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Differential induction of CD94 and NKG2 in CD4 helper T cells.
A consequence of influenza virus infection and interferon-y?
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Introduction

Influenza A virus causes worldwide epidemics and pan-

Summary

Influenza A virus causes worldwide epidemics and pandemics and the
investigation of memory T helper (Th) cells that help maintain serologi-
cal memory following infection is important for vaccine design. In this
study we investigated CD94 and NKG2 gene expression in memory CD4
T-cell clones established from the spleens of C57BL/10 (H-2%) and
BALB/c (H-2%) mice infected with influenza A virus (H3N2). CD94 and
NKG2A/C/E proteins form heterodimeric membrane receptors that are
involved in virus recognition. CD94 and NKG2 expression have been
well characterized in natural killer (NK) and cytotoxic T cells. Despite
CDY%4 being potentially an important marker for Thl cells involved in
virus infection, however, there has been little investigation of its expres-
sion or function in the CD4 T-cell lineage and no studies have looked
at in-vivo-generated Th cells or memory cells. We show in this study
that in-vivo-generated CD4 Thl cells, but not Th2 cells, exhibited full-
length CD94 and NKG2A gene expression following activation with viral
peptide. For NKG2A, a novel ‘short’ (possibly redundant) truncated iso-
form was detectable in a Th2 cell clone. Another member of the NK
receptor family, NKG2D, but not NKG2C or E, was also differentially
expressed in Thl cells. We show here that CD94 and NKG2A may exist
as multiple isoforms with the potential to distinguish helper T-cell sub-
sets.

Keywords: helper T cells; influenza virus type A; memory cells; natural
killer receptors

individual mice recognizing different HA epitopes'®™"?

and with clear major histocompatibility complex (MHC)
patterns emerging,'*' all of which are important consid-

demics." Symptoms in man can vary from a mild res-
piratory disease to viral pneumonia. Vaccines are
recommended for vulnerable groups and are designed
each year based on monitoring of emerging virus sub-
types worldwide.

Adaptive immune responses are directed against the
two major surface glycoproteins, haemagglutinin (HA)
and neuraminidase, and to internal proteins.z_9 The
murine response is diverse, with T-cell clones from

erations in future vaccine design.

Previous studies by our group found an influence of
MHC background on CD4 T helper (Th) cell cytokine
profiles following influenza infection'* (Table 1). To look
at differential gene expression in T cells, we undertook a
study'® using subtractive hybridization for two C57BL/10
CD4" T-cell clones isolated from a single donor. These
two clones had identical T-cell receptor sequences and
recognized the same region of HA (site B, p186-205), a

Abbreviations: aa, amino acid; bp, base pair; HA, haemagglutinin; IFN-v, interferon-vy; interleukin-4, IL-4; MHC, major
histocompatibility complex; NK, natural killer; PCR, polymerase chain reaction; RACE, rapid amplification of cDNA ends;

RT-PCR, reverse transcription PCR; Th, T helper.
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Table 1. Summary of T-cell clone cytokine profiles and influenza
virus HA specificity

HA1
Clone Haplotype specificity Cytokine profile
Bpp19 b p186-205 IEN-y, IL-4, IL-5
Bpp9 b p186-205 IL-4, IL-5, IL-10
Bppl7 b p186-205 IFN-y, IL-4, IL-5
Bpp23 b p186-205 IEN-y, IL-4, IL-5
BAS5T-6 d p177-199 IFN-y
ML7P-66 d p177-199 IFN-y
BA5-6 d p56-76 IFN-y
BA6-1 d P56-76 IEN-y

site recently shown to be important for vaccine design,"*
but differed in their cytokine secretion profile, either
interferon-y (IFN-vy), interleukin-4 (IL-4), IL-5 (clone
Bpp19) or IL-4, IL-5, IL-10 (clone Bpp9).

Evident from this study was that the membrane
heterodimeric receptor CD94/NKG2A [documented pre-
dominantly in natural killer (NK) and CD8" T cells]
was expressed in the activated Bppl9 (Thl-type) cell,
but not in the Bpp9 (Th2-type) cell. We decided, there-
fore to look in more detail at expression of this receptor
family in CD4 T cells, the results of that study are
reported here.

CD94 (Klrdl) and NKG2A (Klrcl) are both members
of the C-type lectin Group V NK receptor family'” ' that
was originally found in NK cells.***> In NK cells and
CD8 T cells these proteins together form a novel inhibi-
tory receptor with a role in innate and adaptive immu-
nity.**® Apart from binding to NKG2A, CD94 protein
can also associate with alternative NKG2 isoforms
(NKG2C or NKG2E) to produce stimulatory molecules
that complex with the MHC class I ligands HLA-E and
Qa-1" in humans and mice, respectively,”’ " to recog-
nize infected cells. Interestingly, another member of the
family, NKG2D, forms a homodimeric receptor and
its ligand, the stress-inducible MHC class I chain-related
protein A (MICA), is expressed by tumour cells and leads
to activation of NK cells and macrophages.”®>'~>’

Although the CD94/NKG2A heterodimer is termed an
NK-cell receptor, it has been described in a subset of both
murine and human CD8" T cells,**® in which it identi-
fies a subpopulation of effector and memory cells.”*** In
addition to our in-vivo-generated CD4 T cells,'® recent
studies have shown that CD94 and NKG2 were also found
in CD4 T cells in humans*' or mice** in vitro. In CD4 T
cells, this heterodimer was shown to costimulate Thl
effector function,*® in contrast with its well-characterized
inhibitory function on NK cells.

In mice, the genes for CD94 and NKG2A are present
on chromosome 6 and are within a 200-kilobase region
known as the NK complex that includes other members
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Figure 1. Relative position of genes in NK cluster on mouse
chromosome 6. **CD94, NKG2D, NKG2C/E and NKG2A/B/2A2,
are located in the region at 130-25-130-35 Mb. Data from www.
ensembl.org.
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of the C-type lectin famil (Fig. 1). Recent papers
have investigated what regulates CD94 gene expression
in NK and CD8" T cells.*** In cultured murine
splenocytes, CD94 was found to be under the control
of dual promoters located in either exon la (distal) or
exon 1b (proximal).”” This control led to the synthesis
of two types of transcript that differed at the 5’ end.
In primary NK and CD8" T cells, only the proximal
promoter was found to be active. In addition for
human NK and CD8 T cells, both promoters show dif-
ferential sensitivity to IL-2 and IL-15, which are cyto-
kines that increase CD94 expression in NK cells.*
CD94 promoter usage may also vary with cell type,
that is NK or T cell.*’

For CD94 and NKG2A, recent papers have concen-
trated on receptor expression in NK cells and CD8" T
cells, and only two papers*"** have looked at CD94
and NKG2A expression in CD4 T cells, both were
in vitro studies. Here we look at the expression of
CD9% and NKG2A in CD4 T cells, including promoter
usage, based on in vivo studies and extend our investi-
gations to look at T cells of two haplotypes that recog-
nize different sites on influenza virus HA and to other
members of the NK family.
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Materials and methods

Generation and isolation of Th clones

Th clones were generated from mice infected intra-
nasally with influenza virus and isolated as described
previously.'*'®

c¢DNA preparation

In-vivo-generated T cells were cultured as described previ-
ously.'® For activation, cells were stimulated for 2 hr with
influenza HA peptide p186-205, as described elsewhere.'®
Cells were disrupted using a QIA shredder (Qiagen,
Hilden, Germany). RNA was extracted using the RNeasy
kit (Qiagen, Hilden, Germany), DNase treated, and
reverse transcribed as described previously.'®
In-vitro-generated T cells (Th1, Th2) were freshly isola-
ted T cells and were grouped as either resting (unstimu-
lated) cells or as stimulated cells, stimulated with either
phorbol 12-myristate 13-acetate (40 ng/ml) or ionomycin
(100 ng/ml), RNA was extracted and cDNA was prepared

as described previously.*>*

Primers

For CD94 and NKG2A expression, primers were designed
to produce full-length gene transcripts (primer pairs
CD94-F2/CD9%4-R2 and NKG2A-F2/NKG2A-R2) using
PrIMER3  software (www.frodo.wi.mit.edu). In addition,
primers were designed to distinguish NKG2A/2A2/B and
NKG2C/E isoforms according to published sequences®”*®
(see Table 2). For Bppl9 CD9%4 transcripts off the distal
promoter, primers were synthesized according to pub-
lished sequences®®*” (primer pair CD94-F3/CD94-R2).

Real-time quantitative polymerase chain reaction (PCR)
primers were designed according to ABI specifications
using PrIMER Express software and were provided by
GenoSys (Sigma—GenoSys, Pampisford, Cambs, UK) (see
Table 2).

RT-PCR and real-time quantitative PCR

The resulting cDNAs were subjected to reverse transcrip-
tion PCR (RT-PCR): 33 cycles of 30 s at 95°, 30 s at 60°
and 2 min at 68° using Advantage 2 Polymerase Mix and
Advantage 2 PCR buffer (BD Clontech, Mountview, CA),
dNTPs (Amersham, Little Chalfont, UK) and the relevant
primers. The resulting products were run on a 1-2% ag-
arose gel against known molecular weight markers to
check specificity.

In addition, cDNA was analysed for the expression of
CD9%4 and NKG2A by real-time quantitative PCR
assay using an ABI Prism 7000 Sequence Detection
System (Applied Biosystems, Foster City, CA). Target
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Table 2. Primers used for T-cell amplification

Primer Sequence (5’ to 3')

CD94-F1! ATGCTGTGTTTGCCTGGAC

CD94-R1' AACGCTTTTGCTTGGACTGT

CD94-F2 ATGGCAGTTTCTAGGATCACTCG
CD94-R2 CATTTAAATAGGCAGTTTCTTACAGATGTA
CD94-F3 AACATCAACATCCCACACTTGTATGAC
CD94-F4* CACCTTCTCCAACCACCACT
CD94-R4? TCTGCGAAGCACAGAAATC
NKG2A-F1! CGAAGCAAAGGCACAGA

NKG2A-R1! ATGGCACAGTTACATTCATCAT
NKG2A-F2 GACATGAGTAATGAACGCGTCACC
NKG2A-R2 TCAGATGGGGAATTTACACTTAC
NKG2A-F3? AGGTTTTCCATCTCCTCCAGAGA
NKG2A-R3? CACAGCGACAATTAAGACAAAACA
NKG2C-F1! GCTGAACTGAAGAAGCAGATCC
NKG2C/E-R1! TGGGGAATTTACACTTACAAAG
NKG2D-F1' ACAAGGAAGTCCCAGTTTCC
NKG2D-R1! TTACACCGCCCTTTTCATGCAGATGTA
NKG2E-F1! TATTACATTGGCATGGAAAGA

"To distinguish NKG2 isoforms and for CD94, according to pub-

. 5
lished sequences.>*®4%

%For real-time quantitative PCR.

gene mMRNA expression was quantified using SYBR
Green (Applied Biosystems) and was normalized to
ubiquitin ¢cDNA levels. The c¢DNA from Bppl9 and
Bpp9 stimulated with HA peptide were included as
controls.

Sequencing

PCR products were sequenced directly or following clo-
ning into plasmids. PCR products were cloned using the
Clontech Advantage PCR Cloning kit (BD Biosciences,
Erembodegem, Belgium). Escherichia coli competent cells
were transformed and spread onto luteinizing broth/agar
plates. Following incubation at 37°, colonies were picked
arbitrarily for analysis.

Plasmids were isolated using Wizard Plus Minipreps
(Promega, Madison, WI). The presence of plasmid inserts
was confirmed following digestion with the EcoRI restric-
tion enzyme and by 1-2% agarose gel. Inserts were then
sequenced with a DNA Sequencing Kit (Applied Biosys-
tems) using M13 primers and run on an ABI Prism
377 DNA Sequencer (Applied Biosystems) or at the
Advanced Biotechnology Centre (www.bm-abcOl.cx.med.
ic.ac.uk).

Data analysis

Sequencing data were mapped to the Ensembl database
(www.ensembl.org) and aligned using CLUSTALW software
(www.ebi.ac.uk).
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Rapid amplification of cDNA ends (RACE)

RACE was carried out using the SMART RACE cDNA
amplification kit (BD Clontech).

Results

Sequence of differentially expressed Bpp19 (Thl)
CD9%4 is consistent with the known sequence

The mouse CD94 gene contains six exons and codes for
a transcript 848 base pairs (bp) in length including
untranslated regions, of which 543 bp translates a 181-
amino acid (aa) type II protein.’® Four differentially
expressed CD94 cDNA library fragments from Bppl9
were sequenced and had a readable length of around
650 bp. These fragments were replicates that covered the
whole of the CD94 gene extending 39 bp into the 5
untranslated region and 87 bp into the 3’ untranslated
region. Sequences were aligned against an EBI published
gene sequence (ENSMUSG00000030165). The difference
products were almost identical to the known transcript
(ENSMUST00000088068), differing only by an in-frame
substitution at the exon 4/exon 5 junction. CD9%4 from
the Bpp19 difference products was found to be identical
to another CD94 transcript (ENSMUSESTT00000016770)
at this junction.”

Sequences of differentially expressed Bppl9 NKG2A
align to the 3’ end of the gene

The NKG2A gene is composed of seven exons that are
approximately 2000 bp in length in total including the un-
translated regions, of which 732 bp translates a 244-aa
protein. Five differentially expressed NKG2A fragments
varied in length from around 200 to 400 bp. Transcripts
aligned with three separate regions of the published gene
sequence (ENS0000030167) at 672-925, 1027-1417 and
1523-1917 bp. These transcripts spanned the final 60 bp of
the translated region and part of the 3’ untranslated region.

Full-length CD94 and NKG2A is expressed in
Bpp19 (Th1) but not Bpp9 (Th2)

Following investigation of the differentially expressed
products, we decided to look at the expression of CD94
and NKG2A in total RNA. As anticipated, full-length
NKG2A (bp 1-732, ATG start to stop sequence) was
expressed in Bpp19 but not Bpp9 (Fig. 2a). However, PCR
amplification of Bpp9 DNA covering the first six exons, the
region not spanned by the difference products, identified a
‘short” form of NKG2A (bp 1-656) in Bpp9 cells (Fig. 2b).
Specific primers and PCR sequencing confirmed that the
product was the NKG2A isoform (ENSMUS00000030167)
(As, A/B, Fig. 2b) and not the NKG2A2 isoform (minus
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Figure 2. CD94 and NKG2A expression in Bppl9 and Bpp9 from
total RNA. (a) Primers were designed to cover the full-length
1-732 bp translated product. Full-length NKG2A is expressed in
Bpp19 but not Bpp9. (b) Primers were used that covered bp 1-656 and
bp 293-656, respectively, to distinguished the isoform NKG2A from
isoforms NKG2A2 and NKG2B, which would not be amplified. Posit-
ive product showed that NKG2A (bp 1-656), not NKG2A2 or NKG2B,
is expressed in both Bpp19 and Bpp9. In Bpp9 Th2 cells, the NKG2A
product is a non-full-length product (but covers at least the first
656 bp), designated as the ‘short’ form, whereas the Bpp19 Th1 prod-
uct is part of the full-length product. (c) Primers were used to deter-
mine if Bpp19 and Bpp9 expressed NKG2D or NKG2C and NKG2E
isoforms. Bpp19 expresses CD94 (as shown in a) and NKG2D, but not
NKG2C or NKG2E; Bpp9 expresses NKG2A ‘short’ form (As) only (as
shown in b), i.e. not NKG2C, NKG2D or NKG2E.

exon 2, ENSMUST00000032271) or NKG2B isoform
(minus exon 3, ENSMUST00000036061) (data not shown).
To determine if the Bpp9 NKG2A ‘short’ form extended 3’
of bp 656, repeated attempts were made to synthesize
a product using 5 RACE, but these failed to give any posi-
tive results, which may suggest the introduction of a stop
codon in the region from 657 to 671 bp, rather than alter-
native splicing to 3’ of exon 8.

In contrast, CD94 was expressed only in Bppl9
(Fig. 2c). The CD94 full-length sequence was identical to
that found for the differentially expressed Bppl9 cDNA.

Bpp19 expresses NKG2D, but not NKG2C or NKG2E

The NKG2C gene consists of six exons, with a transcript
length of 714 bp and translates a 238-aa protein. NKG2E,
an isoform of NKG2C, is almost identical to NKG2C, but
is missing exon 3 and translates a 221-aa protein. NKG2D
has eight exons with a length of 1049 bp and translates
a 232-aa protein. NKG2D was expressed in Bppl9 but
not Bpp9 T cells (Fig. 2c). Interestingly neither NKG2C
nor NKG2E were expressed in Bppl9 or in Bpp9 cells
(Fig. 2¢).

CD9%4 in Bppl9 can be expressed off the distal
promoter

A CD%4 product from Bppl9 could be expressed off
the distal promoter (exon 1la) in addition to the
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product from the start codon at the end of exon 1b
(Figs 3a,b). Alignment of the CD94 product off the
distal promoter onto the Ensembl database revealed an
insert between exons 4 and 5 (designated exon 4')
(Fig. 3c). This product was identical to the Bppl9 full-
length sequence, except for the addition of this 59-bp
insertion in the middle of the transcript (Fig. 3d). The
insertion, however, had introduced a stop codon in this
region and may translate a product of only 115 amino
acids (Fig. 3e). This protein, if synthesized, would
encompass the whole of the signalling and transmem-
brane region, but only part of the carbohydrate-binding
site.

(a)

+—4—H "1

— —
1a 1b 23 4 5 6
CD94  CD9%4
distal start
(b) M CD94 CD9%4
distal start

CD94 and NKG2A are expressed in other H-2® and
H-2¢ Th1 clones to influenza HA

We wished to extend the scope of our studies to establish
if CD94 and NKG2A were expressed in influenza HA-
specific clones of more than one haplotype and cytokine
secretion profile (Table 1) and in other types of CD4 T
cells.

Two C57BL/10 (H-2") clones (Bpp17, Bpp23), and four
BALB/c (H—Zd) clones (BA5T-6, ML7P-66, BA5-6, BA6-
1), all of which secreted IFN-y and were specific for influ-
enza HA (Table 1), were included in the study. All clones
produced transcripts for full-length CD94 and NKG2A

<«— 636
543 Figure 3. Bppl9 CD94 expression off the dis-
© tal promoter. (a) The mouse CD94 gene con-
P g
& . .
exon 1 S S T tains six exons and codes for a transcript
Len: - 10..00 Kb - . . .
b Eroamoians £ 5 = 848 bp in length including untranslated
| Blast hits - riihe
Dacontgs) 18 — " regions, of which 543 bp translates a 181-aa
pdri. T e type II protein. Exons la and most of exon 1b
= e encode the 5 untranslated region, and exon 2
(d) encodes the transmembrane domain. Exon 3
Bppl9dif ------------mmmm h Ik .
BpplOtot —-—- encodes the stalk region and exons 4-6 encode
Bppl9dis —=--==--=------ the carbohydrate-recognition domain (CRD).*®
b) Primers were used to see if a CD94 Bppl9
PP
Bppl9dif -- Thl transcript could be expressed off the distal
Bppldtot -----—------ promoter exon la. The gel shows the distal
Bppl9dis TTCTTTAARA .
PP B primer product (636 bp) compared to the full-
exon 4 length product (start) (543 bp). (c¢) The prod-
) uct off the distal promoter was aligned
Bppl9dif AAAGAAGCAGAGATTTCTGTGCTTCGCAGAATTCCAGCCTTCTTCAGCCCCAATCCAGAA 307 . .
Bppl9tot AAAGAAGCAGAGATTTCTGTGCTTCGCAGAATTCCAGCCTTCTTCAGCCCCAATCCAGAA 307 (www.ensembl.org) and this showed that this
Bppl9dis AAAGAAGCAGAGATTTCTGTGCTTCGCAGAATTCCAGCCTTCTTCAGCCCCAATCCAGAA 307 isoform included a new exon, designated here
, . .
exon 4, 'fas 4'. (d) Sequencing of. th.e distal promoter
Bppl9dif ATGAATTGAG= === === === = o e e e 317 isoform showed that this included a 59-bp
Bpplotot ATGAATTGAG—————————————— = —— - 317 insertion that introduces a stop codon. Arrows
Bppl9dis ATGAATTGAGACAAAATTTTGTAGTGTTTTTCCACGAGTGAATGACCTAGTCACTGARAA 367 o .
indicate the start of each exon. Exon 1b is col-
exons oured blue. For Bppl9 sequences, splice sites
Bppl9dif ——------- TTTTATGAACTTCAGTCAAACCTTTTTCTGGATTGGAATGCATTATAGTGA 368 are indicated in orange (Bppl9 distal promo-
Bppl9tot —-------- TTTTATGAACTTCAGTCAAACCTTTTTCTGGATTGGAATGCATTATAGTGA 368 ) 5 PP P
Bppl9dis GTTTAAGAGTTTTATGAACTTCAGTCAAACCTTTTTCTGGATTGGAATGCATTATAGTGA 427 ter) and in green (Bppl9 difference product).
Start codon ATG at the end of exon 1 is in
(e) bold. Bppl9dif, Bppl9 difference product;
Bppl9dis —------mmo-oomoooooooo MAVSRITRWRLMSVIFGIKCLFLMVTLGVLLINSFTIQ 38 Bppl9tot, Bppl9 start sequence; Bpplodis,
Bppl9dif ———-----————mmm—mmmmoo MAVSRITRWRLMSVIFGIKCLFLMVTLGVLLINSFTIQ 28 .
Bppl9 product distal promoter. (e) The Bppl9
Bppl9dis NIQSTPSPTTTVEFQEVSECCVCLDKWVGHQCNCYFISKEEKSWKRSRDFCASQNSSLLO 98 difference and distal promoter products were
Bppl9dif NIQSTPSPTTTVEFQEVSECCVCLDKWVGHQCNCYFISKEEKSWKRSRDFCASQNSSLLO 88 . . .
converted to their proposed amino acid
Bppl19dis PQSRNELRONFVVEFHE —= === === m e 115 sequences and aligned (www.ebi.ac.uk). Trans-
Bppl9dif PQSRNELSFMNFSQTFFWIGMHYSEKRNAWLWEDGTVPSKDLFPEFSVIRPEHCIVYSPS 144 lation of the distal promoter product would
Bppl9dis —-——=—m—mmmmmmmmmmm e result in an amino acid with only part of the
Bppl9dif KSVSAESCENKNRYICKKLPI 169 carbohydrate recognition domain.

242

© 2007 Blackwell Publishing Ltd, Immunology, 121, 238-247



(Fig. 4a). C57BL/10 spleen cells stimulated with concanav-
alin A were also included in the experiment, but in this
case no CD94 or NKG2A products were found (Fig. 4a).
This finding is consistent with the lack of expression of
CD94/NKG2A in unstimulated CD4 T cells. In addition,
Bppl7 and Bpp23 products were sequenced and found to
be identical to those from Bpp19 (data not shown).

CD94 and NKG2A are expressed in Thl cells —
real-time quantitative PCR

For the memory T-cell clones Bpp19 and Bpp9, CD94 are
up-regulated in the stimulated Thl clone but not the Th2
clone (Fig. 4b), which is consistent with the previous
findings. For the in-vitro-derived T cells, CD94 was up-
regulated in both the stimulated (+) and the unstimulated
(=) Thl cells, CD%4 is known to be expressed initially as
a homodimer. NKG2A was up-regulated in stimulated
Thl cells only (Fig. 4c). Expression levels were much
higher in the in-vivo-isolated memory Th cells relative to
the in-vitro-generated Th cells.

Discussion

In this study we have shown that CD94 and NKG2A
expression are markers for a panel of IFN-y-secreting,
activated CD4 memory Th cells generated by influenza
virus infection. In addition, expression of a novel CD94
isoform highlights sequence variability and the effect of
promoter usage. The findings for CD4 Th cells are consis-
tent with our earlier in vivo studies'® and with the in vitro
studies of Hartt Meyers and colleagues,*> who described
CD94/NKG2A expression on CD4 T cells stimulated
in vitro with ovalbumin 323-339 peptide and polarized to
Thl and Th2 cells. There is also some agreement with a
study by Romero and colleagues*' who found that human
CD4 T cells expressed CD94 and NKG2A in vitro after
15 days of CD3-mediated stimulation.

In our previous study, looking at differential expression
between Bppl9 (Thl) and Bpp9 (Th2) difference prod-
ucts for NKG2A, confirmed by sequencing, were found
for the Bppl9 clone only, leading us to believe that
NKG2A was expressed only in Bpp19. However, on align-
ment against the published sequence the difference prod-
ucts covered only the region 672-1917 bp, i.e. the last
60 bp of the translated region and part of the 3’ untrans-
lated region. This suggested that there might be a trun-
cated product expressed in Bpp9 that covered bp 1-671,
which we found here and have designated as the ‘short’
form of NKG2A. Primers that covered bp 1-656 showed
that this truncated product was indeed present in Bpp9
and these primers also amplified this portion of the
732 bp full-length product for Bpp19. The ‘short’ form in
Bpp9 was confirmed by sequencing and by specific prim-
ers to be NKG2A. RACE of the NKG2A Bpp9 product

© 2007 Blackwell Publishing Ltd, Immunology, 121, 238-247
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Figure 4. CD94 and NKG2A expression in T cells. (a) PCR with
full-length primers was carried out to investigate the expression of
CD94 and NKG2A in other C57BL/10 (H-2®) and BALB/c (H-2¢)
Thl clones to influenza HA. Positive product was found for all
clones, but not for concanavalin A (ConA)-stimulated spleen cells;
(b) Real-time quantitative PCR showed that CD94 and NKG2A
expression were up-regulated in the activated Thl memory clone
Bpp19, but not in Bpp9. (c) Real-time quantitative PCR showed that
CD94 and NKG2A are up-regulated in in-vitro-isolated Thl cells.
+, stimulated; —, unstimulated.
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was repeatedly unsuccessful, which may suggest the ter-
mination of the sequence in the 657-671-bp region,
rather than alternative splicing to 3’ of exon 8 and
bp1917.

In this study, NKG2A was not expressed on resting
Thl cells. CD94/NKG2A is known to be expressed consti-
tutively in NK cells, but in T cells the receptor shows
variable expression: being induced in naive T cells, follow-
ing viral and bacterial infection, and persistent after
pathogen clearance’ initiated by T-cell-receptor-mediated
signals.”' ™ Classically, on NK cells CD94/NKG2A is an
inhibitory receptor. In T cells, CD94/NKG2A receptor
function is not fully understood and this heterodimer
may have several different roles. On CD4 T cells CD9%4
may act as a costimulatory molecule.*” Persistent
stimulation by virus antigens may prevent CD94/NKG2A
receptor down-regulation'®*>°"**° and result in the
expression on cytotoxic cells that is seen in chronic
virus or bacterial infections or it may modulate the
response.®"%>

It has been shown that cytokines increase CD94 expres-
sion in NK cells (IL-15) and CD8" T cells (IL-2,
IL-15),5%%* or expression of both CD94 and NKG2A in
CD8" T cells (transforming growth factor-B,°>%° IL-127).
IFN-y may also regulate NK T-cell function using CD94/
NKG2.%® In this study, CD94/NKG2A-positive transcripts
were found in IFN-y-secreting clones specific for several
sites on HA and from both C57BL/10 and BALB/c haplo-
types. Hartt Meyers and colleagues*” showed that cross-
linking the CD3 and CD94/NKG2 receptors resulted in
IFN-y and tumour necrosis factor-o. (TNF-a) production
and cell proliferation. In contrast, in humans, however,
co-ligation of NKG2A and CD94 resulted in the inhibi-
tion of IFN-y and TNF-a production.*?

CD94 is known be expressed off two promoters — distal
(from exon la) and proximal (from exon 1b) — and the
choice of promoter is known to vary with either cell type
(NK or CD8" T cell) or cytokine (IL-2 or IL-15) stimula-
tion. Human CD94 promoters both contain the STAT
family protein-binding site GAS (IFN-y-activated site)
with differential sensitivity to IL-2 and IL-15 as well as a
potential EBS (Ets-binding site);*® however, the exon la
promoter region is not conserved between humans and
mice.*’” Interestingly, STAT proteins are known to induce
numerous lymphocyte genes and the Ets family regulates
cell processes including growth control and activation.*®
It has been suggested that the novel 5 UTR sequence cre-
ated from the CD94 exon la distal promoter may change
the secondary structure of mRNA and influence the trans-
lation of various transcript forms.*” This theory is sup-
ported by our finding here of a novel isoform produced
off the exon la CD94 distal promoter. Although this iso-
form would translate a truncated protein, this protein
might still be functionally expressed because the expressed
RNA contains the signalling and transmembrane regions.
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It is interesting that, for CD4 T cells, the product off the
distal promoter is not the form found differentially
expressed in Bpp19 (IFN-y-positive) compared with Bpp9
(IFN-y-negative) cells.

For CD4" T cells there is recent evidence for differing
types of memory cells, small resting CD62'°" CCR7'"
effector memory T cells in the lung and CD62, CCR7,
MEL14™ CD4" T cells (central memory T cells) that home
to the lymph nodes or spleen, respectively.®®*~! Also,
CD%4 can form heterodimeric receptors not only with
NKG2A, but also with two other members of the NKG
family, NKG2C and NKG2E and we included these in this
study. Neither the Bppl9 nor the Bpp9 clone produced
transcripts for NKG2C or NKG2E. Our results with mem-
ory T cells isolated from the spleen concur with a study
by Arlettaz et al.”> for murine CD8" T cells, in which
expression of receptors CD94/NKG2A and CD94/NKG2C
was mutually exclusive. Furthermore, Arlettaz and col-
leagues found that CD94/NKG2C and CD94/NKG2A
receptors were expressed by distinct subsets (CCR7"
memory cells and CCR7 effector memory T cells) of
committed CD8" T-cell receptor aff lymphocytes.

The NKG2D gene is adjacent to CD94 on chromosome
6 and classically on NK cells the NKG2D receptor is a
stimulatory molecule. In addition, we show here that
Bppl9, a CD94" Thl cell, can also express NKG2D; no
NKG2D transcript was found in the Th2 clone. These
findings may be typical of activated CD4 memory T cells
in vivo, but although interesting were not the main focus
of this paper and were not investigated further.

Interestingly, NKG2D has been found to be up-regula-
ted on hepatitis B virus-specific IL-7/IL-15 expanded CD4
T cells and its engagement promoted expansion and
IFN-y production.”” In contrast to our finding, a previous
study in the human*' showed that NKG2A/C/D and E
could all be expressed at one time. It may be therefore
that Romero’s group highlights differences between
human and mouse expression or that the human study
may reflect a mixed population.

In summary, we find that full-length CD94/NKG2A
expression is restricted to the Thl, but not Th2, memory
cells generated in vivo, substantiating our previous
subtractive hybridization study. Furthermore, expression
of CD94 isoforms varied with promoter usage, with
sequence diversity at the exon 4/exon 5 boundary. Our
findings may support a role for IFN-y and the CD94/
NKG2A receptor in virus infections and for expression of
this receptor on (possibly effector) memory Thl cells fol-
lowing influenza A virus infection.
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