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IFN, Double-Stranded RNA, or Lipopolysaccharide and
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Cytokines that are induced by infection may contribute to the initiation of immune responses through their ability to stimulate
dendritic cells (DCs). In this paper, we have addressed the role of IL-15 in DC activation, investigating its expression by DCs in
response to three different signals of infection and examining its ability to stimulate DCs. We report that the expression of both
IL-15 and the IL-15 receptor a-chain are increased in splenic DCs from mice inoculated with dsRNA (poly(l:C)), LPS, or IFNe3,
and in purified murine splenic DCs treated with IFN-a«f in vitro. Furthermore, IL-15 itself was able to activate DCs, as in vivo
or in vitro exposure of splenic DCs to IL-15 resulted in an up-regulation of costimulatory molecules, markedly increased pro-
duction of IFN-vy by DC and an enhanced ability of DCs to stimulate Ag-specific CD8 T cell proliferation. The magnitude of all

of the IL-15-induced changes in DCs was reduced in mice deficient for the IFN{3 receptor, suggesting a role for IFNe in the
stimulation of DCs by IL-15. These results identify IL-15 as a stimulatory cytokine for DCs with the potential for autocrine activity
and link its effects to expression of IFNef. The Journal of Immunology,2001, 167: 1179-1187.

the initiation of T cell-dependent immune responses. Inbroad range of cell types in response to infection would be ex-

mediating this role, DCs pass through different func- pected to be most effective as signals for DC activation; cytokines
tional states of activation (1). Resting DCs reside in peripherathat may be of particular interest in this regard include type | IFN
tissues in an immature state and are highly efficient in the capturgFN-«) and IL-15 (10, 11).
and uptake of Ag. Upon receipt of various activating stimuli, they  |EN-ap is expressed at low levels in normal or axenic mice (12),
are induced to migrate to secondary lymphoid organs with a copyt expression is markedly increased upon infection with viruses
incident reduction in their capacity for Ag uptake and a markedy, pacteria (13); IFN& is also elicited by components of infec-
incr_ease in their ability to present Ag ant_j activate naive T cells 4,5 agents such as LPS, bacterial DNA, and dsRNA (5, 10, 14,
Activated DCs are also capable of directing the type of responsggy consistent with a role in linking infection to DC activation,
made by T cells, a process that may be affected by cytokines sgz oy sydies have shown that IRig-can activate DCs generated
creted by the DCs (2). in vitro from either mouse bone marrow cells (3) or human pe-

Actlvatlon_ of DCs _has_b_een s_howr_1 to occur in response to a}ipheral blood precursors (16-18). Furthermore, it has been shown
number of different stimuli, including signals derived from dead or . . .
that IFN-«B8 can act as an adjuvant in the promotion of humoral

dam"?‘ged cells (3) or from _|nft_ect|on (€ .4_9)'. In fact, D.CS & mmune responses through stimulation of DCs (19). In addition to
sensitive to many different indicators of infection, reflecting the

key role that recognition of pathogens has played in the evolutio s ability to activate DCs, IFNxS has been reported to enhance

of immunoregulatory mechanisms. Thus, DCs can be activated bVK cell cytqtoxmlty qnd acﬂ_vate macrophages, implicating it as a
exposure to whole pathogens (4—6), components of microorgard€neral activator of innate immune cells (20). o
isms (e.g., LPS, dsRNA, CpG DNA, toxins (5, 7-9)), and cyto- IL-§L5 was |deptlf|ed based on its ability to replace the actmty of
kines induced by infection (reviewed in Ref. 1). Of these, infec-IL-2 in supporting the growth of the IL-2-dependent cell line
tion-induced cytokines have the advantage of being able to alefe TLL-2 and can partially reproduce many of the biological effects
DCs to the presence of infectious agents that do not affect DC8f IL-2 (11, 21). Its ability to do so is likely related to the fact that
the trimeric IL-15R, while containing a unique-chain, shares
both thep and+y subunits of the IL-2R. However, IL-15 has also
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D endritic cells (DCs) are recognized as the key APCs for directly. Furthermore, those cytokines that can be expressed by a

Received for publication February 9, 2001. Accepted for publication May 17, 2001.

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00



1180 ACTIVATION OF DENDRITIC CELLS BY IL-15

IFN-a in vitro (29). Moreover, human DCs derived from periph- In some experiments, cells were then incubated with PE-antieORBe
eral blood monocytes by culture in GM-CSF plus Ili8-had a  Technologies) and sorted into CD&s CD8™ subpopulations on a MoFlo

; _ ; : flow cytometer (Cytomation, Fort Collins, CO). The resulting CD11c
markedly higher level of IL-15 expression than DCs generated i D8" and CD11¢ CD8- populations were-98% pure. Where indicated,

the presence of GM-CSF plus IL-4 (18?- These IEN—treated DC were cultured in IMDM (Life Technologies) supplemented with 10%
DCs also showed an enhanced expression of costimulatory molereat-inactivated FCS (PAA Laboratories, Linz, Austria), 200 U/ml peni-
cules and a stronger ability to stimulate T cell proliferation in a cillin, 100 ug/ml streptomycin, and 100 U/ml polymixin B (all from Life
MLR; whether IL-15 secretion contributed to the functional activ- Technologies), with or without added IF¥3 (S000 U/ml) or rmIL-15 (0.5
ity of the DCs was not assessed. pg/mi).

Iq this ;tudy, we have invest.igated the effects of infection-a;-cytokine detection assays
sociated signals on DC expression of IL-15 as well as the capacity

_ : S A total of 1P purified DCs were aliquoted into each well of a 96-well
of IL-15 to serve as a DC activator. We report that injection of culture plate in a volume of 200I, with or without the addition of rmIL-15

poly(l:C), LPS, or IFNeg into mice induces up-regulated expres- (0.5 pg/ml). Cultures were incubated at 37°C in 5% £for 18 h, after
sion of both IL-15 and IL-15R by splenic DCs. Moreover, IL-15  which supernatants were collected and titers of Hridere measured using
treatment enhanced the expression of costimulatory markers omQuantikine M ELISA kit (R&D Systems Europe, Abingdon, U.K.).
DCs, as well as their ability to stimulate Ag-specific CD8 cell
proliferation. In addition, IFNy secretion by splenic DC was
markedly increased after treatment with IL-15, implying that IL-15 The following mAbs (all from BD Biosciences) were used: anti-CD54-

] L . CD86-biotin  (GL1), anti-H2[M-biotin (28-14-8), anti-I-A/I-E%-biotin
Notably, the response of DCs to IL-15 was reduced in mice laCkmg(ZGQ), and anti-CD11c (HL3), which was used in either FITC- or biotin-

a functional IFNe3 receptor, suggesting that the stimulatory ef- conjugated form. Biotinylated mAbs were detected with streptavidin-
fects of IL-15 were partially dependent on IF®B. Therefore, the  Red670 (Life Technologies). For staining, 2x510° cells were incubated
results provide strong evidence that IL-15 can serve as a signatith optimal dilutions of mAbs in PBS containing 2% FCS and 0.1% haN

linking infection to activation of DCs and suggest a possible au-Sigma). Stained cells were analyzed on a FACSCalibur flow cytometer
tocrine | for DC activation i ving IEN dIL-15 (BD Biosciences). Viable cells were selected for analysis based on forward
ocrine loop for activation involving 3 an -15. and side scatter properties.

mAbs and flow cytometry

Materla|S and MethOdS Proliferation assays
Mice CD8" and CD4' responder T cells were isolated from 2C TCR-transgenic
C57BL/6 (B6) and BALB/c mice were purchased from the specific patho-mice (31) and DO11.10 TCR-transgenic mice (32), respectively, by the
gen-free unit at the Institute for Animal Health (Compton, Berkshire, U.K.) following methods. Briefly, mesenteric, axillary, cervical, and inguinal
or from Charles River-U.K. (Margate, Kent, U.K.). 129 SvEv (129) mice, lymph nodes were pooled and gently cut into small fragments. Tissues
129 background mice deficient for IFMS receptor function (IFN-  were then digested using collagenase/DNase/EDTA as described above,
afR™7) (30) (originally purchased from B&K Universal, North Humber and nondigested fragments were removed by filtration through a cell
side, U.K.), 2C TCR-transgenic mice (31) (originally obtained from J. strainer. Cells from 2C mice were washed and incubated with antieCD8
Sprent, The Scripps Research Institute, La Jolla, CA), and DO11.10 TCRmicrobeads (Miltenyi Biotec), after which the positive fraction was isolated
transgenic mice (32) were purchased from the specific pathogen-free unlity passing cells through a MACS column. Purity was checked by analysis
at the Institute for Animal Health. All mice were used at 6—10 wk of age. on a FACSCalibur flow cytometer and ranged from 90 to 98%. CBdlls

. were isolated from DO11.10 cell suspensions by negative selection by
Injections incubating cells with optimal dilutions of Abs directed against CD8

Where indicated, mice were injected i.v. withpydy recombinant murine (YTS.169), B220 (RA368_2), MHC class 1l (TIB-120), _and CD11b .(M1/
(rm) IL-15 (BioSource International, Nivelles, Belgium), 129 poly(l:C) 70) followed by sheep anti-mouse I9G- and sheep anti-rat gG-conjugated
(Sigma, Dorset, U.K.), 1Qug LPS (Sigma), or 10U IFN-aB (or the magnetic beads (Dynal, Wirral, U.K.). Splenic DCs were irradiated with
equivalént volur’ne of Heat—inactivated IR&B’(HI-IFN-aB)), each in 200 2500 rad and p_Iateq (in triplicate) in RPMI 164(.) medium supple_mented
wl PBS, or with PBS alone. Doses of IL-15 and IFel-were chosen based with 10% heat-lnactlva(t)ed FCS (PAA Laboratories), A0 2-ME (Sig-

on published reports on the in vivo effects of these cytokines (19, 29). Higr{na)’ 10 mM HEPES, 5% NCTC_medlum, 100 U/ml pen|c!|||_n, log/m

titer IFN-a8 (2 X 10” U/mg protein) was prepared from the C243-3 cell streptomycin, 100 U_/ml polymyxin B, and 23(/ml gentamicin (all f_rom

line following a method adapted from Tovey et al. (33). Briefly, confluent Life Teghnolo”glesl:,))cln 96'We|: ﬂaé—b%t&(;gﬁ“ culture ;I)lla_teshalong ‘."gtﬁ .10
cells were primed by the addition of 10 U/ml of IFN in MEM enriched with €SPONCGer Cets. s were plated a s per well (in the peptide-i
10% FCS and 1 mM sodium butyrate. After 16 h of culture at 370C’trathn experiments) or at thg indicated numb_ers of cells per well. The
C243-3 cells were infected with Newcastle Disease Virus (multiplicity of pceptldte S'JiYYGrI;. (ﬁynthesueq adt ;hecg;_t'tmﬁ ffor Ar21|(r:na|_ He_alth,
infection of 1) in MEM plus 0.5% FCS plus 5 mM theofylline. Eighteen ompton, L. r)n_‘:vz'g 3'; recognldz(;e d y he i d‘fe S drom mice in
hours postinfection, culture supernatant was collected and centrifuged sociation with H-2R (35), was added at the indicated concentrations (in

1500 rpm for 10 min. IFN was concentrated and partially purified by am-the peptide gtratigg;xperimznts) olrl at 3'05 nl\/_ld(in the DC tig_ation ex
monium sulfate precipitations and dialysis against PBS. To generate piperiments). For responder cells, the peptide corresponding to aa
IFN-a:B, IFN-a:8 was boiled for 1 h. 323-339 of OVA, which is recognized by CD4T cells from DO11.10

mice in association with I-A (32), was used at different concentrations.
DC isolation and culture After 4 days, plates were pulsed for 16 h wituCi/well of [>H]thymidine

. . ) o ) (Amersham Pharmacia Biotech, Little Chalfont, U.K.). Incorporation of
Splenic DC were isolated using a method similar to that described by3Hjthymidine into DNA was analyzed following cell harvesting using a

Vremec et al. (34). In brief, spleens from six to eight mice were pooled andromtec harvester (Wallac, Turku, Finland) by liquid scintillation counting
cut into small fragments. Fragments were digested in RPMI 1640 containgn a Microbeta Counter (Wallac).

ing 10% FCS (Life Technologies, Paisley, U.K.), 1 mg/ml type Il colla-

genase (Lorne Laboratories, Reading, U.K.), and 325 KU/ml DNase | (SigRT-PCR and analysis of amplified products

ma), with periodic pipetting to break up fragments, for 25 min at room

temperature. EDTA (0.1 M, pH 7.2; Sigma) was added for an additional 5SnRNA was purified from 1.5 to X 10° murine CD11¢ splenic DC using

min to allow disruption of DC-T cell complexes. Cells were washed, re-the Quickprep Micro mRNA purification kit (Amersham Pharmacia Bio-
suspended in Nycodenz (1.077 g/ml; Life Technologies), overlaid on artech). Then 500 ng of mMRNA was incubated at 25°C for 10 min with
additional layer of Nycodenz, and centrifuged at 130@ for 20 min. The oligo-p(dT),5 (Boehringer Mannheim, Lewes, U.K.) in the presence of 50
low-density fraction was collected and incubated on ice with anti-CD11c-U RNase inhibitors (Boehringer Mannheim) and reverse-transcribed using
FITC (BD Biosciences, Oxford, U.K.) followed by anti-FITC-Microbeads 20 U of avian myeloblastosis virus reverse transcriptase (Boehringer
(Miltenyi Biotec, Bisley, U.K.). The positive fraction was recovered using Mannheim) fa 1 h at42°C in a final volume of 2@l (10 mM Tris, 50 mM

a MACS separation column and checked on a FACSCalibur (BD Bio-KCI, 5 mM MgCl,, 1 mM dNTPs; pH 8.3). PCR was performed omuPR
sciences) for purity. The cells obtained were between 93 and 98% CD11c of each cDNA sample using 1.25 U of Thermoprime Plus DNA polymerase
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(Advanced Biotechnologies, Epson, U.K.) in a final volume ofi@on- A < B Q\-
taining 75 mM Tris, 20 mM ammonium persulfate, 0.1% Tween 20, 1.5 Q 8 K
mM MgCl,, 0.2 mM dNTPs, 10pmol of sense primer, and 10 pmol of Q= 9 N e"’
antisense primer at pH 8.8). The specific primer pairs used were as follows. g 2 _ﬁ £ ,
IFN-a;_,, 5-TGTCTGATGCAGCAGGTGG-3 (sense) and 'SAAGAC €
AGGGCTCTCCAGAC-3 (antisense): IFNS, 5-CCATCCAAGAGATG 115 [ w % w (—i 8
CTCCAG-3 (sense) and 'SGTGGAGAGCAGTTGAGGACA-3 (anti- IFN=c "n @ sa o §
sense); IL-15, 5CATATGGAATCCAACTGGATAGATGTAAGATA-3’

(sense) and 'SCATATGCTCGAGGGACGTGTTGATGAACAT-3 (anti- FN-5

sense); IL-15R, 5-CTGACATCCGGGTCAAGAAT-3 (sense) and 'S

TCTGTGTGGTCATTGCGGTA-3 (antisense); ang-actin, 5-TGACGGG p-actin [ pactin CTIT .

GTCACCCACACTGTGCCCATCTA-3 (sense) and 'SCTAGAAGCAT

TGCGGTGGAGCATGGAGGG-3 (antisense). To distinguish between FIGURE 1. Elevated levels of IFN¢g and IL-15 mRNA in splenic DCs
IL-15 mRNA isoforms generated by alternative splicing, the following primers after in vivo treatment with poly(l:C). Poly(l:C) or PBS was injected i.v.
were used (36). For the region from exons 1 to 4: P1 (sense, positions 203—224to BALB/c (A) or WT 129 and IFNeBR~/~ mice B). Four hours later,

in murine IL-15 cDNA sequence) £GTGTGTTTGGAAGGCTGAGT-3  CD11c¢™ DCs were purified from the spleen and mRNA was extracted.
and P4 (antisense, positions 499-520ABCACAAGTAGCACGAGAT IL-15, IFN-, and IFN3 expression was then analyzed by RT-PCR. PCR

g%p'\r gAgﬂgi]g;?gg%Xé?ngn; 6 30 gg P6 E_sense, posit_itc_)ns 6fgl_gl%rimers were used that amplify all IL-15 mRNA. In negative control lanes,
- > an (antisense, positions ~ no cDNA was added. These experiments were repeated twice with similar

1028) B-ATGGAGCTGTGCTGCCTCT-3 For the region from exons 3 to
sequence upstream of exon 5: P3 (sense, positions 443-462) 5'esults.
AGCTCTTACCTGGGCATTAA-3 and A5 (antisense, positions 56—75 in
additional sequence upstream of exon B3)ARGCAACGGAACAAT
CAAGA-3'. All primers were obtained from Life Technologies. The samples

were amplified for 30—40 cycles using the following conditions: 40 s dena- ; ; A
turation at 94°C, 40 s annealing at 62°C, and 1 min extension at 72°C. Sampl round) vs controls. As in BALB/c mice, DCs from wild-type

were further incubated at 72°C for 5 min. Amplified products (@Dwere T)_1_29 mice exhibited inf:reased expression of IL-15 mRNA
separated by agarose gel electrophoresis on a 1.2% Tris-acetate/EDTA gel a@ffer injection of poly(I:C) (Fig. B). Notably, poly(I:C) injection
visualized by ethidium bromide staining and UV transilluminati@rActin into IFN-eBR~’~ mice also enhanced DC expression of IL-15,
RT-PCR was run in parallel to normalize the levels of mRNA in the Samples-although to a lesser extent than in control mice: IL-15 mMRNA
The relative density of amplified bands was determined by LKB 2202 . . ) ’
Ultroscan densitometer (Pharmacia, Uppsala, Sweden). levels were~2-fold higher |n7I?E:s from poly(I:C)-treated WT 129

_ ) _ vs poly(l:C)-treated IFNxBR ™"~ mice. Although the latter obser
Protein extraction and Western blotting vation suggested that IFNB8 may play a role in poly(l:C) induc-
Proteins were extracted from splenic DC and assayed by Western blot, 40N of IL-15, it was clear that poly(l:C) was also able to up-

described previously (37). Briefly, 2.5-6 1(° cells were incubated for 15 regulate DC expression of IL-15 in an IF&3-independent
min on ice in lysis buffer (50 mM Tris-HCI, pH 8.0, 120 mM NaCl, 0.25% manner.

Nonidet P-40, 0.1% SDS; Sigma) containing the protease inhibitors PMSF, ; ; _
aprotinin, leupeptin, and pepstatin (Roche Products, Welwyn Garden City Therefore, to address directly the question of whether N

U.K.) (each at a final concentration of 10 ng/ml), and 1 mM DTT (Sigma). ¢@N Up-regulate DC expression of IL-15, we injected l&Blinto

Then 60ug of each protein sample was applied to a 15% SDS-PAGE gelnormal mice and examined the expression of IL-15 by splenic DCs
Following separation, proteins were blotted onto a nitrocellulose mem+4 h later. For comparison, we also injected LPS, which is a potent
brane (Amersham Pharmacia Biotech). Membranes were blocked with 5%tivator of DCs in vivo (39) and has been shown to induce IL-15

nonfat dry milk in TBS-0.5% Tween 20 and then probed with rabbit anti- L L
mouse IL-15 polyclonal Ab (0.2.g/ml; Torrey Pines Biolabs, San Diego, expression in macrophages (25, 29) and DCs generated in vitro

CA) or anti-3-actin (Sigma) followed by HRP-conjugated anti-rabbit Igg from human peripheral blood precursors (18). As shown in Fig. 2,
Ab (Amersham Pharmacia Biotech). Immunoreactive protein bands werénjection of LPS led to increased levels of IL-15 mRNA in total

detected by using an ECL detection kit (Amersham Pharmacia Biotech).CD11¢" DCs in either BALB/c (Fig. 2) or WT 129 (Fig. B)
mice; a smaller increase in IL-15 expression was observed after
) ) . LPS injection into IFNaBR ™/~ mice, implying that a portion of
Increased expression of IL-15 mRNA in splenic DCs upon the effect of LPS was mediated through induction of IkRin the
treatment with IFNe,3 host (Fig. B) (40). Notably, injection of IFN«f into BALB/c or

In view of the report that human DCs generated in vitro by cultureWT 129 mice induced similar levels of IL-15 mRNA as injection

in GM-CSF plus IFNep expressed higher levels of IL-15 than of LPS (Fig. 2,A andB). Confirmation that this effect was in fact
DCs generated in the presence of GM-CSF plus IL-4 (18), we seiediated by IFNag rather than some contaminant in the prepa-
out to investigate whether IFNg treatment would also modify ration was provided by two observations: 1) HI-IFi8 did not

the expression of IL-15 by mature, in vivo-generated DCs. Ini-induce up-regulation of IL-15 mRNA after injection into BALB/c
tially, we examined the effects of injecting poly(I:C), a synthetic mice (Fig. 21); and 2) IFN«f injection into IFN«SR™'~ mice
dsRNA and potent inducer of IFNS (38), into BALB/c mice; it  did not lead to increased levels of IL-15 mRNA. In a separate
has been previously reported that human monocyte-derived DCaxperiment, we also assessed whether &€D8nd CD& ™
express IFN« when exposed to poly(l:C) in vitro (5). Consistent CD11c" DC subpopulations responded similarly to Ik)-injec-

with these in vitro observations, splenic DCs expressed elevatetion, because there is evidence that these phenotypically defined
levels of IFN« and IFN3 mRNA 4 h after injection of poly(I:C), subsets of DCs differentially secrete cytokines, including IL-12
as assessed by RT-PCR analysis (FA). Moreover, splenic DCs and IFN<y, upon stimulation (41-43). In fact, elevated IL-15
isolated from poly(l:C)-injected mice had5-fold higher levels of mRNA was observed in both C8 and CD& CD11c" DCs
IL-15 mRNA than those from control mice (FigAL after injection of IFNeg (Fig. 2C).

Although these results implied that IF&3 was able to up- mMRNAs encoding secreted and nonsecreted forms of IL-15 can
regulate IL-15 expression in splenic DCs, it was possible thabe generated by alternative splicing. The message for the nonse-
poly(I:C) was inducing IL-15 expression independently of effectscreted form contains an alternative exon 5, which includes addi-
on IFN-aB. To assess this possibility, we compared the ability oftional sequence upstream of the normal exon 5, and is missing
poly(I:C) to stimulate DC expression of IL-15 in mice lacking a exon 2 (36). The translational product of this transcript displays a
functional type | IFN receptor (IFNeBR™/~ mice, on a 129 back  shorter leader peptide that lacks a signal sequence due to stop

Results
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FIGURE 2. Injection of IFN-« enhances IL-15 mRNA expression in splenic DCs. Results (from separate experiments) show IL-15 mRNA expression
in total CD11¢” DCs (A, B, andD) or CD8* and CD& CD11c" DCs (C). BALB/c (A, C, andD) or WT 129 and IFN&BR ™/~ (B) mice were injected

i.v. with IFN-a, HI-IFN-aB, LPS (10ug), or PBS, and splenic DCs were isolh# h later. mRNA was extracted, and IL-15 expression was analyzed

by RT-PCR.A-C, PCR primers were used that amplify all IL-15 mRNA. In negative control lanes, no cDNA was dddébree sets of IL-15 primers

were usedLane 1,P1 and P4, sense and antisense primers for exons 1 and 4, respectively, which will amplify 317- and 195-bp fragments from exon
2-containing vs exon 2-deficient transcripts, respectiiedyne 2,P3 and A5, sense and antisense primers for exon 3 and alternative exon 5, respectively,
which will amplify a 208-bp fragment only from transcripts containing alternative exdra®e 3,P6 and P8, sense and antisense primers for exons 6 and

8, respectively, which will amplify a 333-bp fragment from all IL-15 transcrigsActin RT-PCR was run in parallel to normalize the levels of mMRNA

in the samples.

IFN-ou/p

W

codons in the sequence upstream of the normal exon 5. To detesured by an ability to stimulate proliferation of the IL-2-dependent
mine whether DCs were expressing mRNA encoding for the seeell line CTLL-2. However, using this method we were unable to
creted or nonsecreted forms of IL-15 and how this was affected byletect any IL-15 activity in the supernatants of either control DCs
IFN-aB, RT-PCR analysis was performed using primers that caror DCs that had been treated with IR in vivo or in vitro.
distinguish between the two mRNA isoforms. Paired primers forAlthough this might imply that the DCs were not producing IL-15
sequences in exons 1 and 4 amplified a 317-bp fragment, indicativerotein, it was also possible that the levels of secreted IL-15 were
of the presence of exon 2 and hence the secreted isoform, thaimply below the level of detection in this assay. This is worth
predominated in DCs from both PBS- and Ikl$-treated mice considering, because it has been reported that IL-15 can act in a
(Fig. 2D, lane 7). DCs from IFN«B-treated mice expresseelR.5-  juxtacrine manner when secreted in very small quantities (45) and
fold higher levels of this transcript than DCs from PBS-treatedmay even be present in a membrane-bound form (46).
mice. A minor product of 195 bp, which was the expected size for Therefore, to further examine IL-15 protein expression by DCs
a fragment lacking exon 2, was detectable only in DCs from IFN-we performed Western blotting of total DC proteins. DCs were
aB-treated mice, indicating that there was also some up-regulatiopurified from B6 mice 2, 4, ah6 h after injection of IFNaf or
of the nonsecreted isoform of IL-15 by IFN8 (Fig. 2D, lane 1). PBS. Elevated levels of IL-15 protein were apparent in DCs within
This was also evident from the presence of a faint band at 208 bg h of injection of IFN«B, and by 4 h there was-3-fold more
when using primer pairs for exon 3 and alternative exon 5 to amiL-15 protein in DCs from IFNeB-treated mice than in control
plify mRNA from IFN-aB-treated but not PBS-treated DCs (Fig. DCs (Fig. 3\); increased expression of IL-15 protein was still de-
2D, lane 2. Overall, however, the data show that DCs expresstectable 16 h after IFNe¢B injection (data not shown). IL-15 pro-
mainly mRNA encoding the secreted form of IL-15 and that this istein expression was also up-regulated-b2-fold in DCs after in
enhanced by exposure to IF¥5. vitro treatment, demonstrating that IFd3 can act directly on DCs

to stimulate IL-15 expression (FigB3. Therefore, these results
IFN-a8 up-regulates IL-15 protein expression in splenic DC show that IFNe treatment enhances not only IL-15 mRNA lev-
IL-15 expression is regulated at both transcriptional and posttranels but also IL-15 protein expression in DCs.
scriptional levels (11, 36, 44). Hence, it was important to investi-
gate whether the IFN¢3-mediated increase in IL-15 mRNA cor- )
related with enhanced levels of IL-15 protein. Because no reagenng'“B enhances DC expression of IL-16R
are currently available for the measurement of murine IL-15 byThe expression of IL-15 by DCs raised the question of whether
ELISA, we initially assayed for IL-15 biological activity, as mea- these cells were also capable of responding to this cytokine. As an
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FIGURE 3. Splenic DCs up-regulate expression of IL-15 protein after
in vivo or in vitro exposure to IFNxB. A, B6 mice were injected i.v. with
IFN-a or PBS. Splenic DCs were isolated 2, 4dahh after injection of
IFN-a or 6 h after injection of PBSB, DCs isolated from BALB/c mice
were incubated in medium ff@t h with or without IFN«g. IL-15 protein
expression was detected by Western blot analysis of cell lysates.
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enhancing IL-15 expression by DCs, poly(l:C), LPS, and l&BI-
each augmented DC expression of IL-1bR

Phenotypic activation of DCs by IL-15

The expression of IL-15& by DCs suggested that they may be
able to respond to IL-15. To examine this possibility, we injected
rmiL-15 into normal B6 mice and isolated splenic € h later.

We then compared the phenotype of DCs from control vs IL-15-
injected mice with that of DCs from mice injected with LPS, which
is known to induce phenotypic maturation of DCs in vivo (39). As
expected, splenic DCs from control mice exhibited a relatively
mature phenotype, expressing costimulatory (CD40, CD80, CD86)
and adhesion (CD54) molecules, MHC class |, and high levels of
MHC class Il (Fig. B). Strikingly, injection of IL-15 stimulated
further phenotypic activation of DCs. A marked up-regulation of
CD86 expression was observed, while CD40 and MHC class I
were also expressed at higher levels after IL-15 injection (. 5
The magnitude of these alterations was only slightly less than that
stimulated by injection of LPS, which additionally induced up-
regulation of CD80. Similar phenotypic changes occurred upon
culture of DCs in the presence of IL-15, indicating that IL-15 was
exerting its effects by acting directly on DCs (Fid)5Here, how-

initial approach to address this question, we examined DC expressver, the effects of IL-15 treatment were somewhat less obvious

sion of high-affinity IL-15Ry in control mice and in mice exposed
to poly(l:C), LPS, or IFNep; because an Ab to IL-15Rwas not

available we analyzed expression at the level of mMRNA by RT-

PCR. As shown in Fig. 4, IL-15& expression was detectable in
DCs from control (i.e., PBS-injected) 129 (Fig. 4,andC), and
BALB/c (Fig. 4, B and D) mice, suggesting that DCs can in fact
respond to IL-15. Injection of either poly(I:C) or LPS resulted in
an increase in IL-15R mRNA levels withn 4 h (Fig. 4,A-C).
Notably, this was observed in both WT 129 mice and IEBR '~

due to the fact that DCs underwent some degree of phenotypic
activation upon culture in medium alone.

Because IFNxB-treatment up-regulates IL-1BRexpression, it
was of interest to determine whether DCs also become activated
upon IL-15 injection into IFN&BR™~ mice. As in B6 (Fig. 3)
and BALB/c (data not shown) mice, injection of IL-15 into WT
129 mice resulted in up-regulated cell surface expression of CD40
and CD86 on splenic DCs (FigC). The phenotypic changes were
less marked in IFNxBR™/~ mice than in control mice; in partic

mice, implying that these substances were able to induce expregdar, IL-15 induced little if any increase in CD40 expression while

sion of IL-15Rx in an IFN-wB-independent manner. Importantly,
however, injection of IFNxg (but not HI-IFN-«B) also stimulated
increased expression of IL-15Rby DCs (Fig. 4B andC); as for
IL-15 expression, increases in IL-16RMRNA applied to both
CD8a™ and CD& ™~ subpopulations (Fig.@). Thus, in addition to

A WT 129  IFN-o/pR’ $ 8 = §

%) o § 2« 8

2 > a2 > g 2 5 2 ¢ 3

& 3 8 ¢ 2 o T L i Z

c . 8 D s

WT 129 IFN-a/BR ,E CD8u* CD8a- £

i — c

T a3 .

@a o 9 » o [ @a o

r4 z z

st &ezggd 2 F 8 g 2

FIGURE 4. Increased IL-15R mRNA expression by DCs following in

vivo treatment with poly(l:C), IFNaB, or LPS.A, Poly(l:C) or PBS was
injected into WT 129 and IFN¢BR™'~ mice.B, IFN-a, HI-IFN-a, LPS

(10 ng), or PBS was injected into BALB/c mic€, IFN-af, LPS, or PBS
was injected into WT 129 and IFNSR™'~ mice.D, IFN-af8 or PBS was
injected into BALB/c mice. In all cases, injections were given i.v., and DCs
were isolated from the spleed h later. InD, DCs were further separated
into CD8&™* and CD& ™ subpopulations by cell sorting. IL-15RMRNA
expression was assessed by RT-PCR analysis.

the magnitude of the increase in CD86 expression was also re-
duced. These observations suggest that low-level signaling through
the IFN-wBR in normal mice can influence the ability of DCs to
respond to IL-15. Nevertheless, it was clear that IL-15 was able to
stimulate phenotypic activation of DCs in an Ikb8-independent
manner.

IL-15 enhances DC secretion of IFN-

DCs have been shown to produce IRNn response to certain
stimuli, such as IL-12 (43). We investigated whether INro-
duction was also altered by IL-15-mediated DC activation. Ini-
tially, we tested the effect on IFN-secretion of culturing DCs in
the presence of IL-15. Splenic DC from normal B6 mice were
cultured in 96-well plates with or without IL-15 for 18 h, and the
supernatant was assayed for the presence ofjlFAs shown in
Fig. 6A, the addition of IL-15 to the medium stimulated a marked
(10-fold) increase in DC secretion of IFN-

We further assessed whether exposure to IL-15 in vivo could
similarly induce IFN« secretion by DCs. Thus, IL-15 (or PBS as
a control) was injected i.v. into normal B6 or BALB/c mice, and
splenic DCs were isolate2 h later. DCs were then cultured in
medium alone for 18 h, after which the supernatant was assayed
for the presence of IFN: The results for BALB/c DCs are shown
in Fig. 6B; similar results were obtained for B6 DCs (data not
shown). DCs from PBS-injected mice produced detectable levels
of IFN-y during the culture period. However, greater than five
times more IFNy was present in the supernatant of DCs derived
from IL-15-injected mice. As was found for phenotypic activation
of DCs, induction of IFNy-secretion by IL-15 was reduced but not
eliminated in IFNaBR~’~ mice compared with WT 129 mice
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FIGURE 5. Exposure of DCs to IL-15 in-
duces phenotypic activatiorA and C, B6
mice (&) or WT 129 and IFNeBR™'~ mice
(C) were injected i.v. with rmIL-15 or PBS.
Alternatively, inA, B6 mice were injected i.v.
with LPS. Four hours later, splenic DCs were
isolated, and the expression of various cell
surface molecules was assessed. Dotted lines 5
represent the background staining of isotype- ™ ™ | |
matched control Abs. Filled and open (solid b \ L’ ﬁuw\f ” \ ‘,\ ?ﬁ %{
black line) histograms represent DCs from ] e P et : .
mice treated with PBS and IL-15, respec-
tively. A, The phenotype of DCs from mice
injected with LPS is shown by the open his-

i} Isotype control

H-2D
[E] PBS-injected

[ iL-15-injected
[1 LPS-injected

tograms with solid gray lines. Representative B

data from one of four experiments are shown.

B, Splenic DCs from B6 mice were cultured CD86

for 18 h in the presence or absence of rmliL-

15, and then expression of CD40 and CD86 Sk ii-45reatsd DOs

was assessed by FACS analysis. MFI, Mean CD40 g;‘:{;:;e:ozfj Ab

fluorescence intensity. Data are representative . - ; IFN-o/BR-
of four separate experiments. 200 ::I?I 600 800 -o/BR™Y

(Fig. 6C), providing further evidence that DCs in these mice arean activator of DCs, modifying not only the phenotype of DCs but
less sensitive to stimulation with IL-15. also their function.

IL-15 enhances the ability of DCs to stimulate T cell

proliferation Discussion

As a further test of the effects of IL-15 treatment on DC function, As the major, if not only, APCs capable of activating naive T cells,
we compared the ability of DCs from control vs IL-15-injected DCs play a critical role in regulating the immune response. In
mice to present peptide to naive T cells. Using OVA peptidedoing so, DCs interpret signals from the local microenvironment
(AA 5,5 339-specific CD4 T cells from DO11.10 TCR-transgenic  and modulate their functional activity accordingly. DCs are par-
mice (32) as responders and BALB/c splenic DCs as stimulatorgjcularly sensitive to indicators of infection, which can both trigger
no differences were detected between the peptide-specific prolifoC activation and modulate the type of T cell response elicited by
erative responses stimulated by DCs from control vs IL-15-in-activated DCs. In this paper, we provide evidence that IL-15 can
jected mice (data not shown). In contrast, however, IL-15-treat-act as an infection-induced signal for DC activation.

ment did alter the ability of DCs to stimulate CD8 cells (Fig. This possibility was suggested initially by the observation that
7). Here, splenic DCs were isolated from WT 129 or I&RR ™/~ DC expression of both IL-15 and IL-15Rincreased after expo-
mice that had been injecet h before with PBS or IL-15, while  sure to three different signals associated with infection: tp\-
responder CD8 T cells were purified from 2C TCR-transgenic dsRNA (poly(I:C)), and LPS. Although the effects of dsRNA and
mice; these T cells recognize an 8-aa peptide (SIYRYYGL) pre-LPS could be partially attributed to their ability to induce I1kl$;
sented in association with H-2K35). CD8" T cell proliferation  expression of IL-15 and IL-15R was also enhanced by these
was assessed in response to either constant numbers of DCs aagents in an IFNxB-independent manner. The elevated expression
various doses of specific peptide (FigA7andB) or various num-  of IL-15 by murine splenic DCs following IFNS treatment re-
bers of DCs and a constant low concentration (0.05 nM) of peptidgorted here is consistent with a previous study showing similar
(Fig. 7,C andD). In both cases, DCs from IL-15-treated WT 129 effects on in vitro-derived human DCs (18). In addition, increased
mice induced a stronger CD8T cell proliferative response than expression of IL-15 by DCs has also been observed after infection
control DCs; the difference was particularly marked in the DC of mice withListeria monocytogenealthough the role of bacteria-
titration (Fig. TC). Again, the degree of enhancement of DC stim- induced IFNe was not investigated (47). DC expression of IL-15
ulatory ability by IL-15 was reduced in IFNSR ™'~ mice (Fig. 7,  in response to multiple signs of infection may reflect the presence
B andD). Thus, taken together with the effects on IFhsecretion  of an IFN regulatory factor element and an MB-binding site in
described above, these results demonstrate that IL-15 can serve @sse proximity in the IL-15 promoter region; these two motifs are

A 1400 B so0 C 250 FIGURE 6. Enhancgd IFNy product.ion by spl.elnic
= 1200 — 500 =200 apBs DCs after treatment with IL-15A, Splenic DCs purified
£ 1000 £ 400 E WiL-15 from B6 mice were cultured for 18 h in the presence or
& 800 £ 300 2150 absence of rmiL-15B and C, BALB/c (B) or WT 129
$ 600 iy - 100 and IFN«BR '~ mice (C) were injected i.v. with PBS or
& 400 = 200 = : )
= L L 50 rmIL-15. Two hours later, splenic DCs were isolated and
200 100 . . o
| 0 o cultured for 18 h in medium alone. IFiproduction in
None IL-15 PBS IL-15 WT 129  IFN-a/fR*  the sypernatant was determined by ELISA. These exper-
In vitro treatment Injection Mouse strain

iments were repeated twice with similar results.
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A WT 129 DCs B IFN-o/BR"- DCs molecule linking the presence of infection with the initiation of

30 307 immune responses.

In a previous study, microarray analysis was used to demon-
strate that human DCs generated in vitro from peripheral blood
monocytes express IL-15RMRNA after being driven to undergo
maturation by treatment with a combination of IL-6, TN&L-

18, and PGE (52). In this study, we report that in vivo-generated
splenic DCs obtained directly from untreated mice also express
IL-15Ra. Although reagents were not available to examine di-
rectly whether this molecule was expressed on the cell surface, the
fact that DCs were clearly responsive to IL-15 both in vivo and in
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0006 043 0.25 0.50 1.00 075.06 0.13 0.25 0.50 1.00 vitro provided strong indirect evidence that this was the case.
peptide concentration (nM) peptide concentration (ni) IFN-aB appeared to regulate the sensitivity of DCs to IL-15, be-
cause DC activation in response to IL-15 injection was reduced in
C WT 129 DCs D IFN-o/BR" DCs IFN-aBR~’~ mice. This may be linked to tk_le ability of IFNg to
60- 60 up-regulate IL-15R (see below). Alternatively, signals through
IFN-aBR and IL-15R could act independently and synergize in
50 s0 Source of DCs DC activation.
T 40, T 401 O PBs-treated mice The increased expression of IL-1&Rhat was observed after
< T | [WIL-18-treated mice IFN-a8, poly(I:C), or LPS treatment suggests that infection, in
€ 301 30 addition to augmenting production of IL-15, could enhance the
s | S | ability of DCs to respond to IL-15. Small changes in expression of
20 20 ) . . .
‘ the a-chain, which together with the shar@d and y-subunits of
10 10 the IL-2R forms the complete IL-15R, may markedly affect cell
‘ sensitivity to IL-15 given its high affinity for IL-15R (23). In fact,
O 625 125 25 50 o 625 125 25 S0 the affinity of IL-15R« for IL-15 is 1000-fold higher than the af-
DC number per well {102) DC number per well (X10) finity of IL-2R« for IL-2. Therefore, enhanced expression of IL-

F_IGURE_ 7. _Enhanct_ed ability of IL-15-treated DCs to stimL_JIe_lte Ag-_spe- I1n5Frﬁsn::gsgov;lngg’zgﬁe‘:’sggohrfvéobveeerrz !;:A(IJ v(\}/ﬁatgtl:leesspgfng_tiion—
cific proliferation of naive CD8 T cells. rmIL-15 or PBS was injected i.v. . !
into WT 129 (A andC) or IFN-aBR '~ mice @ andD), and splenic DCs ~ CeNtrations of IL-15 as low as 16 ng/ml (53).
were isolatd 4 h later. Responder CD8T cells were purified from lymph Such a high level of sensitivity to IL-15 may be important, be-
nodes of 2C mice and cultured together with either a constant number ofause the difficulties in detecting secreted IL-15 in most studies
DCs (10" and different concentrations of specific peptideand B) or a suggest that IL-15 is indeed released from cells in very small
constant concentration of peptide (0.05 nM) and different numbers of DCaamounts (46, 54). Furthermore, increased expression of both IL-15
(C andD). After 4 days of _cylture,ﬁ-l]thymidine was ad_ded, and the cells_ and IL-15Rx in DCs after IFNe or poly(l:C) treatment implies
were C“'i“r;d for an f‘g'c_ii']tt'ﬁ”a'_dl_e h b;eflt()re fha:v_els'tm?. Eal‘t‘:hmdgté‘ POINthat IL-15 could act in an autocrine or paracrine manner to activate
represents the amoun midine uptake or a triplicate cultu . P . .
O,pSpIenic DC from PBS—trZated mi(lzol, splenic IEI)DC from rmlL-15- DCS.' This is V\.Iorth considering, as IL-15 can apparently exert au-
treated mice. tocrine/paracrine effects on macrophages, melanoma cells, and
myeloma cells even though secreted IL-15 cannot be detected in
the supernatants of these cells (45, 53, 55). In addition to potential
autocrine activity, DC production of IL-15 could modulate im-
also adjacent to each other in the promoter region of the gFN- Mune responses by acting on other cell types. In particular, the
gene (48). multlpl_e effects of IL-15 on T ceII_s, |nglud|ng |nductlon of_ che-
The relevance of IL-15 as a DC activator was shown directly inMmotaxis and enhancement of proliferation, cytokine secretion, and
experiments examining the effects of either IL-15 injection into CYtOLOXIC activity (28, 56-59), suggest that an increase in IL-15
mice or treatment of purified DCs with IL-15 in vitro. IL-15 treat- €XPression by DCs could significantly alter the T cell response. In
ment stimulated increased expression of costimulatory moleculedhis respect, it has been reported that human peripheral blood-
enhanced secretion of IFM-and an augmented ability to activate derived DCs treated with soluble trimeric CD40 ligand plus IN-
naive CD8" T cells. With regard to this latter point, it was notable €xpressed increased IL-15 and exhibited an improved ability to
that we did not detect any increase in the ability of splenic DCsStimulate Ag-specific T cells in vitro compared with control DCs
from IL-15-injected mice to stimulate CD4T cells (data not (60). Significantly, addition of a neutralizing anti-IL-15 to the cul-
shown). With this in mind, it is tempting to speculate that IL-15- tures reversed the enhanced activity of the treated DCs, although
treatment functions similarly to CD4 “help” in conditioning DCs Whether the IL-15 was acting on DCs, T cells, or both populations
to become better stimulators of naive CD8 cells (49-51). This Was not addressed.
is worth considering, given that virus infections and immunization It seems likely that IL-15 stimulation of both DCs and T cells
in the presence of CFA (which contains heat-killed bacteria) carmay contribute to the reported adjuvant effects of IL-15, which
induce Th-independent CD8T cell responses (49, 50). In any have included augmenting Ab, delayed-type hypersensitivity, and
case, our results show that DCs not only express IL-15 upon re€TL responses in vivo (61-64). Furthermore, evidence supporting
ceipt of infection-associated signals, but also respond to IL-15 bya role for endogenous IL-15 in the initiation of T cell responses has
undergoing functional alterations. Given that expression of IL-15been provided by studies in which an IL-15 antagonist, a soluble
appears to be a common response to infection-associated stimuli fragment of IL-15Ry, inhibited the development of collagen-in-
DCs (Refs. 18 and 47 and this study) as well as other cell typesluced arthritis (65) or allograft rejection (66); again, the target
(24-29), these results implicate IL-15 as an important signalingcells for IL-15 action in these systems were not identified.
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IL-15 treatment stimulated a marked increase in HrBkecretion
by DCs, acting similarly in this respect to IL-12 (43). This raises
the possibility that, in addition to activating DCs, IL-15 treatment

may modulate the type of T cell response elicited. For example?0-

DC-secreted IFNy could enhance IL-12 production by macro- ,,
phages (67), ultimately promoting a Thl-type response. In this
regard, it is worth noting that IL-15 has also been shown to induce
IFN-y mRNA in alveolar macrophages (68). There is in fact some,,
evidence that IL-15 can augment Thl responses in vivo (69, 70),

although the mechanisms involved were not investigated. Of3:

course, given the widespread expression of IL-15R, in vivo ad-
ministration of IL-15 is likely to affect many different cell types,
and the immune response elicited will likely reflect this fact. Nev-2

ertheless, the data presented here identify DCs as a target for IL-1f

action, implicating IL-15 as an important signaling molecule link-

ing the innate response to infection with the initiation of the adap-26'

tive immune response.

27.
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