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ABSTRACT

In this study, we analysed the effects of Cholera Toxin (CT) on cells of
immune system. In particular, the mechanisms underling the inhibition o T cdl
proliferation mediated by CT on human CD4" and CD8" T lymphaocytes were
analysed. We observed that CT prevents the ealy adivation steps of T
lymphacytes and that these dfeds involve the moduation of costimulatory
moleaules CTLA-4 and CD28. We observed that CT up-regulates the expression
of the inhibitory molecule CTLA-4 in resting CD4" and CD8" T lymphacytes.
Theregulation d CTLA-4 expression by CT is at the transcriptional level. Indeed,
in cells treated with CT we observed an increase of two mRNA variants coding
for the membrane and the soluble CTLA-4 molecules. In parallel with the up-
regulation d the inhibitory molecule CTLA-4, CT down-moduates the
costimulatory moleaule CD28 onCD4" and CD8" resting T cells. The increased
expression d CTLA-4 paysarolein controlling T cell activation and function as
blocking anti-CTLA-4 F(ab’) , mAbs partially prevents the inhibition mediated by
CT. We evaluated the function d CT-pre-treated CD4" T lymphaocytes and we
observed that they are &le to inhibit the proliferation o autologous T
lymphacytes stimulated with anti-CD3 mAbs. It is interesting that this
phenomenon is, at least in part, a result of the release of extracélular CAMP.
Therefore, by anaysing the dired effects exerted by extracellular CAMP as a
primary messenger on dfferent cdl types, we found that extracelular CAMP
inhibits T cell proliferation and that it is able to interfere with the diff erentiation
of monacytes into DCs. Monacytes induced to dfferentiated into DCs in the
presence of extracellular cAMP, do nd express CDla molecules and retain the
expression d CD14 aqjuiring a maaopheges-like phenotype. Furthermore, they
strongly up-regulate MHC class| and class || and CD86 costimulatory moleaules
giving rise to an activated popuation able to stimulate dlogeneic T cell resporse.
In addition, they produce adistinct pattern of cytokines uponmaturation stimuli,
WH DIHXQDEIW SURGXFH 7DQJ -12 and they release high amourt of 1L-6

and IL-10. Furthermore, monccytes diff erentiated in the presence of CAMP show
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D UHGXF FOFWRI LQGXFLQJ WKH HOMIMBQ Rl ) SURGI CD4" T
lymphacytes.

Finally, the medanisms through which extracellular cCAMP can be sensed by the
cells were studied. By using diff erent adenasine receptors antagonists, we found
that an extracellular cAMP-adenosine pathway is involved in the dfects mediated
by exogenous cAMP, suggesting that extracdlular CAMP acting as primary
messenger can be sensed by the @&lls of immune system and can moduate their

functions.
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ABSTRACT

In questa tesi sono stati analizzati gli effetti della Tossina Colerica (CT)
sulle cellule del sistema immunitario. In perticolare, sono stati studiati i
meccanismi di inibizione della proliferazione dei linfociti T CD4" e CD8" umani
daparte dellaCT. E’ stato osservato chelaCT eingrado d prevenirel’ attivazione
dei linfociti T nelle fasi precoci e tale inibizione winvolge la moduazone
dell’ espressione delle molemle CTLA-4 e CD28. E’ stato csservato che laCT up-
regola |’ espressione dell e molecole inibitorie CTLA-4 e down-moduale molecole
costimolatorie CD28 sui linfociti T CD4" e CD8" resting. L’incremento
dell’ espressione delle molecole CTLA-4 da parte della CT gioca un rudo nel
corntrollare I'attivazione e la proliferazione dei linfociti T, infatti, abbiamo
osservato che anticorpi bloccanti anti-CTLA-4 F(ab’), sonoin grado d prevenire,
anche se parzialmente, tale inibizione. | nostri studi hanno \alutato, indtre, la
funzione di linfociti T pre-trattati conla CT e abbiamo osservato che sonoin
grado d inibire la proliferazone di linfociti T autologhi stimolati con anti-CD3.
Abbiamo indltre osservato che questo fenomeno € mediato dal rilascio d cAMP
all’esterno celle celule.

Alla luce di questi risultati, abbiamo analizzao gli effetti esercitati
dall’cAMP extracellulare @me primo messaggero su dversi tipi cdlulari.
L’'cAMP extracellulare € in grado d inibire la proliferazone dei linfociti T ed €in
grado d interferire con il differenziamento dei moncciti in cellule dendritiche
(DCs). Infatti, monciti diff erenziati in presenzadi cCAMP esogeno, nonesprimono
molecle CDl1a e mantengono |’ espressone di molecole CD14, acquisendo un
fenatipo simile d@ macrofagi. Tuttavia, le cdlule generate in presenza di CAMP
esogeno esprimono alti livelli di molecole MHC di classe Il e di classe | e
molewmle mstimolatorie CD86, mostrando un fenctipo attivato in grado d
stimolare risposte T alogeniche. Indtre, tali cellule nonsonoin grado d produre
TNF-. H ,/-12, marilasciano quantita devate di IL-6 e di IL-10. Moncciti trattati
con cAMP extracellulare hanno ura cgacitaridotta di indure il diff erenziamento
di linfociti T CD4" che produconoIFN-
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Infine, & stato investigato il meccanismo attraverso il quale il cCAMP extracdlulare
interagisce con le cdlule. Utilizzando dversi antagonisti dei recettori
dell’ adenosina, abbiamo osservato che gli eff etti mediati dal CAMP extracellulare
passonoessere preventti. Tali risultati suggerisconochel’cAMP siatrasformato in
adenosina e che tale molecola, attraverso I'interazone @n i suol recetori, sia
responsabil e degli eff etti mediati dal CAMP esogeno.
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ABBREVIATION

PBMC: Periphera BloodMononuclea Cells;
dbcAMP: dibutyryl CAMP,

CT: ChderaToxin;

CT-B: ChderaToxin B subunt

FSK: Forskolin;

APC: Antigen Presenting Cells,

DCs: Dendritic Cells;

CFSE: carboxyfluorescein succinimidyl ester
Tregs: regulatory T cdls;

LPS lipopdysaccharide;

NECA: 5'-(N-ethylcarboxamido)-adenosine;
CSC: 8-(3-Chlorostyryl)cdfeine;
MRS1754N-(4-Cyano-phenyl)-2-[4-(2,6-dioxo-1,3-dipropyl-2,3,4,5,6,7
hexahydro-1H-purin-8-yl)-phenoxy]-acetamide;

DMSO: dimethyl sulfoxide
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1. Thelmmune System

The immune system is a cmplex system of defence based on the
recognition d foreign molecules against cellular and moleaular interactions. It is
evolved to proted the body from bacteria, viruses or parasites infections.

The immune system has several spedfic characteristics of fundamental
importance for its effective functions, in particular the spedalization o resporses
to dfferent microbes and the ability to dscriminate between autologous
constituents and foreign antigens concur to maintain hameostasis in the body. The
high spedficity and the @pability to generate an immundogical memory make
the system capable of generating effective immune resporses in order to
effectively combat infections. The diversification d the immune resporses is
esential to defend the body against the myriad of possble environmental
pathogens. The maitainance of the homeostasis allows the body to keep an
immundogicd balance through the elimination o apopotic or death cdls,
through the identification and destruction d tumor cdls or throughthe control of
inflammatory or autoimmune reactions. The self-limitation allows the system to
return to a state of rest after eliminating the foreign agent, thereby making
possible an opgimal resporse to ather antigens that might occur. The &bility of
distinguish between self and nonself, and to be tolerance to self, is essential to
prevent resporses against self constituents, cells and tissues, while maintaining a
diff erent repertoire of spedfic lymphacytes for exogenous antigens.

Among various mechanisms of protection, we can dstinguish the innate
immunity, defined also natural immunity, which mediates the initial protedion

against infections and the form of immunity defined acquired o spedfic
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immunity, which is stimulated by exposure to infedious agents and that, after
repeated exposures to a particular microbe, increases their intensity and their
defensive potential. The spedfic immune resporses can be classfied in humoral
immunity and cdlular immunity.

T lymphacytes and B lymphacytes are the main protagonists of the aquired
immune resporse and bdh are derived from bore marrow precursors. T
lymphacytes migrate from the bore marrow in the thymus where their mature.
The B lymphacytes are key cdls of humoral immune resporse, whereas T cells
are important in cdl-mediated immune resporse. T lymphaocytes are equipped

with areceptor for antigen (TCR), consistingof aé andaé chain orof aé and
1 chain, which arise after a gene rearrangement during maturation in the thymus

(Marrack P. and Kappler J., 1987. In general, T lymphacytes have areceptor
with a single specificity in aacordance with the theory of "a cél, areceptor,” even
if it was foundexceptions to this rule (Padovan E. et a., 1993. T lymphacytes,
through their receptor, recognize antigens after they have been processed in form
of peptides associated with moleaules of the Major Histocompatibility Complex
(MHC) (Babhitt B.P. et al., 1985. Previously, it was described that the TCR is
highly specific for a single MHC-peptide complex, but other observations have
revealed a more promiscuous recognition d peptides that do nd even share the
same sequence homology (Kersh G.J. and Allen P.M., 1996. Following antigen
recognition through the TCR, a trimolecolar complex between TCR-peptide-
MHC is formed, which leads to signal transduction and, thus, to the activation d

T lymphacytes (GarciaKC. et a., 1996 Garbocz D.N. et a., 1996.
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The . © T lymphacytes can be divided into two subgroups based on the
expression d their co-receptors: the CD8" and CD4" T lymphacytes. The former
are known as cytotoxic T lymphocytes (CTL) and recognize the antigen (AgQ) in
the context of MHC class | moleaules. The MHC class | molecules are present on
al nucleaed cdls and, in general, bind peptides derived from cytosolic proteins
(eg viral peptides) (Germain R.N., 1994. The CD8" T lymphacytes are eff ector
cells that mediate anti-viral and anti-intracellular pathogens resporses. The CD4"
T lymphacytes recognize Ag in the context of MHC class Il moleaules, which
present peptides derived from protein acquired by endocytosis (eg bacteria
phagocytosis) (Germain R.N., 1994). These lymphaocytes are dso known as helper
because they cooperate with B lymphocytes to make them able to produce
antibodes. The expresson d MHC class II moleaules is restricted mainly to
professional antigen presenting cdls (APC). The CD4" T Iymphaocytes
differentiate into Thl, Th2, Th1l7 cdls nad T regulatory, which dffer in the
produwction d different cytokines and for their effedor functions. Thl cells
produce interleukin-2 (IL-2) and interferon- (IFN- ), and they are involved the
induction d inflammatory cell-mediated reactions. Th2 lymphacytes produce IL-
4, IL-5, IL-6, IL-13 and IL-25 and are primarily involved in the induction o
humoral immune resporse (Abbas A.K. et a., 1996 Romagnani S., 1997. Th17
cells produwce IL-17 and day an important role in host defence against
extracellular pathogens. (Bettelli E. et al., 2008. Ancther subpopuation d T cdl
are CD4" T lymphacytes, defined regulatory T cdls, that act to suppress
activation d the immune system and thereby maintain hameostasis and tolerance

to self-antigens.
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2. Antigen Presenting Cells (APC)

The atigen-presenting cdl (APC) are specialised for presentation
antigensto T cdls. The APC are charaderized by the expression d high levels of
major compatibility complex (MHC) class| and Il and adhesior/costimulatory
moleaules. The antigen presenting cells can be divided in three different cdl
types: dendritic cells (DCs), monacytes/macrophages and B cdls.

Dendritic cells are distinguished by their ability to induce primary immune
resporses (Steinman R.M., 1991, Ibrahim MA. et al., 1995 Banchereau J. and
Steinman R.M., 1998. Several DC types with dfferent phenatypic and functional
features have been identified in diff erent tissues because of their origin, lymphad
or myeloid, or maturation stage (Pulendran B. et a., 1996 Wu L. and Dakic A.,
2004. Two dstinct views have emerged on how all these phenotypic and
functional varieties are aeated duing the development of DC system. The
spedaized DC lineage model suggests that the point of commitment to
phenatypically and functionally defined DC subsets happens very early in
hemopaesis, so that DC subsets develop as sparate lineages with dstinct
functions. The functional plasticity model, however, suppats the ideathat DC
subsets represent different activation states or alternative cell fates of a single
lineage dictated by the local microenvironment. Currently, there is no conclusive
evidence to suppat exclusively either model. Further studies are needed to
reconcile these diff erent views.

Despite phenatypic and functional differences, DCs display common features

such as morphdogy, high density of membrane HLA Il, expression d CD1a, low
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phagocytic activity, and a strong capadty to present antigens for the primary
activation o naive T cells. Immature DCs reside in periphera tissues and
constantly cgpture antigens from the locd environment, process and present them
in association with MHC molecules. The presence of microbial products or tissue
damage in the environment allows DCs to initiate their migration to peripheral
lymphad organs and their transition from antigen-capturing cdls into antigen
presenting cdls. The migration and functional transition d DCs correlate with:
decreased antigen uptake, increased half-life of surface MHC-peptide complexes,
upregulation d co-stimulatory molecules, altered expression d chemokine
receptors and production d cytokines that are arucia for effecor T cdl (helper or
cytotoxic) differentiation. As a result, antigens captured by DCs are, in the cell
boundform, transported to and concentrated in the peripheral lymphad organs
(lymph nod and spleen) for presentation to antigen-spedfic T bath CD4" and
CD8" cdls (Ridge J.P. et a., 1998 Wu L. and Dakic A., 2004. Ancther cdl type,
which belongs to the DC system, is the plasmacytoid pre-DCs (pDCs). The pDCs
were originaly identified in human bloodand lymphad tissues as plasmacytoid T
cells or plasmacytoid monacytes due to their morphdogical similarity to plasma
cells and expression d certain T cell markers and MHC class|l molecules. These
cells, aso termed pDC2 in human, have aphenatype different from the myeloid
DCs (CD11c CD45Ra" CD11b MHC-I1"° IL-3R"CD4") and are dficient type |
interferons (IFNs) prodwcing cells (Wu L. and Dakic A., 2004).

In the 1992 Banchereau characterized a methodto culture DCs in vitro from stem
cells CD34" and Sallusto and Lanzavecchia demonstrated that DCs diff erentiate

from human peripheral blood monccytes. To date, blood monacytes are the most
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commonly used preaursor cells for generating human DCs in culture. Monccytes,
in the presence of GM-CSF and IL-4 dfferentiate into DCs with immature
phenctipe (Sallusto F. and Lanzavecchia A., 1994. These DCs can be further
matured in the presence of proinflammatory cytokines such as Il-1b, TNF-. or
LPS

The macrophage cells, becaise of their phagocytosis ability, are involved in
eliminating deah o dying cells. When they capture several moleaules in the
course of inflammation, they increase the expression & MHC and costimolatory
moleaules and become antigen-presenting cells (APC) (DijkstraC.D. et al., 1992
Miyazi T. et al., 1993.

B cells capture soluble molecules through their Ag-spedfic receptors, the
membrane immunaoglubdins (1g). Antigens are processed and presented in the
context of MHC class Il moleaules (Lanzaveachia A., 1985. Antigens may also
beinternalized by pinocytosis and presented by B cdlswithou the intervention o
the receptor, but in this case the concentration d antigen must be 10.000 times
greater (Lanzavecchia A., 1985. Several studies have demonstrated the ability of
B cdls to activate T lymphocytes (Kurt-Jones E.A. et a., 1988 Ashwell J.D.,
1988 Constant S. et a., 1995 Falcone M. et a., 1998. This function is largely
dependent on B cdl state of activation and dfferentiation (Kakiuchi T. et al.,
1983 Krieger J.I. et a., 1985 MamulaM.J. and Janeway C.A. Jr., 1993.

A fourth type of APC is represented by activated T cdl. It was shown that
activated T lymphacytes, both human and rat (Broeren C.J. et a., 1995 Reizis B.
et al., 1994, express MHC class Il molecules on their surface and also

costimolatory molecules (Azuma M. et al., 1993. Therefore, it was formulated
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the hypothesis that activated T cdls, athoughthey are not professonal presenting
cells, may present the antigen to ather T cdls and bkeing involved in the
amplification d the immune resporse (Lanzavecchia A. et al., 1988 Barnaba V.
et al., 1994. Later it was shown that the presentation d Ag by T cells
(presentation T: T) leads to a state of anergy rather than activation and thus
contributes to induction d tolerance rather than the amplification d the immune
resporse (Lamb J.R. et al., 1983 LaSalle JM. et al., 1992 LaSalle JM. et a.,
1993 Lombardi G. et al., 1996 Faith A. et a. 1997).

Whether an antigen is presented by DCs, macropheges, B or T cells, it depends on
its concentration, on the type of tissue infected and onthe source of antigen itself
as well as by on the adivation status of the cdls (Matzinger P. and Guerder S,,
1989 Fuchs E.J. and Matzinger P., 1992. Moreover, asfor T cells, it was shown
that DCs, maaophages and B cdls are involved nd only in promoting the
immune resporse, but also in induwction o tolerance (Miyazaki T. et al., 1993
Gilbert K.M. and Weigle W.O., 1994 Finkelman F.D. et al., 1996 Steptoe R.J.

and Thomson A.W., 1996.

3. Interaction between T lymphocytes and APC

The interaction ketween T cells and pofessional APC, which occurs
through the trimolecolar complex TCR-MHC-peptide is nat sufficient to induce a
full activation o T lymphocytes. Additional signals are neaessary, as was
originally described in the "two-signal model propased by Bretscher and Cohn

and Lafferty et a. (Bretscher P. and Cohn M., 197Q Lafferty K.J., 1983, in
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which costimolatory molecules play an important role. The main costimolatory
moleaules are B7-1 (CD80) and B7-2 (CD86) on APC and their ligands CD28
and CTLA-4 (CTLA-4) on T cells (Linsley P.S. and Ledbetter JA., 1993
Schwartz R.H., 1992 June C.H. et a., 1994 Miller SD. et a., 1995. CD28 is
involved in the activation d T cells through the induction and stabilization d IL-
2 (Linsley P.S. et al., 1991), while CTLA-4 has an inhibitory role in the adivation
of lymphacytes (Krimmel M.F. and Allison J.P., 1995 Liu Y., 1997. The
interaction between T cells and APC occurs also through the molecules of the
superfamily of TNFR-TNF (tumor necosis fador receptor / tumor necrosis
factor) (Armitage R.J., 1994 Smith C.A. et al., 1994). The TNFR family includes
the CD27, CD30, CD40, CD95 (Fas), OX40(CD134), 4-1BB, RANK, TNFRI /I
and growth factor nerve receptor (NGFR). The family includes the TNF ligands
CD27L (CD70), CD30L, CD40L (CD154), CD95L (FasL), OX40L, 4-1BBL,
RANKL, TNF-. DQGA*) 2QH IHDXUH LQ HFRRQ EHWZHMEM SDMRI
receptors and ligands is the capadty to regulate cél activation and/ or apoptosis.
An interesting aspect of some of these coupes of receptors is that the moleaular
signals are in the doule direction, they are aleto signal to bah T cdlsand APC.
For example, the signal through the moleaules CD40/CD40L, that induces an
increase in the expression d B7 molecules on APC, results also in the increase of
costimolatory moleaules and cytokines release on T cdls (Grewal |.S. et al.,
1996. Also, signal through the B7-CD28 stabilizes the expression d CD40L onT
cell s that results in increasing the signal through CD40/CD40L on APC (Johrson-
Leger C. et a., 1998. The activation d APC via CD40 makes them fully cgpable

of adivating CD4" and CD8" T lymphacytes withou additional signals
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(Schoenberger S.P. et a., 1998 Bennett SR. et a., 1998. In addition, the
CD40/CD40L interaction induces an increase in the expresson d RANK on the
DCs and the interaction RANK / RANKL plays a role in expansion d T cells
mediated by DCs (Anderson D.M. et a., 1997). Communication ketween T cells
and APC can also occur through the binding between OX40-OX40L. OX40 is
expressed orly on adivated CD4" T cells (Paterson D.J. et al., 1987 Mallett S. et
a., 1990 and it is resporsible for a strong costimolatory signal (Kaleeba J.A. et
a., 1998 Weinberg A.D., 1998. On the other hand, the binding of OX40L on
DCs induces maturation, increases the production d cytokines and the expression
of B7-1, B7-2, CD40 and ICAM1 (Ohshima Y. et a., 1997. The binding of
OX40L on B cells determines their proliferation and dfferentiation into pasma
cells (Stuber E. et al., 1995 Stuber E. and Strober W., 1996.

Additional moleaules that have a role in the interaction between T cdl-APC are
CD2/LFA3 (Bell G.M. and Imboden J.B., 1995, CD5/CD5L (Bikah G. et a.,
1998, and adhesion molecules as LFAL/ICAM1 (Wawryk S.O. et a., 1989
Dubey C. et al., 1995, VLA-4/VCAM-1 (Yednock T.A. et a., 1992. The
expression d these molecules is not restricted orly to T cdls or APC. For
example, activated T lymphacytes can expressMHC class Il (Broeren C.J. et d.,
1995 ReizisB. et a., 1994, B7 (Azuma M. et a., 1993, OX40L (Baum P.R. et
a., 1994, and CD70 (Hintzen R.Q. et a., 1994, while CD27 and CD28 was
found onB cells and dasma cells, respedively (Hintzen R.Q. et al., 1994. This
reinforces the cncept of a two-way communication between APC and T cells.

Based onthe levels of expression of different surface moleaules, different signals

1C
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occur during the interaction between T cells and APC that could lead bah to

activation and the inhibition d the immune resporse.

4. CD80 and CD86

The first ligand that was originally identified by the CD28 molecules is
CD80 (Linsley P.S. et a., 1990. The human and murine genes coding for
moleaules CD80, are members of the superfamily of Immunaglobuins (Ig) and
are located on chromosome 16 and 3 respectively. The discovery of CD86 was
made later when it was been observed that the blockade of CD80 moleaules with
monaclonal antibodes were nat able to completely inhibit the B cell s adivation
by LPS (AzumaM. et a., 1993 Freeman G.J. et a., 19933). This observationwas
further reinforced by the fact that mice that do nd have the gene for CD80
moleaules (Knockout), are still able to mourt an immune resporse following an
antigenic stimulation (Freeman G.J. et a., 19930.
Both moleaules CD80 and CD86 are highly conserved between mouse and
human. Although CD80 and CD86 are structurally similar, they share only limited
sequence homology (25%). The sequence homology is espedally concentrated at
the points of conredion with their ligands CD28/CTLA-4 (Linsley P.S. et al.,
1994. Both CD80 and CD86 moleaules bind to CTLA-4 with an affinity 20-50
times higher than with CD28 (Linsley P.S. et a., 1994. Furthermore, the
spedficity of the interadion d CD80 and CD86 with CTLA-4 is different. A
mutation d a single amincadd in the motif MYPPFPY of the moleaules CTLA-4

abadlishes the binding with CD86 but nat with CD80 (Truneh A. et al., 1996. The

11
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expression d CD80 and CD86 molecules are dso dfferent. Although bah
moleaules CD80 and CD86 kind to CD28 and CTLA-4, they are expressed in
different cell types with different kinetics. (June C.H. et al., 1994. CD80 is
expressed mainly on DCs and is expressed at low levels on resting APC and T
lymphacytes. CD86 is expressed at low levels on resting APC and at moderate
levels on reive T cells (Hathcock K.S. et a., 1994. The epression d both
moleaules increases after activation bu with dfferent kinetics. CD86 increases
rapidly onthe APC with a peak of expression between 24and 96hous (Hathcock
K.S. etal., 1994 Lenschow D.J. et a., 1994). In contrast, the expresson d CD80
on B cells increases between 48 and 72 hous after adivation, soon after its
expression decreases rapidly. The constitutive expression and the rapid induction
of CD86 moleaules on APC suggested that they may play amajor role in starting
the immune response and therefore in activating T lymphacytes. In addition, these
moleaules are preferentially induced by particular stimuli such as the binding of
immunaglobdin membrane, that induces the expression o CD86, but not of
CD80 onB lymphacytes (Lenschow D.J. et al., 1994). It has been described that
the interadion ketween CD40 on APC cdls and CD40L on activated T cells
results in an increase in the expression d CD80 and CD86 moleaules onthe APC
(Grewal 1.S. et d., 1996. Treatment with IL-4 and IFN- |eadsto a sharp increase
in the expression d CD86 molecules, but not CD80. IL-10 pevents the
expression d both molecules on peritoneal maaophages and causes a decreasein
the expression d CD80, but not of CD86 onDCs (Ozawva H. et al., 1996. The

gradients of expression d CD80 and CD86 molecules that have been olserved in
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human lymph nodas suggest that the expression bah in space and time of these
moleaules isimportant for their spedfic functions.

In addition, it was described that the molecules CD80 and CD86 are expressed on
T cells both in humans and in rodents (Azuma M. et a., 1993 PrabhuDas M.R.
et a., 1995 Sansom D.M. and Hall N.D., 1993. CD86 is expresed in a
constitutive way on nonactivated T cells and its expression cecreases after
activation, whereas CD80 is not expressed on resting T cdls, but is induced
following adivation (Prabhu Das M.R. et a. 1995 Cha J.G. et al., 1998.
However, the functions of CD80 and CD86 moleaules expressed by T

lymphacytes have not been completely defined.

5. CD28 and CTLA-4

CD28 and CTLA-4 are membrane glycoproteins belonging to the
superfamily of Immunaglobuins (Lenschow D.L. et a., 1996 and are expressed
mainly on T lymphaocytes. Human CD4" lymphacytes, as well as murine T cells
express CD28 molecules constitutively. Following activation, the expression o
CD28 molecules increases and then deaeases after the binding with its natural
ligands (CD80 and CD86). The reduction d CD28 moleaules results in a
decreased ability of T cells to mohilize intracdlular cacium (Linsley P.S. et al.,
1993). A particular region d both CD28 and CTLA-4 contains a conserved
sequence (MYPPY), which is required for binding to moleaules CD80 and CD86
(Peach R.J. et al., 1994). The CTLA-4 moleaule has an affinity 10 times greater

than CD28 for CD80 and CD86 molecules (van der Merwe P.A. et a., 1997 and

13

Effects of Cholera Toxin oncdls of Immune System



CD28 hes a kinetic dissociation 4times fastest (Greene J.L. et a., 1996 van der
Merwe P.A. et al., 1997). CTLA-4 also hinds to CD86 with a lower affinity and
faster dissociation kinetics than CD80 (Linsley P.S. et a., 1994 Morton P.A. et
al., 1996. Although CD28 and CTLA-4 share their ligands and several structural
properties, they differ in their expression on different cell types. CD28 is
expressed on bath activated and nonactivated T lymphaocytes, whereas the
expression d CTLA-4 is more tightly controlled. Naive T lymphacytes and
memory T cells express very low levels of CTLA-4, whereas its expression
increases following activation. The transcription d the gene dla-4, the stability of
mMRNA and the intracélular trafficking of the synthesized protein are under the
control of the mechanisms of T cells activation (Alegre M.L., et a., 1996). It was
observed that the signals mediated by CTLA-4 in the presence of stimulation
through the TCR and CD28 onresting T cells lead to an arrest of growth of T
lymphacytes. When nonactivated T lymphocytes are distinct in raive T
lymphaocytes (CD45RB™® and memory cells (CD45RB'™), the memory T céls
are more sensitive to inhibitory signals mediated by CTLA-4 (Hamel M.E. et al.,
1998. Inhibition o growth of resting T lymphacytes caused by the arrest of cdl
cycle in Go/G; correlare with CTLA-4 expresson (Kubsch S. et al., 2003. The
signals mediated by CTLA-4 also determine the inhibition o synthesis of IL-2.
(Blair P.J. et al., 1998. Following cdlular adivation the expression d CTLA-4
moleaules increases and receptor-mediated signals leal to induction d apoptosis
(Gribben J.G. et al., 1995 Scheipers P. and Reiser H., 1998. Mature T
lymphacytes can undergo to dfferent types of cell death. The apoptosis that

occurs after activation o T lymphaocytes (AICD, adivation induced cell death)
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depends on the Fas-FasL and dten has the function to eliminate self-extinguish T
lymphacytes or an active immune resporse. The programmed death that is caused
by deprivation d growth fadors, also cdled "passive death”, could beinvolved in
other mechanisms of inhibition o immune resporse (Van Parijs L. and Abbas
A.K., 1998. It has been observed that apoposis induced on cdls activated
through CTLA-4 molecules, does not depend d the interadion Fas-FasL, because
of T cdlsisolated from mice that have mutated molecules Fas (MRL Ipr/Ipr) die
in resporse to signals mediated by CTLA-4 after cdl activation (Scheipers P. and
Reiser H., 1998. Since CTLA-4 inhibits the synthesis of IL-2, apoptosis might be
caused by the @sence of growth factors, or alternative mechanisms may be
involved. CTLA-4 may have different functions in resting or activated T
lymphacytes (naive and memory). Allison and coll eagues (Chambers C.A. et a.,
1996 suggest a model inwhich CTLA-4 onresting T cell s increases the threshold
for activation by favouring the weak signals mediated by TCR that could be
important for the survival of naive and memory T lymphacytes. On the other
hand, on adivated cells CTLA-4 could be important to end eff ector functions and
help to turn off the immune resporse.

In addition, several studies have described that the blockade of CTLA-4
moleaules in vivo, determines the break of anergy of T lymphocytes, induced by
inoculation d a soluble antigen or a superantigen. These data suggest a passible
role of CTLA-4 moleaules in induction d tolerance in peripheral T lymphaocytes
(PerezV.L.L. et d., 1997 Walunas T.L. and Bluestone J.A., 1998. Therefore, it
was observed that treament with anti-CTLA-4 prevents the induction o tolerance

in a mouse model of heat transplant (Judge T.A. et a., 1999. In attempt to
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identify the mechanisms involved in the inhibition mediated by CTLA-4
moleaules, they have been made some mnsiderations that are not mutually
exclusive. CTLA-4 could inhibit the resporse of T cells by competing with CD28
moleaules for their ligands (CD80 and CD86), or it could mediate antagonistic
signals to those mediated by CD28, alternatively, it could interfer with the signals

mediated by TCR.

6. Activation of T lymphocytes

After the recognition & MHC-peptide mmplex by the TCR, a series of
signals are trasducted from the surface within the T cell s, through the chains of
the TCR and the complex formed by the molecular CD3. It follows a complex
moleaular cascade, which consists of a series of biochemical events such as
protein phaspharylation, hydrolysis of inositol phasphdipids and increase of Ca?*
ions within the g/toplasm (Weiss A. and Littman D.R., 1994 Cantrell D., 1996.
At the same time, more biochemicd signals are sent through the costimolatory
moleaules and all messages determine the transcription and/or the release of
moleaules that are required for the production d cytokines and for the
proliferation and dfferentiation d effedor functions (Mueller D.L. et a., 1989
Robey E. and Allison J.P., 1995.

An MHC-peptide complex can reauit a large number of TCR, a phenomenon
called "serial triggering" (Valitutti S. et al., 1995. The TCR molecules engaged
are internalized and degraded (Valitutti S. et al., 1997. In fad, it was assumed

that the number of TCR moleaules that decrease on the membrane of T céllsis
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directly correlated with the degree of adivation o T lymphacytes (Viola A. and
Lanzavecchia A., 1996 Badmann M.F. et al., 1997. Full activation d T
lymphacytes is achieved orly when a minimum of TCR molecules are engaged,
but this threshold may be lowered through costimolatory signals from moleaules
such as CD28 (Viola A. and Lanzavecchia A., 1996. In addtion to a
costimolatory stimulus, the activation d T cellsis also dependent on the duration
of antigenic stimulation (Lanzavecchia A., 1997 lezzi G. et a., 19998. In this
regard, the nature of the antigenic peptide may play an important role. It has been
described that an altered adivation o T lymphacytes through altered peptides
(APL), correlate with dfferences in the duration d interaction MHC-peptide and
TCR and/or in the phosphaylation d TCR chain (Rabinowitz J.D. et a. 1996.
Furthermore, the activation d T cdls depends on the state of the cell itself.
"Naive" T lymphacytes, which have never encourtered the antigen after positive
selection in the thymus, and "memory" T cells are much more dependent on the
signals and the source of costimolatory signals than effector cells, which are
activated and are ready to carry out their eff ector functions (Matzinger P., 1994).
Then the full adivation d "naive" T lymphacytes is dore only upon antigen
presentation by professional APC that express all necessary costimolatory

moleaules.

7. Immunetolerance

The immune system proteds the host from a broad range of pathogenic

microorganisms while avoiding misguided or excessive immune readions that
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would be deleterious to the host. The rearrangement of the TCR on T
lymphaocytes generates a potential repertoire of mature T lymphocytes for
diff erent antigens.

The nonresporsiveness of the immune system towards autologous antigens is
defined immundogicd tolerance to self. The loss of thisfeaure resultsinimmune
responses to specific constituents of the body and to generation d autoimmunity.
Therefore, understanding how to generate the repertoire of mature T cells is
extremely important for understanding the specificity of T lymphaocytes, it can
help to dscover the pathogenesis of these diseases and to stimulate new
therapeutic gpproaches. Tolerance is induced through two main inhibitory
mechanisms: central tolerance and peripheral tolerance. These processes alow the
selection d cdls that form the repertoire of mature peripheral T lymphocytes,
which express TCR capable of recognizing only peptides derived from foreign
antigens in combination with allelic forms of self-MHC moleaules. Recently, it
has been identified a new mechanism of self preservation mediated by a
subpopuiation o T regulatory cdls (Tregs), that are able to suppress the
activation d those autoreactive cells (Abbas A.K. and Lichtman A.H., 2001).
Disruption in the development or function d Tregs is a primary cause of
autoimmune and inflammatory diseases in humans and animals (Sakaguchi S. et

al., 2009.
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8. Regulatory T cells

Treg cdls are a subpopuation d T lymphocytes involved in the
suppression a broad spedrum of immune resporses including those against
autologous tumour cells, allergens, pathogenic or commensal microbes,
alogeneic organ transplants and foetus during pregnancy (Miyara M. and
Sakaguchi S., 2007).

Treg cdls were rediscovered in the mid-199Gs by Shimon Sakaguchi (Sakaguchi
S. et ., 1995, who was the first to demonstrate that a minor popuation o CD4"
T cdls that coexpressed the CD25 antigen functioned as Treg cells in adult mice.
Interest in Treg cells has exploded over the past 10 years, and numerous other T
cell popdations have now been claimed to exhibit regulatory adivity (Shevach
E.M., 2006.

There ae several reports on Treg popuations that show that they are
developmentally, phenatypicdly or functionally different (Jiang H. and Chess L.,
20086.

Regulatory T cells have been shown to develop in the thymus, but the cellular
basis of their maturation, such as the role of antigen presentation, diversity of T-
cell receptor (TCR) usage and pdentia interactions in the thymic environment,
remains unclea. Presumably, the regulatory T cdls in nama animals are
palyclonal popuations that recognize a diversity of self-antigens, but it is unclear
if they are biased towards recognition d a particular type or subset of self-
antigens. T cells with regulatory function can also be generated by the adivation

of mature, peripheral CD4" T cdls (Barrat F. J. et al., 2002, and bdh regulatory
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and effector T cells can be generated from the same mature T cell precursors
(Jordan M.S. et a., 2001, presumably depending on qualitative axdor
guantitative differences in antigen exposure. Many studies have shown that
culture of naive CD4" T cdls under particular condtions results in the generation
of T reg cells (Bluestone J.A. and Abbas A K., 2003.

They are mainly classfied into natural Tregs and induced or adaptive Tregs.
Naturally occurring regulatory T cdls (nTreg) are CD4'CD25" and CD8'CD25".
They constitutively express the interleukin (IL)-2 reaeptor a chain (CD25) and
also the transcription fador forkhead box P3 (FOXP3) (Sakaguchi S., 2004).
Other moleaules expressed by nTreg include the glucocorticoid —induced tumor
necrosis factor receptor (GITR), CTLA-4 (CD152), galedin-1, HLA-DR, CD38,
CD62L, OX40L, CD122 CD103 TNFR2 and TGF- 5 O\ DJDO and
Sakaguchi S., 2007).

A fedure of CD25'CD4" nTregs is that they constitutively express CTLA-4,
whereas naive T cells express this moleaule only after activation (Sakaguchi S.,
2009). Several possible roles for CTLA-4 in Treg-mediated suppression are
suggested. One role is that CTLA-4 on Tregs might interact with the CD80 and
CD86 moleaules on APCs and transduce aco-stimulatory signal to Tregs. CTLA-
4 blockade therefore prevents Treg activation and, hence, attenuates suppression,
causing autoimmune disease. This blockade might also enable interadion ketween
CD28 moleaules expressed by Tregs and CD80 and CD86 |ess competitively and,
hence, more eaily transduce asuppression-attenuating signal to Tregs, becaise

strong ligation o the CD28 moleaules together with TCR stimulation can
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abrogate Treg-mediated suppression. Ancther possible role of CTLA-4 for Treg
functionisthat it might directly mediate suppression.

Tregs might also dowvnregulate DC expression d CD80 and CD86 via CTLA-4,
hampering activation of other T cells by DCs (Misra N. et a., 2004.
Alternatively, CTLA-4 onTregs might ligate CD80 and, to a lesser extent, CD86
expressed by activated responcer T cdls and dredly transduce anegative signal
to the responder T cdls. In addition, becaise CTLA-4 upregulates the expresson
of lymphacyte function-associated antigen-1 (LFA-1), one mode of contribution
of CTLA-4 to Treg-mediated suppression might be that it augments the physical
interaction between Tregs and APCs, thus enhancing the ectivation d Tregs or
their suppressve interadion with aher T cells or APCs (Myara M. and Sakaguchi
S., 2007).

Adaptive Tregs are induced from naive T cdls by spedfic modes of antigenic
stimulation, especially in a particular cytokine milieu (Roncarolo M.G. et al.,
2006. One subset of CD4" regulatory T cells is defined by is ability to produce
high levels of IL-10 (Trl). CD4" Trl cdls have been identified in mice and
human, and can be found m@rticularly in the intestinal mucosa (Groux H. et al.
1997. Phenatipically, Trl iTregs are similar to nlregs in that they are both
anergic in vitro and express CTLA-4 (Roncarolo M.G: et al., 2001). In contrast to
nTregs, Trl iTregs do nd expresshigh levels of CD25 a FoxP3 (Berthelot J.M.
and Maugars Y ., 2004.

Th3 iTregs, which are charaterized by the produwction d TGF- RAFXU SUILFO\
after ingestion o a foreign antigen via the oral route. The presence of TGF-

induces differentiation o naive T cdls into Th3 T cdls (Berthelot JM. and

21
Effects of Cholera Toxin oncdls of Immune System



Maugars Y., 2004). Th3 cdlls, like nTregs, express CTLA-4 ontheir surface, the
triggering of which resultsin the seaetion  TGF- )R[3 DQG & H[SURM.RQ
are also upegulated after restimulation d TGF- LQGXG 7K FHOO8QMNH
nTregs, the main suppressive mechanism of Th3 cdls is dependent on the
produwction d TGF- ZKLFK VX$BHV WH SUROOWLRQ RI 7K TXQEHWY
(LanR.Y. et al., 2005.

It has been shown that naive T cells can dff erentiate into foxp3™ nTreg-like cells
in certain in vivo and in vitro situations (Apostolou I. and von Boehmer H., 2004

Kretschmer K. et al., 2005.

9. Bacterial Toxins

In the course of his life, every individual comes into contact with many
microorganisms that can cause various reactions, many of which are pathologicd.
The human body provides a favourable environment to their growth, because
every district, every body is different chemicdly and plysicdly from the other
and this creates <ledive ewironments for pathogens. Pathogenic baderia,
particularly thase who have co-evoluted with their hosts, possessa wide range of
spedfic molecules cgpable of moduating various cellular functions. The infedion
usually begins at the mucosal epithelium and, whether the association ketween the
pathogen and tissue is not close, the microorganisms are removed by physical
processes such as mucus. If, however, the baderia bind spedficdly to epithelial
cells, through recognition o spedfic receptors, an infection o the tissue may

occurs. At this point, the mucosal barrier can be damaged, alowing the
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microorganism to penetrate into the below tissues (colonizaion) (Brock T.D. et
a., 19941995.

It is passible to consider two types of bacteria: intracelular microorganisms, able
to survive and replicate within the host cdl that can engulf them (phagocytes)
(Abbas AK. et al., 200Q Brock T.D. et a. 19941995, and extracdlular
microorganisms, capable of replicaion ouside of host cdls (Abbas A.K. et a.,
2000. Those that cause diseases can carry out their action through two main
mechanisms. the indwction d an inflammatory process, resulting in tissue
destruction a the production d toxins. These bacterial products possess precise
biochemicd activities, which allow them to stimulate or interfere with a variety of
cellular processes. Delivery of these baderial effedors of virulence is mediated
by accessory proteins (referred to as toxin "B" suburts) that target spedfic
receptors and vesicular trafficking pathways to deliver the enzymatically active
comporents (known as toxin "A" suburits) to the gpropriate cellular locaion
(Galan J.E., 2005.

The toxins are mostly proteins, they are divided in endaoxins, that are integral
comporents of bacterial cell wall and released in large anourts only when the
cell islysed, and exotoxins, which are secreted by the baderia and able to proceead
from the outbreak of infectionto aher parts of the body causing damage in dstant
regions from the site where the microorganisms are located (Brock T.D. et a.,
19941995. The baderial toxins are generally sensitive to hed and gastric juices,
and with specificity of action and hgh toxicity.

Some of the most potent poisons known are exotoxins synthesized from

pathogenic baderia. There ae exotoxins, called enterotoxins, whaose main
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charaderistic is to act in a specific manner in the gut causing an abundant
seaetion d fluid in the intestinal lumen, resulting in diarrhea symptoms (Brock

T.D. etal., 19941995

10. CholeraToxin

Chdera Toxin (CT) is one of the well known enterotoxins, which is
produced by the gram-negative bacterium Vibro choerae. Clinical data suppat
the nation that this baderium has the aility to induce two types of infectious
diarrhea a deaease of intestinal absorption die to tissue damage or inflammation
and an indwtion d intestinal fluid seaetion dwe to the production o a single
virulence fador, the CT. Strains that do nd produce CT produce lesser diarrhea,
but the desease is more inflammatory in nature, while strains that produce CT
induce ahighly secretory diarrhea that develops in the ésence of inflammation
(Fullner Satchell K.J., 2003.

Chdera Toxin is a member of the AB class of bacteria toxins encoded by two
genes. The ctxA gene encodes a 27.2 kDa suburit, the subunt A, with adivity of
ADPribosyltransferase NAD-dependent, while the other ctxB gene encodes a
subunit of 11.6 kDa, the B suburit, which function aslink to the cell surface The
halotoxin is composed o five CT-B suburits assembled in a pentameric ring that
surrounds the only CT-A suburit (Fullner Satchell K.J., 2003 Lavelle E.D.C. et
a., 2004 Spangler B.D., 1992. The B subunt has high affinity for the
glycosphingolipids, particularly GM1 [Gal (1-3) GalNAc ( 1-4) (NeucAc (. 2-3))

Ga ( 1-4) GLC ( 1-1) cerammide.] (Lavelle E.D.C. et al., 2004, which is a
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constituent of cell membranes and present in al type of cdls. The A moiety is
initially synthesized as a single CTA pdypeptide that undergoes proteolytic
processing to yield a disulfide-linked AL/A2 heterodimer.

After binding to the cdl surface, the toxin is internalized by a process of
endocytosis. Once inside the cll, it is relessed into the oytosol trough vesicles
from the Golgi cisterns. The adive pod of internalized toxin subsequently moves
to the endodasmic reticulum by retrograde vesicular transport. In the ER, the
disulfide bond linking CTA1 to CTA2/CTBs is reduced by a protein disulfide
isomerase (PDI). The Al suburit of 21.8 kDa is then retro-traslocaed to the
cytosol, where it ribosylates the . suburit of aguanosine5' Triphosphate (GTP)-
binding protein (Gs), resulting in the permanent adenylate o/clase activation o
the host. This activation leads to an increase in the intracdlular concentration o
cyclic adenasine monophaphate (CAMP) (Fullner Satchell K.J.,, 2003 Lavelle
E.D.C. etal., 20049.

The enterotoxin, in addition to its role & an inductor of massive intestinal fluid
seaetion, has been recognized as a potent immunamoduators by its ability to
increase the intracdlular AMP (Fullner Satchell K.J., 2003.

The cyclic AMP (cCAMP) is a ubiquitous messenger that influences many cdlular
functions (AhujaN. et a., 2004). Several families of adenylate gy/clase regulate its
concentration and poduction from ATP (Baker A.D. and Kelly J.M., 2004. Any
alteration in the amourt of cytosolic cCAMP has a profound effect on the various
processes of the cédl. There are several toxins screted by pathogenic baderiathat

alter the concentration d intracdlular cAMP (AhujaN. et a., 2004).

25

Effects of Cholera Toxin oncdls of Immune System



11. Cyclic AMP in theregulation of immune responses

Cyclic AMP is a versatile and common second messenger controlling
numerous cdlular processes (Taskén K. and Stokka A.J., 2009. In perticular,
increased intracellular cCAMP concentrations within T lymphaocytes inhibit the
proliferation and the production o IL-2 (Johrson K.W. et a., 1988 Taskén K.
and Stokka A.J., 2006), therefore it has been described that cAMP interferes with
the early events of T lymphacytes activation (Vang T. et al., 2001). It has also
been shown that elevation o intracellular cCAMP promotes IL-10 secretion and
Th2 activation while it inhibits IL-12 production and Thl-mediated eff ector
functions (Suarez A. et a., 2002). A number of physiologica and
pharmaaological agents, such as PGE,, IL- . KIMBPIQH »-adrenergic receptors
agonists and phephodesterases inhibitors dhare the aility to elevate intracell ular
CAMP in T lymphacytes. cAMP-elevating agents show anti-infiammatory
patential in the treament of inflammatory diseases such as asthma and chronic
obstructive pumonary disease. CAMP binds and activates the protein kinase A
(PKA), which phephailates effedor proteins like Csk or transcription factors
binding to particular sequences of DNA (CREB) (Sassone-Corsi P. et a., 1995.
However, other pathways are described for cAMP, which are independent from
PKA-mediated signals (Torgersen K.M. et a., 2002. cAMP is also able to open
Ca’* channels and the levels can activate or inhibit both different adenylyl cyclase
isoforms and some phosphodesterases (Cooper D.M. et al. 1995. However, little

is known abou the interadions between cAMP and Ca**. The endagenous levels
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of cCAMP generated by ACs are regulated by phosphodesterases (PDES), enzymes
that can degrade o¢yclic nucleotides as CAMP and cGMP.

It has been described the transport of intracdlular CAMP into the extracdlular
compartment isa common pocessin several tissues uch as liver, adipose tissue,
adipocytes and kidneys (Jadkson E.K. and Dubey R.K., 200% JacksonE.K. et a.,
2006. The process begins whitin minutes following stimulation o adenylyl
cyclase, and the mechanism is energy dependent and temperature sensitive
(JadksonE. K. and Dubey R. K., 2001, JacksonE. K. et a., 2006. However, little
is known abou extracellular cAMP and cells of immune system. There is
evidence that an extracellular cAMP-pathway that converts CAMP in adenosine
(Figure 1) is present on Treg cdls. This conversion involves CD39 ecto-
ATPase/ADPase and CD73 ecto-5-nucleotidase (Jackson E.K. et a., 2006
Jackson E.K. et al., 2007). This medanism of extracellular adenosine production
provides hormonal control of adenosine levels at the cél surface, where adenosine
receptors are located. Adenosine is seaeted in the extracellular space under
metabalicdly stressful condtions, which are @asociated with ischemia,
inflammation and cell damage (Haskd G. et a., 2007). A variety of extracellular
and intracellular processes generate alenosine. Among these the major pathway
that contributes to high extracdlular adenasine @ncentrations during metabolic
stress is release of preaursor adenine nucleotides (ATP, ADP and AMP) from the
cell. Literature reports that adenosine has many effects on dfferent cdl types:
besides as a well-known moduator in the nervous and cardiovascular system, also
as immunamoduator on lymphacytes, DCs (Panther E. et a., 2001 and

QHWRSKY@Q ZKLFK PRG®¥V )F URHSWRiediated functions (Salmon J.E.
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and Cronstein B.N., 1990. It has been aso shown that adencsine regulates
monacyte diff erentiation into DCs and subsequentely their functions (Hasko G. et

al., 2007 Novitskiy S.V. et al., 2008.

28
Effects of Cholera Toxin oncdls of Immune System



, }
cAMP AMP ADENOSINE
. B bl TQ .
n ! v
-] 1
G. .E % a Pl a E ADA
3_ T m g g_
Ac ATP ! ‘3'
ATP I autocrine I autocring
cAMP effects I affacts
1
1
AL ,DEI ADP ate !
\ ') ¥
~ i l_sr_ﬁ-[ s :
ATP = ADP ——= AMP ADENOSINE
adenasing
ﬂ'eami:;:z Kfie o
INOSINE
IMP mp‘l

URIC ACID ==—— MANTHINE ‘;E HYPOXANTHINE

Fig. 1. Schematic representation d cAMP-adenosine pathways. ATP.adenosine
triphcsphate; ADP: adenosine diphosphate; Hormone:  adenylyl cyclase-
stimulating hormone; R: receptor couped to adenylyl cyclase (AC);Gs:
stimulatory G protein; Pl: adenosine receptors, PDE: intracdlular
phosphodesterase; 5-NT: intracellular 5'-nucleotidase; PNP: purine nucleoside
phosphaylase; XDH: xanthine dehydrogenase.
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12. Aim of thethesis

The aim of this study was to analyse the dfects of CT on cells of the
immune system, in particular on human T lymphacytes.
The mechanisms involved in the inhibitory effects mediated by CT on T
lymphacytes were analyzed. In particular, we analyzed whether CT prevented the
activation o resting T cdls or if it had any inhibitory effeds on previously
activated human T cdls. The dfects of CT on CD4" and CD8" T lymphaocytes
were dso investigated. The possible involvement of the moduation d the
inhibitory moleaules CTLA-4 in CT mediated inhhkition was studied. We found
that CT was able to increase the expression d CTLA-4 onresting T lymphacytes.
Therefore, we analysed the function o CT-treated T lymphacytes. In particular,
since we foundthat CT-treated T lymphaocytes showed suppressor capadty, we
analysed the passible mechanisms involved in the suppression. We foundthat one
of the mechanisms of the inhibition mediated by CT-treated T cells was through
the release of extracellular cCAMP. Therefore, we analysed the paossible role
exerted by extracellular CAMP as a primary messenger on dfferent cell types.
The direct effeds of extracdlular cAMP on T lymphacytes and onDCs and their
precursors were investigated. We found that extracellular cAMP exerted
inhibitory effeds on T cell proliferation and that it was able to interfere with the
differentiation d monacytes into DCs. Next, we analysed the phenotype and the
function d cdls differentiated in the presence of exogenous CAMP. Finally, the
mechanism through which extracellular cAMP could be sensed by the cdls was

studied. An extracdlular cCAMP-adencsine pathway, that has been previously
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described in dfferent cell types (Dubey et al., 1996 Dubey et al., 2000 Cometti
B. eta., 2003 JakksonE.K. et al., 2006 GironM.C. et a., 2008 Jackson E.K. and

Raghvendra D.K., 2004, was foundto play arole dso in moduating the function

of cells of immune system.
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MATERIALSAND METHODS
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Media and reagents

RPMI 1640suppemented with 2 mM I[-glutamine, 1% noressential amino
DG SWXYDVH 8P OSHDLEIQ J POWURP\FLQ *LER 1<
and 10 FCS (Hyclone Laboratories, UT) was used as complete medium in all
cultures. Anti-CD3 (clone UCHT1) mAb and anti-CD28 (Clone CD28.2) mAb
were purchased from Immunaed (Westbrook, ME) and PharMingen (San Diego,
CA), respectively. Neutralizing anti-IL-10 (23738, -IL-10R (3760711), -IL-4
(300711) and TGF- P$E ZHH SXUFMBG IURP 5 6\\WPV
(Minneapdlis, MN). Chaderatoxin (CT) and chderatoxin B suburit (CT-B) were
purchased from Calbiochem-Novabiochem Co. (San Diego, CA) or List
biological laboratories (Campbell, CA); cAMP, forskolin (FSK) dibutyryl cAMP
(dbcAMP), lipopdysacharide (LPS, 5-(N-ethylcarboxamido)-adenasine
(NECA), 8-(3-Chlorostyryl)cafeine (CSC), N-(4-Cyano-phenyl)-2-[4-(2,6-dioxo-
1,3-dipropyl-2,3,4,5,6,7-hexahydro-1H-purin-8-yl)-phenoxy] -acetamide
(MRS1754 and dmethyl sulfoxide (DMSO) were purchased from Sigma
Chemicals Co. (St. Louis, MO). Final concentrations of DMSO did na exceed

0.1%.

Célls purification and cultures conditions

Peripheral blood mononuclear cells (PBMC) were isolated from blood d

healthy donas by Ficoll-Hypaque (Pharmacia, Sweden) density centrifugation.

CD4" T Iymphocytes were purified by negative selection wsing an
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immunamagnetic cdl sorting (Miltenyi Biotec, Germany). Briefly, PBMC were
labelled using a cocktail of hapten-conjugated mAbs anti-CD8, -CD11h, -CD16, -
CD19, -CD36 and -CD56 moleaules in combination with MACS MicroBeals
couped to an anti-hapten monaclonal antibody. The magnetically labelled cells
were depleted by retaining them on a @wlumn using MidiMACS cell separator.
PBMC (2x10°/mO Z HUMUHEBWNVKHUWK B J PO 1Q VHSUWH®EH RU MEH
absence of anti-CD3mAbs, CT-% JPO)6. 0O GEF$3 P 0 RU
stimulated with anti-& P$E JPO DQRDONMGDN GLIHPWRM SEOW

for CTLA-4 and CD28 expression.

Proliferation assays

PBMC (10°/well) were ailtured in round batom 96-well plates in the
SUWHEH RU MOHCEVHQFH RI GLHEWBRQFRGDRQV IURP WR  JPO RI
CT (Cabiochem) and stimulated with anti-&' P$E V JPO ,P PXQRWH
In some §SHWPHQ@V &7 JPO ZD/ DGG WRHMKOWKIDW GLHNARK
points with respect to anti-CD3 mAbs addition: 1 hbefore, at the same time and 2
6 and 24 h after. Proliferation was evaluated by *H-thymidine incorporation.
Plates were incubated for 48 h at 37 °C with 5% CO? and *H-thymidine
$PHUKDP S$\OHEXU\ 8. ZDVDGGHG &LZHD $IWH K FHY ZHY
KDUYM@QGCKNHQFRUSKUENE L RV WY D/ PHDVXUHG E\RRIR-courting. In
CTLA-4 bocking experiments, PBMC were treaed with CT and anti-CD3 (0.5

JPO $QWCTLA-4 F(ab'), mAbs (ANC1522/8H5, Ancell, MN, USA) or its

DMRWYS PDIRKHG FRQWRIRQH2 3& & $QFH®O 1 86% JPO ZHY
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added to the cultures. Proliferation was evaluated by *H-thymidine incorporation
as described above. In CT-pre-treated T lymphaocytes experiments, purified CD4"
T cdls (5x10°ml) were incubated in the absence or in the presence of CT (3
JPO &% JPO)G. 0 RUGEF$03 PO $IWMU KOO
were harvested, irradiated (3000rad), washed extensively, and incubated for 1 h
in roundtbottom, 96-well plates with autologous PBMC (6x10°) at diff erent ratios
(3:1, 2:1, 1:1). Then, increasing concentrations of anti-CD3 mAb (Immunaech)
was added to the aultures, and the proliferation was evaluated by *H-thymidine
incorporation as described above. In some experiments, neutralizing mAb anti-1L-
4, -IL-10, -IL-10 receptor (IL-10R), or —-TGF- JPOZHJH DE&VL.QI®UO\
or as a amcktail to the aultures. To evaluate the dfect of exogenously added CAMP
and ditAMP on PBMC, they were incubated in the presence or in the absence of
CAMP or dbcAMP (0.1 mM) and stimulated with anti-&' P$E JPO 7
cell proliferation was evaluated by *H-thymidine incorporation after 66 h d

culture.

CFSE labelling

PBMC (10"/ml) were washed in PBS1 %FCS and incubatHG 2 0
CFSE (Molecular probes) for 10 minutes at 37 °C. The reaction was quenched by
the addition d ten times volume of cold RPMI 10% FCS and incubating for 5 min
a 4 °C. Cells (3x10°/ml) were washed three times with RPMI 10% FCS and

stimulated with anti-CD3 mAbs in the presence and in the absence of CT. After 4
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days, cells were doulde stained with anti-CD4-PE and anti-CD8-Cy5 mAbs and

acquired ona FACSCalibur™ instrument runring Cell Quest software.

Transwell experiments

In transwell assays, cells were separated by a membrane (6.5 mm
diameter, 0.4 mm pore size) in 24well plates (Costar, Corning, NY). The lower
compartments of the wells contained PBMC (8x10°). The upper compartments
contained medium alone, untrested o with CT-pre-trested CD4™ T cells
(2.4x10P). In some experiments, untreated or CT-pre-treated CD4" T lymphacytes
were placed in the lower chambers together with PBMC, which were stimulated
with anti-& P$E JPOIRU K DQG SURMRQ ZBHYDXDME E\
harvesting the cdls from the lower compartments and by incubating them in the

presence of *H-thymidine for further 18 h

Super natant ultrafiltration

Purified CD4" T cells (5x10°/ml) were incubated in the sence or in the
SUMHEH RI &7 JPOIRU K 7KHJHIMU dHs were harvested, washed
extensively, and incubated in 24well plates (5x10%ml) for 48 h Culture
supernatants from untreged and CT-pre-treated CD4" T lymphocytes were
collected and filtered using Amicon Ultra-4 centrifugal filters (Millipore, Bedford,
MA) with membrane aut-off of 10 k which alowed the separation o low

moleaular weight compounds. Filtered supernatants from untreated or CT-pre-
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trested CD4" T cdls were supdemented with 2 mM L-glutamine, 1%
noresential amino acids, 1% pyruvate, 100 8 P O SHOLERDLQ JPO
streptomycin (Gibco), and 10% FCS (Hyclone Laboratories) and added (75% of
total culture volume) to PBMC in roundbaottom, 96-well plates. After 1 h, cells
were stimulated with anti-&' P$E J PO 7KH SURHDWVLRADV HYBated

by *H-thymidine after 66 h

Cell cycle analysis

Cdl cycle aalysis of anti-&' JPO DEVIME 3% & LQ WK
SUWHGH DRQGIQWHLEWWQFH RIZ  JPOZDVSHUIRUB E\ ' 1$ WBLIDJ
with propidium iodite (Pl). After 24 and 48 hof culture, cdls were washed twice
in cold PBS and then fixed in 70% ethand at 4°C for 1 h. The samples were
UHK\GWHG LQ FREGWMBIGZIWK JPO 3$DWH$ DOQGWRHE WK

JPO3, ' 1$ FRQWMEDV PHD/XHE XLQJ D )$SMEXU* ; (2N), S (2N to
4N) and G, fraction (4N) were determined on a FACSCalibur™ instrument

running CellQuest software.

Preparation of cdl extracts and western blot analysis for p27<" detection

Cells (5x10°) were coll ected, washed twice and seeded by centrifugation at
200xg for 10 miQ &H®W ZHHUMKVERGHI® O RRROGVLY EXHJ >0J& 1
mM, NaCl 350 mM, HEPES 20 mM, EDTA 0.5 mM, EGTA 0.1 mM,

dithiothreitol (DTT) 1 mM, Na;P,O; 1 mM, phenylmethylsulphoryl fluoride
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(PMSP 1 mM, aprotinin 1.5 mM, leupeptin 1.5 mM, 1% phaosphatase inhibitor
cocktail Il (P5726 Sigma, St. Louis, MO), glycerol 20%, Nonidet P-40 (NP-40)
1%, vigorously vortexed for 10 s and, after incubation for 10 min on ice
centrifuged at 20 00(<g for 15 min at 4°C. The supernatant was used as cell
extrad. Cell extracts at equal protein concentration were subjeded to sodium
dodecyl sulphate-payacrylamide gel eledrophaesis (SDS-PAGE) using a 7.5%
polyacrylamide gel. Proteins were then electrotransferred orto pdyvinylidene
difluoride (PVDF) membranes (Amersham Biosciences, Little Chalfont, UK) as
described. (Pioli C. et al., 2001). Membranes were incubated with anti-p27?
mADbs (Signal Transduction Laboratories/BD Heidelberg,) and anti- -actin (Santa
Cruz Biotech, USA). ImmunoHdots were developed by chemifluorescence and
acquired by the phospha/fluorescence imager Typhoon 9610 (Molecular
Dynamics, Sunnyvale, CA). The intensity of the bands was directly quantified by
Image QuaNT software (Moleaular Dynamics), which gives rise to a volume
report by integrating the area of the band and its density. Arbitary units represent

the ratio between p27P DQG-actin volumes.

Flow cytometry analysis

FITC, PE or Cy5-conjugated anti-CD4, -CD8, -CD28, anti-CD14, -CD1a,
-HLA-DR, -HLA-I, -CD80, -CD86 and -CTLA-4 mAbs and their isotype-
matched controls were purchased from Bedon-Dickinson and wsed for direct
immundfluorescence staining. CTLA-4 detedion was performed by intracélular

staining. Briefly, cdls were washed twice in PBS, 1% BSA and 01% sodium
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azde and doulbe stained with anti-CD4 and anti-CD8 mAbs for 15 min at 4°C.
Samples were then fixed in 4% paraformaldehyde for 5 min at 4 °C, incubated
with anti-CTLA-4 mAbs, diluted in PBS, 1% BSA and 05% saporin. The clls
were finally washed twice in PBS, 1% BSA, 0.1% saponin and acquired on a

FACSCalibur™ instrument running Cell Quest software.

CTL A-4 mRNA analysis by RT-PCR

Total RNA was extracted using RNAFast reagent (Life Techndogy)
according to the manufacture’ s recommendations. The single-stranded cDNA was
MQWKHIHG X8J J RI 51$ E\ UHHMWUBQMRQKQJ UD@GRH[P HY
(Invitrogen). PCR reactions were performed with cDNA correspondng to 10 rgy
of RNA, Tag pdymerase (Invitrogen) and primers designed to amplify the entire
coding sequence of CTLA-4: 5-
ATGGCTTGCCTTGGATTTCAGCGGCACAAGG-3 and 5-
TCAATTGATGGGAATAAAATAAGGCTGAAATTGC-3'. PCR reation was
asfollows: 94°C for 5 min, 30 cycles 94°C for 30s, 58°C for 30sand 72C for 30
s followed by afinal extension at 72°C for 7 minutes. The anplified fragments
were separated on Pb agarose gel and visualized by ethidium bromide. RNA
integrity DQG A $ MQWHILY ZI¥ YHJLHG E\ DPSOLQJ -microglobuin

cDNA.
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Cytokine assay

Purified CD4" T cells (5x10°/ml) were incubated in the sence or in the
SUMHEHRI &7 JPODRG &% JPOLQ URX®Gtom, 96-well plates and
stimulated with plate-coated anti-&' P$E JPO DOQWROXH D®CD28
P$SE  JPO &XAVXUMSHUQDWZHH RGEWHGMN K DQG IBRPM-
80°C urtil assayed for IL-10 content by sandwich ELISA. The levels of these
cytokines were assayed by using antibody pairs of mouse ati-human IL-10 (2

JPO DRG RWIQnjugated rat anti-human IL- J PO IURP3HUK
Endagen (Rockford, IL). In coher experiments, purified CD14" monccytes
(1x10°/ml) were cultured with 50 g GM-CSF and 35 my IL-4 in the presence or
in WKDEHQFH R$B 3 PO DQG b. 0 Culture supernatants were
collected after 5 days and frozen at —80°C urtil assayed for IL-10, IL-12, IL-6,
and TNF-. FR@QW BDQGZLAK,6$ 7K H OHYY Rl WKH RWRNBQ ZHJ
assayed by using antibody of mouse anti-human IL-10, IL-12, IL-4, and TNF-.

JPO IUR3LHWI( QGRJIJHQ 5RFNIRUG ,/

cAM P measurement

CD4"-purified T cells (5x10°/ml) were incubated in the absence or in the
SUWHGEH RI &7 JPORU B. 0 DQG PXOH VHEQDWNVZHW
colleaed after 24 hto measure the accumulation d extracdlular cAMP. Culture

WSHU@DW O ZHUHHYIOGG ZM O 0 +&0 DQG SURHE IRU
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CAMP determination by a RIA following sample eaetylation as described

(Brooker G. et d., 1979. The sensitivity of the test was 1 ftmol.

DC differentiation and culture conditions.

Monccytes were immunamagnetically purified by paositive seledion using
CD14 monaclonal antibody-conjugated microbeads (Miltenyi Biotec, Germany).
The purity of monacytes was >98% and noT cell contamination was observed.
Cells were plated at 1x10°/ml in complete medium supdemented with GM-CSF
(50 rg/ml) and IL-4 (35 ngy/ml). After 5 days of culture, cCAMP (0.5 mM) or LPS
(200 rg/ml) was added to induce the maturation d the cells. After 48 h treated
and urireated cdls were mllected and analysed for the expression d activation
and maturation markers: -HLA-I, -HLA-DR, -CD86, -CD83. Cells were acquired
on FACSCalibur™ instrument running CellQuest software.
In ather experiments, monccytes (1x10°/ml) were cultured with 50ng of GM-CSF
and 35ng of IL-4 in the presence and in the absence of CAMP (0.5 mM), FSK (10
0 RUNECA (3 M). After 5 days, cells were mlleded, washed and stained for
the membrane phenotype. Cells were acuired on FACSCalibur™ instrument
running CellQuest software.
In same experiments, before alding cAMP or NECA, adenosine receptor
antagonists Az (CSC, 10 M) and A (MRS 1754 10 M) singularly or in
combination for 30 min (1 M of eah). The phenotype was analysed by

FACSCalibur™ instrument running CellQuest software.
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Mixed lymphocyte reaction

For allogenic mixed lymphacytes reaction (MLR), purified CD14
(1x10°ml) were stimulated with F$0 3 P 0 DQGS. 0 $IWU GV
cells were washed and co-cultured with allogenic PBMC (1x10°) for 3 days in
roundbottom, 96-well plates at 37°C with 5% of CO, and *H-thymidine
(Amen\KDP $\®MEXU\ 8 ZDV DGB5 &LZHOO$IWHU K HOOZHUH

KDUVIMA@QG WKERUSRHBDWDRDWYWZDV PHRXUHG E\IPURcourting.

T cell polarization assay

CD4" T cells were further purified in CD4"CD45RA™ T cells by positive
selection wing anti- CD45RA MicroBeals (Miltenyi Biotec, Germany). Purified
CD14" monacytes (1x10°ml) were cultured with 50 ngGM-CSF and 35ng IL-4,
LQKH SUHGH RU MRQH DEIGH RIF® 3 P 0 DQG )6. 0 $I\MU
days, cdls (2x10°/ml) were washed and co-cultured with autologous purified
naive CD4'CD45RA* T cdls (1x10°/ml) at ratio 1:5 in 48well plates, at 37°C for
11 days. 20 Ul/ml IL-2 (Bedon Dickinson, USA) was added to the ailtures at
days 5, 7 and 9 Thereafter, onthe deventh day, cells were harvested, washed and
analysed for intracdlular INF- DQG /-4 prodwtion and acquired on

FACSCalibur™ instrument running Cell Quest software.
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Statistical analysis

Microsoft Excd (Microsoft Corporation, Redmond, WA) was used for statistical

analysis. Data were expressed as mean+S.D.
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1. Cholera Toxin prevents the activation of human CD4" and CD8' T cells

It has been reported that Cholera toxin (CT) inhibits T cell proliferation.
To test the sensitivity for CT inhibition in cdl cultures, peripheral blood
monontclear cells (PBMC) were treated with dfferent doses of CT (from 6 to
0.0003 g/ml) in the presence or in the absence of anti-CD3 mAbs stimulus. T
cell proliferation was evaluated after 66 h Figure 1, panel A shows that the
inhibition o T cell proliferation was abou 60% when CT was used at
concentrations from 6 to 0.03 g/ml. Only at concentration d 0.003 and Q0003
g/ml of the toxin the inhibition was dightly lower 48% and 36%, respectively
(Figure 1, panel A).
To evaluate whether CT prevents the activation d resting T cdls or whether it has
any inhibitory effect on previously adivated human T cdls, CT (3 g/ml) was
added either before, at the same time, or at diff erent time points after the aldition
of the stimulus (after 2, 6 and 24 1. Anti-CD3 mAbs (0.5 g/ml) were used to
stimulate PBMC. The proliferative resporse of cdls treated with CT was then
compared with that of cells cultured with anti-CD3 mAbs alone by *H-thymidine
incorporation after 66 h d culture (Figure 1, panel B). A total inhibition o
proliferation was observed when PBM C were incubated with CT 1 h before anti-
CD3 mAbs addition. A high inhibition d T cells proliferation (61%) was dill
observed when anti-CD3 mAbs and CT were added simultaneously to cell culture
(time zero). However, when CT was added to cell cultures 2 to 6 h after anti-CD3

mADbs, the inhibition o T cdl proliferation was much lower (18 and 176
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Fig. 1. Theinhibition o T cell proliferation by CT isin relation to the addition d the
stimulus. PBMC (10°/well) were stimulated with anti-&' J POZL\W Qff erent

FREHWRRO\R &7 IURP W J PO DGGVLPRUMHRXVOR WKHD ROXWH
$ ,QSDED %&7 JPOZDV D&G KEIRUH i K \WRHMH ZIKDANMCD3 (0 h),
and 2(2 h), 6 (6 h) and 24 (24 h) hours after the stimulus (B). Proliferation was evaluated
by ®H thymidine incorporation after 66 h of culture. The starsindicate that the diff erences
between the cells dimulated with anti-CD3 mAbsin the presence of CT as compared
with those of stimulated with anti-CD3 mAbs aone ae significant. The data shown are
from one representative experiment of three performed.
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respectively). Finally, no inhibition was observed when CT was added to the
cultures 24 hous after anti-CD3 mAbs (Figure 1, panel B).

Furthermore, we analysed, by flow cytometry, the moduation o early and late
activation markers CD69 and CD25 in CD4" T lymphaocytes untreated or treated
with CT following anti-CD3 mAbs stimulation (Figure 2). When the @lls were
stimulated with anti-CD3 mAbs alone, we observed a significantly incressed
CD69 and CD25 expression after 24 and 48h. However, in cdls gimulated with
anti-CD3 mAbs in presence of CT, we observed a significantly lower expression
of both CD69 and CD25 (Figure 2, panels A and B). These data show that CT
prevents the adivation d resting T lymphaocytes and suggest that the inhibitory
effect of CT involves ealy steps of T cdl activation.

It has been reported that CT has different effeds on murine CD4" or CD8" T
lymphacytes with regards to apoptosis induction (Nashar T.O. et al., 1996 Arce
S. et ., 2005. To evaluate whether the proliferation o human CD4" and CD8"
subpopuations is differently affeded by CT, we stained PBMC with
carboxyfluorescein succinimidyl ester (CFSE) (2.5 M) and stimulated with anti-
CD3 mAbs (0.5 g/ml)in presence or in absence of CT (3 g/ml). After 4 days of
culture, the dilution d CFSE was analysed onCD4" and CD8" gated popuation
(Figure 3, panels A-H). Cells were doulde stained with anti-CD4-PE and anti-
CD8-Cy5 mAbs and acquired on FacsCalibur™ instrument runring CellQuest
software. In cultures stimulated in the ésence of CT, CD4" and CD8'
popuations proliferated in the presence of anti-CD3 mAbs, as shown by reduction
of the mean o fluorescence intensity (mfi) of the CFSE from baseline level of

800to 355(Figure 3, panels A and B) for CD4" T lymphacytes, and from 800to
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flow cytometry at 24 h and 48 h, respectively, after stimulation with coated anti-CD3
mAb. The data shown are from one representative experiment of three performed.
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Fig. 3 CT inhibits the proliferation o CD4" and CD8" human T cells. PBMC (3x1&/ml)
QEHDIG AWI)6( 0 ZHHWPXDMSZIW W& PS$EV JPI) in the
SBVIEFHRUQWHIEVRF R&7  JPO $IWJ GDV FDOV ZHBXBI \IMBG Z2\K
anti-CD4-PE and anti-CD8-Cy5 mAbs and acquired on a FACSCalibur™ instrument
running CellQuest software. The baseline level expressed as mean florescence intensities
(mfi) of CFSE of CD4" and CD8" gated populationsis 800 (not shown). The mfi of CFSE
dilution in CD4" (B and D) and CD8" (F and H) gated populations are indicated within
the hisgograms. The data shown are from one representative experiment of three
performed.
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271 (Figure 3, panels E and F) for CD8" T lymphacytes. On the other hand, in
cultures gimulated in the presence of CT the inhibition d both CD4" (75%, mifi
687 vs. 355 and CD8" (80%, mfi 690vs. 271) T cdl proliferation was observed.
(Figure 3, panels C and D, G and H respectively). Finally, either CD4" or CD8" T
cells did na die upon CT treament showing that CT did na induce goposis
both on CD4" and on CD8" T lymphacytes. This suggests that human T

lymphacytes react diff erently to CT as compared to murine T cdls.

2. CT causesthe arre st of the cell cycleto aGo/G; phases

Proliferation is a multistage process charaderized by successive entering
of four stages of the cell cycle: M, G, S and G,. To investigate the mechanisms
involved in the inhibition d T cdl proliferation by CT, cell cycle analysis was
performed by measuring DNA content in PBMC, by staining with propidium
iodite (P1), a mlouring agent that inserts itself in the DNA. Cells were stimulated
with anti-CD3 mAbs in the presence and a absence of CT (Figure 4, panels A-C).
After 48 h d culture, cells were analysed. Figure 4, panel A shows that 75% of
anti-CD3 stimulated T cells were in the Go/G; phase of the cll cycle, whereas
14% and 43% of them were in phases S and G, of the cél cycle, respectively. On
the other hand, a higher percentage (93%) of the cell stimulated with anti-CD3 in
the presence of CT, was in the Go/G; phase of the @&l cycle and orly 2% and
0.8% had entered the S and G, phase, respectively (Figure 4, panel B). These data
indicae that the inhibition o T cell proliferation mediated by CT is due to a

Go/G,arrest of the cell cycle.
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Fig. 4. CT induces a Gy/G; arrest of the @l cycle. Distribution of DNA content of
PBMC stimulated with anti-&'  PSEV JPOIRU KLQWEVEHS$ RULQ WK
SBVIgHH % RI&7 JPO 7KHSHJHQBHR AHY DWH GLHHOQW SKHR \WWH HD
cycle were determined ona FACSCaliburTM instrument running CellQuest software.
The levels of the cdl cycle regulatory protein, p27“P were analysed after 24 h of anti-
CD3 stimulation in the presence or absence of CT by Western bot (C). Immundblots
were developed by chemi-fluorescence and acquired bythe phosphor/fluorescence imager
Typhoon 9610. The data shown are from one representative experiment of two
performed.
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To further charaderize the Go/G; block of the cdl cycle in T cdls, we analysed,
by Western blot, the level of the cell cycle regulatory protein p27°®, which is
degradeted when cdls enter in the call cycle. Cells were stimulated with anti-CD3
mADbs (0.5 ng/ml) in the presence or absence of CT (3 ng/ml). After 24 hcells
were denatured and the total protein extracts were subjeded to sodium dodecyl
sulphate-payacrylamide gel eledophaesis (SDS-PAGE). Proteins were then
eledrotransferred orto pdyvinylidene difluoride (PV DF) membranes, which were
incubated with anti-p27 mAbs. Cells ¢imulated in the presence of CT showed a
high level of p27 expression as compared to cells stimulated with anti-CD3
mAbs alone (Figure 4, panel C). These data indicate that a deareased degradation
of p27 in anti-CD3 mAbs stimulated cell s in the presence of CT could be the

cause of the blockade of the cél cycle in Go/G; phase.

3.  CholeraToxin up-regulates CTLA-4in resting T lymphocytes

It has been reported that cell cycle arest with increased levels of p27
correlates with increased levels of the inhibitory moleaule CTLA-4 (Kubsch S. et
al., 2003. To better understand the mechanisms of inhibition d CT, we aked
whether CT was able to moduate the expression d inhibitory molecules sich as
CTLA-4, which is a receptor expressed after adivation d T cdls and able to
down-moduate the immune resporses (Chambers C.A. et a., 1996. PBMC were
cultured in the presence of CT (3 g/ml), CT-B (3 g/ml) or anti-CD3 mAbs (0.5

g/ml) and the expression d CTLA-4 molecule was analysed hy intracellular

staining at different time points 6, 24 and 48 h in CD4'and CD8'-gated
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popuations (Figure 5, panels A and B). An increase in the percentage of
CD4"CTLA-4" was evident already soonafter 6 h d incubation with CT, and by
24 and 48h 38% and 4% of the CD4" T cellswere CTLA-4" (Figure 5, panel A).
Treatment with CT also induced the up-regulation d CTLA-4 in CD8" T cdls
(Figure 5, panel B), however the kinetic and the level of expression were diff erent
as compared to CD4" T cells. After 6 h of incubation with CT, CTLA-4
expressionin resting CD8" T cells was smilar to that of untreated cels. By 24 h
25% of the CD8" T cells treated with CT were CTLA-4" and this popuation
increased upto 353% after 48 h of incubation with CT (Figure 5, panel B). The
treatment with CT-B, the B-suburit of CT, which lacks the ADP-ribosyl
transferase activity, did na affect the up-regulation o CTLA-4 bath in CD4" and
in CD8" T cells. Panel C of Figure 5 shows the up-regulation o CTLA-4in CD4"
T lymphacytes after 24 hof culture in the presence or in the absence of CT.

To evaluate whether CT induces up-regulation d CTLA-4 also at the mRNA
level, we analysed the CTLA-4 mRNA in resting PBMC cultured in the presence
or in the absence of CT (3 ng/ml), CT-B (3 ng/ml), Forskolin (FSK) (50 mM), a
drug that adives directly adenylyl cyclase and induces production o intracellular
cAMP. RNA integrity and cDNA synthesis was verified by amplifying bo-
microglobuin cDNA (Figure 6). We observed an increase of two mRNA
transcripts that correspond to the membrane (672 bp and the soluble (550 bp
CTLA-4 molecule & compared to the expression in cdls cultured in medium

alone. Similar results were obtained with FSK, whereas CT-B did na show any
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Fig. 5. CT up-regulates CTLA-4 in CD4" cellsandin CD8" T cells. CTLA-4 expression
at different time points after incubation of PBMC in medium alone or in the presence of
&7 JPO &7-% JPORUDRS' PS$EV J PO $IWU DQG KRI

culture, cells were stained with anti-CD4-FITC mAb and anti-CD8-Cy5 on the
membrane, fixed in 4% paraforimadehyde, permeabilised with 0.5% saponin and stained
with anti-CTLA-4-PE or its isotype @ntrol mAbs. Cytofluorimetric analysis was
performed in CD4" (A) and in CD8" (B) gated popuations. The numbers indicate the
percentage of CD4'CTLA-4" T lymphacytes. The data shown are from one representative
experiment of threeperformed.
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Fig. 6. CTLA-4 mRNA expressionin T lymphaocytes. (A) CTLA-4 mRNA was
evaluated in human PBMC either untreaed (medium) or treaed with CT (3
0 g/ml), CT-B (36 g/ml) or FK (506 M). RNA integrity and cDNA synthesis
was verified by amplifying & 2 microglobuin cDNA. (B) The graph represents
CTLA-4 mRNA quantification d the two mRNA transcripts, bath namalized to
thase of € 2 microglobuin. The increase of each bandis cdculated by comparing
the mRNA quantified in treaed cells to the mRNA evaluated in the cell s cultured
in medium alone. The data shown are from one representative experiment of three
performed.
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effect (Figure 6).

Altogether, these results show that CT induces up-regulation o CTLA-4
moleaules in CD4" and in CD8" subpopuations of T lymphacytes. This occursin
the absence of T cdl activation and requires the holotoxin capable of increasing
intracellular CAMP levels. Furthermore, the control of CTLA-4 expression by CT
is at the mRNA level and involves the membrane and soluble CTLA-4 mRNA

transcript.

4, Cholera Toxin down-regulates CD28 expression in resting CD4" and

CD8" T cdls

CD28 is a structural homologue of CTLA-4. Although these molecules
share same ligands CD80 (B7.1) and CD86 (B7.2), they delivery oppasing signals
to T cdls (Krummel M.F. and Allison J.P., 1995. We have seen the dfects of CT
on CTLA-4 molealles. Thus, we asked whether the up-regulation d the
inhibitory CTLA-4 molecules by CT was paralleled by any effed on the
expression levels of the costimulatory CD28 molecules. PBMC were cultured in
the presence or absence of CT (3 ng/ml), CT-B (3 ng/ml), FSK (50 niM) or
dbcAMP (0.5 M) and the expresson d CD28 onthe membrane of on CD4" and
CD8"-gated popuations was analysed after 24 hby flow cytometry analysis. Cells
were stained with anti-CD4-FITC, anti-CD8-Cy5 and anti-CD28-PE mAbs. We
found that CT down-moduated the expression d CD28 onthe membrane of
CD4" and CD8" T lymphacytes by 50% and 30% respedively (Figure 7, panels

A-C). To uncerstand whether the enzymaticdly active A-suburit of CT was
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Fig. 7. CT down-regulates CD28 on CD4" and CD8" T cells. CD28 expresson was
HY DOM> DMJLEXBDARQ RI Z0& 1Q PHXP BR@I RUZLW &7 JPO &7-B (3

J PO )6. 0 RU GE$03 PO $IWJ K RIFX@®H HDV ZHMEHS 2\
anti-CD4-HTC mAb and anti-CD8-Cy5 and with anti-CD28-PE or with their isotype
control mAbs. Cytofluorimetric analysis was performed on CD4" (A) and onCD8" (B)
gated popuations. Panel (C) shows the down-moduation of CD28 on CD4" and CD8" T
lymphocytes after 24 h of culture in the presence or in the @sence of CT. The numbers
indicate the mean fluorescence intensity of CD4"'CD28" and CD8'CD28" T lymphacytes.
The data shown are from one representative experiment of three performed.
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required for the down-moduation d CD28 onT cells, we treded the cdls with
the CT-B-suburit, or FSK, or docAMP. We foundthat the expresson d CD28 on
both CD4" and CD8" T cdls was nat affected by CT-B suburit (Figure 7, panels
A and B). Furthermore, treatment with FSK or with an analogue of cAMP,
dbcAMP, did na cause the down-moduation d CD28 onCD4" or CD8" T cells.
The panel C shows also the up-regulation & CTLA-4 in CD4" T lymphacytes,
after 24 h d culture in the presence or in the absence of CT. These data suggest
that the enzymaticadly active A suburit of CT isrequired for the down-moduation
of CD28 onT cells and that this effed may na be mediated solely by an increase
in intracellular cCAMP. Alternatively, the dfed could be related to dfferent
signalling patways aff ected by CT or to its unique capadty to induce wnstitutive

production d cAMP within the cells.

5. The inhibition of T cdl proliferation by CT is partially prevented by

blocking anti-CTL A-4 mAbs

We have shown that CT suppresses T cdl proliferation and induces up-
regulation d CTLA-4 molecules in T cdls. CTLA-4 engagement inhibits IL-2
production and induces cdl cycles arrest of T cell s in the Go/G; phase, leading to
the inhibition d T cdl proliferation (Krummel M.F. and Allison J.P., 1996. To
test whether the up-regulation d CTLA-4 by CT was involved in the inhibition of
T cell proliferation, PBMC cultured in the presence of CT (3 g/ml) were
stimulated with anti-CD3 mAbs (0.5 g¢/ml) in the presence or absence of

blocking anti-CTLA-4 F(ab’), mAbs (5 g/ml), which daesn’t allow binding with
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CD80 a CD86. First, we analysed the expression d CTLA-4 in T lymphacytes
stimulated with anti-CD3 mAbs stimulus. Panels A and B of Figure 8 show that
CT enhances the expression d CTLA-4 induced by anti-CD3 mAbs in CD4" and
CD8" T lymphacytes, respectively. Next, as siown in panel C of Figure 8, we
found that the inhibition o T cell proliferation induced by CT was partialy
prevented by the addition d blocking anti-CTLA-4 F(ab’), mAbs. As a negative
control an isotype anti-lgG1l F(ab’), was included in these set of experiments.
These data suggest that the inhibitory effects of CT on T cdls are due, at least in

part, to the up-regulation d the inhibitory CTLA-4 molecule.

6. CD4" T lymphocytes pre-treated with CT inhibit the proliferation of

bystander, autologous PBM C

CTLA-4 pays a pivotal role in the induction o tolerance (Eagar T.N. et
a., 2002 and it is constitutively expressed onT cdls with regulatory adivity (T
reg). T reg cells do nd proliferate or produce IL-2 and are ale to inhibit the
proliferative response and cytokines production d effector T cdls (Eagar T.N. et
a., 2002 Read S. et a., 2000 Bluestone JA. and Abbas A.K., 2003. Since T
lymphacytes treaged with CT do nd proliferate, do nd produce IL-2 and express
CTLA-4 molecules, we asked whether T lymphacytes treated with CT showed
any regulatory adivity. Purified CD4" T lymphaocytes isolated from PBMC of
healthy donas were incubated with CT (3 ng/ml), CT-B (3 ng/ml), FSK (50 niM)
or dbcAMP (50 mM) for 24 h(Figure 9, panels A-E). Theredter, the clls were

irradiated (3000rad), washed extensively, and cultured with autologous PBMC
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Fig. 8. CT enhances the anti-CD3 mAbs induced upregulation of CTLA-4 and blocking
anti-CTLA-4 F(ab’'), mAbs partially prevent the inhibition d T cell proliferation by CT.
PBMC (10°/well) were cultured in the presence of CT (3 g/ml) and stimulated with anti-
CD3 (0.5 g/ml). After 24 hof culture, cdls were stained with anti-CD4-FITC and anti-
CD8-Cy5 mAbs on the membrane, fixed, permeabilized and stained with anti-CTLA-4-
PE or itsisotype control mAbs. Cytofluorimetric analysis was performed in CD4" (A) and
in CD8" (B) gated populations. Furthermore, PBMC (10°/well) were ailtured in the
SWVIGRHRI &7 JPODEG OWJ K VIFXDMS ZM [NV JPO 1Q WK
presence or in the absence of blocking anti-CTLA-4 F(ab’), PSEV ~ J PORUWVRMS
control, anti-lgG1 F(ab’), P$EV JPO (C). Proliferation was evaluated by °H-
thymidine incorporation after 66 h of culture. The data shown are from one representative
experiment of four performed.
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Fig. 9. CT-pretreated CD4" T lymphocytes inhibit the proliferation o bystander,
autologous PBMC. Purified CD4" T lymphacytes (5x10°/ml) were cultured in the
SBVIgFHRI PHGXP DBRQH $ & JPO% &7-% JPO& )6. 0

and docAMP (0.5 mM; E). After overnight incubation, CD4" T cells were washed three
times, irradiated (3000 rad), and cultured with autologous PBMC (6x10%) at different
CD4'/PBMC ratios (3:1, 2:1, and 1:1) in the presence of increasing doses of anti-CD3
mAb (from 0. WR JPO 7 FHD SROHOMRQ DV HORMS DMU K E\ °H-
thymidine incorporation. The data shown are from one representative experiment of six
performed.
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at different CD4"/PBMC ratios (3:1, 2:1, and 11) in the presence of increasing
doses of anti-CD3 mAbs (from 0.005 to 0.5 ng/ml). T cell proliferation was
evaluated after 48 h of culture. Figure 9, panels A and B, shows that purified
CD4" T lymphacytes pre-treated with CT were able to inhibit the proliferation o
autologous PBMC in a dase-dependent manner, whereas the untreated T cells did
not. Treament with CT-B did na affect the proliferation o bystander PBMC
(Figure 9, panel C), suggesting that the enzymatic ectivity of CT is required for
the indwtion o CD4" T lymphacytes with regulatory activity. On the ntrary,
purified CD4" T cell s pre-treated with FSK or with decAMP did nat suppress the
proliferation d bystander anti-CD3-stimulated PBMC (Figure 9, panels D and E).
This suggests that a sustained production d cAMP, such as that obtained by CT

treatment, is required for theinduction d CD4" T cell s with regulatory activity.

7. The inhibition of proliferation by CT—pre-treated CD4" T cells also

occursin the absenceof cell-to-cell contact

To investigate whether the suppression mediated by CT-pre-treated CD4"
T lymphacytes was dependent on cell-to-cell contad or on seaetion d soluble
factors, we performed transwell experiments. Untreated or CT-pre-treated CD4" T
lymphacytes, irradiated to 3000rad and washed extensively, were placed in the
upper chambers of transwells, whereas autologous PBMC were placed in the
lower chambers in the presence or absence of anti-CD3 mAb (0.5 g/ml). In
parallel, untreaed or CT-pre-treated CD4™ T cells were placal in the lower

chambers together with PBMC. T cdl proliferation was evaluated after 48 h d
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culture. We found that CT-pre-treated CD4" T lymphacytes inhibited the
proliferation d autologous, anti-CD3-stimulated PBMC, even in the absence of
cell-to-cell contact, athough the inhibition was dightly lower than that of
observed when PBMC and CT-pre-treated CD4" T lymphacytes were placed in
the lower chambers together (Figure 10, panel A). These results suggest that
soluble factors are involved in the suppression induced by CT-pre-treated CD4™ T
cells, athowgh cell-to-cell contad plays also a role in the inhibition. To rule out
the possibility that a low amourt of CT could be released by the CT-pre-treated
CD4" T cells and could exert inhibitory effect on target cells, we filtered the
supernatants from untreated or CT-pre-treated CD4™ T cells using filters with
membrane cut-off 10 k The inhibitory effed of filtered supernatants was then
tested on PBMC stimulated in the presence of anti-CD3 mAb (0.5 g/ml) and
proliferation was evaluated after 66 h by *H-thymidine incorporation. Figure 10,
panel B shows that the supernatant from CT-pre-treated CD4™ T cells was il
ableto inhibit the proliferation d anti-CD3-stimulated PBMC. The inhibition was
45% when compared with anti-CD3-stimulated cells and 326 when compared
with the inhibition exerted by the supernatant of untreated CD4" T cells. The
slight inhibition olserved with the supernatant of untreated CD4" T cells, it might
be aresult of the withdrawal of fadors important for T cell growth caused by
filtration. Indeed, although filtered supernatants from untreated and CT-pre-
treated CD4" T cells were suppemented with several growth fadors after the
filtration, we canna exclude that additional factors, which are normally present in

the complete medium, are missing in the filtered supernatants. These data suggest
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Fig. 10. Inhibition o T cell proliferation by CT-pre-treated CD4" T lymphocytes also
occurs in the absence of cell-to-cell contact. (A) The effect of CT-pre-treated CD4™ T
lymphocytes on PBMC proliferation was investigated using a transwell system. PBMC
(8x10P) were placed in the lower wells, andirradiated untreated or CT-pre-treated CD4* T
lymphocytes (2.4x10°) were ailtured in the upper wells. In parallel, untreated or CT-pre-
treated CD4" T lymphocytes were placed in the lower chambers together with PBMC.
Cells were stimulated with anti-&' P$E J PO D@EWH3%0& SURDHJBRQ 2D/
evaluated after 66 h by *H-thymidine incorporation. (B) The inhibitory effect of filtered
supernatants (membrane aut-off 10 K) from cultures of untreated or CT-pre-treated CD4"
T cellswas evaluated onPBMC (1x10°/well) stimulated with anti-&'  P$E JPO

and the proliferation was analysed after 66 h by *H-thymidine incorporation. The data
shown are from one representative experiment of threeperformed.
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that the suppresson mediated by CT-pre-treated CD4" T cellsis not aresult of the
CT, which may be released by the @&ll's, and they show that soluble fadtors with
low molecular weight are involved in the suppresson. It canna be excluded,
however, that soluble fadors with higher moleaular weight may contribute to the

inhibitory eff ect.

8. The inhibitory cytokines IL-10, IL-4, and TGF- DUH QRW LQYROYHG LQ

the suppression induced by CT-pre-treated CD4" T cdls

The paossible involvement of inhibitory cytokines was evaluated in the CT-
mediated inhibition d T cdls. In particular, the production o I1L-10 by purified
CD4" T lymphacytes cultured in the presence or in the absence of CT and
stimulated by coated anti-CD3 and solubile anti-CD28 mAb was analysed. The
results reported in Figure 11, panel A show that IL-10 productioninduced by anti-
CD3/CD28 stimulation was strongly inhibited in puified CD4" T lymphaocytes
treated with CT. Furthermore, to test whether the production o IL-10 could be
induced by the presence of mononuclear cell types, we measured the levels of IL-
10 in the supernatants of untreated and CT-pre-treated CD4™ T cells co-cultured
with autologous PBM C and stimulated with anti- CD3 mAb. The anourt of IL-10
in the alture cntaining CT-pre-treated CD4™ T cells was lower than that of
found in the ailture cntaining untreated CD4" T cdls (Figure 11, panel B),
which as reported above, did na mediate the suppression. The level of IL-10in
the culture mntaining untreated CD4" T cell s was higher than that of foundin the

culture cntaining PBMC aone, andthislikely refleds the production o IL-10 by
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Fig. 11. The suppresson exerted by CT-pre-treated CD4™ T lymphocytesis not mediated
by the secretion o IL-10. (A) Purified CD4" T lymphacytes (2x10%/ml) were stimulated
with plate-coated anti-&' JPO DG V&XEHN D®E&' JPOPSE LQ WK
SWVIEFH RUQ WK IEHFH R &7 JPO D@ WHDPRXQWR ,/ -10 in culture
supernatants was evaluated by ELISA after 48 h (B) IL-10level was evaluated in culture
supernatants of PBMC (6x10%) stimulated for 48 h with anti-CD P$E JPO LQMW
presence of untreated or CT pretreated CD4* T lymphaocytes (18x10%) at a CD4*:PBMC
ratio of 3:1. The data shown are from one representative experiment of three performed.
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PBMC and urtresed CD4" T cells. Altogether, these data show that IL-10
production by CD4" T cellsisinhibited by CT.

To further investigate the passibile role of IL-10 in the suppression mediated by
CT-pretrested CD4" T lymphacytes, neutrali zing anti-IL-10 and anti-IL-10R mAb
were alded to the a-cultures containing untreaed or CT-pretreaed CD4" T cells
and autologous PBMC. As shown in Figure 12, panel A, the addition d anti-IL-
10 and anti-IL-10R did na prevent the inhibition mediated by CT-pretreaed
CD4" T lymphacytes.

To test whether the secretion d TGF- RU/,-4 was involved in the suppression,
neutralizing anti-TGF- RU DRFNWDRI D&L-4, -IL-10, and -TGF- P$E
(blocking mAb) was added to the cultures, and their capacity to prevent the
inhibition o T cell proliferationwas evaluated. The resultsin Figure 12, panels B
and C, demonstrate that nore of these cytokines were involved in the inhibitory
effects mediated by CT-pre-treated CD4" T lymphacytes, suggesting that other

inhibitory factors might be released by CT-pre-treated CD4" T lymphacytes.

9. Purified CD4" T lymphocytes treated with CT release extracdlular

CAMP

It has been reported that CT and aher CAMP-elevating agents can induce
the release of CAMP in the extracell ular compartment of diff erent tissues and cells
as plasma and uine (Nikolaeva |.S. and Krupnova E.P., 2003 GironM.C. et al.,
2008. Thus, to investigate whether cAMP was involved in the suppresson

mediated by CT-pretreaed CD4" T lymphacytes, we evaluated if CD4" T cells
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Fig. 12. Neutralizing mAb against IL-10, IL-10R, TGF- DQG ,/-4 do nd prevent the
suppresson mediated by CT-pretreated CD4" T lymphocytes. Untreated or CT-pre-
treated CD4" T lymphocytes (18x10%) were cultured with autologous PBMC (6x10°%) at
the ratio of 3:1 in the presence or in the absence of neutralizing mAb against 1L-10 (1
JPODRG ,f 5 JPOS$ 7% - JPO % RU D FREOR DRWL-4, -IL-10,
and -TGF- JPO& &HDV AJHWPXDMGE LQFHRIQJARVHR DQIYCD3 mAb
ILRP WR J PO DQGhe proliferation was evaluated 66 h later by *H-thymidine
incorporation. The data shown are from one representative experiment of three
performed.
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cultured in the presence of CT or FSK were able to release cCAMP into the
extracellular compartment. Purified CD4™ T cells were aultured in the presence
and in the asence of CT (3 g/ml) or FSK (50 uM) for 24 h and the level of
CAMP in the supernatants was evaluated by RIA assay. We foundthat untreaed
CD4" T cdls constitutively released cCAMP at a basal level (1.35+0.6 pmoles/10’
cells) and that the levels of CAMP in the supernatants were incressed by the
presence of CT and FSK (20.2+4.5 and 154+1.5 pmoles/10’ cells, respectively;
Figure 13, panel A).

The levels of extracellular CAMP released by CD4" T cells, treated o untreaed
with CT or FK, were evaluated at different time-points (1, 4 and 24 1) after the
removal of the stimulus. We foundthat CAMP was released in a time-dependent
manner only by the clls that had been treaed with CT (Figure 13, panel B).
Indeed, FSK pre-treated CD4" T cells, which dd nd inhibit the proliferation o
bystander PBMC, released low levels of CAMP after the removal of FSK. These
levels were lower than the levels found in the supernatants of untreaed cells
(Figure 13, panel B). This phenomenon may be aresult of a mechanism of
feedbad regulation d the alenylate cyclase adivity.

To rule out the paossibility that the acumulation d extracellular CAMP in the
supernatants was the result of a passive release by dying cdls, the vitality of
untreated and CT-pre-treated CD4" T cdls was evaluated at diff erent time-points
after the removal of CT, by propidium iodide (Pl) staining. We foundthat more
then 96 of untreaed and CT-pre-treated CD4" T popuations were dive (PI-
negative) after 6 hand more then 93 after 24 hof culture (data not shown).

These data show that CAMP can be released by CD4™ T lymphacytesin the
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Fig. 13. Sustained release of extracellular cAMP by purified CD4" T lymphocytes
treated with CT. (A) Purified CD4" T lymphocytes (5x10%ml) were ailtured with
PHAXP BR®I &7 JPO RU)6. 0 IRU K DRG \WEFXP XDMRQ RI F$03 1Q
the supernatants was evaluated by RIA assy. (B) The amount of CAMP released by
CD4" T lymphocytes, treaed o untreated with FSK or CT, was evaluated at different
time-paints (1, 4, and 24 h after the removal of stimuli. The data shown are from one
representative experiment of three performed.
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extracellular compartments and that CD4" T cell s pre-treated with CT continue to

relesse AAMP after the removal of CT.

10. Exogenous cCAMP inhibits T cell proliferation

Cyclic AMP as second messenger has been widely described in cell of the
immune system (Antoni F.A., 2000. Here, we asked whether extracellular CAMP
could be sensed by different immune cells and ad also as a primary messenger.
To evaluate if exogenowsly added CAMP is able to inhibit T cdl proliferation, we
stimulated PBMC (10x1(f/well) with anti-CD3 mAb (0.5 g/ml) in the presence
or in the absence of cAMP (0.1 mM) and measured the proliferation after 66 h of
culture by *H-thymidine incorporation. Cells treaed with dybuyrryl cAMP,
which is a stable and cell permeable cAMP analog were included in the
experiments. The inhibition olserved in the presence of dbcAMP was high (83%
of inhibition), as expected. However, we found that exogenous cCAMP also
inhibited T cdl proliferation at appreciable level (54% of inhibition; Figure 14).
These data suggest that exogenous CAMP can be up-taken by the cdlsandis able

to exert inhibitory functions.
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Fig. 14. Exogenous cAMP inhibits T cell proliferation. PBMC (10x10%well) were
stimulated with anti-&' P$E JPO 1Q WH SW/IGFHRI FO 3 RJ GEO3

mM), and T cell proliferation was evaluated after 66 h of culture by *H-thymidine
incorporation. The data shown are from one representative experiment of two performed.
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11. Exogenous cAMP is sensed by monocytes and interferes with their

differentiation into dendritic cells

It has been described that CT by increasing intracdlular CAMP through its
enzymatic adivity plays an important role for the maturation o dendritic cdls
(DCs) (Gagliardi et a., 2000. We observed that cells of the immune system
exposed to CT or to cAMP-elevating agents are ale to release the oyclic
nucleotide in the extracellular compartment, therefore we aked whether
extracellular cAMP had any effeds on maturation d DCs and/or on their
diff erentiation from human monaocytes.

Immature DCs generated by culturing monacytes isolated from peripheral blood
of healthy donas with GM-CSF (50 rg/ml) and IL-4 (35 rg/ml) for 5 days, were
VHDWE Z IWK H[RJH@R30 3 0 IRU IXWWHU K &OONMHDWHGWHI36
(200 rg/ml) were included in these sets of experiments to monitor the maturation
of the DCs. An upregulation d CD86 molecules was observed in cells treated
with exogenous CAMP as compared to urtreaed cells (Figure 15). Whereas, the
expression d HLA class | and class Il and the expression d the maturation
marker CD83 was smilar to that of untreaed cdls (Figure 15). Cells cultured
with LPS showed an upregulation d the markers analysed, as expected. These
data indicate that extracdlular CAMP has an effect on immature DCs, that

however does nat result in the fully maturation of the cells.
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Fig. 15. Effects of extracellular ;AMP on DC maturation. Monacytes (1x16°/ml)
were induced to dfferentiate into DCs in the presence of GM-CSF and IL-4 for 5
days. Cells were aultured for further 48 hin the absence (A) or in the presence of
F$0 3 0 % RU /36 QJP O & &H@ ZHWI DQOVH5 IRU WKH
maturation status. On the left panel is shown the percentage of CD1a" and CD14"
popuations. In the histograms the mean fluorescence intensity of the diff erent

markers analysed is reported. The data shown are from one representative experiment
of three performed.
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To test the effed of extracellular cAMP on the differentiation d DCs, monaocytes
(1x1C%/ml) were indwed to differentiate into DCs with GM-CSF (50 ng/ml) and
IL-4 (35 rg/ml) in the presence and in the absence of exogenous CAMP (0.5 0O

IRU GO/ )RMRQ )6. 0 ZD/DOVR XVIGHMH NVV RI H[EPHOV
We found that monacytes induced to dfferentiate into DCs in the presence of
CAMP or FSK did na express CDla moleaules and retained the expresson d
CD14 aqyuiring a macrophage-like phenotype (Figure 16). Furthermore, they
strongly up-regulated MHC class | and class Il and CD86 costimulatory
moleaules giving rise to an activated popuation (Figure 17). These data suggest
that an increase of intracellular cCAMP such that obtained by treating the cells with
FSK interferes with the apacity of monccyte to dfferentiate into DCs.
Furthermore, the same dfed was obtained by treating monacytes with
extracellular cCAMP suggesting that the ¢yclic nucleotide can be sensed hy the
cells and that it is able to exert a biologicd adivity as an extracellular mediator.
However, whether the extracdlular CAMP could enter the cells or bind to a

membrane receptor needs further investigations.

12. The dfeds of extracellular cAMP on the differentiation of monocytes

into DCs are mediated by adenosine receptors

An extracellular cAMP-adenosine pathway it has been described in

different cdl type such as aortic vascular smooth muscle cells (Dubey et al., 1996
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Fig. 16. Effects of extracellular cAMP on monccyte differentation into DCs.

Monacytes (1x10%/ml) were cultured with GM-CSF (50 rg/ml) and IL-4 (35

QJPO IRU GDLQNHEVH® $ RU LQWSKMHEH RIFS0 3 0 % RU
) 6. 0 &HOQZHUID@O\WSG IRWHLU PDIVMMXIR@ME. On the |eft panel is

shown the percentage of CD1a" and CD14" popuations. In the histograms the

mean fluorescence intensity of the different markers analysed is reported. The

results are representative of threeindipendent experiments and the panel D shows

the mean and the SD of the diff erent experiments analysed.
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Fig. 17. Expression d different activation markers on cells differentiated in the
presence of CAMP or FSK. Monacytes (1x10F/ml) were ailtured with GM-CSF
(50 ng/ml) and IL-4 (35 ny/ml) for 5 days in the absence (A) or in the presence of
F$0 3 0 % RUSGB.
status. In the histograms the mean fluorescence intensity of the diff erent markers
analysed is reported. The results were representative of three indipendent
experiments and the panel D shows the mean and the SD of the different
experiments analysed.

0 &HWZHUDQDYHG IRUHUKPRUIRD

77

Effects of Cholera Toxin oncdls of Immune System



or cardiac fibroblasts (Dubey et a., 2000. In these cells exogenous CAMP is
converted into AMP, and then into adencsine (ADO) and inosine in a
concentration- and time-dependent fashion by extracelular phosphodesterase
such as CD39 and ecto-5-nucleotidase as CD73 (Jadckson E.K. et a., 2007).
Adenasine binds to specific receptors (A1, Aza, A2z, Az) onthe cdl surfacethat
mediate different signaling pathways in the céls and are expressed at diff erent
levels according to the different cell type (Panther E. et al., 2001, Novitskiy S.V.
et a., 2008. The A,a and Azg adenacsine receptors are G. s-linked receptors that
directly activate adenylyl cyclase enzyme, inducing an increase of intracellular
CAMP (Hasko G. et a., 2007). To investigate whether extracdlular cAMP could
be sensed by monacyte through adenasine receptors, moncocytes were induced to
differentiate into DCs in the presence of exogenous CAMP and specific adenosine
receptor antagonists. An A,a specific (8-(3-Chlorostyryl) cafeine, CSC) and an
A specific  (N-(4-Cyano-phenyl)-2-[4-(2,6-dioxo-1,3-dipropyl-2,3,4,5,6,7-
hexahydro-1H-purin-8-yl)-phenoxy]-acetamide, MRS 1754), molecules were used
as adencsine reaeptor antagonists. A stable analogows of adencsine, 5'-(N-
ethylcarboxamido)-adenasine (NECA), which exerts an agonist effed on the
receptors, was used as control in these sets of experiments. Monccytes
differentiated in the presence of NECA (3 M) showed a phenaotype similar to that
of differentiated in the presence of exogenous CAMP, they gave rice to a mixed

popuations of CD1a/CD14" cells (59 and 58% for cdls treated with cAMP and
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Fig. 18. Extracdlular cAMP effeds on monccyte diff erentiation were mediated
by Azx and Asg adenasine receptors. Monacytes (1x1°/ml) were cultured with
GM-CSF (50 ngml) and IL-4 (35 rg/ml) for 5 days in the asence (A) or in the
SUWHEH RIFS0 3 0 % RUI1(&$ 0 & &HDVHJHQFXBRG 2K
adenosine receptor antagonists CSC (10 M) (C, G) and MRS (10 M) (D, H) or
bath (1 M of each) (E, 1) for 30 min and either cAMP or NECA were added to
the cultures. The percentage of CD1a" and CD14" cells is reported in the dot plot.
The experiment is representative of threeperformed.
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NECA, respectively), CD1a’/CD14 (19 and 14% for cdls treated with cAMP and
NECA, respectively) and CD1a’/CD14" (18 and 174 for cells treated with cAMP
and NECA, respectively) (Figure 18, panels B, F). However, when adenosine
receptor antagonists CSC (10 M), MRS (10 M) or bath (1 M of each) were
added to the cultures the dfects of exogenous cAMP as well as of the NECA were
partially reverted (Figure 18, panels C-E and G-F). These data indicate that
extracellular cAMP is snsed by monacytes through the A,a and Azg adenosine

receptors.

13. T cdl stimulation by cells differentiated in the presence of exogenous

cAMP

To test the antigen-presenting capadty of monccytes differentiated in the
SUWHEH RI HIRIHQRPS$0 3 0 RUB. 0 FHOO[ %) wereco-
cultured with all ogeneic PBMC (1x10) isolated from hedthy donas at 1:5 DC:T
cell ratio. We foundthat cdls differentiated in the presence of exogenous CAMP
or FSK were more efficient at stimulate allogeneic T cell respornse a compare to
control cells (Figure 19). These data ae in aacordance with the expression d
higher amourt of MHC class | and class Il and CD86 costimulatory molecules by
cells cultured in the presence of exogenous CAMP or FK and show that these

cells are effedive & antigen-presenting cells.
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Fig. 19. Monacytes differentiated in the presence of extracellular cCAMP or FSK
enhance alogeneic T cdls resporses. Monacytes (1x1(/ml) cultered in the
absence (medium) or in the presence of extracellular cAMP (0.5 mM) or FSK (10
0 [ % were mcultered with allogenic PBMC (1x10°) for 3 days.
Proliferation was evaluated after 66 h by *H-thymidine incorporation. The
experiment is representative of three performed.
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14. Cells differentiated in the presence of exogenous CAMP producelL-10

and IL-6 and not TNF-a and IL-12 upon L PS stimulation

To further charaderize the functions of monacytes differentiated in the
presence of exogenouws cCAMP or FSK, we aalysed the produwtion o
proinflammatory cytokines such as TNF-a and IL-6 in culture supernatants after
48 hof LPSstimulation by ELISA. We foundthat the production d TNF-a upon
LPSstimulation was impaired in cell s differentiated in the presence of exogenous
cAMP (0.5 0 DQG )6 0 DV FRPEUHWR FRQWRHRD)LIXHI SDQHO
A), whereas the prodwction d IL-6 was enhanced (Figure 20, panel B).
Furthermore, the acaimulation o IL-10 and IL-12, which are important factors
involved in dreding immune resporses, was measured after 48 h of stimulation
with LPS. The production d 1L-12, which was high in control cells was grongly
inhibited in cells differentiated in the presence of exogenous CAMP or FK
(Figure 20, panel C). In contrast, the production o IL-10 bycdls diff erentiated in
the presence of exogenous CAMP or FSK was enhanced (Figure 20, panel D).
These data indicate that monccytes treated with cAMP or FK diff erentiate into
cellsable to produce IL-6 and IL-10 uponmaturation stimuli .

Dendritic cells have the aility to stimulate naive T lymphocytes and drive them

into dstinct classes of eff ector cdls. Because of the particular pattern of cytokines
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Fig. 20. Exogenous CAMP inhibits TNF-. DQG 712 poduction and facilitates

IL-10 and IL-6 release by monacytes diff erentiated in the presence of CAMP or

FSK. Monacytes (1x1(°/ml) were ailtured in medium or with cAMP (0.5 mM) or

) 6. 0 7KHQFHOMZHUH BXXUHG IRU IXUWKHU K ZLWK /360 QJP
and the anourt of cytokines in culture supernatants was evaluated by ELISA. The

data shown are from one representative experiment of three performed.
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produced by cell s diff erentiated in the presence of exogenous CAMP or FK , we
speaulate that they could dffer in their cgpacity to suppat T cdl differentiation.

Control cells and cell s diff erentiated in the presence of exogenous cAMP or FSK,
were @-cultured with naive CD4"'CD45RA™ T cdlsfor 11 days. We foundthat a
high percentage (52%) of naive T cells cultured with control cells produced IFNg,
whereas the percentage of naive T cells cultured with cdls differentiated in the
presence of exogenous CAMP or FSK, was reduced (25% and 26, respedively
(Figure 21). On the other hand, the percentage of IL-4 producing cells was low
and comparable in all culture cndtions (figure 21). These data indicate that
extracllular cAMP and FSK inhibit the pdarization o Th1l resporse, suggesting
that cdls differentiated in the presence of exogenous CAMP or FSK are ale to

shape the alaptive immune resporse.
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Fig.21. Monacytes induced to dfferentiate into DCs in the presence of CAMP or
FSK inhibit the differentiation o IFN- SURGII FH® Monaocytes (1x16/ml)
cultured with cAMP (0.5 mM) or FK
cocultured with autologous purified neive CD4*CD45RA™ T cdls (1x1¢/ml; ratio
1:5). After 11 days T cells were harvested, washed and analysed for intracdlular
IFNg and IL-4 produwction by flow cytometry. The data shown are from one
representative experiment of six performed.
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In this gudy, we have analysed the mechanisms underling the inhibition o
T cdl proliferation mediated by Chdera Toxin (CT) on human CD4" and CD8" T
lymphacytes. We observed that CT prevents the early activation steps of T
lymphacytes and that these dfeds involve the moduation o costimulatory
moleaules CTLA-4 and CD28. Moreover, we evaluated the function o CT-pre-
treasted CD4" T lymphaocytes and we observed that they are able to inhibit the
proliferation d autologous T lymphacytes stimulated with anti-CD3 mAbs. It is
interesting that this phenomenon is, at least in part, a result of the release of
extracellular cAMP. Therefore, by analysing the dired effects exerted hy
extracellular cCAMP as a primary messenger on dff erent cdl types, we foundthat
extracellular CAMP inhibits T cell proliferationandthat it is able to interfere with
the differentiation d monacytes into DCs.
It has been reported that CT has different effects on murine CD4" and CD8" T
lymphacytes. It selectively induces depletion o the murine CD8' T popuation by
indwcing apoptosis in these céls (Nashar T.O. et a., 1996 Arce S. et al., 2005
Simmons C.P. et a., 2001). Here, we show that CT inhibits the proliferation o
both human CD4" and CD8" T cdls and daes not induce goptosis in either
popuation, suggesting that human T lymphaocytes read differently to CT as
compared to murine T cdls.
Analysis of the DNA content of CT-treated T cells showed an arrest in the Go/G;
phase of the cell cycle and this correlated with a high expression d the cyclin-
dependent kinase (cdk) inhibitor p27P. Blockade of cel cycle kinases by
regulatory proteins such as p27° has been reported to play an essential role in the

induction and maintenance of anergy (Boussiotis V.A. et a., 200Q Wells A.D.,
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200Q Rowell E.A. et a., 2005, a state of unresporsiveness occurring when T
cell's are stimulated through CD3/TCR in the @sence of costimulation. Indeed,
subogimal activation d T lymphacytes with costimulatory moleaule-deficient
antigen-presenting cels fails to down-regulate p27'* and induces anergy (Wells
A.D., 2000. Whereas CD28 engagement and IL-2 bcth down-regulate p27P
allowing for cdk adivation (Nourse J. et a., 1994 Appleman L.J. et al., 200Q
Appleman L.J. et a., 2002, the down-regulation d the surface expression d
CD28 hes been associated with the induction d T cdl anergy (Lake R.A. et al.,
1993. Other studies show a dired correlation between high levels of p27 and
increased expression d CTLA-4 (Kubsch S. et al., 2003. Our results are
consistent with these findings. Indeed, we show that CT causes an impaired dovn-
moduation d p27*, an upregulation d CTLA-4 and a down moduation dof
CD28. We foundthat CT upregulates CTLA-4 either on CD4" or CD8" T cells,
athough in CD8" T lymphacytes its up-regulation is slower and daes not reach
the same level of expression as in CD4" T cdls. The variable expression d
CTLA-4 olserved in these different T cdl subpopuations might be due to a
different expression and/or distribution d the CT receptor GM1. Expresson d
different gangliosides varies at the cél, tissue and agan levels and dffers also
among mammalian species (Naga Y. and lwamori M., 1984). Furthermore, GM 1
is known to associate with cholesterol-rich damains (lipid rafts), which become
organized onthe T cdl membrane upon adivation. It would be reasonable to
hypathesize that GM1 expresson, moduation and/or distribution on the
membrane is different on dfferent cdl types in relation to their differentiation o

activation state.
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Theregulation d CTLA-4 expression by CT is exerted at the transcriptional level.
Indeed, we observed increased CTLA-4 mRNA in cells treated with CT. Two
mMRNA variants coding for membrane and soluble CTLA-4 moleaules are known
to be expressed in resting T lymphacytes, however the mRNA for the soluble
form is found omy in nonactivated cdls and decreases upon T cell adivation
(Magistrelli G. et al., 1999. Interestingly, the up-regulation d human CTLA-4 by
CT inresting T lymphacytes involves both isoforms of the mRNA transcript. It
would be interesting to verify whether the two isoforms are produced as proteins
in these cdls.

The inhibitory effect of CT onT cell functionsis further explained by the caacity
of CT to dowvn-moduate the epression d CD28 on CD4" and CD8" T
lymphaocytes. CD28 is the main costimulatory reaeptor implicated in a wide array
of T cell resporses, including T cdl proliferation, prevention o anergy and IL-2
production (Sansom D.M. and Walker L.S., 2006. This central role of CD28
suggests that moduation d the levels of CD28 expression pofoundy alters T-
cell function. Down-moduation d CD28 expression onCD4" and CD8" T cells
occurs in petients with chronic inflammatory syndromes (Borthwick N.J. et a.,
1994. In addition, T cells that exhibited reduced CD28 cell surface expression
have been olserved duing the aate phase of Bordetella pertusss infection in
mice (McGuirk P. et a., 1998. Our results also suggest that CD28 expresson
could be moduated by baderia and identify for the first time abaderial product
that is capable of directly down-moduating CD28 expresson on boh CD4" and
CD8' T cdls. Theinteraction between CD28, CTLA-4 and their ligands has been

extensively studied and the dfinity of CTLA-4 for both CD80 and CD86 is higher
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than that of CD28 (Sansom D.M. and Hall N.D., 2006. Therefore, the relative
expression levels of both CTLA-4 and CD28 day an important role in controlling
T cdl activation and functions. By using blocking anti-CTLA-4 F(ab ), mAbs, we
showed that the inhibition o T cdl proliferation induced by CT was partially
prevented. This shows that CTLA-4 molecules up-regulated by CT in resting T
cell's localise on the cell surface and they play a role in the inhibition o T cell
proliferation mediated by CT. It has been reported that CTLA-4 is constitutively
expressed on T regulatory cells (Tregs) and fdays an essentia role in their
function (Read S. et al., 200Q Wing K. et a., 2008. It has previously shown that
CT has the cgacity to induce T cells with regulatory activity (Lavelle E.C. et al.,
2003. Thus, we investigated whether human T lymphacytes, which had been
exposed to CT or to ather cCAMP-elevating agents, had regulatory activity. We
foundthat human-purified CD4" T lymphacytes pre-treated with CT were ale to
inhibit proliferation d anti-CD3-stimulated, autologous PBMC in a dose-
dependent manner. It is interesting that this phenomenon was, at least in part, a
result of the release of extracdlular CAMP by the purified CD4" T lymphaocytes.
Conversely, purified CD4" T cells pre-treated with FSK, a transient cAMP
inducer, or with dlcAMP, an analog of CAMP, did na suppressthe proliferation
of bystander anti-CD3-stimulated PBMC, suggesting that a sustained production
of CAMP is required to identify a novel, regulatory function mediated by CD4" T
cells. The T cells with regulatory functions, which we describe here, are new in
the method d generation and in their mode of suppresson. Indeed, the in vitro-
induced Tregs described so far are generated by culturing T lymphacytes with

antigen o palyclonal activators in the presence of inhibitory cytokines such as|L-
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10 o TGF- (Sakaguchi S. et al., 2004. Furthermore, these cdls are ale to
suppress the adivity of effector T lymphocytes through the release of IL-10
andor TGF- . It isinteresting that our findings show that the inhibition mediated
by CT-induced CD4" T cells was not mediated by these ojtokines. CT and
adenylate cyclase toxin from Bordetella pertussis have been described to promote
the indwtion d IL-10-prodwing Tregs cdls to co-administered antigen by
enhancing the prodwtion o IL-10 by DCs, which in turn, induwce the
differentiation d T cdls with regulatory phenotype (Lavelle E.C. et al., 2003.
Here, we show that CT also has the capadty to induce a new class of T cells with
regulatory adivity by interacting directly with T lymphaocytes. This and aher
findings (Mills K.H. and McGuirk P., 2004 suggest that following microbial
infections, different classes of T cdlswith regulatory functions may be generated.
Furthermore, several baderia produce AAMP-indwcing toxins or they relesse
cAMP themselves (Ahua N. et al., 2004; thus, our results imply that
immunaosuppressive eff ects may be generated in condtions of high, loca cAMP
production.

After the discovery of the role of CAMP as an intracellular second messenger,
several studies reported the presence of the cyclic nucleotide in plasma and uine,
suggesting that CAMP could be exported out of the cell s (Sutherland E.W., 1970.
The release of CAMP from different cdl types is an adive transport against a
concentration gradient, and it seams to be strictly regulated according to the
stimulus and to the tissue involved (Exton J.H. et a., 1971). However, the release
of CAMP by T lymphacytes has nat been reported so far. Here, we observed that

the stimulation o purified CD4" T lymphaocytes with CT or FSK induces the
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relesse of CAMP. According to the anstitutive adivation d the host adenylate
cyclases by CT, only CT-pre-treated CD4" T cdls sustained the release of cCAMP
after the removal of the stimulus. This all owed us to demonstrate that extracd lular
CAMP plays a biologicd role & a soluble mediator of T cell suppresson.
Furthermore, we observed that exogenous added cAMP inhibited the ati-CD3-
induced T cell proliferation, further indicating that extracdlular CAMP is able to
exert inhibitory functions.

It has been described that CT by increasing intracellular cAMP through its
enzymatic activity plays an important role for the differentiation and maturation
of DCs (Gagliardi M.C. et al., 200Q Giordano D. et al, 2003. Since we observed
that cells of the immune system exposed to CT or to CAMP-€elevating agents are
able to release the gyclic nucleotide in the extracellular compartment, we asked
whether extracellular cCAMP had any effeds on maturation d DCs and/or on their
differentiation from human moncacytes. We found that cells treated with
exogenous CAMP showed an upregulation d CD86 moleaules and did not aff ect
the expression of other maturation markers indicating that extracdlular CAMP has
an eff ect onimmature DCs, that however does not result in the fully maturation o
the cdls. In contrast, by analysing the direct effeds of extracdlular CAMP on the
differentiation d monccytes into DCs, we foundthat extracellular cAMP was able
to interfere with their diff erentiation. Monaocytes induced to dff erentiate into DCs
in the presence of cCAMP or FSK did na express CD1a moleaules and retained the
expression d CD14 aqyuiring a maaophage-like phenotype. Furthermore, they
strongly up-regulated MHC class | and class Il and CD86 costimulatory

moleaules giving rise to an activated popuation able to stimulate dlogeneic T cell
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resporse. In addition, they produced a distinct pattern o cytokines upon
maturation stimuli, they were unable to produce TNF-a, but released high amourt
of IL-6. Dendritic cells are well known for their capadty to produce
immunaregulatory cytokines such as IL-12 and IL-10 uponmaturation stimuli.
The balance of the production d these cytokines plays a pivotal role by
orchestrating an innate and acquired immune resporse and by determining the
polarization o T cdl precursors (de Jong E.C. et a., 2005 Wu L.and Dakic A.,
2004). The secretion d IL-10 and the inhibition d 1L-12 synthesis could accournt
for the reduced cegpacity of cdls differentiated in the presence of exogenous
CAMP or FSK, of indwing the differentiation d IFN-g-prodwing CD4" T
lymphacytes. All these data ae consisting with athers that show that an increase
of intracdlular cCAMP interferes with the cgacity of monaocytes to dff erentiate
into DCs (Giordano D. et a, 2003 Kalinski et al., 1997 Novitskiy S.V. et al.,
2008. Of interest, here we foundthat the same eff ects were obtained by treating
monacytes with extracellular cAMP suggesting that the ¢yclic nucleotide can be
sensed by monccytes and that it is able to exert a biological activity as an
extracellular mediator. However, whether the extracellular cAMP could enter the
cell's or bind to a membrane receptor neeals further investigations.

The cdlular and molecular medhanisms by which extracdlular cCAMP affeds the
function d different cells of the immune system need to be further investigated.
Thaose dfects could be a result of an influx of extracellular cAMP directly into
cells, and this may account for the inhibition o proliferation d T cells, as an
increased level of intracdlular CAMP in T lymphacytes is known to have

inhibitory effects (Johrson K.W. et al., 1988 Gagliardi M.C. et al., 2002 and
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explain the dtered monacyte diff erentiationinto DCs, since it has been described
that molecules that cause the increase of intracellular CAMP in monccytes are
able to interfere with their differentiation (Giordano D. et al, 2003 Kalinski et al.,
1997 Novitskiy S.V. et a., 2008. Alternatively, the binding of CAMP to spedfic
membrane receptors could deliver inhibitory signals to the cells. In suppat of the
first hypothesis, it has been shown that the influx of CAMP into smooth muscle
cells has been foundto be mediated by a system, which involves a transporter
(Orlov, S.N. and Maksimova N.V., 1999. Conversely, although cAMP receptors
have naot yet been identified in mammals, they have been well charaderized in
lower eukaryotes. Four different CAMP receptors have been described in the
amoeba Dictyostelium discoideum (Johrson R.L. et al., 1992. They belong to the
superfamily of seven transmembrane domain G protein-couped receptors, which
moduate the level of intracellular CAMP. It is interesting that these receptors
exhibit a certain hamology with the seaetin receptor family (Kim J.Y. and
Devreotes P.N., 1994, and it is tempting to speculate that similar CAMP receptors
may be present in mammalian cdls, although this remains to be demonstrated.
Ancther possible medianism by which the dflux of cAMP could mediate
inhibitory effeds in target cdls is the extracellular cAMP-adenasine pathway
(Jadkson E.K. and Raghvendra D.K., 2004). Extracellular cAMP can be converted
into adenasine, which adivates adenylate cyclase via A2 receptors, leading to an
increase of intracellular cAMP (Jackson E.K. et a., 2007). By using diff erent
adenosine reaeptor antagonists, we foundthat an extracellular cCAMP-adenosine

pathway is involved in the dfeds mediated by exogenous CAMP, suggesting that
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extracellular cAMP can be sensed by cell s of immune system and moduate their
functions.

The stimulation d different membrane receptors on dfferent cdl types by
hormones or neurotransmitters such as catecholamines, PGE2, and hstamine
moduates intracdlular and extracell ular levels of cCAMP. Cyclic AMP as asecond
messenger is resporsible for the regulation d many cdlular events (Kammer
M.G., 1988, however by showing that cdls treated with cAMP-elevating agents,
can release the cyclic nucleotide in the extracellular compartment we suggest that
it acts also as a primary messenger, playing a role in the regulation d different
immune resporses. A physiologicd role of the release of cCAMP from diff erent
cells could be associated to anovel mechanism involved in the maintenance of the
immune homeostasis or in the moduation d the inflammatory reactions against

invading microbes.
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