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ABSTRACT

Motivation: Immune cells coordinate their efforts for the correct and
efficient functioning of the immune system (IS). Each cell type plays a
distinct role and communicates with other cell types through mediators
such as cytokines, chemokines and hormones, among others, that are
crucial for the functioning of the IS and its fine tuning. Nevertheless,
a gquantitative analysis of the topological properties of an immunolo-
gical network involving this complex interchange of mediators among
immune cells is still lacking.

Results: Here we present a method for quantifying the relevance of
different mediators in the immune network, which exploits a definition
of centrality based on the concept of efficient communication. The
analysis, applied to the human IS, indicates that its mediators differ sig-
nificantly in their network relevance. We found that cytokines involved
in innate immunity and inflammation and some hormones rank highest
in the network, revealing that the most prominent mediators of the IS
are molecules involved in these ancestral types of defence mechan-
isms which are highly integrated with the adaptive immune response,
and at the interplay among the nervous, the endocrine and the immune
systems.

Contact: claudio.franceschi@unibo.it

INTRODUCTION

Network analysis has emerged as a powerful approach to under-
stand complex phenomena and organization in social, technological
and biological systems (Albert and Barabasi, 2002; Dorogovtsev
and Mendes, 2003; Wasserman and Faust, 1994; Editorial, 2002).
In particular, the role played by the topology of cellular networks,
the intricate web of interactions among genes, proteins and other
molecules regulating cell activity, in unveiling the function and the
evolution of living organismsisincreasingly being recognized (Jeong
et al., 2000, 2001; Wagner and Fell, 2001; Maslov and Sneppen,
2002; Milo et al., 2002). The cells of the immune system (IS) have

*To whom correspondence should be addressed.

various waysto communicate with each other: directly, by establish-
ing bounds between cell surfaceligandsand receptors, andindirectly,
by means of a variety of soluble mediators released and bound by
theimmune cells (Abbas et al., 2003; Janeway et al., 2001). Soluble
mediators implement cellular communication both at short range
(autocrine and paracrine cell stimulation) and across the major body
systems (immune, endocrine and nervous systems). These mediators
have afundamental role in regulating the reaction of the ISto a pos-
sible danger, which triggers an integrated response involving both
innate and clonotypic immunity, and which eventually resultsin an
inflammatory response. Mediators are characterized by pleiotropy
(each mediator has multiple targets) and redundancy (each mediator
is produced by several sources), two characteristics that strongly
influence the reliahbility of the IS and that significantly contribute to
its robustness and adaptability. From an experimental aswell asthe-
oretical point of view, the main attention has been generally focused
on afew limited subsets of immune cell types and mediators. Here
we follow a different approach to understand the global properties
of the IS network by modelling the whole system of immune cells
as networked by soluble mediators.

SYSTEMS AND METHODS

The network we consider comprises variousimmune cell typeswhich can act
as both sources and targets of the exchanged mediators.

We built a network of IS cells interactions. In this view, the cell’srole is
uniquely that of anelementinanetwork of cell interactions. Weconsider these
interactions mediated by soluble molecules such as cytokines, chemokines
and hormones (Fig. 1).

From experimental data we have two types of information: (1) each cell
type secretes a defined set of mediators; (2) each mediator affects a defined
set of cells. Combining these two datasets we can write down a complete
‘relationship matrix’ among cell types where the relations are constituted by
the exchanged soluble mediators. e.g. the B lymphocyte cell type secretes
TGF-p that affects the dendritic cell type. In this way there is a directional
interaction between the B lymphocyte cell type and the dendritic cell type: B
cell — dendritic cell. Often theinteraction between two cell typesis mediated
by more than one mediator.
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Fig. 1. Portion of the immune cell network considered. In the figure a network with only four out of the 19 cell types considered is illustrated. Cell types are
the vertices of the graph, while diffusible mediators, which enable the cells to communicate with each other, define the arcs of the graph. Autocriny is also
considered and depicted in the figure. The value ¢j; associated with each arc is equal to the number of different mediators connecting cell i to cell j. The names
of the mediators are listed close to the respective arcs. The 19 cell types considered in the network are: B lymphocytes, basophils, dendritic cells, endothelial
cells, eosinophils, epithelial cells, fibroblasts, granulocytes, macrophages, mast cells, monocytes, neutrophils, NK cells, spleen cells, stromal bone marrow
cells, T lymphocytes, T CD4+ lymphocytes, T CD8+ lymphocytes and thymocytes. B, B lymphocytes; D, dendritic cell; G, granulocyte; M, mast cell; M@,

macrophage.

Following this approach we retrieved all available literature data from the
online Cytokine Reference Database (Oppenheim et al ., 2000, http://apressip.
gvpi.net/apcyto/l pext.dll X =templates& fn=main-h.htm&2.0), and we chose
awideset of 19 cell typesinvolved in the most relevant immune processesand
the related secreted and affecting mediators (90 molecules among cytokines,
chemokines and hormones).

IMPLEMENTATION

The immune cell network is represented as a valued directed
(Wasserman and Faust, 1994) graph G, where the N cell types con-
sidered are the vertices of the graph and the M soluble mediators
formits K arcs: adirected arc from vertex i to vertex j isdefined by
the existence of at |east one mediator secreted by cell i and affecting
cell j. Cell self-stimulation by soluble mediators (autocriny), which
isan important peculiarity of theimmune cell network, is also taken
into account. Theval uee;; attached tothearcisassumed to beequal to
the number of different mediators connecting cell i to cell j (Fig. 1).
We consider such a number as a measure of the importance of the
communication between two cells aong the arc, hence modelling
this as an efficiency (Latora and Marchiori, 2001) that measures the
bandwidth.

The IS is basically a parallel working system: all cells concur-
rently send information along the network through their outgoing

arcs, i.e. by secreting mediators, and receive information through
their incoming arcs, i.e. by binding the mediators. Two cells/vertices
in G can communicate through various paths, connecting them with
different levels of efficiency: the efficiency of a path is the har-
moni ¢ composition of theefficienciesof the component arcs (Crucitti
et al., 2004). The harmonic composition of p numbersxy, x, ..., xp
is defined as (Zipzl 1/x;)~L. We assume that the communication
between vertices i and j takes the most efficient path, and the effi-
ciency of such a path is indicated by &;;. Matrix {j;} is computed
from the adjacency matrix {ej;} by means of the Floyd-Warshall
algorithm for the all shortest paths problem. This approach repres-
ents an extension to val ued networks of the shortest path assumption
commonly used in social (Wasserman and Faust, 1994), biological
(Albert and Barabasi, 2002; Jeong et al., 2000, 2001; Wagner and
Fell, 2001) and communication/transportation (Albert and Barabasi,
2002; Dorogovtsev and Mendes, 2003; Latora and Marchiori, 2001)
networks. We characterize the global properties of the system by
defining the network efficiency as (Latoraand Marchiori, 2001):

1
E@G) =5 D &
i,jeG

Network analysts have used centrality as a basic tool for identi-
fying key individuals in a network (Wasserman and Faust, 1994).
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A variety of measures of centrality have been proposed over the
years to quantify the topological importance of a node in a graph
(Wasserman and Faust, 1994; Freeman, 1979; Latoraand Marchiori,
2004a,b). Herewe propose amethod for quantifying the centrality of
the various soluble mediatorsin the IS. The method is based on the
concept of efficient communication over the immune cell network.
The centrality of each mediator «(« = 1,..., M) is measured by
its network relevance r,,, defined as the relative drop in the network
efficiency E caused by the removal of the mediator, namely:

_ E(G) -~ E(G))

=1....M
E(G)

3

where G/, is the graph obtained by removing mediator « from G.
In fact, in our framework, the removal of a mediator weakens some
of the values e;; attached to the arcs and, consequently, affects the
communication between various couples of cells, decreasing some
of the &;; and thus the network efficiency of the IS,

New emerging knowledge in immunology can easily be included
in our analysis. Newly discovered mediators, new knowledge on
mediators cell secretion and/or on their influence on cells could
change the topology of the network and perhapsits global properties
as well asthe relevance of the mediators.

RESULTS AND CONCLUSION

Themethod hasbeen applied to human dataretrieved by the Cytokine
Reference Database (Oppenheim et al., 2000), taking into account
N = 19 immune cell types (listed in Fig. 1) and M = 90 soluble
mediators (listed in Fig. 3) selected from among all the available
mediators that connect at least two different cell types from our list
of immune cells. The resulting graph G is dense, having N = 19
vertices and K = 316 arcs (including self-connections) out of the
361 arcsof thefull graph, and thus a puretopological analysiswould
be poorly significant. Therefore, we performed a more refined ana-
lysis by taking into account the strength of the interactions among
thelScells. Theinteger valuese;; attached to the arcsrangefrom 1 to
36, since there are up to 36 different mediators connecting a couple
of cells. In Figure 2 we plot the cumulative relevance distribution
definedas P(r) = M(r)/M, where M (r) is the number of mediat-
ors with relevance larger than . For large values of the relevance,
P (r) shows a power-law behaviour P(r) &~ r~~D with a scaling
exponent y = 2.8+ 0.1.

The fat tail in the mediators’ relevance distribution indicates that
the universal scaling principles discovered in other biological net-
works (Albert and Barabasi, 2002; Dorogovtsev and Mendes, 2003;
Jeong et al., 2000, 2001) also seem to be fundamental ingredients of
thehuman | Sarchitecture. Thisshowsthat the concept of importance
is selective and radical: immune cells form a highly inhomogen-
eous network in which afew soluble mediators play acentral rolein
mediating the interactions between the different cell types.

The network relevance of each mediator is reported in Figure 3.
The plot shows that only three mediators, TGF-8, MIP-1-« and -8
(grouped as one mediator; Oppenheim et al., 2000) and TNF-« have
network relevance >0.5; 11 mediators have network relevance in
the range [0.2, 0.5]; and, the remaining 76 have network relevance
in the range [0, 0.2]. The sum of the network relevance of the first
three mediators accountsfor 20.5% of thetotal mediators' relevance,
while those of the second and third groups account for 27.6% and
51.9%, respectively. The unequal role played by the mediatorsin the
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Fig. 2. Distribution of the number of mediators having a network relevance
larger than r. The relevance of a mediator is calculated as the relative drop
in network efficiency caused by its removal from the network. To reduce
noise, logarithm binning was applied. The linear tail in the figure indicates a
scale-free power-law behaviour in the relevance of the various mediators of
the immune cell network that can be fitted with acurve P(r) = r—~D with
y =28+0.1

efficient coordination of the immune network can be quantified by
means of the Gini coefficient. The Gini coefficient g is a measure
used in economics and ecology to describe size-wealth inequality in
apopulation. It comparesthe Lorenz curve of aranked empirical dis-
tribution, i.e. a curve that shows, for the bottom x% of individuals,
the percentage y% of the total size which they have, with the line
of perfect equality (Dagum, 1980). The coefficient g ranges from a
minimum value of zero, when all individuals are equal, to atheoret-
ical maximum value of 1 in a population in which every individual
except one has a size of zero. The value we have found ¢ = 0.64
confirms the large skew of relevance.

Thethreemost important mediatorsare pro- and anti-inflammatory
molecules and are involved in the communication among a large
number of cell types, i.e. in 216, 224 and 120 interactions, respect-
ively. The second group of mediators includes nine pro- and
anti-inflammatory cytokines/chemokines, one non-inflammatory
cytokine (IL-7) and one neuroendocrine hormone (VIP/PACAP).
Therefore, notwithstanding the fact that mediators involved in the
inflammatory process account only for 24% of all mediators, 86%
(12 out of 14) of the top molecules are inflammatory, accounting for
50% of al inflammatory mediators.

The analysis shows that mediators involved in innate immunity
and inflammation have the most central role in the immune net-
work. In the last decade, innate immunity and inflammation have
emerged as central components of the capability of the IS to sense
‘danger’ signalsandto startimmuneresponses, inturninvolving cells
of adaptive immunity (Matzinger, 2002; Medzhitov and Janeway,
2002). The importance of innate immunity and inflammation is
reinforced by recent data indicating that survival at extreme ages
and conversely mortality caused by major age-associated diseases
are related to low or high level of inflammation (‘inflamm-aging’,
Franceschi and Bonafé, 2003; Abbott, 2004), respectively. Fromthis
point of view it is challenging that severa inflammatory mediators,
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Fig. 3. Network relevance r of the mediators of the immune cell network. Mediators are ranked on the basis of their r value, where values are normalized so
that the maximum value is set to 1. The 14 mediators in the highest ranks, i.e. those that play a crucial role for the network efficient communication, are all
pro- or anti-inflammatory mediators, except IL-7 (aT-cell growth factor) and VIP/PACAP (an immuno-neuroendocrine mediator).

which have been experimentally studied and found to play a major
role in aging and/or longevity, such as TGF-8 (Forsey et al., 2003),
TNF-« (Bruunsgaard et al., 2000), I1L-10 (Lio et al., 2002a), IFN-
y (Lio et al., 2002b), IL-6 (Bonafé et al., 2001) and MCP-1 (Gerli
etal., 2000), areincludedinthefirst two groupsof relevant mediators,
while two inflammatory cytokines, such asIL-1« and IL-18, which
do not seem to play arelevant role in these phenomena (Cavallone
et al., 2003), appear in the group of lower rank mediators. Thus,
mediators involved in innate immunity—the most ancestral branch
of thelS—and in highly conserved defence pathways such asinflam-
mation appear to provide a substantial contribution to the efficient
communication of the IS network. Finally, the presence of a neuro-
endocrine hormone, ranking high in the list of immune network
mediators, suggests that further investigations with a set of cellsand
mediatorsincluding those from the neural and the endocrine systems
can shed light onthelikely closeinterplay among these three systems
(Ottaviani and Franceschi, 1996).

ACKNOWLEDGEMENTS

This research has been partially funded by the Cofin 2003 and FIRB
RBNEO18AAP grants from the Italian Ministry of University and
Research (MIUR), EU grants FUNCTIONGE and T-CIA, and INFN
(FB11).

REFERENCES

Abbas,A K., Lichtman,A.H. and Pober,J.S. (2003) Cellular and Molecular |mmunology.
W.B. Saunders Company, Philadelphia.

Abbott,A. (2004) Growing old gracefully. Nature, 428, 116-118.

Albert,R. and Barabasi,A.L. (2002) Statistical mechanics of complex networks. Rev.
Mod. Phys., 74, 47-97.

Bonafe M., Olivieri,F,, CavalonelL., Giovagnetti,S., Marchegiani,F., Cardelli,M.,
Pieri,C., MarraM., Antonicelli,R., LisaR., et al. (2001) A gender-dependent genetic
predisposition to produce high levels of IL-6 is detrimental for longevity. Eur.
J. Immunol., 31, 2357-2361.

Bruunsgaard,H., Pedersen,A.N., Schroll,M., Skinhoj,P. and Pedersen,B.K., (2000)
TNF-apha, leptin, and lymphocyte function in human aging. Life Sci., 67,
2721-2731.

CavalloneL., BonafeM., Olivieri,F, Cardelli,M., Marchegiani,F., Giovagnetti,S.,
Di Stasio,G., Giampieri,C., Mugianesi,E., Stecconi,R. et al. (2003) Therole of IL-1
gene cluster in longevity: a study in Italian population. Mech. Ageing Dev., 124,
533-538.

Crucitti,P, Latora,V. and Marchiori,M. (2004) A model for cascading failuresin complex
networks. Phys. Rev. E, 69, 045104R.

Dagum,C. (1980) The generation and distribution of income, the Lorenz curve and the
Gini ratio. Econ. Appl., 33, 327-367.

Dorogovtsev,S.N. and Mendes,J.F.F. (2003) Evolution of Networks. Oxford University
Press, Oxford.

Editorial (2002) Making connections. Nat. Immunol., 3, 883.

Forsey,R.J., Thompson,JM., Ernerudh,J., Hurst,T.L., Strindhall,J., Johansson,B.,
Nilsson,B.O. and Wikby,A. (2003) Plasmacytokine profilesin elderly humans. Mech.
Ageing Dev., 124, 487-493.

Franceschi,C. and Bonafé,M. (2003) Centenarians as a model for heathy aging.
Biochem. Soc. Trans., 31, 457-461.

1642

220z 1snBny |z uo 1senb Aq GZZ1.52/6€91/8/12/3I01E/SOIBULIOJUIOIG/WOY"dNODIWaPEDE//:SA]Y WOl PAPEOjUMO]



Quantifying the relevance of different mediators

Franceschi,C., BonafeM., Vaensin,S, Olivieri,F., De LucaM., Ottaviani,E. and
De Benedictis,G. (2000) Inflamm-aging: an evolutionary perspective on immun-
osenescence. Ann. N.Y. Acad. Sci., 908, 244-254.

Freeman,F.D. (1979) Centrality in social networks. Soc. Networks, 1, 215-239.

Geli,R.,, Monti,D., Bistoni,0., MazzoneA.M., Peri,G.,, CossarizzaA.,
Di GioacchinoM., Cesarotti,M.E., Doni,A., Mantovani,A., Franceschi,C.
and Paganelli,R. (2000) Chemokines, STNF-Rs and sCD30 serum levels in healthy
aged people and centenarians. Mech. Aging Dev., 121, 37-46.

Janeway,C.A., Travers,P, Walport,M. and Shlomchik,M. (2001) Immunobiology.
Garland Publishing, New York.

Jeong,H., Mason,S.P, Barabasi,A.L. and Oltvai,Z.N. (2001) Lethality and centrality in
protein networks. Nature, 411, 41-42.

Jeong,H., Tombor,B., Albert,R., Oltvai,Z.N. and Barabasi,A.L. (2000) The large-scale
organization of metabolic networks. Nature, 407, 651-654.

Latora,V. and Marchiori,M. (2001) Efficient behavior of small-world networks. Phys.
Rev. Lett., 87, 198701.

Latora,V. and Marchiori,M. (2004a) A measure of centrality based on the network
efficiency. cond-mat/0402050.

Latora,V. and Marchiori,M. (2004b) Vulnerability and protection of critical infrastruc-
tures. cond-mat/0407491.

LioD., ScolalL., Crivello,A., ColonnaRomano,G., Candore,G., BonafeM.,
Cavallone,L., Franceschi,C. and Caruso,C. (2002a) Gender-specific association

between —1082 1L-10 promoter polymorphism and longevity. Genes Immun., 3,
30-33.

Lio,D., ScolaL., Crivello,A., BonaféM., Franceschi,C., Olivieri,F, Colonna
Romano,G., Candore,G. and Caruso,C. (2002b) Allele frequencies of +874T — A
single nucleotide polymorphism at thefirst intron of Interferon-y genein agroup of
Italian centenarians. Exp. Gerontol., 37, 315-319.

Maslov,S. and Sneppen,K. (2002) Specificity and stability in topology of protein
networks. Science, 296, 910-913.

Matzinger,P. (2002) The danger model: arenewed sense of self. Science, 296, 301-305.

Medzhitov,R. and Janeway,C.A.Jr (2002) Decoding the patterns of self and nonself by
the innate immune system. Science, 296, 298-300.

Milo,R., Shen-Orr,S,, Itzkovitz,S., Kashtan,N., Chklovskii,D. and Alon,U. (2002)
Networks motifs: simple building blocks of complex networks. Science, 298,
824-827.

Oppenheim,J.J., Feldmann,M., Durum,S.K., Hirano,T., Vilcek,J. and Nicola,N.A. (eds)
(2000) The online Cytokine Reference Database. Academic Press.

Ottaviani,E. and Franceschi,C. (1996) The neuroimmunology of stress from inverteb-
rates to man. Prog. Neurobiol., 48, 421-440.

Wagner,S.A. and Fell,D.A. (2001) The small world inside large metabolic networks.
Proc. R. Soc. Lond., B268, 1803-1810.

Wasserman,S. and Faust,K. (1994) Social Networks Analysis. Cambridge University
Press, Cambridge.

1643

2202 1snBny Lz uo 1s8NnB Aq GZZ1.5Z/6€91/8/1Z/2I01HE/SONEWLIOJUI0NG/WOd" dNO-OlWapEdE//:SANY WO} PAPEOjUMOd



