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Vasoactive intestinal peptide (VIP) and the pituitary adenylate cyclase-activating polypeptide (PACAP), two structurally related
neuropeptides produced within the lymphoid microenvironment, modulate several immunologic functions. We have recently
demonstrated that VIP and PACAP enhance the macrophage costimulatory activity for naive CD% T cells exposed to allogeneic
or anti-CD3 stimuli through the differential regulation of the B7 costimulatory molecules. In this study, we report on the role of
VIP and PACAP on macrophage B7 expression and costimulatory function for Ag-primed CDZ T cells, and on the macrophage-
induced regulation of Th1/Th2 differentiation in vitro and in vivo. VIP and PACAP up-regulate the costimulatory activity of
macrophages for Ag-primed CD4" T cells. VIP-/PACAP-treated macrophages gain the ability to induce Th2-type cytokines such
as IL-4 and IL-5 and reduce Thl-type cytokines such as IFNy and IL-2. In vivo administration of VIP or PACAP in Ag-
immunized mice reduce the numbers of IFNy-secreting cells and enhance the numbers of IL-4-secreting cells. One of the con-
sequences of the VIP-/PACAP-induced shift in cytokine profile is a change in the Ag-specific Ig isotype, increasing IgG1 and
decreasing 1gG2a levels. Finally, the preferential differentiation into Th2 effector cells after Ag stimulation induced by VIP-/
PACAP-treated macrophages is mediated through the up-regulation of B7.2 expressionThe Journal of Immunology,1999, 163:
3629-3635.

tiate into two distinct types of effector cells, each pro- naive CD4" T cells toward the Th2 phenotype (1).
ducing its own set of cytokines and mediating separate The activation of naive CD4 T lymphocytes requires two sig-
functions (reviewed in Ref. 1). Thl cells secrete cytokines (IL-2,nals delivered by APCs, leading to enhanced cytokine production
IFN-v, and TNFg) critical for the generation of a cellular immune and proliferation. The first signal, which confers specificity, is pro-
response, thereby activating macrophages, inducing delayed-typéded by the interaction of the antigenic peptide/MHC complex
hypersensitivity responses, and stimulating IlgG2a Ab productiorwith the T cell receptor. The second signal is provided by costimu-
in mice. Th2 cells produce IL-4, IL-5, and IL-10, which are critical latory molecules expressed on APCs. Among the accessory mol-
for IgG1 and IgE Ab production and immunity against helminthic ecules, the B7 family appears to be the most potent. The B7 co-
parasites and inhibit macrophage activation and Ag presentatiorstimulatory pathway involves at least two molecules, B7.1 (CD80)
thereby down-regulating the cellular immune responses. Becausand B7.2 (CD86), both of which can interact with their counter-
their respective cytokines act antagonistically, these two cell subreceptors, CD28 and CTLA-4, on T cells (2). B7.1 and B7.2 are
populations regulate each other’s function (1). The molecular basiexpressed on a variety of APCs, including B cells, dendritic cells,
for the differentiation of Th cells is just beginning to be delineated.Langerhans’ cells, and monocytes (reviewed in Ref. 2) and are
Activation of precursor Th cells (ThO) results in the production of regulated separately as demonstrated by the kinetics of their ex-
IL-2 with relatively little IFN-y or IL-4. Subsequent events appear pression on APCs upon activation (3), as well as their regulation
to bias the cells toward differentiation into the Thl or Th2 pheno-by cytokines and inflammatory mediators (4). The biologic signif-
type. Determining factors include the nature of the APC, the naturécance of the differential expression of B7.1 and B7.2 is not clear.
and amount of Ag, and the genetic background of the host, with thélthough signals provided through B7/CD28 interactions appear
cytokine microenvironment as the dominant factor. Increasing evto be essential for the development of Th2-type cytokine responses
idence demonstrates that IL-12 and, to a lesser extentlFlitect ~ (5-8), the question whether B7.1 and B7.2 play different roles in
CD4" T cells to differentiate into Thl. In contrast, IL-4 is neces- the differentiation of Th cells is still under debate. Signals or
sary to induce the development of Th2. When both IL-4 and IL-12agents that trigger the B7 accessory molecules are likely to be
essential for the generation of an immune response, and their dys-
regulation may be responsible for certain autoimmune diseases.
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peptide, pituitary adenylate cyclase-activating polypeptide
o S _ (PACAP), are two neuropeptides present in the immune microen-
e i vt e vy et o e gares “SSAroNMENt (9, 10), with a broad spectrum of biologic functions,
with 18 U.S.C. Section 1734 solely to indicate this fact. including actions on natural and acquired immunity (reviewed in

l | pon antigenic stimulation, CD4Th cells can differen- are added to in vitro cultures, IL-4 dominates over IL-12, driving
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Refs. 10-12). VIP and PACAP bind to specific receptors ex-serum Ig measurements. VIP or PACAP (5 nmol/mouseg.g@europep-
pressed in immune cells (13-15) and regulate T cell cytokine protide’kg) and/or anti-B7.1, anti-B7.2, or isotype-matched control Abs (100

duction and proliferation, and several macrophage functions, exid Ab/mouse) were injected i.p. simultaneously with the Ag challenge.
’ ' “Two weeks later, serum samples were obtained and assayed for anti-KLH

pressing predominantly an anti-inflammatory activity (reviewed in pps 1y some experiments, splenocytes and peritoneal cells were obtained
Refs. 11 and 16). In a recent study, we reported that VIP ang weeks after the Ag challenge, stimulated in vitro with soluble Agi§0
PACAP differentially regulate B7.1 and B7.2 expression in restingkLH), and subjected to enzyme-linked immunospot (ELISPOT) analysis.
murine macrophages (36). Moreover, both neuropeptides enhan .

the costimulatory activity of macrophages for anti-CD3 and aIIo-(i:eACS analysis
geneic stimulated naive T cells, by up-regulating B7.2 expressionDBA/Z mice were injected i.p. With medium alone or with VIP or PACAP
In the present study, we investigate the role of VIP and PACAP orf> nmol/mouse, 3Qug neuropeptide/kg). After 8 h, macrophages were

h B7 . d timulat function for A purified from the peritoneal exudate as indicated above. Cells were washed
macrophage expression and costimulatory unction 1or AQyice with PBS containing 0.1% sodium azide plus 2% heat-inactivated

primed CD4" T cells, and on the macrophage-induced regulationFCs and incubated with anti-B7.1 or anti-B7.2 mAbs (2&ml) at 4°C
of Th1/Th2 differentiation in vitro and in vivo. for 1 h. Isotype-matched Abs were used as controls, and 1gG block (pur-
chased from Sigma) was used to block the nonspecific binding to Fc re-
; ceptors. The cells were washed and further stained with FITC-conjugated
Materlals and Methods goat F(ab), anti-rat 1IgG (Sigma) (2.5ug/ml) for 30 min at 4°C. After
Animals extensive washing, the cells were fixed in 1% buffered paraformaldehyde.

Female C57BL/6 (H-3 and DBA/2 (H-2) mice obtained from The Jack- The stained macrophages, gated according to scatter characteristics, were

son Laboratory (Bar Harbor, ME) were kept in pathogen-free conditions af‘a'yzed on a FACScan flow cytometer (Becton Dickinson, Mountain
All mice used were between 7 and 12 wk of age. View, CA). Fluorescence data are expressed as mean channel fluorescence

and as percentage of positive cells after subtraction of background isotype-
Reagents and Abs matched values.

Synthetic VIP and PACAP38 were purchased from NovabiochemInduction of cytokine synthesis in CDAT cells

(Laufelfingen, Switzerland). Keyhole limpet hemocyanin (KLH) was pur- - . ) ) )
chased from Calbiochem (San Diego, CA). Monoclonal Abs to Mac-1 Purified KLH-primed CD4 T cells were incubated in 96-well plates (final
CD24, Thy-1, CD8, IgMu-chain (6B2), B7.1 (IG10, rat IgG2a) and B7.2 volum(_e, 150;_LI of complete DMEM) at a concentration of 4 _105 cells/ _
(GL1, rat 1gG2a), and capture and biotinylated monoclonal anti-murineWell with various numbers of syngeneic macrophages preincubated with
IL-4, IL-2, IL-5, and IFN-y Abs were purchased from PharMingen (San V!P or PACAP for 18 h; soluble KLH (1Qug/ml) was added to the cul-
Diego, CA). OVA, 5-bromo-4-chloro-3-indolyl-phosphate, nitroblue tetra- {Ures. Samples were performed in quadruplicate. OVA (40ml) was
zolium, and avidin-peroxidase were purchased from Sigma (St.used as an irrelevant Ag. Culture supernatants were harvested on day 2 or

Louis, MO). 4 as indicated and assayed for levels or IL-2, IL-4, IL-5, and K-y
' ELISA. In some experiments, the T cells were recovered after 4 days of
Cell cultures culture and restimulated at a concentration of 40° cells/well with fresh

) ) normal peritoneal macrophages ¥ 10° cells/well) and Ag (KLH, 10
All cells were cultured in DMEM (HyClone Laboratories, Logan, UT) ug/ml). Supernatants were harvested 24 h after restimulation.
supplemented with 2 mM-glutamine, 100 U/ml penicillin, 1Qug/ml
streptomycin, and 2% FCS (Life Technologies, Grand Island, NY). Cytokine ELISA

In vivo followed by in vitro Ag-stimulation of T cells The content of cytokines in the supernatants was determined by specific
" . ) ) sandwich ELISAs as previously described. Briefly, 96-well plates were
To generate KLH-specific CD4T cells, DBA/2 mice were immunized  coated overnight with primary anti-cytokine capture Ab. The plates were
with 150 ug KLH in CFA in the footpads as previously described by \yashed and blocked, and dilutions of supernatants or standards were
DeKruyff et al. (17). Two weeks later, the draining lymph nodes were used,qded. Dilutions of culture supernatants were incubated overnight at 4°C,
as a source for the KLH-primed CDAT cells. Single-cell suspensions anq after washing, the wells were incubated with biotin-conjugated anti-
were depleted of B cells by adherence to goat anti-mouse lg-coated d'Sh%tokine detecting mAbs. After a 2-h incubation, the plates were washed
(5 pg/ml; 100 ul per well) for 1 h at4°C. The remaining cells were de-  gnq g horseradish peroxidase-streptavidin conjugate was added. The plates
pleted of CD8 T cells, residual B cells, and other accessory cells by \ere incubated for an additional hour, and after washind;&ztho-bis(3-
treating the cells with a mixture of anti-CD8 (clone 53-6.7), anti-class Il gthylpenzthiazoline-6-sulfonic acid) substrate was added. After develop-
(clone 34-2-12), and anti-CD24 (clone J11d) mAbs on ice for 10 min,ing the OD was determined at 405 nm. The cytokine amount in each
followed by complement-mediated lysis (rabbit complement from Pelgypernatant was extrapolated from the standard curve. The Ab pairs used
Freeze, Rogers, AR) at 37°C for 45 min. The purified T cells we88%  \yere as follows, listed by capture/biotinylated detection Abs: IL-4, BVD4—

CD4" by FACS analysis. ) 1D11/BVD6-24G2; IFNy, R4—6A2/XMG1.2; IL-5, TRFK5/TRFK4;
Nonimmune DBA/2 mice were used as a source for peritoneal macroy .o and JES6—1A12/JES6—5HA4.

phages. Mice were injected i.p. with 2 ml of 3% thioglycollate broth

(Difco, Detroit, MI), and 4 days later, the animals were killed, injected i.p. Assay of the macrophage costimulatory activity

with 5 ml of cold DMEM, and the peritoneal fluid was harvested. The

peritoneal exudate cells were washed and treated with anti-Thy-1 and antiFhe proliferation of the KLH-specific T cells was determined by incubating

B220 mAbs followed by complement-mediated lysis to remove contami-the KLH-primed CD4 T cells in flat-bottom 96-well plates (4 10°

nating B and T cells. The surviving cells were96% macrophages as cells/well) with KLH (10 ug/ml) and varying numbers of macrophages, in

judged by Mac-T expression (FACS analysis) and by morphologic and 150 ul of complete DMEM. Samples were assayed in quadruplicate. OVA

phagocytic criteria. (10 ng/ml) was used as an irrelevant Ag. The cultures were pulsed with 0.5
Purified peritoneal macrophages K 10° cells/ml) were allowed to ~ wCi [°H]TdR (specific activity, 97 Ci/mmol; Amersham, Arlington

adhere for 24 h, followed by removal of possible nonadherent contaminantkleights, IL) for the last 16 to 18 h of a 4-day culture, and the proliferation

by washing, and cultured in the presence or absence of different concenwvas determined by measuringHJTdR incorporation in g8-scintillation

trations of VIP or PACAP, for 22 h at 37°C. After washing, the VIP-/ counter (Beckman, Palo Alto, CA). Results are expressed as the mean

PACAP-treated macrophages110° cells) were added to the Ag-primed cpm = SD of triplicate assays.

CD4" T cells (4 X 1C° cells/well) in the presence of soluble KLH (10

pg/ml). T cell proliferation was determined as described below. ELISPOT assay

In vivo Ag stimulation of T cells The frequency of Ag-specific T cells producing IFNer IL-4 was deter-
mined by the ELISPOT technique according to the supplier's protocol
C57BL/6 mice were immunized i.p. with 50g of KLH in monophospho-  (PharMingen). Groups of four C57BL/6 mice were immunized and chal-
ryl lipid a + synthetic trehalose dicorynomycolate adjuvant (RIBI Immu- lenged with KLH as described above. Fourteen days after the Ag challenge,
nochemical Research, Hamilton, MT) as previously described (18, 19)5 X 107/ml splenocytes or X 10°/ml peritoneal cells were stimulated ex
Two weeks later, the mice were challenged i.p. with p@Pof KLH, in vivo with 50 ug/ml KLH in complete DMEM for 24 h. Viable cells were
PBS. One group of mice was bled immediately before Ag challenge forrecovered by passage through a Histopaque 1007 density gradient (Sigma).
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The viable cells were washed, serially diluted, and seeded in nitrocellulose- . —e— VIP

bottomed 96-well Milititer HA plates (Millipore, Bedford, MA) precoated k=) —O— PACAP —&— VIP

with anti-IL-4 (BVD4-1D11) or anti-IFNy (R4-6A2) capture mAbs (5 % 8| —y— Medium —O— PACAP
rg/mlin 0.1 M bicarbonate buffer, pH 8.2, for 24 h at 4°C). The cells were 3

cultured for 20 h at 37°C in 5% CO After washing with PBS (three L 2

times), followed by 0.05% (v/v) Tween-20/PBS (three times), the cyto- s

kines captured on the cellulose ester membranes were detected with bio- ® 1

tinylated anti-IL-4 (BVD6-24G2) or anti-IFN+ (XMG1.2) mAbs. Spots, £

representing single IL-4- or IFN-producing cells were visualized using 5_°— 0 ! y : !
avidin-peroxidase and 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue 0.1 1 10 0 "o ’
tetrazolium and were counted using a dissecting microscope. Data repre- Macrophages/well [Neuropeptide] (-logM)
sent total cytokine-producing cellsP8plenocytes or peritoneal cells, cal- (x10%

culated from the serially diluted samples. No spots were detected in un - .
stimulated cultures without KLH or in cultures stimulated with an FIGURE 1. VIP and PACAP stimulate the macrophage costimulatory

irrelevant Ag (OVA, 100ug/ml) activity for Ag-primed CD4 T cells. DBA/2 peritoneal macrophagesXl
' ' 10° cells/ml) were treated for 24 h with medium alone or with different
Determination of Ab responses concentrations of VIP or PACAP (18§ M, left pane). After washing with

medium and PBS, the macrophages were added in various numbeérs (10

Specific anti-KLH Ab responses in the KLH-immunized C57BL/6 mice cellsiwell, right pane) to KLH-primed CD4" T cells (4x 10° cells/well)

were determined by ELISA. Briefly, Maxisorb plates (Nunc, Roskilde, .
Denmark) were coa)t/ed overnight a)t/ 4°C with lm%of soll(JbIe KLH (10 in the presence of KLH (1gug/ml). PHITAR was added for the last 18 h

pg/ml) in 0.1 M bicarbonate buffer, pH 9.6. After washing with PBS con- ©f @ 4-day culture. Cells cultured with an irrelevant Ag (OVA, 49/ml)
taining 0.05% v/v Tween-20, the plates were blocked with 3% BSA anddid not induce any proliferative response: 5632 cpm for controls and
incubated with serial dilutions of serumrf@ h at37°C. After washing, 662 = 24 cpm for 10° M VIP. Results are expressed as cptl]TdR
biotinylated anti-lgG1 (2.5ug/ml) and anti-lgG2a (2.5wg/ml) (Serotec,  incorporation; each value is the mean of three determinations.

Oxford, U.K.) were added fol h at37°C. The plates were washed, fol-

lowed by incubation with streptavidin-horseradish peroxidase. The bound

enzyme was detected with the 2@Zino-bis(3-ethylbenzthiazoline-6-sul-

fonic acid) substrate, and quantitated at @{in an ELISA reader (Bio- o .

Tek Intruments, Winooski, VT). A standard curve was constructed for eacteultured in vitro with VIP or PACAP for 18 h, washed, and added
assay by coating wells with an isotype-specific anti-mouse Ig followed byto syngeneic CD4 T cells purified from lymph nodes of KLH-
addition of known concentrations of the mouse Ig isotype as previouslyprimed mice in the presence of soluble Ag. Stimulation with mac-

described (20). The remaining steps for the ELISA were identical with . . . )
those used for the KLH-coated wells. The values for the experimentafOphages pretreated with medium alone resulted in the develop

samples were interpolated using the standard curve. ment of effector T cells producing high levels of IFNand low
levels of IL-4 (Fig. 2). However, pretreatment of macrophages
Results with either VIP or PACAP led to the inhibition of IFN-and to
VIP and PACAP stimulate the macrophage costimulatory significant increase in the IL-4 production (Fig. 2). In addition to
activity for Ag-primed CD4 T cells the effect on IL-4 and IFNy production, macrophages pretreated

We have recently reported that VIP and PACAP enhance the coWIth VIP or PACAP developed an increased capacity to induce

: L . : another Th2 cytokine, IL-5, and a reduced capacity to induce IL-2
stimulatory activity of macrophages for naive T cells stlmulated(Fi 3). No cytokine production by T cells was detectable in the
with anti-CD3 or in allogeneic reactions (36). In this study, we 9. 2). y b y

. . . absence of macrophages (data not shown) or in the presence of an
investigate whether VIP and PACAP regulate the costimulatory phages ( wn) or | P

capacity of macrophages for the proliferation of Ag-primed T
cells. DBA/2 peritoneal macrophages were treated with VIP or
PACAP for 24 h, washed, and added to the responder T cells in the
presence of soluble KLH. The responder T cells were obtained —e— VIP
from the draining lymph nodes of DBA/2 mice injected with KLH 800 —0— PACAP
in CFA 2 weeks previously. The proliferation of the responder T
cells after exposure to macrophages and soluble Ag was measured
through [3H]TdR incorporation. Macrophages cultured with me-
dium alone had a low stimulatory activity for the proliferation of
CD4" T cells. However, VIP and PACAP significantly up-regu-
lated the costimulatory capacity of macrophages (Fig. 1). The rate 80 |-

400 -

IL-4 (pg/ml)

of proliferation increased with the number of VIP-/PACAP-treated :a

macrophages. The ability of VIP and PACAP to induce the co- 5?_ ol

stimulatory activity of macrophages was dose dependent, with z

maximal effects in the 10’ to 10°° M concentration range -

(Fig. 1). 0t p—

Pretreatment of macrophages with VIP or PACAP enhances [Neuropeptide] (-logM)

their capacity to induce Th2 cytokine synthesis FIGURE 2. VIP and PACAP enhance the capacity of macrophages to

In a previous study, we showed that VIP and PACAP up-regulaté”duce Th2 cytokine production in CD4T lymphocytes. Macrophages
expression of B7.2 but not B7.1 on macrophages over an extendéﬂi X 10° cells/well) pretreated for 24 h with different concentrations of VIP
time period (from 12 to 72 h) (36). Recent studies indicated tha ' PfCAP were incubated with Ag (KLH, 1g/mi) and Ag-primed

. . ; . D4* T cells (5 X 10° cells/well). Supernatants were harvested after 4
expression of B7, and especially of B7.2, is essential for the de-

days and assayed for IL-4 and IFNby ELISA. Cells cultured with an
velopment of Th2 effector cells. Therefore, we asked whether the,qjevant Ag (OVA, 10ug/ml) did not induce IL-4 and IFNy: <0.2 ng

cytokine profile of the Ag-primed CD4T cells cultured in the  |EN-y/mI and<30 pg IL-4/ml for both controls and 16 M VIP. Results
presence of VIP- or PACAP-pretreated macrophages would be akre the meant SD of three independent experiments performed in
tered. Peritoneal macrophages obtained from DBA/2 mice wereluplicate.
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Macrophage . .
treatment  Restimulation
IL-2 IFNy IL-5 IL-4
Medium -
VIP -
PACAP _
Medium +
VIP +
PACAP +
1 1 I} 1 1 Il 1 1 1 1
0 5 10 150 50 100 150 O 500 1000 0 500 1000
IL-2 (U/ml) IFNy (ng/ml) IL-5 (pg/ml) IL-4 (pg/ml)

FIGURE 3. VIP-/PACAP-treated macrophages induce CDRcells to a Th2 pattern of cytokine synthesis. Purified peritoneal macrophaged (i
cells/well) were pretreated with medium alone, VIP, or PACAP €LD). After 24 h, the macrophages were washed and incubated with Ag (KLH, 10
wg/ml) and Ag-primed CD4 T cells (5% 10° cells/well). Culture supernatants were harvested after 24 h (for I1L-2), 96 h (for IL-4 and)Fahd 120 h

(for IL-5). T cells were recovered from some cultures after 96 h and restimulated<al@ cells/well with fresh peritoneal macrophages X110°
cells/well) and Ag (KLH, 10ug/ml). Supernatants were harvested 24 h after restimulation. Cytokine content in the supernatants was assayed by ELISA.
Each result is the mean SD of three independent experiments performed in duplicate.

unrelated Ag (see Fig. 2 legend). Thus, pretreatment of macrof21). Because VIP/PACAP favor the differentiation into Th2 ef-
phages with VIP or PACAP enhances their capacity to preferenfector cells, we expected a switch in anti-KLH Abs toward the
tially induce Th2-cytokine synthesis and inhibits Thl-cytokine IgG1 isotype. C57BL/6 mice were immunized with KLH emulsi-
synthesis. These results suggest that Ag-specific T cells stimulatefted in adjuvant, followed by a challenge with free KLH, and the
with VIP- or PACAP-treated macrophages preferentially differen-isotype of the serum anti-KLH Abs was determined 2 weeks later.
tiate into Th2 effector cells. The change in cytokine profile inducedThe mice injected with KLH in the absence of VIP/PACAP pro-
by VIP and PACAP was even more pronounced when the T cellsluced IgG2a, but not IgG1 anti-KLH Abs (Fig. 5). In contrast,
were restimulated after 4 days with normal APCs and KLH (Fig. mice injected with VIP or PACAP simultaneously with the second
3, lower paneld). This was to be expected whether costimulation Ag challenge produced I1gG1 (but not IgG2a) anti-KLH Abs (Fig.
with VIP-/PACAP-treated macrophages led to an increased num5). This remarkable IgG isotype composition indicates a nearly
ber of Th2 effector cells.

VIP and PACAP regulate APC-dependent Thl and Th2 Peritoneal Spleen
development in vivo cells cells

After activation by Ag, naive CD4 T cells differentiate into Thl
and/or Th2 effector cells. To identify the differentiation pathway
that is predominantly activated by VIP and PACAP after immu-
nization, we analyzed the number of cells that release Thl vs Th2
cytokines. To raise a sufficient number of Ag-reactive T cells,
C57BL/6 mice were immunized with KLH emulsified in adjuvant
and challenged with soluble KLH 2 weeks later. VIP and PACAP
were injected simultaneously with the Ag challenge. Two weeks
after the Ag challenge, splenocytes and peritoneal cells were har-
vested and restimulated in vitro for 24 h with KLH, presented by
spleen or peritoneal APCs. The live cells were recovered, and the
frequency of Ag-reactive Thl and Th2 cells was assessed on the o
basis of IFN+- and IL-4-secreting cells, respectively, using ELIS- Q&é“ﬁ 0\3 e&o@&q o‘?g
POT assays. Mice injected with the Ag in the absence of VIP/ W~ A ¥
PACAP developed high numbers of IFNproducing Thl cells  fisure 4. viP and PACAP regulate the ratio of IFMHIL-4-secreting
and very low numbers of IL-4-producing Th2 cells (Fig. 4). In o5 Groups of C57BL/6 mice (four per group) were Ag primed with 50
contrast, mice injected with VIP or PACAP generated few IFN- ;, of KLH emulsified in adjuvant i.p. After 2 wk, mice were challenged
v-specific spots, whereas they developed high numbers of IL-4with 100 ug KLH i.p., in the presence or absence of VIP or PACAP (5
secreting Th2 cells (Fig. 4). The results obtained by this approachmol/mouse, 3Qug neuropeptide/kg). Fourteen days after Ag challenge,
mirror the in vitro changes seen by the analysis of the Th1 and Th2 x 10" splenocytes and X 107 peritoneal cells were stimulated ex vivo
cytokine profile and confirm that VIP and PACAP shift the T cell With 50 ug/ml KLH in complete DMEM for 24 h, after which the numbers

response to Th2 differentiation and/or proliferation, in vivo as well ©f IFN-y- and IL-4-producing T cells per fWiable cells were determined
as in vitro by ELISPOT as described Materials and MethodsPeritoneal cells from

mice injected with medium generated 15 spots and 1 spot for e

VIP and PACAP influence the Ag-specific Ab responses IL-4, respectively, after stimulation with KLH. These numbers were sub-
tracted from the counts shown. No spots were detected in unstimulated

Thl'and Th2 Iymphocytes differential.ly affect t_he Sh_ift from the T cuitures or in cultures stimulated with an irrelevant Ag (OVA, s@/ml).
cell-independent IgM isotype to IgG isotypes in activated B lym- Results are the meah SD of four independent experiments performed in
phocytes, inducing a switch to IgG2a/b and IgG1, respectivelyduplicate.
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400

200
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FIGURE 5. VIP and PACAP stimulate 1IgG1 and inhibit IgG2a anti- o — L A
. . . 0 Y |03 0 u 2 3 4 =
KLH Abs. Groups of C57BL/6 mice (four per group) were Ag primed with O Eorescence i‘r‘ite,‘;;ny E 100
50 ng KLH emulsified in adjuvant. After 2 wk, mice were challenged with £
100ug KLH, in the presence or absence of VIP or PACAP (5 nmol/mouse, uzT 50
30 ng neuropeptide/kg). Fourteen days after Ag challenge, serum levels of - o
IgG1 and IgG2a anti-KLH were determined by isotype-specific ELISA. &\;& R\ oV?
For controls, the average 1gG1 and 1gG2a levels, determined in sera ob- N4 ¥

tained from four mice before immunization, were :#20.2 ug/ml and

0.9+ 0.2 ug/ml, respectively. FIGURE 6. In vivo effect of VIP and PACAP on B7.1/B7.2 expression

and macrophage costimulatory activify,. VIP and PACAP differentially
regulate the expression of B7.1 and B7.2 in macrophages. DBA/2 mice
(three per group) were injected i.p. with medium, VIP, or PACAP (5 nmol/
mouse, 3Qwg neuropeptide/kg). After 8 h, macrophages were purified from
exclusive activation of Th2 cells, in agreement with the resultsperitoneal exudate, and B7.1 and B7.2 expression was analyzed by flow
obtained by ELISPOT. cytometry. The gates were set based on staining with unrelated isotype
control Abs. Data are representative of three similar experimesyts.
DBA/2 mice (three per group) were injected i.p. with medium, VIP, or
The Th2 response induced by VIP and PACAP is mediated by PA?_AdP f(5 nmol/ptnousel, 39% pteptidzl!(g). ?fieipiﬁbsmaﬁ:gphﬁges'gere
: H urified trom peritoneal exudate and Incubate celis/well) wi
the up-regulation of B7.2 expression on macrophages ig (KLH, 10 zg/ml) and Ag-primed CD4 T cells (5 X 10° cells/well).
As a result of LPS and/or IFN-activation, B7.2 expression on [3H]TdR was added to the wells for the last 18 h of a 4-day culture. Results
macrophages occurs earlier and at higher levels than B7.1. In are expressed as cpmHJTdR incorporation. In addition, supernatants
previous study, we determined that VIP and PACAP induce B7.2were harvested after 4 days and assayed for IL-4 and+fiy-ELISA.
but not B7.1, expression in macrophages, at least during an initidfach result is the mean SD of three independent experiments performed
period of up to 72 h (36). Here, we determined whether VIP andn duplicate.
PACAP up-regulate B7.2 expression in vivo and whether the ex-
pression of B7.2 is responsible for the preferential development ob. .
a Th2 response. DBA/2 mice were injected i.p. with 5 nmol VIP or IScussion
PACAP (30ug neuropeptide/kg), and B7 expression was analyzed/IP and PACAP are two immunomodulatory neuropeptides that
on purified peritoneal macrophag@ h later by flow cytometry. As  regulate cytokine production and proliferation in T cells and mod-
expected, VIP and PACAP increased in vivo B7.2, but not B7.1,ulate several macrophage functions (reviewed in Refs. 10-12). We
expression on macrophages (Fig)6n addition, the in vivo treat-  have recently demonstrated that VIP and PACAP enhance the
ment with VIP or PACAP enhanced the macrophage costimulatorynacrophage costimulatory activity for naive CDA cells ex-
activity for Ag-primed CD4 T cells (Fig. 8, top pane). More- posed to allogeneic or anti-CD3 stimuli (36). In the present study,
over, macrophages from VIP- and PACAP-treated mice preferenwe show that VIP and PACAP increase the costimulatory activity
tially induced a Th2 cytokine profile in the Ag-primed CD4 of macrophages for Ag-primed CDA4T cells. In addition, the
cells (Fig. 8, middle and bottom panels VIP-/PACAP-treated macrophages gain the ability to induce Th2-
To investigate the relationship between the increase in B7.2 extype cytokines such as IL-4 and IL-5, and reduce Thi-type cyto-
pression on macrophages and the preferential development of kdnes such as IFN+and IL-2.
Th2 response, two different assays were performed. First, KLH- Previous reports from our laboratory indicated that VIP and
immunized C57BL/6 mice were challenged 2 weeks later withPACAP inhibit the production of IL-2, IL-4, and IL-10 from naive
KLH and VIP or PACAP (5 nmol, 3Qwg neuropeptide/kg), withor T cells stimulated with Con A or anti-CD3 (11, 22-24). The in-
without anti-B7.1 or anti-B7.2 mAbs (10@g/animal). After 8 h,  hibitory effect of VIP on IL-4 production by naive T cells is in
the peritoneal macrophages were harvested and cultured in vitrapparent contradiction with the results presented in this study, in
with the Ag-primed CD4 T cells in the presence of soluble KLH. which VIP and PACAP promote IL-4 production. However, the
IL-4 and IFN-y production were assayed by ELISPOT. Anti-B7.2, two experimental systems are different. In the first system we in-
but not anti-B7.1 Abs, reversed the VIP effect, increasing -N- vestigated the effect of VIP directly on naive T cells stimulated
and reducing IL-4 production (Fig.AJ. with Con A or anti-CD3 mAbs. Moreover, we concluded that the
In a second experiment, DBA/2 peritoneal macrophages wereffect of VIP on IL-4 production by T cells is indirect, being me-
treated in vitro with VIP in the presence or absence of anti-B7.1 odiated through the reduction in available IL-2 (23). Here, we in-
anti-B7.2 Abs. After washing, the macrophages were added toestigate the effects of VIP/PACAP on macrophages and indirectly
KLH-primed CD4" T cells in the presence of soluble KLH, and on the differentiation of Ag-primed Th cells. The possibility that
the amounts of IFNy and IL-4 were determined by ELISA in the VIP/PACAP could be carried over from the macrophage to the T
culture supernatants. Again, anti-B7.2, but not anti-B7.1 Abs, recell cultures is extremely unlikely, because the pretreated macro-
versed the effects of VIP, by increasing IFNand decreasing IL-4 phages were washed extensively, and the neuropeptides have a
production (Fig. B). very short life span in culture.
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differentiation into Th2 effector cells. This conclusion is supported
by the ELISPOT experiments after the in vivo administration of
VIP or PACAP in mice immunized and challenged with Ag. Sim-
ilar to the in vitro experiments, which indicated an increase in IL-4
production and a decrease in IFNproduction, the in vivo inoc-
ulation of VIP and PACAP led to significantly reduced numbers of
IFN-y-secreting cells and enhanced numbers of IL-4-secreting
cells.

One of the consequences of the shift in cytokine profile is the
change in the Ig isotype. Cytokines such as Wdnd IL-4 reg-
ulate the Ig isotype switch. In mice, IL-4 promotes IgG1 (26, 27)
and inhibits 1gG2a (28), whereas IFhas the opposite effects
(28). Therefore, we expected that the in vivo treatment with VIP or
PACAP would induce a shift in the anti-KLH Ab isotype, with an
a1 B increase in IgG1 and a decrease in IgG2a. This was indeed

vIP: -+ o+ o+ the case. . . o
Antbody: IgG B7.1 B72 G B7.1 B7.2 Qne of the_most interesting questions is the nature of the_mech-
anism by which VIP and PACAP enable macrophages to induce
B Th2 differentiation. We have recently shown that VIP and PACAP
: specifically up-regulate the expression of B7.2 on peritoneal mac-
rophages and that the enhanced B7.2 expression is responsible for
the increase in the macrophage stimulatory activity for naive T
cells (36). Similar findings are reported in this study. VIP and
PACAP were found to up-regulate B7.2 expression on macro-
phages in vivo, at least in the short term, and to enhance both their
costimulatory activity and their subsequent capacity to increase
IL-4 and decrease IFN-production. The direct involvement of
B7.2 in the switch in cytokine production is supported by the fact

0 h._= that the in vivo administration of anti-B7.2 Abs reversed the effect
VIP: -t of VIP on both cytokine production and number of cytokine-se-
Antibody: IgG B7.1 B7.2 lgG B7.1 B7.2 creting cells. Although the role of B7.1 vs B7.2 in selectively

FIGURE 7. Up-regulation of B7.2 is involved in the predominant Th2 activ_ating the.Thl- or the Th2-type response is controversial, sey-
response induced by VIP and PACAR. Groups of C57BL/6 mice (four ~ €ral in vivo disease models suggest that B7.2 plays the essential
per group) were Ag primed with 5@g KLH emulsified in adjuvant. After ~ role in the differentiation of Th2 cells (29-32). This is supported

2 wk, mice were challenged with 1Qdg KLH and injected i.p. with VIP by the different cytokine profile exhibited by B7:4" and B7.27/~

(5 nmol/mouse, 3Qug peptide/kg), in the presence or absence of control deficient mice in a model of murine schistosomiasis. Whereas the
(IgG), anti-B7.1, or anti-B7.2 Abs (10@g/mouse). Fourteen days afterthe B7.1~/~ mice do not differ significantly from the wild type, the

Ag challenge, 1x 10’ peritoneal cells were stimulated ex vivo with 50 B7.2~/~ mice express high levels of IFN-and low levels of IL-4
pg/ml KLH in complete DMEM for 24 h, after which the numbers of 54 || -10, suggesting the involvement of B7.2 in Th2 differenti-
IFN-y-and IL-4-producing T cells per fiable cells were determined by .,y (33) However, the double B7.1-/B7.2-deficient mice exhibit

ELISPOT as described iklaterials and MethodsThe dotted linesrepre- even more pronounced chanaes in the cvtokine profile. with ver
sent values from VIP-treated mice. Each result is the me&D of four P 9 y P ’ y

independent experiments performed in duplicd#e.DBA/2 peritoneal _h'gh IeVEIS_ of _”:N°/ and no IL-4 or IL-10 (33)' The most _d'reCt .
macrophages were treated for 24 h with VIP (0), in the presence or  Interpretation is that, although B7.2 alone induces Th2 differenti-
absence of control (IgG), anti-B7.1, or anti-B7.2 Abs (§/ml). After ation whereas B7.1 does not, together the two isoforms act in a
washing with medium and PBS, macrophages<(10° cells) were added ~complementary manner.
to KLH-primed CD4" T cells (5x 1C° cells/well) in the presence of KLH In addition to the MHC haplotype, the dose and nature of the
(10 ug/ml). Supernatants were harvested after 4 days and assayed for IL-Ag, the route of Ag administration, and the availability of IFN-
and IFN-y by ELISA. Dotted linesrepresent values from VIP-pretreated gnd |L-12, as opposed to IL-4, are decisive for the differentiation
macrophag_es. Re_sults are the mea8D of four independent experiments {4 Th1 and Th2, respectively (1, 34). We have recently reported
performed in duplicate. that VIP and PACAP inhibit IL-12 production by activated mac-
rophages, with the subsequent inhibition of IFfYroduction by T
cells (35). The neuropeptide-induced absence of IL-12 andyFN-

In our experiments we used thioglycollate-injected mice to in-two cytokines necessary for development of Th1l cells, may further
crease the number of harvested peritoneal macrophages. Althougimplify the bias toward Th2 differentiation.
thioglycollate-induced macrophages are not identical with quies- In conclusion, our observations suggest that pretreatment of
cent cells, they express low levels of B7.2 and no B7.1. In contrastnacrophages with VIP/PACAP enhances their costimulatory ca-
LPS-activated macrophages express B7.1 and up-regulate signifiacity for both naive and Ag-primed T cells, through the up-reg-
cantly the expression of B7.2 (reviewed in Ref. 25). In preliminaryulation of B7.2 expression. The VIP/PACAP treatment enables
experiments, we determined that VIP and PACAP affect quiescentnacrophages to initiate a predominant Th2 response after Ag stim-
macrophages the same way as thioglycollate-induced ones, by upfation. In addition, the regulatory effect of VIP/PACAP on IL-12
regulating B7.2, but not B7.1. production by macrophages and subsequently onyrXaduction

Because the Ag-primed T cells exposed to VIP-/PACAP-treatedby activated T cells could further promote Th2 differentiation and
macrophages secrete primarily Th2-type cytokines, we proposmhibit the initiation of Thl responses. Because Thl-dominated
that the VIP-/PACAP-treated macrophages preferentially inducedesponses are associated with inflammatory reactions typical of
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cell-mediated immunity, the VIP/PACAP inhibition of Th1 devel- 18
opment may represent an additional mechanism for the general

anti-inflammatory activity of the two neuropeptides.
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