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The Journal of Experimental Medicine

Constitutive Cytokine mRNAs Mark Natural Killer (NK)
and NK T Cells Poised for Rapid Effector Function

Daniel B. Stetson,! Markus Mohrs,! R. Lee Reinhardt,! Jody L. Baron,!
Zhi-En Wang,! Laurent Gapin,? Mitchell Kronenberg,?and Richard M. Locksley!

'Howard Hughes Medical Institute, Departments of Medicine and Microbiology /Tmmunology,
University of California San Francisco, San Francisco, CA 94143
2The La Jolla Institute of Allergy and Immunology, San Diego, CA 92121

Abstract

Natural killer (NK) and NK T cells are tissue lymphocytes that secrete cytokines rapidly upon
stimulation. Here, we show that these cells maintain distinct patterns of constitutive cytokine
mRNAs. Unlike conventional T cells, NK T cells activate interleukin (IL)-4 and interferon
(IFN)-vy transcription during thymic development and populate the periphery with both cytokine
loci previously modified by histone acetylation. Similarly, NK cells transcribe and modify the
IFN-vy gene, but not IL-4, during developmental maturation in the bone marrow. Lineage-
specific patterns of cytokine transcripts predate infection and suggest evolutionary selection for

invariant but distinct types of effector responses among the earliest responding lymphocytes.
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Introduction

Effective immunity involves regulated cytokine production
by lymphocytes. Conventional T cells are an important
source of cytokines during infection, but they must
clonally expand, differentiate into eftector cells, and migrate
to the site of infection over the course of several days to
perform their function. To fill the lag before antigen-specific
cytokine production during the activation and expansion
of adaptive immunity, several lymphocyte populations reside
at sites of pathogen entry where they are able to secrete
cytokines within minutes to hours of infection. These cell
types include NK T and NK cells in the blood, liver,
spleen, and bone marrow (1, 2). NK cells are required for
effective host defense against herpes viruses in mice and
humans (3-5). Although the precise evolutionary niche
subserved by NK T cells is not completely clear, the capacity
of NK T cells to activate rapid cytokine expression has
been exploited to manipulate the outcomes of autoimmunity
and cancer (6).
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Aside from their expression of common NK-associated
surface antigens, such as NK1.1, NK T and NK cells share
developmental requirements. Deficiencies in certain cyto-
kines, such as IL-15 or lymphotoxin a3, or transcription
factors such as Ets-1 or Irf-1, lead to loss of both cell lineages
(6). Recent studies suggest their capacity to express cytokines
rapidly may also be developmentally acquired (7, 8). Although
other studies elegantly demonstrate how these cells become
activated (6, 9), the mechanisms underlying their rapid
cytokine production or their distinct cytokine patterns,
IFN-vy in the case of NK cells and both IL-4 and IFN-y in
the case of NK T cells, remain unknown. Elucidation of
such mechanisms may have important implications for
understanding polarized cytokine production by T cells in
adaptive immune responses.

We recently generated IL-4 gene knockin bicistronic
reporter mice that allow the faithful tracking of IL-4 expres-
sion using an enhanced green fluorescent protein (eGFP)
reporter while preserving intact endogenous IL-4 (10).
Here, we report the generation of similarly configured
mice to enumerate the expression of IFN-y using enhanced
yellow fluorescent protein (eYFP). Naive CD4 T cells

Abbreviations used in this paper: aGalCer, a-galactosylceramide; DAPI,
4’,6-diamidine-2'-phenylindole dihydrochloride; eGFP, enhanced green
fluorescent protein; EMCV, encephalomyocarditis virus; ES, embryonic
stem; eYFP, enhanced yellow fluorescent protein; H3, histone 3; IRES,
internal ribosome entry site.
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from both mice, designated 4get (IL-4 GFP-enhanced tran-
script) and Yeti (YFP-enhanced transcript for IFN-vy), are
initially nonfluorescent and faithfully activate eGFP or
eYFP under Th2 or Thl conditions, respectively. Unex-
pectedly, tissue NK and NK T cells were spontaneously
fluorescent, consistent with basal gene activation. Further
study in wild-type mice confirmed that NK and NK T
cells, in contrast to naive T cells, contain constitutive cyto-
kine transcripts that correlate with chromatin modifications
at the respective cytokine loci and have the capacity for
rapid cytokine production.

Materials and Methods

Generation of IFN-vy Reporter Mice. A 6-kb Clal-BamHI frag-
ment was isolated from a 129/Sv] BAC clone (Research Genet-
ics) containing exons 2—4 and 2.5 kb of 3’ untranslated sequence
of the Ifug gene. BamHI and Sall sites were introduced down-
stream of the translational stop and upstream of the endogenous
polyadenylation site using PCR-mediated mutagenesis, and the
mutated fragment was inserted into pgkTK containing herpes
simplex thymidine kinase for negative selection (11). A bicis-
tronic reporter cassette containing an encephalomyocarditis virus
(EMCYV) internal ribosome entry site (IRES) element was modi-
fied as previously described (10), and was cloned 5" of eYFP fol-
lowed by a bovine growth hormone polyadenylation signal
(CLONTECH Laboratories, Inc.). A loxP-flanked neomycin re-
sistance cassette derived from pL2new?2 (12) was placed at the 3’
end to generate the final selectable cassette, which was cloned
into the BamHI and Sall sites in the mutated Ifng gene to generate
the final targeting construct. The Notl-linearized construct was
electroporated into PrmCre ES cells, which express Cre recombi-
nase under control of the protamine promoter (13). Selection of
resistant clones and generation of mice was performed as previ-
ously described (10). Targeted mice were designated Yeti, for yel-
low-enhanced transcript for IFN-y.

Flow Cytometry and T Cell Polarization. Naive, resting CD4 T
cells were purified from lymph nodes of the indicated mice using
a MoFlo® high speed cell sorter (DakoCytomation) as previously
described (14). Th1 and Th2 conditions for polarizing cells stim-
ulated with 100 nM ovalbumin peptide, antigen-presenting cells,
and cytokines were as previously described (14).

For phenotypic analysis, livers were perfused with PBS and
dispersed, and lymphocytes were isolated from the interface of a
40%/60% percoll step gradient, washed, and resuspended in stain-
ing buffer. CD1-a-galactosylceramide (aeGalCer) tetramers were
generated as previously described (15), and used at optimal con-
centration to stain cells for 20 min at room temperature. After
cooling on ice, cells were stained for an additional 25 min with
the indicated antibodies. Antibodies to the following markers
were used to identify lymphocyte populations, and were
purchased from BD Biosciences, unless otherwise indicated:
TCRB-APC, CD122-PE, CD122-biotin, NK1.1-PE, NK1.1-
biotin, DX5-APC, Ly49A/D-PE, Ly49G2-APC, CD11b-APC,
CD62L-APC, CD8-biotin, CD19-biotin, CD24-biotin, CD4-
TriColor (Caltag), CD4-APC-Cy7 (Caltag), CD8-APC-Cy7
(Caltag), and streptavidin-APC (Molecular Probes). Samples were
analyzed and/or sorted on a MoFlo® high speed cell sorter (Da-
koCytomation) and data was analyzed using FlowJo® software
(Tree Star).

Immunohistochemistry. — 4get mice were injected with 1.33 pg
anti-CD3 mAb (2C11; BD Biosciences) intravenously in PBS via

the tail vein. After 90 min, the spleens were harvested, incubated
at 4°C for 2 h in 4% paraformaldehyde, rinsed overnight in PBS,
and frozen in OCT embedding compound. 7-pum sections were
cut with a cryomicrotome (Leica) and placed onto charged glass
slides (Fisher Scientific). Endogenous peroxidase activity was
quenched in 1% H,O; and 0.1% azide for 1 h, followed by Fc-
block (BD Biosciences) with 1% mouse and rat serum, and avidin
and biotin (Vector Laboratories). Sections were then incubated
with rabbit anti-GFP polyclonal antibody (Ab 6556; Novus Bio-
logicals), followed by biotinylated donkey anti—rabbit F(ab’),
(Jackson ImmunoResearch Laboratories), streptavidin-peroxidase,
and FITC tyramide from the TSATM-fluorescein kit according
to the manufacturer’s instructions (PerkinElmer). Sections were
quenched and blocked as described above and incubated with
biotinylated anti-TCR[3 antibody (H57; BD Biosciences), fol-
lowed by streptavidin-Cy5 (Caltag). Biotin was blocked as de-
scribed above, and sections were incubated sequentially with
biotinylated anti-IFN-vy antibody (XMG1.2; BD Biosciences),
streptavidin-peroxidase, and biotinyl-tyramide. Deposited biotin
was detected by streptavidin-Cy3 (Caltag). Nuclei were counter-
stained for 5 min with a 10 pg/ml solution of 4',6-diamidine-2'-
phenylindole dihydrochloride (DAPI; Boehringer) in PBS. Slides
were mounted in Vectashield (Vector Laboratories). Digital im-
ages in the DAPI, FITC, Cy3, and Cy5 channels were collected
using a deconvolution fluorescence microscope equipped with
Slidebook software (Intelligent Imaging Innovations). Images
were converted to RGB, colored, and overlaid using Adobe
Photoshop 5.5 software. IFN-7y levels and GFP levels were set
against isotype control (biotinylated rat IgG1l) and wild-type
BALB/c tissue, respectively.

Quantitative RT-PCR and Chromatin Immunoprecipitations.  NK
T and NK cells were enriched from the spleens of C57BL/6 mice
by magnetic bead depletion of CD8-, CD19-, and CD24-express-
ing cells (QIAGEN), and then sorted to >99% purity. Th1 and
Th2 cells were generated by stimulating DO11.10 X TCR Ca™/~
transgenic T cells for 5 d as previously described (14). Total RNA
was isolated and quantitative RT-PCR was performed using
primer/probe sets specific for IL-4, IFN-vy, and HPRT as previ-
ously described (14). For chromatin immunoprecipitations, 107
cells of the indicated populations were sorted, fixed, and sonicated
to shear genomic DNA. Chromatin immunoprecipitations using
control rabbit IgG or antibodies to the acetylated form of histone
3 (H3) were performed according to the manufacturer’s instruc-
tions (Upstate Biotechnology). Serial fivefold dilutions of recov-
ered DNA were used to template a 35-cycle PCR using primers
to the IL-4 promoter (16) or the IFN-y promoter (17). Dilutions
of DNA recovered from control immunoprecipitations were am-
plified using IFN-y promoter primers to verify equal amounts of
starting material for each cell population.

Results

Generation of Yeti Mice and Characterization of CD4 T
Cells. Using the same strategy used to create 4get mice
(10), homologous recombination in 129/Sv]-derived Prm-
Cre embryonic stem (ES) cells (13) was used to generate a
bicistronic IFN-y/eYFP gene linked by a modified EMCV
IRES to replace the endogenous IFN-y gene (Fig. 1, a and
b). Chimeric males were bred to wild-type C57BL/6 or
BALB/c¢ mice, and offspring were selected using Southern
blot for the presence of the knockin allele and deletion of
the neomycin selection cassette. Subsequently backcrossed
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males resulted in the final mutated locus (bottom). Ifng exons are numbered and depicted as filled boxes. Southern probe (a) spans the first exon. BamHI
(B), Clal (C), and SaclI (S) sites are indicated. (b) Genomic DNA from wild-type and targeted ES cell clones was digested with BamHI and blotted with
probe (a) to detect the appearance of a 9-kb fragment corresponding to the mutated allele. (c) Naive T cells from DO11.10 Yeti (left) and DO11.10 4get
mice (right) were stimulated with 100 nM ovalbumin peptide for 4 d under Th1 (top) or Th2 (bottom) conditions. Histograms with bold lines indicate
eYFP expression in Yeti Th1 cells and eGFP expression in 4get Th2 cells. Wild-type DO11.10 controls are shown in gray.

mice were screened for the presence of the knockin allele
and loss of the Cre transgene. Mice used in this study were
heterozygous Yeti/wild-type mice backcrossed six genera-
tions to C57BL/6 or to DO11.10 TCR transgenic mice on
a BALB/c background.

Naive CD4 T cells (CD4* CD62L") from lymphoid tis-
sues of Yeti mice were uniformly negative for eYFP expres-
sion. Activation of DO11.10 X Yeti TCR transgenic T
cells with ovalbumin peptide revealed robust eYFP expres-
sion under Th1 conditions, but not Th2 conditions (Fig. 1
¢, left). In contrast, activation of DO11.10 X 4get TCR
transgenic T cells with ovalbumin peptide revealed robust
eGFP expression under Th2 conditions, but not Th1 con-
ditions (Fig. 1 ¢, right). Fluorescence under both condi-
tions was first detected by 36 h and peaked between 4 and
5 d after stimulation (unpublished data). Thus, naive CD4
T cells from Yeti and 4get mice reliably report the activation
of polarized cytokines in vitro.

NK T and NK Cells Are Spontaneously Fluorescent in 4get
and Yeti Mice. The design of the reporter constructs
should allow detection of the respective cytokines from any
appropriately activated cells in the mice. Indeed, infection
of 4get mice with the helminth, Nippostrongylus brasiliensis,
was used to identify eosinophils as a major component of
the innate cytokine response to worms (18). To begin anal-
ysis of NK and NK T cells, we first examined the livers and
spleens of naive 4get and Yeti mice, as these organs contain
significant populations of both NK and NK T cells that can
be readily recognized using appropriate surface markers.
Unexpectedly, most resident liver lymphocytes were spon-
taneously fluorescent in the absence of specific immuniza-
tion (Fig. 2). NK T cells with an invariant Va14 T cell re-
ceptor, which recognize the glycolipid aGalCer presented
by CD1d, were the predominant eGFP-expressing cells in
the livers of 4get mice (Fig. 2 a). >80% of liver NK T cells
expressed the IL-4 reporter (Fig. 2 b). CD17/~ 4get mice
lack NK T cells, and few residual eGFP™ cells remained in
the liver of such mice (Fig. 2 a). In contrast, Yeti mice had
several populations of cells that spontaneously expressed
eYFP, including NK T cells, NK cells, and tissue CD8 T
cells, as well as small numbers of tissue CD4 T cells (Fig. 2,
a and b). Because few CD8 T cells in the spleen expressed
high level eYFP fluorescence (Fig. 1 b), we speculate that
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the high frequency of hepatic eYFP* CD8 T cells represents
differentiated effector cells that entered the liver in response
to environmental antigens, or alternatively, cells marked for
death and removal in hepatic tissue (19). This notion is sup-
ported by the fact that eYFP* CD8 T cells in the liver,
lungs, and lymph nodes of uninfected Yeti mice were uni-
formly CD62LY, consistent with an effector/memory phe-
notype (unpublished data). In contrast to CD8 T cells, the
cytokine profiles of NK T cells and NK cells were similar in
the spleen as assessed using the indicator mice. The majority
of NK T cells were positive for both IL-4 and IFN-y re-
porters, and NK cells expressed IFN-y but not IL-4 (Fig. 2
b). The majority of conventional CD4 and CD8 T cells in
the spleen expressed neither IL-4 nor IFN-y markers (Fig. 2
b). These data demonstrate that the majority of tissue effec-
tor cells in the liver, a critical organ for surveying pathogens
from both systemic and portal blood circulations, spontane-
ously express cytokine reporters.

NK T cells were fluorescent for both IL-4 and IFN-y
reporters in 4get and Yeti mice, suggesting that in contrast
to conventional Th1l or Th2 cells, NK T cells contain con-
stitutive mRNAs for both cytokines. Therefore, we exam-
ined liver NK T cells from 4get/ Yeti intercrossed mice to
confirm the fluorescence profiles from the individual re-
porter mice. Despite difficulties in compensating electroni-
cally for the closely related emission spectra of eGFP and
eYFP, the data in Fig. 2 ¢ show that the majority of NK T
cells in 4get/ Yeti mice were spontaneously fluorescent for
both IL-4 and IFN-vy reporters. The fact that the percent-
age of double positive cells does not exactly match the val-
ues obtained from individual reporter mice (51% empiri-
cally in 4get/ Yeti vs. 80% 4get X 94% Yeti = 75%) may
reflect the difficulties in compensation.

These observations were puzzling given that neither NK
T cells nor NK cells store or secrete detectable cytokine
protein before cognate stimulation (7, 15). So why are the
cells from the reporter mice so uniformly bright for the flu-
orescent markers, which require translation of the bicis-
tronic mRINA? We considered the design of the reporter
mice, which contain an IRES derived from EMCV driving
translation of the fluorescent marker. IRES elements facili-
tate translation of viral RNA under conditions where host
cell translation is repressed, as in the case of poliovirus infec-
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Figure 2. Spontaneous fluorescence in liver lymphocytes of naive cytokine
reporter mice. (a) Liver cells isolated from wild-type, 4get, Yeti, and
CD1d~/~ 4get mice were stained with CD1d/aGalCer tetramers and anti-
bodies to TCRB. The top displays CD1d/aGalCer tetramer staining versus
the fluorescent cytokine reporter, and the bottom depicts TCRf expression
versus the fluorescent marker. FACS® plots represent 5% contours with
outliers and are representative of 7-10 mice per group. (b) Liver and
spleen cells were stained with phenotypic markers to identify major lympho-
cyte populations. The following phenotypes were used to identify the differ-
ent cell populations: NK T cells: CD8" TCRB* CD1d/aGalCer
tetramer™; NK cells: CD3~ CD8~ CD4~ CD122%; CDS8 T cells: CD4~
CD1d/aGalCer tetramer~ TCRB* CD8F; and CD4 T cells: CD8~
CD1d/aGalCer tetramer™ TCRB CD4*. Histograms are representative
of three experiments. The electronic gates were set to contain <1% of
wild-type, non(auto)-fluorescent controls. (c) Liver NK T cells from
wild-type, 4get, Yeti, and 4get/Yeti intercrossed mice were examined for
eGFP versus eYFP fluorescence. Data are representative of four mice.

tion (20). Moreover, a subset of endogenous cellular
mRNAs also contain IRES elements, which allow their
translation during times of repressed protein synthesis (21).
IRES-mediated translation involves initiation factors dis-

tinct from those required for conventional, cap-mediated
translation (21). We reasoned that the IRES element in-
serted into the IL-4 and IFN-y genes might allow constitu-
tive translation of eGFP in 4gef mice and eYFP in Yeti mice
under conditions where 5’ cap-dependent translation of the
cytokine mRNAs might be more carefully regulated. In
support of this idea, eGFP fluorescence in 4get Th2 cells re-
quired active translation and decayed with a half-life of 16 h
after incubation with the protein synthesis inhibitors puro-
mycin or cycloheximide (unpublished data). Therefore, 4get
and Yeti mice faithfully report the presence of cytokine
mRNAs, but translation of the downstream fluorescent re-
porter and the upstream endogenous cytokine can be disso-
ciated.

In Situ Localization of the NK T Cell Response. To assay
the capacity for rapid cytokine protein production in fluo-
rescent cells of the reporter mice, we examined the response
of NK T cells in vivo. Activation of NK T cells by systemi-
cally administered anti-CD3 causes a burst of both IL-4 and
IFN-vy detected in tissues and serum that is lost in the ab-
sence of these cells (15, 22). The vast majority of spontane-
ously eGFP* cells in the spleens of unimmunized 4get mice
are NK T cells, and analysis of Yeti and 4get/Yeti mice sug-
gests that these cells also contain IFN-y transcripts (Fig. 2).
Therefore, we injected 4gef mice with a dose of anti-CD3
mAb demonstrated to activate cytokine secretion from NK
T cells (22) and used immunohistochemistry to examine
IFN-v protein expression from the unmodified, wild-type
ifng gene in eGFP™ cells. This strategy eliminated any po-
tential artificial activation of NK T cells that might occur
during tissue dissociation and cell sorting. In resting 4get
spleen, eGFP-expressing cells were distributed outside the T
cell zones, which were delineated by TCRf staining (Fig. 3
a). The low level of spontaneous IFN-y protein did not
colocalize with eGFP-expressing cells in untreated mice
(Fig. 3 a). After anti-CD3 injection, a ring of IFN-y pro-
tein—expressing cells appeared at the periphery of the periar-
teriolar lymphoid sheath (Fig. 3 b). In contrast to untreated
mice, the majority of this IFN-y protein signal colocalized
with eGFP-expressing cells, consistent with their identifica-
tion as NK T cells (Fig. 3 ¢, arrows). An isotype control an-
tibody for IFN-y did not stain eGFP-expressing cells from
anti-CD3—treated 4get mice (Fig. 3 d), and IFN-y* spleno-
cytes from treated wild-type mice were not eGFP* (unpub-
lished data), confirming the specificity of the staining. These
in situ data localize the NK T cell response to the periphery
of the periarteriolar lymphoid sheath, and support a model
of constitutive mRINA transcripts nucleating a rapid cyto-
kine response after stimulation in vivo.

Transcription and Chromatin Modification of Cytokine Genes
in NK T and NK Cells. To confirm the results obtained
with the reporter mice, we examined cytokine mRNAs in
NK T and NK cells purified by cell sorting from spleens of
wild-type C57BL/6 mice. We compared the abundance
of IL-4 and IFN-y mRNA using quantitative RT-PCR to
that of highly purified, naive CD4 T cells sorted from
lymph nodes of the same mice. Consistent with the results
from the reporter mice, NK T cells from wild-type mice
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contained >1,000-fold more IL-4 message and 200-fold
more IFN-vy message than naive CD4 T cells (Fig. 4 a).
NK cells also contained >200-fold more IFN-vy transcripts
than naive CD4 T cells, but negligible levels of IL-4
mRNA (Fig. 4 a). We performed a similar analysis com-
paring cytokine mRNA abundance among wild-type,
4get, and Yeti NK and NK T cells sorted from unimmu-
nized mice (Fig. 4 b). Cells from all three strains contained
comparable amounts of cytokine mRNAs, confirming the
fluorescence profiles in Fig. 2. The lack of cytokine
mRNA in naive CD4 T cells suggests that these transcripts
are not indiscriminately induced by the isolation and sort-
ing procedure, which was done in the cold. The RT-
PCR assay detected only mature mRNAs that were
spliced and polyadenylated because we used oligo-dT
primers for the RT reaction, and amplified with PCR
primers that spanned exon/exon junctions (14). The
abundance of cytokine message in these cells approached
that of Th1 and Th2 cells produced in vitro (Fig. 4 a).
Upon in vivo activation of NK T and NK cells with anti-
CD3 or poly I/C, respectively, cytokine transcription in-
creased even higher, consistent with previous observations
(22) and similar to the induction seen upon in vitro re-
stimulation of Th1 and Th2 cells (Fig. 4 a). These data
demonstrate that NK T cells and NK cells reside in tissues
poised with constitutive cytokine transcripts, which are in-
duced further upon stimulation.

In CD4 T cells, commitment to the Th1l or Th2 subset
is accompanied by chromatin remodeling at the respective
cytokine loci. During Th1 differentiation, histone proteins
surrounding the IFN-y promoter become acetylated to

1073 Stetson et al.

Figure 3. In situ localization of
the NK T cell cytokine response.
Spleen sections from untreated or
anti-CD3—injected 4get mice were
stained with antibodies to eGFP
(green), IFN-y or isotype control
(red), and TCRf (blue). DAPI fluo-
rescence is in gray. (a) Untreated
4get spleen. X100. (b) Anti-CD3—
treated 4get spleen. X100. (c) X400
image of area indicated by the white
box in b. Arrows indicate cells with
costaining for eGFP and IFN-y. (d)
Isotype control staining for IFN-vy in
the spleen of an anti-CD3—treated
4get mouse. Magnification of a and b
is X100 and X400 c and d. Data are
representative of two independent
experiments.

promote accessibility to transcription factors. Conversely,
Th2 cells demonstrate acetylated histones at the IL-4 locus
but not the IFN-y gene (16, 17). Because the amount of
cytokine mRINA in NK T and NK cells is comparable to
that of differentiated CD4 eftector T cells (Fig. 4 a), we
analyzed the status of the chromatin surrounding the I1L-4
and IFN-y promoters. Sorted NK T and NK cells from
unimmunized wild-type mice were used for chromatin
immunoprecipitations with an antibody to the acetylated
form of H3, a marker of accessible chromatin (23). Naive
CD8 and CD4 T cells had low basal levels of acetylated
H3 at either cytokine promoter (Fig. 4 ¢). In contrast, NK
cells had high levels of acetylated H3 at the IFN-y pro-
moter, but not the IL-4 promoter (Fig. 4 ¢). NK T cells
demonstrated high levels of H3 acetylation at both the
IL-4 and IFN-y promoters (Fig. 4 ¢). These data show
that NK T and NK cells in wild-type mice contain chro-
matin modifications at cytokine genes that correlate with
the presence of abundant cytokine mRNAs in the respec-
tive lineages. The low levels of chromatin modifications
found in conventional lymphocytes isolated at the same
time suggest these changes are not induced by the proce-
dures used for cell purification.

NK T and NK Cells Activate Cytokine Transcription during
Development. Because peripheral NK T and NK cells
are spontaneously fluorescent in the reporter mice, we
tracked their development in the thymus and bone mar-
row, respectively, to determine when these cytokine tran-
script profiles become established. After stochastic rear-
rangement of the canonical Val4 TCR and selection on
double positive precursor thymocytes (1), NK T cells un-
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Figure 4. Analysis of spontaneous cytokine mRNAs and chromatin
modifications in wild-type NK T and NK cells. (a) NK T and NK cells
(see Fig. 1 b for gating) were sorted from spleens of unimmunized
C57BL/6 mice, from mice immunized intravenously 90 min earlier with
1.33 pg anti-CD3, or from mice injected intraperitoneally 4 h earlier
with 150 pg poly I/C. 5'-nuclease fluorogenic RT-PCR was performed
on isolated total RNA and the abundance of cytokine mRINA was nor-
malized to HPRT message. This ratio was compared with the cytokine/
HPRT ratio of highly purified, naive CD4 T cells sorted from lymph
nodes of the same animals. Th1 and Th2 cells were generated by in vitro
stimulation and restimulated with PMA and ionomycin for 3 h. Data are
the average of three independently processed samples per group and are
representative of two experiments. (b) NK T and NK cells were sorted
from spleens of unimmunized wild-type, 4get, or Yeti mice. Cytokine
mRNA abundance was determined as for Fig. 4 a. (c) 107 cells of the indi-
cated populations were sorted from the spleens and lymph nodes of
C57BL/6 mice. Chromatin immunoprecipitations were performed using
control rabbit IgG (C) or antibodies to acetylated H3. PCR using primers
to the IL-4 and IFN-y promoters was performed on serial fivefold dilutions
of DNA recovered from the experimental immunoprecipitation. Dilutions of
input DNA were amplified with primers to the IFN-y promoter to dem-
onstrate comparable amounts of starting material.

dergo a maturation process characterized by sequential
up-regulation of CD44 and NK1.1 (8). We examined the
thymi of 2-wk-old 4gef and Yeti mice, which have popu-
lations of both immature and mature NK T cells. Ben-
lagha et al. (8) recently demonstrated that NK T cells un-
dergo a shift in aGalCer-stimulated cytokine production
from IL-4 to IFN-y as they mature to CD44 NK1.1h
cells. In support of this model, we found that the fluores-
cence profile in 4get and Yeti thymic NK T cells precisely
mirrored this shift (Fig. 5 a). CD44 NK1.1%° cells ex-
pressed high levels of eGFP (IL-4) and low levels of
eYFP (IFN-vy). Concomitant with maturation to CD44hi
NK1.1M cells, eGFP (IL-4) expression was progressively
down-regulated and eYFP (IFN-y) expression increased
(Fig. 5 a). The IL-4 reporter signal in mature thymic NK
T cells was low, but still higher than conventional CD4 T

a 4get Yeti

CD1/aGalCer tet+ CD1/aGalCer tet+ . .
Figure 5. Developmental acti-

vation of cytokine mRNAs in
NK T and NK cells. (a) Thymi
were isolated from 2-wk-old 4get
and Yeti mice, and gated CD1d/
aGalCer tetramer™ cells were
examined for expression of CD44,
NK1.1, and the fluorescent cyto-
kine reporter. FACS® plots de-
pict 5% probability contours
with outliers and are representative
of three mice from each group.
(b) Liver lymphocytes were iso-
lated from 4get mice or 4get X

CD44 ——p
CD44 ——»

NK1.1 ——

eGFP (IL-4) eYFP (IFN-7) 9

b @ Stat6=’~ mice. On the left, the
+ 80 I 510 [ percentage of CD1d/aGalCer
R 60 g 75 tetramer™ cells expressing eGFP
E £ (IL-4) was compared. On the
S 40 i;i 5 right,' the percentage of NK T
g 5 cells in the liver was enumerated.
820 £ 25 Means and standard deviations
5 are depicted for four mice per
o=r = & o= o group. (c) Bone marrow cells

Q - Q @ T @ .
Q 2 2 {9 were isolated from the femurs of
E E 2-wk-old Yeti mice. NK lineage
c cells were identified as [CD3,

CcD122+ NK1.110  cD122* NK1.1hi TCRB, CD4, CDS8, B220]"

By . | } A CD122+. eYFP (IFN-y) expres-

E ’J«' | %‘ I sion was examined in NK1.1~

=t 1 and NK1.17 NK lineage cells.

[) .

o J . . Data are representative of five
eYFP (IFN-y) @ eYFP (IFN-y) - animals.

cells, which do not activate detectable IL-4 during thymic
development (unpublished data). These data suggest that
the developmental shift in cytokine production defined
functionally by Benlagha et al. results from dynamic tran-
scriptional regulation of IL-4 and IFN-y during NK T
cell maturation. Moreover, because the majority of NK T
cells in the periphery express both IL-4 and IFN-y
mRNA (Fig. 2), these data support a model whereby NK
T cells exit the thymus before terminal differentiation,
which then occurs in peripheral tissues (8).

In conventional CD4 T cells, Stat6 signals are required
to stabilize IL-4 production during Th2 differentiation
(24). We examined Stat6~/~ 4get NK T cells to determine
if Stat6 plays a similar role in NK T development. How-
ever, neither the percentage of NK T cells that expressed
eGFP nor the accumulation of these cells in the liver was
affected by the absence of Stat6 (Fig. 5 b). Similar results
were observed in the spleens of Stat6~/~ 4get mice and IL-4
receptor o/~ 4get mice (unpublished data). Thus, IL-4’s
biologic activity is not required for developmental activa-
tion of IL-4 transcription in NK T cells.

Next, we examined NK cell development in the bone
marrow of 2-wk-old Yefi mice. The earliest committed
NK precursor is CD3™ and expresses the 8 chain of the IL-
2/15 receptor (CD122), but none of the other markers as-
sociated with the NK lineage, including NK1.1 and the
immunomodulatory Ly49 and NKG2 receptors (7, 25).
‘We found that almost half of these earliest identifiable NK
precursors (CD122% NK1.1") had already begun to express
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eYFP (IFN-vy; Fig. 5 ¢). Upon up-regulation of NK1.1,
bone marrow NK lineage cells became indistinguishable
from their mature peripheral counterparts at the level of
IFN-vy expression (Figs. 5 ¢ and 2 a). Up-regulation of
IFN-vy transcription preceded acquisition of other NK lin-
eage markers, including a2 integrin, CD11b, and Ly49 re-
ceptors (unpublished data). We also examined NK lineage
cells in the thymi of embryonic day 16 Yeti mice and found
that the vast majority of fetal NK precursors already ex-
pressed abundant eYFP, supporting a developmentally reg-
ulated process (unpublished data).

Discussion

We demonstrate that NK T cells and NK cells, distin-
guished by their ability to mobilize effector cytokines rap-
idly after immunization or infection, reside in the pe-
riphery spontaneously poised with constitutive cytokine
transcripts. Modification of the respective cytokine loci in a
manner promoting access by transcription factors correlates
with the presence of cytokine mRINAs. Unlike conven-
tional T cells, NK T and NK cells activate transcription of
cytokine genes during early development in the thymus
and bone marrow, respectively. In the case of IL-4 for NK
T cells, neither the percentage of IL-4* cells nor the tissue
localization of NK T cells was affected by the absence of
Stat6 or the IL-4 receptor. These data suggest that the lin-
eage-specific developmental modification of the cytokine
loci proceeds by a process independent of these pathways,
which, for IL-4, seem critical for the efficient generation of
conventional tissue Th2 cells (17).

Although we and others have shown that NK T cells and
NK cells do not produce cytokine protein until cognate
stimulation (Fig. 3; 7, 15), we cannot formally exclude the
possibility that the abundant cytokine mRNAs we docu-
ment are being translated below the threshold of detection.
Additionally, we have not determined the turnover rates
for these constitutive mRNAs in vivo. Does their abun-
dance reflect an equilibrium between basal transcription
and turnover, or are they generated during development
and then maintained in the absence of new transcription?
Further work will be required to distinguish between these
two possibilities and to explore the relative contributions of
cytokine transcription and translation to the rapid effector
function of these cells. As shown here, however, cells
marked by the presence of these constitutive cytokine
mRNAs are precisely the same cells that produce cytokines
rapidly after challenge, even when measured at genetically
unmanipulated, wild-type alleles (Fig. 3).

We favor a model whereby NK T and NK cells activate
distinct cytokine transcription profiles as a result of lineage-
specific developmental cues, rather than pathogen recogni-
tion. These effector lymphocytes, by virtue of constitutive
cytokine mRINAs and accessible, modified cytokine loci,
arm the periphery with the capacity for rapid, programmed
responses that may serve two important functions. First,
their immediate, stereotyped effector function could pro-
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vide protection at sites of pathogen entry during the time
required for the expansion and migration of antigen-spe-
cific, conventional T cells. Second, the cytokines elabo-
rated by these cells may in turn affect conventional T cell
differentiation (6). We speculate that conventional T cells
acquire a similar fate after differentiation and migration into
peripheral tissues. We note that many of the hepatic CD8
T cells, in contrast to spleen CD8 T cells, were spontane-
ously fluorescent in the Yeti mice, consistent with the pres-
ence of constitutive IFN-y mRNA (Fig. 2). Indeed,
memory CD8 T cells were recently found to contain con-
stitutive mRINAs for IFN-y and the chemokine RANTES
(26, 27), suggesting that a similar mechanism may contrib-
ute to the rapid memory response of adaptive immune
cells.
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