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Abstract

The natural cytotoxicity receptors (NCRs; NKp30, NKp44, and NKp46) were first defined as activating receptors on human
NK cells that are important in recognition of and response to tumors. A flurry of recent research, however, has revealed
that differential splicing can occur during transcription of each of the NCR genes, resulting in some transcripts that encode
receptor isoforms with inhibitory functions. These alternative transcripts can arise in certain tissue microenvironments and
appear to be induced by cytokines. Evidence indicates that some of the inhibitory NCRs are triggered by specific ligands,
such as the interaction of the inhibitory isoform of NKp44 with PCNA on the surface of tumor cells. Here, we review the
different NCR splice variants, cytokines that modulate their expression, their functional impacts on innate immune cells,
and their differential expression in the contexts of cancer, pregnancy, and infections. The recent discovery of these inhibitory
NCR isoforms has revealed novel innate immune checkpoints, many of which still lack defined ligands and clear mechanisms
driving their expression. These NCR checkpoint pathways offer exciting potential therapeutic targets to manipulate innate
immune functions under defined pathological conditions, such as cancer, pregnancy disorders, and pathogen exposure.
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Introduction

The family of natural cytotoxicity receptors (NCRs) is com-
prised of NKp46 (NCR1, CD335), NKp44 (NCR2, CD336),
and NKp30 (NCR3, CD337) [1]. These three receptors were
first characterized on human natural killer (NK) cells. NCR-
mediated NK cell activation results in lysis of target cells
and secretion of cytokines, mainly IFNy and TNFa [2-5].
NKp46 and NKp30 are expressed constitutively on the cell
membrane of human peripheral blood NK (pNK) cells,
while NKp44 protein expression requires stimulation with
IL-2, IL-15, or IL-1p, primarily on the CD56"€" subset [6,
7]. An exception for NKp44 protein expression is decidual
NK (dNK) cells, which constitutively express NKp44 and
can secrete placenta-associated cytokines, such as VEGEF,
IL-10, and PLGF that promote tissue remodeling [8, 9].
NKp44 protein expression was also observed on intratu-
moral NK cells, innate lymphoid cell type 3 (ILC3), plas-
macytoid dendritic cells (pDCs), and Natural Killer T (NKT)
cells [10—14]. Since the discovery of NCRs in the late 1990s,
the role of those receptors in immune surveillance has been
intensely studied in cancer, viral and bacterial infections,
pregnancy, and autoimmunity [1, 15, 16].

NKp30 and NKp44 are encoded by the NCR3 and NCR2
genes, respectively, which are both located on chromosome
6 in the human MHC class III locus [17]. NKp46 is encoded
by the NCRI gene located on chromosome 19 near the leu-
kocyte regulatory complex [18]. The NKp30 and NKp44
proteins are characterized by a single V-type Ig-like extra-
cellular domain, while NKp46 protein has two extracellular
C2-type Ig-like domains (domain 1 “D1” domain 2 “D2”,
respectively) [1, 19-21]. The transmembrane domain of the
NCRs contains a positive amino acid, either arginine (for
NKp30 and NKp46) or lysine for NKp44. The transmem-
brane positive amino acid facilitates the activating signal
from each receptor by facilitating association with a cor-
responding negative charged residue in a transmembrane
adaptor protein that contains an immunoreceptor tyrosine-
based activation motif (ITAM). In this way, both NKp30 and
NKp46 associate with CD3C and FceRI-y, while NKp44 is
associated with DAP12, which is essential for the membrane
expression of NKp44 (Fig. 1) [22].

NKp46 was the first natural cytotoxic receptor to be dis-
covered in the NCR family and is the only receptor that has
a homologous gene in Mus musculus (ncrl/Ly94) [S]. An
NKp30 pseudogene is found in 12 mouse strains, however,
and a functional ncr3 gene was found in Mus caroli [23].
The presence of the NKp44 gene (NCR2) was first shown
only in H. sapiens, but later was found also in non-human
primates that also express the NKp44 protein in their NK
cells [24]. Thus, NKp44 is the newest member in the evolu-
tion of the NCR family, and its function may be relevant only
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in primates. This should be taken into account when study-
ing NCR-mediated NK function using mouse models [25].

NKp30 splice variant profiles

The mRNA of the NCR3 gene is transcribed as four exons,
and these can be differentially spliced (Fig. 2a). NKp30
splice variants that have been studied to date are NKp30a,
NKp30b, and NKp30c (NCBI; Accession: NM_147130.2,
NM_001145466.1, and NM_001145467.1, respectively).
NKp30a-c splice variants differ from each other at exon
no. 4 due to splicing events, resulting in a variable NKp30
intracellular domain. Other NKp30 splice variants that have
been described are NKp30d, NKp30e, and NKp30f that
encode a C-type Ig domain with the corresponding intracel-
lular domains of NKp30b, NKp30a, and NKp30c, respec-
tively (Fig. 1a) [23]. The NKp30 splice variants can only
be detected at the mRNA level, as there is no available spe-
cific antibody for each of the NKp30 isoform proteins. Both
NKp30a and NKp30b lead to NK cell activation that is medi-
ated by association with CD3(. On the other hand, NKp30c
has a weak association to CD3( and leads to the activation of
p38 MAP kinase, resulting in secretion of IL-10 by NK cells
and immunosuppression [26]. However, NK cells express
all three NKp30 splice variants, yet the functional outcome
depends on the expression pattern of NKp30a, NKp30b, and
NKp30c [26]. Therefore, NKp30 splice variant profiles have
been classified based on the relative abundance of the splice
variants; namely: the activating NKp30a/b profile and the
inhibitory NKp30c profile [26]. The impact of NKp30 splice
variant profiles in cancer is yet to be fully understood and
was tested also in viral infection [27, 28]. NKp30 splice vari-
ant profiles were described in tumor infiltrating lymphocytes
(TILs) from gastrointestinal stromal tumor (GIST) patients
that were treated with Imatinib [26]. GIST patients with a
predominant NKp30c profile had lower survival rate. Fur-
thermore, in 50% of the patients, the NKp30c profile was
associated with single-nucleotide polymorphism (SNP) in
the NCR3 gene, resulting in two haplotype groups (Table 1;
[26]). Subsequently, NKp30 splice variant profiles were also
described to have an effect in neuroblastoma, melanoma,
and NSCLC patients (Table 1; [29-32]). Moreover, NKp30
splice variant profiles from PBMC were recently suggested
to be prognostic predictive biomarkers in patients with meta-
static GIST (Table 1; [33]).

The influence of the microenvironment on NKp30 splice
variant profiles was also examined [34, 35]. NKp30 is
expressed in dNK cells and human primary trophoblasts
cells express NKp30 ligands [8]. The expression profile of
NKp30 splice variants in PBMC and matched placenta tis-
sue in women that undergo elective, sporadic or recurrent
first trimester abortion, showed matched cases with different
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Fig. 1 NCR protein isoforms; a NKp30, b NKp44, and ¢ NKp46. Protein regions encoded by the various exons are colored differently. *Repre-
senting one of the adaptor dimer options (homodimer of CD3¢, homodimer FceRI-y, and heterodimer of CD3¢ and FceRI-y)

NKp30 splice variant profiles, indicating that the placenta  of both NKp30a and NKp30b relative to NKp30c. The
microenvironment can influence the NKp30 splice vari-  presence of TGF-f, with IL-15 and/or IL-18 combina-
ants expression pattern (Table 1; [35]). Decidua-enriched  tions, resulted in higher expression of NKp30c relative to
cytokines have been shown to influence NKp30 splice vari- ~ NKp30a (Table 1; [34]). TGF-p is abundant in the placenta
ant profiles [34]. IL-15 and IL-18 induce the expression  and tumor microenvironment [34]. Intratumoral NK cells
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Fig.2 Exon map of NCR a NKp30a
splice variants; a NKp30, b
NKp44, and ¢ NKp46. Regions
representing the various exons ror
are colored differently, and NKp30b 6

in accordance with the colors
of the exon-encoded protein Exon 4b
domains in Fig. 1. Teardrops
mark locations of charged NKp30c 6
residues in the transmem-
brane domains (R =arginine, Exon|4c
K=lysine). Yellow arrows mark STop
premature stop codons caused NKp30d @

by frame shifts during differ-
ential splicing. Location of the Exon 2a Exon 2b Exon 4b
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1. The AA teardrop in NKp46b
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AAB were reduced. ABC was best predic-

TagMan in PBMC and GIST tumorsamples

[33]

tor for overall patient survival and event-free

survival
Reduced NKp46 and NKp30 significantly

gqPCR analysis of NKp46 and NKp30 mRNA  PBMC from NSCLC patients relative to HD

Fend et al. (Oncoimmunology 2017) [32]

elevated AAB and AAC, reduced ABC. Low
levels of NKp30 had negative prognostic

and splice variant profiles using TagMan

impact on overall survival with no effect of

AAB, AAC, and ABC

share phonotypical characterization with dNK cells (CD37,
CD56™ and CD167) [36]. Analysis of NKp30 splice vari-
ant profiles in tumor and matched normal tissues in differ-
ent organs revealed higher incidence of NKp30a/b profile
relative to NKp30c profile [37]. The NKp30a/b profile was
more abundant both in the tumor and in the normal tissues.
However, in 50% of the matched cases, NKp30 splice variant
profiles were shifted from NKp30a/b to NKp30c and from
NKp30c to NKp30a, indicating the flexible nature of NKp30
splice variant expression (Table 1; [37]).

NKp44 splice variant profiles

Among the NCR family, NKp44 is a unique receptor, as
its expression on the cell membrane of NK cells requires
stimulation [6, 7]. NCR2 gene is transcribed as six exons and
three splice variants NKp44-1, NKp44-2, NKp44-3 (Fig. 2b,
NCBI; Accession: NM_004828.3, NM_001199509.1, and
NM_001199510.1, respectively). However, NKp44-1, but
not NKp44-2 or NKp44-3, has an immunoreceptor tyrosine-
based inhibition motif (ITIM)-like sequence, encoded by
exon six, as part of its cytoplasmic tail. Alternative splicing
events in NKp44-2 and NKp44-3 result in the expression
of exon five, leading to an early stop codon on exon six and
a shorter cytoplasmic tail without the ITIM (Figs. 1b, 2b).
Proliferating cell nuclear antigen (PCNA) is an inhibitory
ligand of NKp44 [38—40]. PCNA expression was associ-
ated with inhibition of NK cells in endometrial carcinoma
[41]. The ITIM on the NKp44-1 intracellular domain was
shown to be essential for NKp44-mediated inhibition of NK
cell function when exposed to HeLa cells overexpressing
PCNA (Table 2; [38]). The inhibitory nature of NKp44 was
also observed in pDC and was linked to reduced secretion
of IFNa and lysis function [11, 12]. Expressing the ITIM
sequence of NKp44-1 fused to KIR3DL1 in NK92 cells,
however, did not result in SHP-1, SHP-2, or SHIP recruit-
ment, even when the ITIM tyrosine was phosphorylated by
pervanadate stimulation [22]. Furthermore, the ITIM-con-
taining NKp44 cytoplasmic domain in this chimeric receptor
could not elicit inhibitory function following mAb engage-
ment in redirected assays using the P§15 model system [22].
These early results suggested that the ITIM-like sequence in
NKp44-1 was incapable of inhibitory function using mAb-
redirected assay (Table 2; [22]).

The effect of decidua-enriched cytokines on the pattern
of NKp44 splice variants was also examined [34]. As with
NKp30 splice variants, there is no specific mAb against
each of the NKp44 isoforms and, therefore, the profiling
of NKp44 splice variants is only possible by mRNA anal-
ysis. The expression of NKp44 splice variants was com-
pared between pNK cells following overnight stimulation
with IL-15 and dNK cells from the same donor, and these



1879

1871-1883

Cancer Immunology, Immunotherapy (2018) 67

syuaned TNy pasousderp Aimau
Jo [earaIns 100d s pajerdosse Apuedyusis sem [-HHASN Jo uoissardxa Krejjos

uoneuwio} asdeus aunwiwi pue ‘uon
-01098 ANA] ‘SISA] paonpal ‘c-Hd 3N 10 Z-H#d SN 10U Inq UOISSAAAXAIA0 [-HHdSN

uo13199s ANAT
JO SISAT ur uononpar oN ‘passardxa Apueurwiop-0d are ¢-#d SN pue [-#HdSIN

SI199 [dH.L Pue BToH JO SIS oy
pasearour $d3N Suryoorq "s[[90 e ToH SurssardXa1aA0-yNDd JO SISA] paonpay

VNIW $Hd3N JO %99 < T-4Hd3IN “Z-#+dSIN 01 oAnE[I ¢-HHd SN Pue [-Hd SN
JO [oA9] JYSIH ‘VNYW Hd 3N 9searou] ‘s[[od 3N uo uoissardxa urjoid $d3N

SISA ON "¢-##d3N pue

“T-PPISIN ‘T-#PdSIN JO S[OAQ] Je[rurs SYNYW AN [eseq "uorssardxe urejord oN
7PN 01 9ane[ax ¢-pHAdYN pue [-pHd3IN JO s[eAd]

1UYSTH VNYW #Hd3N pasea1ou] s[[2d L3N /3N uo uorssaidxs urejoid AN

€-vpdIN Pue Z-Hrd3IN ‘T-rrdSIN
JO S[OAQ] JR[IWIS ‘S[OAJ] YNYW HHdIN [eseq "uoissardxa urajoid $d3N ON

V-dDHA/E TOD/ANAT/PANL Jo uon
-0109s PASBAIOUI ‘SISA] paseaIoul ‘c-4dSN Pue [-id3N Jo uoissardxa pasearouf
¢-ppd3IN Jo uorssaxdxa pasearouy
€-#Hd3IN pue [-#+d3N Jo uorssardxa pasearou

V-ADHA/E TOD/ANAT
/OANLL JO UOTIAID9S ) UO JO SISA] UO 199J9 ON ‘[-HdSIN JO uorssaidxa pasearouy

V-ADHA/E TOD/ANAT/PANL JO uon
-0109s PISEAIOUT ‘SISA] pasearour ‘gc-4dSN pue [-#Hd3N Jo uorssardxa pasearouy

¢-pPd3IN pue Z-##dSIN Jo uorssardxa pasearouy
P3N pue [-#d3IN Jo uorssardxe pasearouy

©LOTAD UO 109JJ9 [eIuaWIOUT pey uonesi

-09 9pd3N pue $HdIN ‘uoneuroy asdeuks sunwiwt Y3y e/ D Ul dsLaIdU]
uone3 HA3N “€-p7d3N PUe [-+d3N 01 ATR[AI T-#1dSIN JO [9A2] ToYSTH

BLOTAD padnparx
uonesi-0 94d3N pue $d3N "uoneurio} asdeuks sunwwi mo[ yim eL01dD

U0 10353 ou pey uonest yydMN “€-yrdMN/C-HYdIN/1-FydMN JO S[oAS] Teruig
S[[99 12318} JO SISA] pasealoul #4d3[N Jo Sunoo[q qQyu
S[[09 10311) JO SISA] paseaoul AN Jo Sunoolq qyw

S[[oo
T6-3IN 01 9ATIE[aX UOnE[NUEISIP BT (D PUR SISAT ‘UONAI00S AN UO 1991J0 ON

S[[0d
763N 01 2ATIR[2I UONR[NUBISAP BT D PUE SISA] ‘UOTRI0S ANLAT UO 19912 ON

SI199 Z6-3IN 01 ANR[AI SISA] pue uonaIdas ANJJ peonpay
SISA] pue Uo1}a199s ANT UO 199JJ0 ON
SISA] pue Uo1aI109s AN UO J09Jo ON
SISA] pue uoneIdes ANAJ paonpay
uoneroosse grl 10)depe uLIyIe[d Z-V ON "SUIpuIq 10 JUSWIINIIAL
dIHS ‘T-dHS ‘T-dHS ON ‘WILLI +¥d3IN Jo uonejfioydsoyd aursoI£y, ‘uoniqrqur oN

sordwes
aAne3au 1 dJN "sa sjuerrea 2011ds AN
Jo orgoud x1w “sa [-HHdN Jo d[yoid Kieyrjog

€-¥rd3IN-T6
SIN THPASIN-T6-3N “T-PPdSIN-T6-3IN

CO6JIN 10 [TDAHN

skep 9 1oy uonenWINS G171 10 -1

ysary

skep 9 Joj uonw[nWILS GT-T1 10 T-TI

ysarj

S1-TI/ST-T/JADL
81-T1/gIDL
SI-T1/g4DL

E(N)

81-TI/ST-TI
8111
ST-T1

S[109 N Arewrid
uewINy pAJR[OSI ‘UoNR[NWNS JYSIUIAO GT-T[

S[100 SN [ENPIOOp ULWINE PAIL[OST YSoT]
S[100 YN Arewnid uewny pajenwns -1
IINT6-2IN

(uoneynw WLLD 48€CAH-C63IN

(uonapep IILLD A¥0TVH-C63N

(F+WILDFPIAN-T6-3IN

T6-IN

TIN

S[109 3N Arewnid uewny pajenwns g-1

S[109 Z6-3IN “T01dooar omrowryo Im ++d 1 1d¢

sjuanjed pasouserp A|mau jo [earaing ‘sojdwres DN
‘(VDDLL) “siuaned Bruuayna] projoAwr ainde Jo ejep basyNy

[opou [99

®ToH Surssardxa1aa0-yNDd © uisn uoneur1oy asdeuks

Qunuww pue ‘sisA] ‘uonardes ANJJ ‘ueNbel, Suisn ¥YOd4b

Aq s1sATeue juerrea 9o11ds $d3N ‘uoissaidxarono jue
-L1eA 901[dS $:d SN NOYIIM IO (I SAUI] [[99 N UBWNH

P3N Jo Sunporq

QYW INOYIIM JO UIM JJHL PUe S[[99 eToH Surssardxa

-IOAO-YN D IsureSe Aesse sisAT ‘ueybe], Suisn yD4b

£q syuerrea 2011ds d3N pue Anowojko-moy Aq urajord
+Hd3IN Jo sisA[eue /s[[00 N Arewrid uewny paje[osy

uepbe], Sursn YDdb £q syuerrea do11ds AN pue Ao
-woyko-moy £q urajord AN Jo s1sA[euy ‘DNFd uewny

P3N Jo uonesi| qyw 1o1ye

UOTIAIOAS SUIY0JAD JO S[[00 Ja5Te) G184 JO SISAT INOYIIM JO

A WNIPAW 931§ dUN0IAD UT paImnd s[[ed JNd 031 9An

-e[a1 syueLeA 291[ds 1 d 3N Jo uorssardxy 'uea1s YgAS

Sursn YDJb £q sisAreur juerrea a011ds AN "sAep 9 1o}
S[199 N Arewrid uewny paje[ost Jo uone[nWNs UD0IL)

U213 YFAS Susn YOdb ‘9pdIiIN
pue $d3IN Jo uonesI-0d sqyw “pHd N Jo uonesI qyw

$[190 g uo X9[dwod -y TH/VNOd [PULIqUIS

S[[99 BJoH Ul U0ISsaIdXxa1aa0 YNDJ

sour|
1199 SLEV PUB ‘167N ‘SHINA ‘LAD ‘1-VNOd ‘®T°H
ul YNYIS VNDJ 10 S[[20 BJoH Ul uorssaidxa1ono YNDJ

S[[99 BJOH Ul uoISsaIdxa1oa0 YNDJ

Qv [TAEAI Buw Sursn [opouw SISK] 1199 195101 G18d
parenpay "wrerord vorsng p AT/ T TASAIN oMWY

[€1] (910€ 19512100UQ)
‘Te 30 Asao[isnig ‘ysowoys

[¥€l (10T suones
-Tunwuod u‘:.z.mzv Te 19 BISIMIIS

[6£]
(€10T 2UQ SOId) '[& 10 uoLIoH

[8€] (T10T "TounuIwy °) T2 19
PEpBH pue ‘AYSAO[ISnIg ‘[BIUISOY

[zz] (rooz
‘founurwy ‘r) ‘e 30 [eqdure))

SINSOY

S10)99J9/SUONIPUOY)

$30318)/[OPOIN

JponIYy

syuerrea 9011ds ANz 3|qelL

pringer

a's



1880

Cancer Immunology, Immunotherapy (2018) 67:1871-1883

Elective abortions; NKp44-1 expression > 66% of NKp44 mRNA in 80% of the
cases. Spontaneous abortions; NKp44-1 expression < 66% of NKp44 mRNA in

80% of the cases

Results

First trimester placental tissue; Elective vs.

Conditions/effectors

qPCR analysis of NKp44 splice variants using TagMan

Model/targets

Shemesh et al. (Oncotarget 2016)

[37]

Table 2 (continued)

Article

@ Springer

Spontaneous abortions

Term labors; NKp44-1 expression > 66% of NKp44 mRNA in 80% of the cases.

Third trimester placental tissue; Term labor vs.

Preeclampsia labor; NKp44-1 expression > 66% of NKp44 mRNA in 50% of the

cases

Preeclampsia labor

Higher incidence of NKp44 mRNA in the tumor tissue. NKp44-1 expression > 66%

of NKp44 mRNA in 80% of the cases

Lung cancer tissue; Tumor vs. matched Normal

Higher incidence of NKp44 mRNA in Breast, Lung and Cervical/Uterine tumor

Solid tumor samples vs. matched normal tissue

RNAseq data of Breast, Lung, Cervical/Uterine, Kidney,

tissue. NKp44-1 expression > 66% of NKp44 mRNA in 80% of all the cases

Gastrointestinal tract organs, Gastrointestinal (GI) tract

accessory organs solid tumors (TCGA)

results were correlated with NK cell function based on
NKp44 mAb ligation [34]. Both pNK and dNK expressed
all NKp44 splice variants. However, pNK expressed higher
levels of NKp44-2 and lower levels of NKp44-1 and NKp44-
3, while dNK expressed similar levels of all NKp44 splice
variants. dNK cells are known to express NKp44 protein
and have a poor cytotoxic function. NKp44 mAb ligation of
dNK did not result in CD107a degranulation, while NKp46
ligation did. However, co-ligation of NKp44 and NKp46
in dNK cells led to reduction in CD107a degranulation as
compared to ligation of NKp46 alone, indicating that NKp44
has inhibitory function in these cells [34]. NKp44 mAD liga-
tion did lead to the secretion of IFNy, VEGF-A, or CCL3 by
dNK cells. Stimulation of pNK cells with decidua-enriched
cytokines (combination of IL-15, IL-18, and TGF-p) up-
regulated the expression of both NKp44-1 and NKp44-3
after 6 days of culture and affected the ability of pNK cells
to secrete TNFa, IFNy, VEGF-A, and CCL3 (Table 2; [34]).

NKp44-mediated inhibition of NK cells following PCNA
recognition requires the dominant expression of NKp44-1
relative to NKp44-2 and NKp44-3 [13]. Freshly isolated
pNK cells or PBMC express basal levels of NKp44 splice
variants that are characterized by similar levels of NKp44-1/
NKp44-2/NKp44-3 mRNA, but with a very low-to-nega-
tive expression at the NKp44 protein level. Following 6
days of in vitro IL-2/IL-15 stimulation, purified pNK cells
up-regulated the expression of NKp44-1, NKp44-2, and
NKp44-3 with a dominant expression of NKp44-1 splice
variant (NKp44-1>66% of NKp44 mRNA, i.e., NKp44-1
profile) [13]. On the other hand, in vitro stimulation of
whole PBMC with IL-2/IL-15 leads to co-dominant expres-
sion of both NKp44-1 and NKp44-3 (NKp44-1 <66% of
NKp44 mRNA, i.e. NKp44-2/3 profile). KHYG1 cells also
exhibit co-dominant expression of NKp44-1 and NKp44-3.
In accordance, isolated human pNK cells were inhibited by
PCNA overexpressing HeLa cells, while KHYGI cells were
not inhibited. The inhibitory effect of the NKp44-1 profile
on pNK cells was blocked using an anti-NKp44 mAb, while
overexpression of NKp44-1 but not NKp44-2 or NKp44-3 in
NK-92 cells resulted in inhibition by PCNA overexpression
(Table 2; [13]).

The differential role of NKp44 splice variant profiles in
human pathology was first published from RNAseq data
obtained from PBMC samples taken from newly diagnosed
AML patients (The human Cancer Genome Atlas) [13].
The examination of RNAseq data obtained from PBMC
can better reflect the immune status, as blood samples are
more homogenous than solid tumors in their cell composi-
tion. Plotting all NKp46"/NKp44* cases against NKp46™/
NKP44~ cases with day of death data revealed no differ-
ence in patient survival between the two groups. However,
when dividing the NKp46*/NKp44* cases according to
their NKp44 splice variant profiles, a significant decrease



Cancer Immunology, Immunotherapy (2018) 67:1871-1883

1881

in patient survival was observed in the group that had an
NKp44 splice variant profile with solitary expression
of NKp44-1 [13]. Examination of all available risk fac-
tors, NKp46 and NKp30 mRNA expression, and NKp30
splice variant expression did not influence the observation
(Table 2; [13]).

Tumor cells are known to up-regulate PCNA expres-
sion in vivo [37, 41]. The NKp44-1-dominant expression
profile was seen in 80% of NKp44 mRNA positive cases
of tumor biopsies taken from cancers of the breast, lung,
cervix/uterus, kidney, gastrointestinal (GI) tract organs, and
GI tract accessory organs, and NKp44 mRNA incidence was
increased in the tumor tissue as compared to matched normal
tissue [37]. The NKp44-1 profile may facilitate inhibition of
intratumoral NK cell function; however, this hypothesis still
needs to be further examined in larger cohorts. The interac-
tion of NKp44 splice variants with other reported NKp44
activating ligands is poorly defined. The combined effect
of PCNA and NKp44 activating ligands also needs to be
further addressed as NKp44-1 splice variant has also been
reported to elicit NK cell activation [42]. Consistent with
the tumor tissue, 80% of placental tissue samples from first
trimester elective abortions also exhibit the NKp44-1-dom-
inant profile (Table 2; [37]). Placental microenvironment is
known to suppress the maternal immune system to protect
the fetus from rejection and human primary trophoblasts
cells express NKp44 ligands [8, 43]. On the other hand, 80%
of placental samples from the first trimester spontaneous
abortions have an NKp44-3-dominant profile. This shift in
NKp44 splice variant profile may reflect changes in placental
microenvironment factors, such as IL-15, IL-18, and TGF-
that are known to regulate the NCR2 gene. The direct effect
of NKp44 splice variants on dNK in respect to the placen-
tal microenvironment and unique cell composition is still
unclear and should be further explored.

NKp46 splice variant profiles

The NCRI gene is transcribed as seven exons and five
splice variants; NKp46a, NKp46b, NKp46¢c, NKp46d, and
NKp46e (Figs. 1c, 2c, NCBI; Accession: NM_004829.6,
NM_001145457.2, NM_001145458.2, NM_ 001242356.2,
and NM_001242357.2 respectively). The variation in
NKp46 splice variants is mainly in two forms; (1) dele-
tion of exon 3, which encodes the extracellular Ig-like D1
domain (splice variants NKp46d and NKp46e), (2) dele-
tion of exon 6 that encodes for 17 amino acids in the hinge
domain (splice variants NKp46c and NKp46d). NKp46a and
NKp46b encode the full-length receptor with variation of
one amino acid (Fig. 1c). In contrast to NKp44 and NKp30
isoforms, NKp46 isoforms can be partially classified at the
protein level with specific antibodies against D1 and D2

Ig-like domains. Long-term stimulation of pNK with IL2
revealed a small NK cell population that expresses NKp46
protein without D1 (NKp46D17) [44]. The interaction of
NKp46 with its ligands was shown to require the D2 but
not the D1 domain [45, 46]. Following anti-NKp46/NKp30
mAb stimulation and assessment of CD107a degranulation,
the NKp46D1~ pNK population manifested higher activ-
ity as compared to other pNK cells [44]. Furthermore, the
analysis of nasal wash samples with respiratory viral infec-
tion for NKp46D1~, NKp46D17, and total NKp46 mRNA
showed that most cases were positive for NKp46D1- mRNA.
In contrast, the analysis of PBMC samples revealed that all
samples were NKp46D17F [44].

Innate immune checkpoints and new
candidate(s) based on splice variants
of NCRs

Activating and inhibitory receptors dynamically modulate
the NK cell activation state, delicately balancing the state of
activation vs. inhibition [47—-49]. Immune surveillance via
recognition of class | HLA molecules on the surface of nor-
mal or target cells by inhibitory killer-cell Ig-like receptors
(KIR) and CD94/NKG2A provide a dominant early innate
immune checkpoint [50]. The loss of class I HLA recogni-
tion favors activation, overcoming immune escape by the tar-
get cell and allowing signals from activating receptors (e.g.,
NCRs) to predominate [26, 38, 51]. Immune surveillance via
pattern recognition provides a secondary late innate immune
checkpoint and is characterized by engagement of NCRs that
can recognize ligands on tumor and virus infected cells inde-
pendently of HLA expression [52]. The pattern recognition
by NCRs ultimately depends on how the pathogen or malig-
nant transformation modulates the expression of endogenous
proteins (e.g., B7-H6 or PCNA) or on direct recognition of
pathogen-associated molecules (e.g., HA-NA or pp65) [38,
53-55]. Tumors can escape both immune checkpoints by
either masking target cell surface class I HLA molecules or
by taking advantage of the differential pattern recognition
outcomes (i.e., suppression vs. activation) by specific NCRs
isoforms [26, 38]. While the early innate immune check-
point is often missed and, therefore, appears to be difficult
to tackle, the later checkpoint provides more opportunities
for targeting by either mAbs or small molecule drug-based
therapy. These therapeutic approaches might potentially
aim to interfere with a receptor-ligand interaction via tar-
geting NCR itself or its suppressive ligand. When consider-
ing NCRs for checkpoint-based therapeutics, NKp44 and
NKp30 do have inhibitory isoforms, but mAb-based treat-
ment is challenging, since the structural differences between
isoforms (inhibitory vs. activation) are within the transmem-
brane/cytoplasmic domains (Figs. 1, 2). Therefore, when

@ Springer
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considering NCR ligands, the membrane-associated PCNA
(mediating inhibition through the NKp44-1 isoform) could
be considered as a more appropriate target for mAb-based
checkpoint therapeutics for cancer, as compared to B7-H6,
which was reported to activate all isoforms of NKp30 (inhib-
itory and activating).

Concluding remarks

The data provided here show the importance of NCR splice
variant profiles in a variety of human pathologies. The
functional outcomes mediated through NKp30, NKp44,
and NKp46 still need to be defined with respect to known
and unknown NCR splice variants and other cell types. It is
important to note that NCRs are expressed on a wide array
of immune cells, including type 1, 2, and 3 innate lymphoid
cells (ILCs), yOT and afiT cells, and NKT cells, which play
important roles in the immune response toward a variety of
bacteria and helminth infections, cancer immunity, and fat
tissue metabolism. The characterization of NCR splice vari-
ants in NK cell function and tumor and placental microen-
vironment has opened a window that reveals novel molecu-
lar mechanisms by which the three NCRs regulate innate
immune functions and identifies new targets to modulate
these pathways in the clinic.
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