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Human Monocytes Constitutively Express Membrane-Bound, Biologically
Active, and Interferon-y—Upregulated Interleukin-15

By Tiziana Musso, Liliana Calosso, Mario Zucca, Maura Millesimo, Daniela Ravarino, Mirella Giovarelli,
Fabio Malavasi, Alessandro Negro Ponzi, Ralf Paus, and Silvia Bulfone-Paus

Interleukin-15 (IL-15) is a potent regulator of T-, B-, and
natural killer cell proliferation and displays unusually tight
controls of secretion. Even though IL-15 mRNA is constitu-
tively expressed in monocytes/macrophages and is upregu-
lated by a variety of stimuli, evidence for IL-15 cytokine
secretion is only found exceptionally, eg, conditions of
pathological, chronic inflammation. This raises the possibil-
ity that monocytes express membrane-bound IL-15 rather
than secrete it. The current study explores this hypothesis.
We demonstrate here that biologically active IL-15 is indeed
detectable in a constitutively expressed, membrane-bound
form on normal human monocytes, as well as on monocytic
cell lines (MONO-MAC-6, THP-1, and U937), but not on
human T or B cells (MT4, M9, C5966, JURKAT, DAUDI, RAJI,
and Epstein-Barr virus-immortalized B-cell clones). Further-
more, cell surface-bound IL-15 is upregulated upon inter-

feron-y stimulation. Interestingly, monocyte/macrophage
inhibitory cytokines such as IL-4 and IL-13 fail to downregu-
late both constitutive and induced cell-surface expression of
IL-15. Membrane-bound IL-15 does not elute with acetate
buffer or trypsin treatment, suggesting that it is an integral
membrane protein and that it is not associated with the IL-15
receptor complex. Finally, membrane-bound IL-15 stimulates
T lymphocytes to proliferate in vitro, indicating that it is
biologically active. These findings enlist IL-15 in the fairly
small family of cytokines for which the presence of a
biologically active membrane-bound form has been demon-
strated (eg, IL-1, tumor necrosis factor-e, and IL-10) and
invites the speculation that most of the biological effects of
IL-15 under physiological conditions are exerted by the cell
surface-bound form.

© 1999 by The American Society of Hematology.

NTERLEUKIN-15 (IL-15) was originally discovered as a gated using acetate buffer and trypsin treatment. Collectively,
T-cell stimulatory activity that mimics several biological our experiments suggest that human monocytes constitutively
effects of IL-212 For example, like IL-2, IL-15 induces T-cell express membrane-bound, biologically active, and #=N-
proliferation and chemotaxis, stimulates natural killer (NK) cell inducible IL-15.
growth and interferony (IFN-y) production, generates cyto-
toxic effector cells, and costimulates B-cell growth and Ig
production?3-6 In addition, IL-15 induces cytokine production ~ Monocytes preparation and cell linesPeripheral blood mono-
by monocytes and polymorphonuclear cells and stimulates theuclear cells (PBMC) were obtained by Ficoll-Hypaque gradient

antimicrobial activity of phagocytest! For binding and signal- ~ ¢entrifugation from normal volunteers after informed consent was
ing, IL-15 uses the IL-2R and y chair?14 as well as the received. Monocytes were purified by Percoll gradient. The purity of the
spécific IL-15Rx chainls.16 monocytes preparations used in this study was 9%, as assessed

. . . by morphology on Giemsa-stained cytocentrifuge preparations and by
Althou.gh IL-2 is mainly produced by T (,:e”s’ IL-15 mRNAIs flow cytometry, using the monocyte-specific monoclonal antibody
constitutively expressed by a large variety of cell types andioan) Leum3? Cells were cultured in RPMI 1640 (GIBCO, Grand

tissues, including monocytes/macrophages, fibroblasts, keratinsjand, Ny) containing 100 U/mL penicillin, 100 ug/mL streptomycin, 2
ocytes, and skeletal muscié’ In monocytes/macrophages, mmol L-glutamine, 20 mmol HEPES (GIBCO), and 10% heat-
IL-15 mRNA expression is upregulated by exogenous stimuliinactivated fetal bovine serum (HyClone Lab, Logan, UT). This will be
such as IFNy and lipopolysaccharide (LPS) or by bacteria,
protozoa, and virus infectiont”18-21 However, despite the
widespread expression of IL-15 mRNA, it has been very From the Department of Public Health and Microbiology, Postgradu-
difficult to show IL-15 activity in cell culture supernatants using ate School of Clinical Pathology, Department of Genetics, Biology and
either bioassay or enzyme-linked immunosorbent assay (ELISA)Medical Chemistry, and Department of Clinical and Biological Sci-
Two IL-15 isoforms have been identified that differ in the €NCes University of Turin, Turin, Italy; the Institute of Biology and

. - oo . . Genetics, University of Ancona, Ancona, ltaly; the Department of
length of the signal peptid@:251L-15 associated with the short e .
9 9 Pep ermatology, ChariteHumboldt University, Berlin, Germany; and the

§|gnal peptide (SSP—.IL-15) is n_ot secreted, but rather Store‘l%stitute for Immunology, University Hospital Benjamin Franklin, Free
intracellularly, where it appears in the nucleus and cytoplasmumversity Berlin, Berlin, Germany.

The alternative isoform, characterized by the longer signal sypmitted August 26, 1998; accepted January 17, 1999.

peptide (LSP-IL-15), is located in the endoplasmic reticulum Supported in part by grants from the™2National Project on

and is supposed to follow a pathway ending in its secréfi@h.  Tuberculosis (ISS Rome, Italy), from AIRC (Milan, Italy), and from the
This discrepancy between abundant IL-15 message, intraDeutsch Forschungsgemainschaft (SFB 506/C5).

cellularly detectable IL-15 protein, yet inefficient or absent Address reprint requests to Tiziana Musso, PhD, Institute of Microbi-

cytokine secretion prompted us to speculate that, under physplqtgy,_t\ﬁa Santena 9, 10126 Torino, ltaly; e-mail: musso@molinette.
ological conditions, IL-15 may mainly be presentin a membrane-""°-"%- o .
9 y ybep The publication costs of this article were defrayed in part by page

bound, nonsecreted form. In this study, we have explored thi harge payment. This article must therefore be hereby mat -

hypo_the5|s, studying normal humap mo_nocyte_s gnd MONOCYtiGsement”in accordance with 18 U.S.C. section 1734 solely to indicate
cell lines as well as T and B cells. Biological activity was tested s fact.

by a T-cell proliferation assay, and association of surface-bound © 1999 by The American Society of Hematology.
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referred to as complete medium. Human THP-1, U937, RAJI, DAUDI, 5'-GAATCAATTGCAATCAAGAAGTG-3' (cycling conditions: 1
JURKAT, SUPT-1, MT4, M9, and C5966 (American Type Culture minute at 94°C, 1 minute at 80°C, and 2 minutes at 72°C, for 35
Collection, Manassas, VA) were cultured in complete medium. Thecycle$5); andB-actin sense,'5GAGCGGGAAATCGTGCGTGACATT-
MONO-MAC-6 cell line, an acute leukemia monocytic cell line 3', andp-actin antisense,SGAAGGTAGTTTCGTGGATGCC-3(cy-
originally established by H.W. Ziegler-Heitbrok, was obtained from the cling conditions: 1 minute at 94°C, 1 minute and 30 seconds at 62°C,
German Collection of Microorganisms and Cell Cultures (Braunsch-and 2 minutes at 72°C for 27 cycle¥)A sample (15 pL) of each PCR
weig, Germany¥® These cells were maintained in complete medium reaction was electrophoresed through a 2% agarose gel and visualized
supplemented with 1 mmol/L sodium pyruvate and 9 ug bovine insulinwith ethidium bromide.
(Sigma Chemical Co, St Louis, MO) per milliliter. Acidic elution. Acidic elution was performed as describ&dlhe
Cytokines, antibodies, and reagentsduman recombinant IFNs cells were pelleted by centrifugation and resuspended in acetate buffer,
IL-4, IL-13, and IL-10 were purchased from Peprotech (Rocky Hill, pH 4.4, containing 0.05 mol/L sodium acetate, 0.09 mol/L NaCl, 0.005
NJ). Recombinant IL-15 was a kind gift of Dr A. Troutt (Immunex, mol/L KCI, and 0.05% fetal calf serum (FCS). The suspension was
Seattle, WA). Escherichia coli0111:B4 LPS was purchased from neutralized after 1 to 15 minutes by adding PBS containing 0.05% FCS.
Sigma. Anti-IL-15 M111 and anti—IL-15 M112 (IgG2b) MoAbs were The suspended cells were immediately underlayed with 1 mL FCS and
purchased from Genzyme (Boston, MA). Anti—IL-2 was purchased centrifuged to pellet the cells. The cells were then washed three times
from Pharma Biotecnologie (Hannover, Germany). Anti—ILE2RA1 and stained as indicated above. Up to 15 minutes of acid treatment did
was prepared as describ&Control 1gG2b was purchased from Becton not significantly change the cell viability as determined by forward and
Dickinson (San Jose, CA). Fluorescein isothiocyanate (FITC)-labeledight angle scatter and trypan blue exclusion.
goat antimouse Ab used for fluorescent staining was purchased from Trypsin treatment. Cells were washed with PBS and treated with 10
Southern Biotechnology Associates, Inc (Birmingham, AL). Hg/mL L-p-tosylamino-2-phenylethyl chloromethyl ketone (TPCK)-
To obtain human IL-15 mouse Ig G2b (IgG2b) fusion protein, cDNA trypsin (Sigma) for 10 minutes at 37°C. The trypsin activity was
encoding IL-15 was fused to genomic DNA encoding for the Fc portion neutralized by adding 100 pg/mL soybean trypsin inhibitor (Sigtha).
of mouse IgG2b as describ&Biotinylation of human IL-15 mouse CD3" T-cell proliferation assays. CD3" T cells were purified from
IgG2b fusion protein resulted in high stability of the cytokine without Peripheral blood lymphocytes (PBL) cell suspensions by using'CD3
reduction of its biological activity, as determined by CTLL proliferation T-Cell subset enrichment columns (R&D Systems, Minneapolis, MN).
assay? For mitogen assays, CD3were cultured alone or with 12.% 10°
Flow cytometry analysis. For indirect immunofluorescence analy- Monocytes in the presence of 10 pg/mL ConA (Sigma). Before the
sis, cells were preincubated for 30 minutes at 4°C in phosphate-buffereBroliferation assay, monocytes were treated with H-fér 72 hours and
saline (PBS) containing 2% goat serum plus 0.2% sodium azidefNaN With mitomycin-C (Sigma) at 25 pg/IQcells/mL for 30 minutes at
washed with 1% bovine serum albumine (BSA), and incubated with37°C. Each experiment was performed in triplicate. Cultures were
mouse MoAbs for 30 minutes at 4°C or with an isotype-matched MoAb. incubated for 72 hours at 37°C. Sixteen hours before the termination of
The cells were then washed twice with 1% BSA in PBS and incubatedhe cultures, the plates were pulsed with 0.5 pCiAfelithymidine
with goat antimouse Ig-FITC for a further 30 minutes at 4°C. (Dupont, NEN, Boston, MA). The cells were harvested on paper filters
Cytoplasmic IL-15 was evaluated after permeabilization of the celland®H thymidine uptake was measured in a liquid scintillation counter
membranes using PermeaFix (1:2 dilution; Ortho, Raritan, NJ). Toand expressed as total cpm.
determine the binding of IL-15-1gG2b fusion protein, cells were Statistical analysis. All in vitro experiments were performed inde-
incubated for 1 hour at 4°C with the biotinylated IL-15-1gG2b fusion Pendently at least three times. Comparison among treatments was
protein or with the isotype-matched biotin-conjugated IgG (Pharmin-Performed by analysis of variance. When a difference among multiple
gen, San Diego, CA). The cells were then washed twice with 1% BSA intreatments was found, the Fisher’s least significant difference test was
PBS and further incubated with FITC-conjugated avidin (Sigma) for 20 Used to identify which of the means were significantly different from the
minutes at 4°C. IL-15 hinding was assessed by flow cytometry. LabeledPthers at the .05 significance level.
cells were analyzed by flow cytometry analysis with a FACSort (Becton
Dickinson Immunocytometry Systems, San Jose, CA). Lysis Il software RESULTS
was used to analyze FACS data and significance was analyzed by Monocytes display membrane-bound IL-1%onstitutive
comparison between treated and untreated cells with z-®st(001). ~ expression of IL-15 MRNA has previously been demonstrated
Reverse tr_anscription-polymerase_chain reaction (RT-PCR) analysisjp, monocytes/macrophagé$’ However, the IL-15 cytokine
ENAﬂ extract;ogl\?zd RT'PCR.f?ndalys.'i V\fl_egle pfrfﬁ_rfme_?_ ash delscjf,%ecj' could be hardly detected in the supernatant by standard ELISA
riefly, tota was purified wit zol (Life Technologies, and CTL proliferation assays. Because of this apparent lack in

Gaithersburg, MD) as specified by the manufacturer’s instructions. i ) h d the h hesis that IL-15
cDNA synthesis was performed with 2 pg of RNA in a total volume of Cytokine secretion, we have tested the hypothesis that IL-15,

20 pL, containing 50 mmol/L Tris-HCI, pH 8.3, 75 mmol/L Kcl, 3 rather than being released, is constitutively retained in func-
mmol/L MgCl, 0.1 mol/L dithiothreitol, 40 U of RNase inhibitor ~tional form on the cell surface of monocytes.

(RNase OUT; Life Technologies), 0.5 pg oligo (dT), and 200 U  Using the anti—IL-15 antibody M112 in an indirect fluores-
Superscript Il reverse transcriptase (Life Technologies). The reactiorcence assay, purified peripheral blood monocytes as well as the
mixture was incubated at 42°C for 50 minutes and stopped at 90°C for fimonocytic cell lines MONO-MAC-6, THP-1, and U937 demon-
minutes. A 2-uL aliquot of the obtained cDNA was amplified in a 50 UL strated specific immunoreactivity on the surface of tested cells.
reaction containing 500 mmol/L KCI, 200 mmol/L Tris-HCI, pH 8.8, 25 Immunoreactivity was not seen with purified T lymphocytes

Smoml‘ Mg(:lz, d2 mmzo(;/OL of ez;f_h ?NTP’hZ mg/mL BzAS(PJ]‘?rrmagﬁA(neither resting nor phytohemagglutinin [PHAJ-activated T
ppsala, Sweden), NMOYL of each primer, an aq cells) or the JURKAT T-cell line (Fig 1). In addition, the

polymerase (Life Technologies). The mixture was capped with 50 pL of .
sterile mineral oil. To ensure that equivalent amounts of cDNA Werescreene.d panell of T- and B-cell Ilngs (MT4'_ M9, C5966,
used in each reaction, PCR was also performedfactin from each ~ SUPT-1; RAJI; DAUDI; and Epstein-Barr virus [EBV]-

sample, and the cDNA was adjusted to equivalent levels. The followingimmortalized B-cell clones) gave negative in‘!munost_aining
oligonucleotides were used in the PCR reactions: IL-15 sense, 5 results. These data were fully reproduced using a different
GGATTTACCGTGGCTTTGAGTAATGAG-3, and IL-15 antisense, Mo0Ab against IL-15 (M111; data not shown).
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(500 U/mL), LPS (5 pg/mL), or LPS plus IFN-or left
untreated and stained with M112 MoAb. As shown in Fig 3A
and B, IFN+y significantly increased IL-15 membrane levels,
whereas LPS did not affect membrane IL-15 expression and did
not potentiate the effect induced by IFN-

The expression of cytoplasmic IL-15 was evaluated by
permeabilizing cell membranes before M112 staining. Un-
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FL-1 L treated monocytes and MONO-MAC-6 cells both showed a
MONOCYTES MONOMAC basal level of intracellular staining that significantly increased
. R after treatment with IFNy. However, LPS did not significantly
) ? affect intracytoplasmic IL-15 (Fig 3A and B). This pattern of
response was confirmed at the gene level by RT-PCR analysis
© @ on MONO-MAC-6 cells. As shown in Fig 3C by a representa-
3 3 tive example, a low constitutive level of IL-15 mRNA expres-
¢ ° sion was detectable in untreated MONO-MAC-6 but was
. . . strongly upregulated by incubation with IFiNfor 6 hours.
e FLml v e Ff.l . Stimulation with LPS alone did not significantly affect IL-15
THP-1 U937 MRNA and costimulation with LPS plus IFN-did not further
upregulate the IL-15 mRNA level over the expression level
3 8 stimulated by IFNy alone. The same pattern of response at the
mRNA level was observed with peripheral blood monocytes
(not shown).
g 2 When supernatants of LPS-treated, IFNteated, or LPS
3 3 plus IFN-y—treated monocytes and MONO-MAC-6 cells were

tested for the presence of secreted, soluble IL-15 protein by
ELISA and for IL-15 activity by CTLL proliferation assay, no
detectable IL-15 could be demonstrated (not shown).

To determine the effect of the IFN-concentration on IL-15
membrane expression, MONO-MAC-6 were cultured for 24
hours with increasing concentrations of IRNand were subse-

VR T T AT R Sg? o' d0f 10% 10*
FL-1 FL-1

LYMPHOCYTES JURKAT

Fig 1. Flow cytometric analysis with anti-IL-15 M112 antibody.
Human peripheral blood purified monocytes (MONOCYTES) and T

lymphocytes (LYMPHOCYTES), human monocytic cell lines (MONO-
MAC-6, THP-1, U937), and a human T-cell leukemia line (JURKAT)
were stained with M112 MoAb followed by goat antimouse FITC-
conjugated antibody. Fluorescence intensity is represented by white
histograms; black histograms refer to the background staining of
isotype-matched control MoAb. Data show one representative of five
independent experiments.

quently stained with M112 MoAb as described above. H-hlt
20 U/mL significantly increased IL-15 membrane expression,
which reached a maximum at 100 U/mL (Fig 4A).

To determine the kinetic of the induction, membrane IL-15
was assessed at different time points after exposure toylFA$-
shown in Fig 4B, an increase in the IL-15-associated fluores-

cence intensity was observed 6 hours after H-stimulation
To show the specificity of the binding, we tested whether theand reached a plateau at 24 hours. Similar kinetics and
addition of exogenous IL-15 competed for the binding of the dose-response were obtained with purified peripheral blood
M112 antibody to MONO-MAC-6 cells. This was the case, monocytes (hot shown).
because a dose-dependent decrease in antibody staining wasThus, the constitutive expression of membrane-bound IL-15
observed by preincubating the cells with IL-15 in a dosageis strongly and significantly upregulated upon monocyte activa-
range from 10 pg to ng dilution (Fig 2). tion in a dose-dependent manner by IFNreatment. In our
Thus, IL-15 is constitutively present in membrane-bound experimental setting, LPS failed to significantly induce IL-15
form on peripheral blood monocytes as well as on the teste@xpression.
monocytic cell lines and can be specifically recognized by The membrane form of IL-15 is not associated with the
antibodies normally used against the soluble cytokine. IL-15R complex. From the data presented above, it cannot be
IFN-v significantly upregulates expression of the membrane-excluded that IFNy induces IL-15 to be secreted and that, after
associated form of IL-15. Various monocyte activators have release, the cytokine binds to its own receptor complex. In fact,
been shown to upregulate IL-15 mRNA expression and tomonocytes constitutively express tpé® and~y34 chains of the
augment the levels of cytoplasmic IL-287-18Monocyte activa-  IL-2R, which are shared by the IL-15R complex. In addition,
tors may also give rise to detectable IL-15 activity in the IFN-y treatment is known to upregulate IL-ZRand to induce
supernatant of treated cells, although this remains controversi.-15Ra expressiort834To investigate this possibility, IFN—
al.l” Therefore, we next determined if IFjdand/or LPS, two  treated MONO-MAC-6 were incubated with acetate buffer, pH
standard monocyte/macrophage activating agents, are able th4, which solubilizes cytokines associated with their cognate
modulate IL-15 membrane expression as well as the cytoplasreceptors?t3s
mic and mRNA levels of the cytokine. Figure 5A shows that there was no change in the mean
Purified peripheral blood monocytes (Fig 3A) and MONO- fluorescence intensity of MONO-MAC-6 stained with anti—
MAC-6 cells (Fig 3B) were stimulated for 24 hours with IFN-  IL-15 MoAb after 10 minutes of treatment with acid buffer
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Fig 2. Inhibition of M112 MoAb binding by IL-15. MONO-MAC-6 cells were preincubated for 30 minutes at 4°C with medium (A), 0.01 png (B),
0.1 ng (C), 1 pg (D), or 10 pg (E) of human recombinant IL-15 and then stained with M112 MoAb as described in Fig 1. Open histograms with a
bold line represent M112 staining; open histograms with a gray line represent the residual staining after preincubation with IL-15; and solid
histograms refer to the background fluorescence.

compared with cells incubated in normal medium. This suggestsnurine macrophagés Therefore, it was of interest to establish
that membrane-bound IL-15 is not attached to its receptor but isvhether these cytokines could modulate the expression of
an integral protein. As a control, we tested the effect of themembrane-bound IL-15. To test this, anti—IL-15 staining of
acetate buffer treatment on the binding of an IL-15-IgG2bMONO-MAC-6 treated for 24 hours with medium alone, IRN-
fusion protein to MONO-MAC-6 cells. As shown in Fig 5B (500 U/mL), IL-4 (100 U/mL), IL-13 (50 ng/mL), IL-10 (100
(center panel), the binding of the IL-15 component to theU/mL), or IFN-y plus IL-4, IL-13, or IL-10 was performed.
IL-15R was totally displaced by such treatment. Figure 6 shows that, among the tested cytokines, only yFN-
This concept was further probed by an additional experimensignificantly upregulated membrane IL-15, whereas IL-4, IL-
tal approach. We have observed that IL-15R can be cleaved b¥3, and IL-10 had no modulatory effects when added to the
trypsin treatment so that the cells lose their ability to bind thecultures singly. Furthermore, these cytokines were unable to
IL-15-1gG2b fusion protein used as receptor detector. Thiscounteract the stimulatory effect of IF{-Conversely, IL-4,
made it reasonable to expect that, if IL-15 detected on thdlL-13, and IL-10 treatment of MONO-MAC-6 inhibited mono-
membrane was indeed bound to its receptor, the whole ligandeyte chemotactic protein-1 (MCP-1) production induced by
receptor complex should be cleaved by trypsin, and trypsinizedFN-vy (not shown)
cells should not bind either M112 or IL-15-IgG2b. Therefore, Membrane-bound IL-15 is biologically activelL-15 is a
IFN-y—induced MONO-MAC-6 were treated with 10 ug/mL potent growth factor for T-cell proliferatioh!2 To investigate
trypsin for 10 minutes at 37 °C and stained with M112 antibodythe ability of membrane-bound IL-15 to support T-cell prolifera-
or IL-15-1gG2h. As shown in Fig 5A, the fluorescence intensity tion, ConA-stimulated human purified CD3T cells were
due to M112 staining was unchanged, whereas IL-15-IgG2lzocultured with mitomycin-treated monocytes that had previ-
did not bind any longer to the cell surface, indicating that ously been stimulated with IFN-for 72 hours to assure an
IL-15R had successfully been cleaved from the cell membran®ptimal membrane level of IL-15. T-cell proliferation was

(Fig 5B). assessed by &H] thymidine uptake test.
These results indicate that the cell surface IL-15 immunoreac- This assay showed that proliferation of CD3 cells was
tivity is not due to IL-15 bound to its cognate receptor. significantly enhanced by the presence of lffNreated mono-

Monocyte-inhibitory cytokines do not affect IL-15 membranecytes as compared with T cells alone (Fig 7). Monocytes from 8
expression. Many of the functionally important monocyte/ subjects were treated with IFj-which increased their ability
macrophage activities induced by IFNand other monocyte to stimulate T-cell proliferation up to 33% as compared with
activators can be downregulated by IL-4, IL-13, and/or IL- untreated monocytes (181.14022.700v 136.630+ 33.370,
103841 However, it has recently been reported that IL-4 andP < .01). The addition of neutralizing anti—IL-1% and
IL-13 fail to significantly inhibit IL-15 gene expression, whereas blocking anti—IL-2R3213antibodies to the culture significantly
IL-10 was even able to upregulate the message for IL-15 ininhibited the CD3 T-cell proliferation induced by coincubation



MEMBRANE-ASSOCIATED IL-15 ON HUMAN MONOCYTES

A

500

400

[} membrane
M cytoplasm

*

T

300 T *
9 —
Q
= *
g B
8 200
=1 _
=
c: —
100
Medi IFN- LPS IFN-y
edum ! +LPS
[l membrane
B cytoplasm
400 *
B *
300 1
8 -
=]
§ —
o 200
g - * *
a |
100
N ——
Medium  IFN-y LPS IFN-y
+LPS
IL-15 —>

3535

with IFN-y—activated, mitomycin-treated monocytes (Fig 7).
Furthermore, using ELISA it was determined that the anti—
IL-15 treatment of the coculture inhibited the IFNrelease
from activated T cells in the supernatants by 50% (not shown).
The addition of anti-IL-2 antibodies also had an inhibitory
effect on proliferation by blocking the IL-2 released by stimu-
lated T cells. The combination of neutralizing anti—-IL-15 and
anti—IL-2 antibodies showed an additive inhibitory effect on
proliferation. The isotype-matched antibody showed no effect.

To exclude the possibility that the functional effects de-
scribed above simply resulted from the shedding of previously
membrane-bound IL-15 into the medium, the supernatants were
also tested by ELISA for the presence of soluble IL-15.
However, no IL-15 protein could be detected (data not shown),
suggesting that the CD3proliferative effect observed after
coculture with monocytes reflects genuine bioactivity of mem-
brane-bound IL-15.

Taken together, these experiments suggest that IL-15 ex-
pressed on the cell surface of IFN-stimulated monocytes is
functionally active.

DISCUSSION

In this study, we show that IL-15 exists as a biologically
active, cell surface-bound molecule on human monocytes and
monocytic cell lines. Its expression is upregulated by H-N-
treatment, but unaffected by IL-4, IL-13, and IL-10, and it is not
associated with the IL-15R complex.

We have shown that, although IFiNis a potent inducer of
IL-15 mRNA and of intracytoplasmic and membrane-bound
IL-15 in both monocytes and MONO-MAC-6 cells, LPS does
not significantly affect IL-15 expression at any level, although,
in other respects, MONO-MAC are responsive to PEhese
results differ from those of Carson et %alwho observed
induction of intracytoplasmatic IL-15 in monocytes treated with
LPS. However, these investigators used monocytes purified by
adherence, a procedure known to provide additional stimuli for
cytokine inductiorf® Bamford et al® have shown that high
levels of IL-15 mRNA are expressed in monocytes treated with
LPS plus IFNy. However, the effect of LPS or IFN-alone is
not mentioned in that study,so the reported effect might well
reflect the same IL-15 upregulation by IFNeported here.

In murine systems, IL-15 mRNA is upregulated by several
microbiological agents, including mycobacteritgxoplasma
gondii, and LPSL719 Pretreatment of mouse macrophages with
IFN-y synergizes with BCG to increase IL-15 mRNA expres-
sion, but IFN« has little effect if added alone or after microbial
stimulation. Our current data suggest that, in human monocytes,
IFN-y alone is a potent stimulus for IL-15 mRNA expression.

Fig 3. IFN-y upregulates IL-15 expression. The membrane and
cytoplasmic forms of IL-15 were evaluated by FACS analysis. Human
peripheral blood monocytes (A) and MONO-MAC-6 cells (B) were
treated with IFN-y, LPS, or LPS + IFN-y or left untreated and were
stained with the M112 MoAb as described in Materials and Methods.
The mean = SD from three independent experiments is shown.
Significance was analyzed by comparison between treated and
untreated cells with z-test (*P < .001). (C) cDNA derived from
MONO-MAC-6 cells incubated for 6 hours with medium alone or
supplemented with IFN-y, LPS, or LPS plus IFN-y were amplified with
primers specific for IL-15. B-actin served as the control.
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Fig 4. Dose- and time-dependent upregulation of membrane IL-15
after IFN-y treatment. MONO-MAC-6 were treated with the indicated
amounts of IFN-y for 24 hours (A). In (B), MONO-MAC-6 were treated with
medium alone or with IFN-y (500 U/mL) for the indicated time. Cells were
then stained with M112 MoAb as described in Materials and Methods and
were analyzed by FACS. Results represent mean =+ SD of three indepen-
dent experiments. Significance was analyzed by comparison between
treated and untreated cells with the z-test (*P < .001).
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phages, IFNy usually acts as a priming stimulus, and to achieve
activation a second signal either physiologic (eg, IL-2) or
environmental (eg, LPS) is required. In contrast, human mono-
cytes can be activated by IF-alone without the need for
costimulatory signal4?

IL-4, IL-13, and IL-10 downregulate the activation of
mononuclear phagocytes and antagonize #=hduced re-
sponses, including the production of several cytokines. Whereas
IL-4, IL-13, and IL-10 inhibited IFNy—induced expression of
MCP-1 (data not shown), the same cytokines failed to inhibit
the constitutive expression of membrane IL-15 as well as the
upregulation induced by IFN-treatment. Our results are in
agreement with the study by Doherty et’ah which the same
cytokines did not influence IL-15 message expression in the
murine system. Thus, IL-15 cytokine expression levels appear
to be much more stable and less easily influenced than those of
other proinflammatory cytokines.

Despite the very widespread distribution of IL-15 mRNA, it
has been difficult to demonstrate IL-15 in the supernatants of
many cells that express its message. In fact, only a single report
demonstrates that murine macrophages activated in vitro with
live mycobacteria produce detectable levels of IL-15 bioactivity
as assessed with the CTLL-2 bioas¥ayVe were unable to
detect any IL-15 activity or IL-15 protein in the culture of
monocytic cells, even upon a strong upregulation of IL-15 at the
level of mMRNA, membrane, and cytoplasmic form after IFN-
stimulation. However, addition of neutralizing anti—IL-15 anti-
body to different in vitro models specifically abrogated IL-15
biological functions:1843In the current study, we show that, in
the absence of detectable IL-15 in the supernatants and in the
presence of a membrane-bound IL-15 form, IffNreated and

This discrepancy could be explained by the differences betweefitomycin-treated monocytes can stimulate T-cell proliferation
the two species in question as well as by the sources of cellgs well as IFNy release, which can be blocked by IL-15

(bone marrow or peritoneal macrophagesnonocytes from
peripheral blood). During the activation of murine macro-
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Thus, we can postulate that the membrane-bound form of

trypsin

Fig 5. Cell surface IL-15 is not associated with its

FL-1 own receptor. (A) MONO-MAC-6 were treated with

IFN-y (500 U/mL) for 24 hours. Cells were then

washed and incubated in PBS, acetate buffer (pH

4.4), or trypsin as described in Materials and Meth-

ods. All groups were stained with M112 MoAb and

analyzed on FACSort. Fluorescence intensity is repre-

sented by open histograms; solid histograms refer

to the background staining of isotype-matched con-

trol MoAb. (B) MONO-MAC-6 treated with IFN-y as

described above were incubated with PBS (left panel)

or trypsin (right panel). Cells were then incubated

with biotin-conjugated IL-15 IgG2b fusion protein

trypsin (open histogram) or with equal amount of isotype-

matched biotinylated IgG (solid histogram). In the

central panel, cells were incubated with the IL-15

IgG2b fusion protein and then with acetate buffer,

pH 4.4. The x axis represents the intensity of green

fluorescence expressed in a log scale as mean chan-

nel, and the y axis represents the number of cells per
FL-1 channel.
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Fig 6. Inhibitory cytokines do not affect IL-15 membrane expres-
sion. MONO-MAC-6 were treated as indicated for 24 hours and
stained with M112 MoAb as described in Materials and Methods. One
representative experiment of three independent experiments, which
gave similar results, is shown.

IL-15 is likely to be the biologically active cytokine that directs
the activities mentioned above. We are currently investigating i
the IL-15 membrane-associated form also exerts other biologi
cal activities attributed to IL-15 such as preventing apoptosis in

multiple systemg847

IL-15 production seems to be regulated at multiple levels. It
has been proposed that the control is mainly posttranscriptional
ie, at the level of protein translation and intracellular trafficking
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Fig 7. Membrane-bound IL-15 is biologically active. Human puri-
fied CD3* T cells were incubated with medium, IL-15 (10 ng/mL),
IFN-y-treated and mitomycin C-treated monocytes, or the latter plus
anti-IL-15, anti-IL-2, or anti-IL-2RB antibodies (10 pg/mL), all in
presence of ConA (10 pg/mL). Proliferative activity was assessed by a
(3H) thymidine incorporation assay. One representative experiment of
three that produced similar results is shown. Significance was
analyzed by comparison between antibody-treated and untreated
cells with Fisher’s Least-test. *Significant induction by treatment
(P < .05). 8Significant inhibition by treatment (P < .05).

Ttesting if the activity of membrane bound IL-15 in juxtacrine
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rather than transcriptiol:?223 Two isoforms differing in the
leader peptide sequences have been identified. Transfection of
COS cells with the different isoforms showed that IL-15
associated with the short signal peptide is not secreted but is
stored intracellularly, appearing in the nucleus and cytoplasmic
components; on the contrary, the long signal peptide isoform is
observed in the ER but its secretion is inefficiét3 Prelimi-
nary transfection experiments, with constructs carrying the two
different isoforms, are being performed to clarify if the long
signal peptide isoform is the form presented on the membrane.
The results so far suggest that the expression of the membrane
form of IL-15 does not depend on the signal peptide sequence.
The concept of the existence of a membrane-bound form of
IL-15 is intriguing, because it enlists IL-15 into a small family
of cytokines for which such cell surface-associated isoforms
have also been detected. Like IL-15, other cytokines playing a
pivotal role in the modulation of immune responses such as
tumor necrosis factos (TNF-a), IL-1, IL-10, and transforming
growth factora (TGFa) have been reported to be secreted and
to have a membrane form that is biologically acti&>48-51|t
now needs to be clarified whether the secreted and membrane-
bound IL-15 isoforms act differently and whether the membrane-
bound IL-15 can be cleaved and released. We are currently
signaling may be controlled by protease/antiprotease sysfems.
It is tempting to speculate that membrane-associated IL-15
modulates constitutive, physiologic immune response, whereas
he intracytoplasmic IL-15 pool is kept in store to be secreted
nly upon special demands and under pathological conditions.

ACKNOWLEDGMENT

The authors thank Dr Raffaele Badolato and Dr Thomas Pohl for
helpful discussions.

REFERENCES

1. Grabstein KH, Eisenman J, Shanebeck K, Rauch C, Srinivasan S,
FungV, Beers C, Richardson J, Schoenborn MA, Ahdieh M, Johnson L,
Alderson MR, Watson JD, Anderson DM, Giri JG: Cloning of a T cell
growth factor that interacts with th@-chain of the interleukin-2
receptor. Science 264:965, 1994

2. Burton JD, Bamford RN, Peters C, Grant AJ, Kurys G, Goldman
CK, Brennan J, Roessler E, Waldmann TA: Alymphokine, provisionally
designated interleukin T and produced by a human adult T-cell leukemia
line, stimulates T-cell proliferation and the induction of lymphokine-
activated killer cells. Proc Natl Acad Sci USA 91:4935, 1994

3. Wilkinson PC, Liew FY: Chemoattraction of human blood
T lymphocytes by interleukin-15. J Exp Med 181:1255, 1995

4. Mclnnes IB, Al-Mughales J, Field M, Leung BP, Huang F, Dixon
R, Sturrock RD, Wilkinson PC, Liew FY: The role of IL-15 in T-cell
migration and activation in rheumatoid arthritis. Nat Med 2:175, 1996

5. Carson WE, Ross ME, Baiocchi RA, Marien MJ, Boiani N,
Grabstein K, Caligiuri MA: Endogenous production of interleukin 15
by activated human monocytes is critical for optimal production of
interferonsy by natural killer cells in vitro. J Clin Invest 96:2578, 1995

6. Armitage RJ, Macduff BM, Eisenmann J, Paxton R, Grabstein
KH: IL-15 has stimulatory activity for the induction of B cell
proliferation and differentiation. J Immunol 154:483, 1995

7. Badolato R, Negro Ponzi A, Millesimo M, Notarangelo LD,
Musso T: Interleukin-15 (IL-15) induces IL-8 and monocyte chemotac-
tic protein 1 production in human monocytes. Blood 90:2804, 1997



3538 MUSSO ET AL

8. Alleva DG, Kaser SB, Monroy MA, Fenton MJ, Beller DI: IL-15 secretable interleukin 15 isoforms through alternate usage of signal
functions as a potent autocrine regulator of macrophage proinflammapeptides. Proc Natl Acad Sci USA 94:14444, 1997
tory cytokine production. Evidence for differential receptor subunit 24. Nishimura H, Washizu J, Nakamura N, Enomoto A, Yoshikai Y:
utilization associated with stimulation or inhibition. J Immunol 159: Translational efficiency is up-regulated by alternative exon in murine
2941, 1997 IL-15 mRNA. J Immunol 160:936, 1998
9. Girard D, Paquet M, Paquin R, Beaulieu AD: Differential effects = 25. Meazza R, Verdiani S, Biassoni R, Coppolecchia M, Gaggero A,
of interleukin-15 (IL-15) and IL-2 on human neutrophils: Modulation of Orengo AM, Colombo MP, Azzarone B, Ferrini S: Identification of a
phagocytosis, cytoskeleton rearrangement, gene expression, and apoptmvel interleukin-15 (IL-15) transcript isoform generated by alternative
sis by IL-15. Blood 88:3176, 1996 splicing in human small cell lung cancer cell lines. Oncogene 12:2187,
10. Musso T, Calosso L, Zucca M, Millesimo M, Puliti M, Bulfone- 1996
Paus S, Merlino C, Savoia D, Cavallo R, Negro Ponzi A, Badolato R:  26. Ziegle-Heitbrock HW, Thiel E, Futterer A, Hergoz V, Wirtz A,
Interleukin-15 activates proinflammatory and antimicrobial functions in Riethmuller G: Establishment of a human cell line (Mono Mac 6) with
polymorphonuclear cells. Infect Immun 66:2640, 1998 characteristics of mature monocytes. Int J Cancer 41:456, 1988
11. Vasquez N, Walsh TJ, Friedman D, Chanock SJ, Lyman CA: 27. Kazula B, Betzl G, Shao H, Diamantstein T, Weidle UH: A
Interleukin-15 augments superoxide production and microbicidal activ-general method for chimerization of monoclonal antibodies by inverse
ity of human monocytes againgandida albicans Infect Immun polymerase chain reaction conserving authentic N-terminal sequences.
66:145, 1998 Gene 122:321, 1993
12. Bamford RN, Grant AJ, Burton JD, Peters C, Kurys G, Goldman 28. Bulfone-Paus S, Ungureanu D, Pohl T, Lindner G, Krause H,
CK, Brennan J, Roessler E, Waldmann TA: The interleukin (IL)-2 Paus R, Kunzendorf U: Interleukin-15 protects from lethal apoptotic
receptor 3 chain is shared by IL-2 and a cytokine, provisionally cell death in mice. Nat Med 3:1124, 1997
designated IL-T, that simulates T cell proliferation and the induction of 29. Rickert R, Herz U, Ungureanu D, Pohl T, Renz H, Bulfone-Paus
lymphokine-activated killer cells. Proc Natl Acad Sci USA 91:4940, S: IL-15-1gG2b fusion protein accelerates and enhances a Th2 but not a
1994 Th1 immune response in vivo, while IL-2-1gG2b fusion protein inhibits
13. Giri JG, Ahdieh M, Eisenman J, Shanebeck K, Grabstein K, both. Eur J Immunol 28:3312, 1998
Kumaki S, Namen A, Park LS, Cosman D, Anderson DM: Utilization of ~ 30. Mohamadzadeh M, Takashima A, Dougherty, Knop J, Berg-
the beta and gamma chains of the IL-2 receptor by the novel cytokinestresser PR, Cruz PD Jr: Ultraviolet B radiation up-regulates the
IL-15. EMBO J 13:2822, 1994 expression of IL-15 in human skin. J Immunol 155:4492, 1995
14. Carson WE, Giri JG, Lindemann MJ, Linett ML, Ahdieh M, 31. Fleming SD, Campbell PA: Macrophages have cell surface IL-10
Paxton R, Anderson D, Eisnmann J, Grabstein K, Caligiuri MA: that regulates macrophage bactericidal activity. J Immunol 156:1143,
Interleukin (IL) 15 is a novel cytokine that activates human natural 1996
killer cells via components of the IL-2 receptor. J Exp Med 180:1395, 32. Matsushima K, Taguchi M, Kovacs EJ, Young HA, Oppenheim
1994 JJ: Intracellular localization of human monocyte associated interleukin
15. Anderson DM, Kumaki S, Ahdieh M, Bertles J, Tometsko M, 1 (IL-1) activity and release of biologically active IL-1 from monocytes
Loomis A, Giri J, Copeland NJ, Gilbert DJ, Jenkins NA, Valentine V, by trypsin and plasmin. J Immunol 136:2883, 1986
Shapiro DN, Morris SW, Park LS, Cosman D: Functional characteriza- 33. Espinoza-Delgado |, Ortaldo JR, Winkler-Pickett R, Sugamura
tion of the human interleukin-15 receptor alpha chain and close linkageK, Varesio L, Longo DL: Expression and role of p75 interleukin 2
of IL-15RA and IL2RA genes. J Biol Chem 270:29862, 1995 receptor on human monocytes. J Exp Med 171:1821, 1990
16. Giri JG, Kumaki S, Ahdieh M, Friend DJ, Loomis A, Shanebeck 34. Bosco MC, Espinoza-Delgado |, Schwabe M, Russel SM,
K, DuBose R, Cosman D, Park LS, Anderson DM: Identification and Leonard WJ, Longo DL, Varesio L: The gamma subunit of the
cloning of a novel IL-15 binding protein that is structurally related to the interleukin-2 receptor is expressed in human monocytes and modulated
alpha chain of the IL-2 receptor. EMBO J 14:3654, 1995 by interleukin-2, interferon gamma, and transforming growth factor
17. Doherty TM, Seder RA, Sher A: Induction and regulation of beta 1. Blood 83:3462, 1994
IL-15 expression in murine macrophages. J Immunol 156:735, 1996 35. Luettig B, Decker T, Lohmann-Matthes M: Evidence for the
18. Nishimura H, Hiromatsu K, Kobayashi N, Grabstein KH, Paxton existence of two forms of membrane tumor necrosis factor: An integral
R, Sugamura K, Bluestone JA, Yoshikai Y: IL-15 is a novel growth protein and a molecule attached to its receptor. J Immunol 143:4034,
factor for murineyd T cells induced by Salmonella infection. J 1989
Immunol 156:663, 1996 36. te Velde AA, Huijbens RJ, Heije K, de Vries JE, Figdor CG:
19. Bamford RN, Battiata AP, Burton JD, Sharma H, Waldmann TA: Interleukin-4 (IL-4) inhibits secretion of IL-1 beta, tumor necrosis
Interleukin (IL) 15/IL-T production by the adult T-cell leukemia cell factor alpha, and IL-6 by human monocytes. Blood 76:1392, 1990
line HuT-102 is associated with a human T-cell lymphotrophic virus  37. Standiford TJ, Strieter RM, Chensue SW, Westwick J, Kasahara
type | region/IL-15 fusion message that lacks many upstream AUGs thaK, Kunkel SL: IL-4 inhibits the expression of IL-8 from stimulated
normally attenuate IL-15 mRNA translation. Proc Natl Acad Sci USA human monocytes. J Immunol 145:1435, 1990
93:2897, 1996 38. de Waal Malefyt R, Figdor CG, Huijbens R, Mohan-Peterson S,
20. Flamand L, Stefanescu |, Menezes J: Human herpesvirus-Bennet B, Culpepper J, Dang W, Zurawski G, de Vries JE: Effects of
enhances natural killer cell cytotoxicity via IL-15. J Clin Invest IL-13 on phenotype, cytokine production, and cytotoxic function on
97:1373, 1996 human monocytes. Comparison with IL-4 and modulation by IFN-
21. Agostini C, Trentin L, Facco M, Sancetta R, Cerutti A, Tassinari gamma or IL-10. J Immunol 151:6370, 1993
C, Cimarosto L, Adami F, Cipriani A, Zambello R, Semenzato G: Role  39. Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O'Garra A:
of IL-15, IL-2, and their receptors in the development of T cell alveolitis IL-10 inhibits cytokine production by activated macrophages. J Immu-
in pulmonary sarcoidosis. J Immunol 157:910, 1996 nol 147:3815, 1991
22. Onu A, Pohl T, Krause H, Bulfone-Paus S: Regulation of IL-15 40. Musso T, Gusella GL, Brooks A, Longo DL, Varesio L:
secretion via the leader peptide of two IL-15 isoforms. J Immunol Interleukin-4 inhibits indoleamine 2,3-dioxygenase expression in hu-
158:255, 1997 man monocytes. Blood 83:1408, 1994
23. Tagaya Y, Kurys G, Thies TA, Losi JM, Azimi N, Hanover JA, 41. Willheim M, Gessl A, Berger R, Schedle A, Luger T, Foster O,
Bamford RN, Waldmann TA: Generation of secretable and nonBoltz-Nitulescu G: IL-6 augments Fc IgE receptor (Fc epsilon RIl/



MEMBRANE-ASSOCIATED IL-15 ON HUMAN MONOCYTES 3539

CD23) expression on human monoblastic/monocytic cell lines U937 ,chemotherapy-induced keratinocyte apoptasigvo by an interleukin-

THP-1, and Mono-Mac-6 but not on blood monocytes. Regulatory 15-IgG fusion protein. J Invest Dermatol 110:457, 1998

effects of IL-4 and IFNy. J Immunol 147:1837, 1991 48. Kurt-Jones EA, Beller DI, Mizel SB, Unanue ER: Identification
42. Bulfone-Paus S, Dkop H, Paus R, Krause H, Pohl T, Onu A:  of a membrane-associated interleukin 1 in macrophages. Proc Natl Acad

Differential regulation of human T lymphoblast functions by IL-2 and s¢j USA 82:1204, 1985

IL-15. Cytokine 9:507, 1997 49. Kaplanski G, Farnarier C, Kaplanski S, Porat R, Shapiro L,
43. Agostini C, Trentin L, Sancetta R, Facco M, Tassinari C, Cerutti gongrand P, Dinarello CA: Interleukin-1 induces interleukin-8 secre-

A, Borto!ln M., _M'Ian' A,_Slv_lero M, Zambello R, Semenzato G tion from endothelial cells by a juxtacrine mechanism. Blood 84:4242,

Interleukin-15 triggers activation and growth of the CD8 T-cell pool in 1994

extravascular tissues of patients with acquired immunodeficiency 50. Perez C, Albert I, DeFay K, Zachariades N, Gooding L, Kriegler

syziro'r:r: ghEL%%i?;;rlblsl;;z?Jmer H, Ziegler-Heitbrock HW: Interleu- M: A nonsecretable cell surface mutant of tumor necrosis factor (TNF)
) ! ! . kills by cell-to-cell contact. Cell 63:251, 1990

kin-10 is upregulated in LPS tolerance. J Inflamm 45:56, 1995

45. Gruss HJ, Brach MA, Schumann RR, Herrmann F: Regulation of 5L Wong ST, Winchell LF’_ McCune BK, Earp HS, TeiXidh
MCP-1/JE gene expression during monocytic differentiation. J Immu-Massagtd, Herman B, Lee DC: The TG&-precursor expressed on the

nol 153:4907, 1994 cell surface binds to the EGF receptor on adjacent cells, leading to
46. Varesio L, Cox GW, Pulkki K, Musso T, Latham PS, Gusella GL, Signal transduction. Cell 56:495, 1989

Espinoza-Delgado I: Activation of macrophages and monocytes by 52. Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW,

interferon-gamma and interleukin-2, in Klostergaard J, Lopez-Beresteirk-ee DC, Russell WE, Castner BJ, Johnson RS, Fitzner JN, Boyce RW,

G (eds): Mononuclear Phagocytes in Cell Biology. Boca Raton, FL,Nelson N, Kozlosky CJ, Wolfson MF, Rauch CT, Cerretti DP, Paxton

CRC, 1993, p 119 RJ, March CJ, Black RA: An essential role for ectodomain shedding in
47. Lindner G, Rokert R, Bulfone-Paus S, Paus R: Inhibition of mammalian development. Science 282:1281, 1998



