-
positive CDI11b CD27 NK cell subsets (n=3 per group). F, G) Comparison of KLRGI
expression on KIR2DS2+ and KIR2DS2- splenic NK cells in the CD11b+CD27+ (F) and

CD11b+CD27- (G) sub-populations. N=7-14 mice per group. H) KIR-Tg mice crossed with
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C57BL/6 mice were injected with two doses of the indicated DNA construct one week apart
and then assessed for expression of KLRGI on total NK cells, and CD11b, CD27, NK cell
2DS2+ and 2DS2- subsets from their spleens. N=4-6 mice per group. Comparisons between
two groups were made by paired t test (2 groups) and 2-way ANOVA (more than 2 groups)

(*p < 0.05, **p< 0.01, p<0.005 ****p<0.001).

Figure 3: Transcriptomic analysis of NK cells following DNA vaccination

A) Principal component analysis (PCA) of whole NK cell transcriptomes from C*0102-IVDL
and C*0102-AAA vaccinated mice taken one week after the second vaccination. KIR2DS2-
negative 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, D ) EGSEA analysis of C5 gene ontology (C) and C2 canonical
pathway (D) signatures 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 plots indicate the overall effects of vaccination on KIR2DS2+
NK cells in the C*0102-IVDL vaccinated mice (“positive”) as compared to the other three
groups (“negative”). The colour 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. E) Western
blot analysis of histone 3 marks (H3K4me2 and H3K27me3) on purified NK cells from the
spleens of vaccinated mice one week after the second vaccination with either C*0102-AAA

(AAA) or C*0102-IVDL (IVDL).
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Figure 4: DNA vaccination induces functional NK cell responses

A) KIR-Tg mice were injected subcutaneously with B16F10 melanoma cells on day 0 and
then vaccinated intramuscularly with C*0102-IVDL (squares) or C*0102-AAA (triangles) on
days 0 and 7 or untreated (circles) and tumour volume measured. (n=4 mice per group: one of
two independent experiments). B,C,D) Mice were injected intramuscularly with C*0102-
IVDL (black bars) or C*0102-AAA (grey bars) on days 0 and day 7 and then NK cells purified
from the spleens on day 14 for in vitro assays of activation. B) shows degranulation of
KIR2DS2+ and KIR2DS2- KIR-Tg NK cells to B16F10 melanoma cells (n=4 mice per group),
C) shows degranulation of NK cells from KIR-Tg mice 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) and D) shows
IFNy expression following incubation with 221-C*0102 and 221-C*0102-LNP cells (n=7-8
mice per group). E) Killing of Huh7-C*0102 hepatoma cells by NKL cells either untransfected
(NKL) or transfected with KIR2DS2 (NKL-2DS2) or the inhibitory receptor KIR2DL2 (NKL-
2DL2) at the indicated effector to target (E:T) ratios. Cytotoxicity was determined by flow
cytometry using the LIVE/DEAD™ stain. Shown are the results of two independent
experiments performed in triplicate. F) 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 tumour volume was
measure (n=4 mice per group, one of two independent experiments). The control mice (n=3)
did not receive any NK cells. 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<

0.0001.
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Supplemental Figure 1: Immunohistochemistry staining showing expression of C*0102-

IVDL construct in muscle

KIR-Tg mice were injected with two doses of C*0102-IVDL construct (left panel) or PBS
(right panel) one week apart and thigh muscle removed 7 days after the second injection.
Expression of HLA-C was tested by immunostaining with anti-HLA antibody using an
immunoperoxidase technique and counterstained with haematoxylin. Magnification was x100,

and a 200mM scale bar is indicated.

C*0102-IVDL PBS
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Supplemental Figure 2: CD11b/CD27 subsets from vaccinated mice

oNOYTULT D WN =

KIR-Tg mice were injected with two doses of the indicated DNA construct one week apart and
10 then assessed for maturity as defined by the different CD11b, CD27 NK cell subsets from the

spleens one week after the final injection.
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Supplemental Figure 3: Analysis of activation of NK cells in the lymph nodes of KIR-Tg
mice

KIR-Tg mice were injected intramuscularly weekly for 2 weeks with DNA constructs encoding
HLA-C*0102- IVDLMCHAAA (AAA) or HLA-C*0102-IVDLMCHATF (IVDL). Inguinal
lymph nodes were isolated and analysed by flow cytometry. CD3-NKI1.1+ NK cells were
analysed for KIR2DS2 expression (panel A: n=7 per group) and expression of KLRG1 on
KIR2DS2+, or KIR2DS2-, CD11b/CD27 subsets (Panels B and C: 4 mice per group). For all
graphs means +/- SEM are shown. There were trends towards increased number of KIR2DS2
—positive cells, and increases in KLRG1 expression in IVDL vaccinated mice, but these did

not reach statistical significance.
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Supplemental Figure 4: 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; grey bars) or HLA-
C*0102-IVDLMCHATF (HLA-C*0102-IVDL; black bars). KLRGI1 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 KLRGI
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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Supplemental Figure 5: Gating strategy for sorting KIR2DS2-positive and -negative NK

Journal for ImmunoTherapy for Cancer

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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