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According to Burnet's clonal selection theory, autoreactive
lymphocytes are deleted during their differentiation in the
thymus. However, the negative selection process is not absolute,
and self-reactive lymphocytes and antibodies are regularly
found in healthy individuals. The persistence of autoreactive
cells within the natural lymphocyte repertoire in many different
species suggests that autoimmunity plays important roles in
body homeostasis. In fact, natural autoantibodies were shown
to be involved in immunoregulatory circuits through idiotypic
interactions, to contribute to the defenses against pathogens,
and to help in the clearance of altered self-constituents [1].
Moreover, Moalem et al. [2] recently provided evidence that
autoimmune T lymphocytes could also be involved in the body
maintenance by promoting the healing of damaged tissues,
especially in the central nervous system.

Autoimmunity becomes pathogenic when the autoimmune
response is persistent and results in the emergence of
uncontrolled autoagressive effector cells. The development of
a full-blown autoimmune disease will further require the
penetration of the effector cells in the target organ, which
might depend on local microvessel changes induced by
inflammatory signals. Both genetic and environmental factors
govern the nature of the autoimmune responses via multiple
mechanisms. Indeed, both types of factors influence the
presentation of major histocompatibility complex-restricted
self- or self-mimicking epitopes to T cells in lymph nodes and
target tissues, polarization of the T cell response (i.e., Th1-type
versus Th2-type), emergence of regulatory cells, as well as the
permissive status of the target organ to infiltration by immune
cells.

Generation of autoaggressive T cells

Although it is clear that autoreactive T cells are present in the
normal individual, these T cells normally do not induce
pathology. To become patholological, the self-reactive T cells
have to be activated to expand and to become effector cells.
Effector T lymphocytes can induce self-tissue damage by
helping in the generation of pathogenic autoantibodies or
helping in the development of cellular immune responses
mediated by macrophages and cytotoxic T lymphocytes. A first
important regulatory point in the pathogenesis of autoimmune
disease will thus be the regulation of the activation of self-

reactive T cells. In this regard, dendritic cells probably play a
crucial role.

DC are extremely specialized antigen-presenting cells that ±
according to their ontogeny and/or their mode of activation ±
can induce tolerance or specific immunity [3]. Thus, for
example, in the presence of interleukin-10, monocyte-derived
human DC do not produce IL-12 [4] and can anergize T cells
[5]. Recent observations suggest that immature DC might also
induce regulatory T cells. Moreover, some DC might induce the
death of autoreactive T lymphocytes. In mice this property has
been attributed to lymphoid DC through their expression of the
Fas ligand molecule [6]. In humans, monocyte-derived DC
activated during viral infection can kill sensitive lymphocyte
targets through the TRAIL ligand [7], and we recently observed
that even at the resting state they can kill Jurkatt T cells through
an as yet unidentified caspase-dependent mechanism (Vander-
heyde et al, manuscript submitted). Whatever the mechanism
DC use, very elegant experiments in vivo have now clearly
demonstrated that APC, and in particular DC, are necessary
and sufficient to induce tolerance to peripheral antigens [8].

Some environmental or genetic factors might interfere with
the tolerizing properties of DC and thereby promote a priming
presentation of the antigen. Microbes and pro-inflammatory
cytokines do indeed induce the maturation of DC, a process
characterized by an up-regulation of co-stimulatory molecules
necessary to optimally activate naive T cells, a modification of
DC expression of the chemokine receptor allowing DC to
migrate to the lymph nodes, and a stimulation of cytokine
production. In particular, some microbes or microbial products
such as lipopolysaccharide are potent stimulators of IL-12
production by DC [9,10]. In this regard, it is interesting to note
that DC can respond to LPS only in the presence of the soluble
form of CD14, a factor present in the serum [9]. Thus, increased
vascular permeability associated with inflammation is likely to
enhance DC activation by microbial products that require
CD14 to do so.

Considerable experimental data support the concept that
activated DC can induce autoimmune diseases. Indeed, DC
pulsed with myelin basic protein elicited experimental allergic
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encephalomyelitis [11], DC pulsed with thyroglobulin triggered
autoimmune thyroiditis [12], and vaccination against tumor
using DC pulsed with tumor antigens shared with normal host
resulted in severe autoimmune disease [13].

The epidemiological evidence of an association between
some infections and autoimmune disease might be the
consequence of what is called molecular mimicry but would
also reflect the particular adjuvant effect of some pathogens.
The theory of molecular mimicry holds that the autoimmune
response results from similar epitopes shared by the pathogen
and the host. Thus the immune response elicited against the
pathogen will eliminate it, but because of similarity between
pathogen antigens and some host antigens it will lead also to
lesions of self-tissues. Many observations support this concept,
such as the case of rheumatoid fever where patients have
antibodies directed against a streptococcal protein envelope that
cross-react with myosin, a myocardial protein, which eventually
results in cardiac damage. Multiple sclerosis is another example
of molecular mimicry involving autoreactive T cells. Indeed, T
cell clones have been isolated from patients with MS that can
cross-react with a variety of infectious agents. The involvement
of microbes in the pathogenesis of autoimmune disease through
their adjuvant effect is best illustrated by the work of Segal et al.
[14,15]. These authors studied an animal model of MS ± the
experimental allergic encephalomyelitis ± and showed that
preexisting autoreactive T cells stay in a quiescent state unless
microbial products such as lipopolysaccharide or CpG oligo-
nucleotides are present. They also showed that such microbial
factors are necessary to allow the development of effector Th1
cells and the induction of EAE through the stimulation of IL-12
production. The influence of the environment on the regulation
of IL-12 production might therefore be critical for the
development of Th1-mediated autoimmune disease in geneti-
cally susceptible individuals. The importance of IL-12 in the
tolerance process is also illustrated by transplantation experi-
ments in newborns. Newborn mice tolerated allogenic skin
graft, and this tolerance can be abolished through the
administration of IL-12 [16]. This observation as well as
observations on human neonatal DC [17] suggest that the
defect of IL-12 production by neonates is associated with a
higher level of graft acceptance.

Infection could also favor the development of autoimmune
disease by increasing the availability of self-antigens and by
allowing their presentation. Normally self-reactive naive lym-
phocytes do not encounter their specific antigen and thus
cannot expand in response to it, since naive lymphocytes
circulate in blood and the secondary lymphoid organs but do
not have access to peripheral tissues. The proposal made by
different groups [18,19] is that infection would lead to the
migration of APC-bearing self-antigens to draining lymph
nodes. This would permit the activation of autoreactive T cells
that, as effector cells, will be able to invade and destroy

peripheral tissue. Infection can lead to this scenario by inducing
tissue damage, leading to the liberation of autoantigens. These
autoantigens can then be picked up by APC, and the
inflammatory response induced by the microbe leads to the
activation and migration of APC to draining lymph nodes. This
would result in activation of self-reactive or cross-reactive T
lymphocytes.

The availability of self-antigens depends also on the control
of the clearance of apoptotic cells. Indeed, common autoanti-
gens targeted in systemic lupus erythematosus are present at
high density on the surface of apoptotic cells [20] and injection
of apoptotic cells induces autoantibodies formation although
not full-blown SLE [21]. The high predisposition for lupus-like
syndromes of patients or mice deficient in some complement
factors (particularly C1q and C4) may be explained by their
impaired capability to clear apoptotic cells [22]. By opsonizing
apoptotic cells, complement factors promote apoptotic cell
clearance. Additional evidence supporting the importance of the
clearance of apoptotic cells and their byproducts, such as
chromatin, is inferred from the observation of mice deficient in
serum amyloid protein [23]. Such mice develop a lupus-like
syndrome, which can be explained by a defect in chromatin
clearance in the absence of serum amyloid protein. Thus, when
apoptotic cells accumulate, autoantigens that are normally
cleared persist and could be presented by DC. DC can indeed
phagocyte apoptotic cells and cross-present derived peptides
whereas macrophages are unable to do so [24]. However,
normally, apoptotic cells do not induce DC maturation and
thus apoptotic cell-derived peptides would be presented in a
neutral or tolerogenic fashion [25]. Additional factors such as
pro-inflammatory cytokines or microbial products should thus
be present to induce DC maturation for activation of
autoreactive T cells. Apoptotic cells were initially described as
anti-inflammatory since they inhibit the liberation of pro-
inflammatory molecules by macrophages [26]. However, some
forms of apoptosis can be inflammatory and could induce DC
maturation [27], especially when apoptotic cells are coated with
antibodies [26]. There is also evidence that post-apoptotic cells
can be pro-inflammatory [28] as are necrotic cells [25]. In
summary, if apoptosis occurs in ``silence,'' presentation of self-
peptides is likely to result in tolerance, whereas when apoptotic
cell death takes place in a context of inflammation, in the
presence of autoantibodies or in association with secondary
necrosis (because of an overwhelming level of apoptosis or
because of a defect in the clearance), then immunogenic
presentation of self-peptides is likely to occur, resulting in
autoimmunity.

Elimination of autoaggressive T cells

Elimination of T lymphocytes after their activation is essential
both to allow the immune system to return to its basal state
after an infection episode as well as for the control of

MS = multiple sclerosis
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autoimmunity [reviewed in 29]. This is best illustrated by the
autoimmune phenotype of knock-out mice for the Fas or Fas-
ligand genes that encode critical molecules for activation-
induced cell death of T cells. Likewise, mutation of the Fas gene
in humans is associated with an autoimmune lymphoprolifera-
tive syndrome [30]. On the other hand, enhancement of AICD
might protect against autoimmune disease. Zhou et al. [30]
demonstrated prevention of two experimental T cell-mediated
autoimmune diseases in rats by enhancing T cell AICD using
bisindolylmaleimide VIII [31]. Autoimmune disease might thus
result from an imbalance between the proliferation of auto-
immune T cells and their elimination by AICD. Things are not
so simple however, since excessive AICD of T lymphocytes
could also promote autoimmune pathology, as reported by
different groups [32]. In this case, autoimmune pathology might
result from a defect in the handling of apoptotic cells as we will
discuss below.

Regulation of the fate of antigen-presenting cells is a less
studied phenomenon but is probably as important for the
control of autoimmunity. In vivo experiments in mice showed
that the interactions between antigen-bearing dendritic cells and
specific T lymphocytes are followed by DC disappearance
[33,34]. Moreover, a mutation of an enzyme involved in the
apoptosis program, caspase 10, underlies an autoimmune
lymphoproliferative syndrome and is associated with a defect
of DC apoptosis and accumulation of DC in lymphoid organs
[35]. According to our observation that bisindolylmaleimide
promotes death receptor-mediated apoptosis [10], the protective
effect of this compound against autoimmune pathology might
be due not only to its effects on T cell AICD but also to its
ability to promote DC apoptosis.

Regulation of autoaggressive T cell

function

Rodents that are either congenitally lymphopenic, or are
rendered so, develop a number of organ-specific autoimmune
diseases, and the correction of the lymphopenia by CD4 + T
cells from normal donors prevents the development of the
disease [reviewed in 36]. In humans also, induced lymphopenia
has been associated with the development of autoimmune
thyroid disease [37,38]. These observations reflect the impor-
tance of a subset of T lymphocytes that control the activation/
function of autoreactive T cells normally present in all
individuals. Such lymphocytes are termed regulatory T cells
and probably represent a heterogenous population. One well-
characterized subset is defined by its constitutive expression of
the chain of IL-2 receptor (CD25), and its regulatory property
seems to be linked to the constitutive expression of the CTLA-4
molecules (the alternative counter-receptor for B7 molecules).
Another subset is termed Tr1 and is characterized by the
production of high levels of IL-10, moderate amounts of

transforming growth factor beta, interferon gamma and IL-5,
low IL-2 and no IL-4. As mentioned above, immature DC can
induce the development of regulatory T cells [5]. Thus again,
pro-inflammatory conditions observed during infection might
favor the development of autoimmune disease secondary to the
activation of DC, which counteract the development of such
regulatory cells.

Egress of autoaggressive T lymphocyte

to peripheral tissue

The presence of autoaggressive effector T cells does not directly
imply that tissue damage will ensue. Indeed, effector T cells or
pathogenic autoantibodies have still to gain the target tissue.
This notion is well illustrated by the Goodpasture syndrome.
This syndrome is characterized by the presence of antibodies
against the basement membrane and in particular against a non-
collagenous domain of type IV collagen molecules. Although
this particular molecule is present in the glomerulus, in the lung
and in the cochlea, most patients develop nephropathy but only
half of them develop pulmonary disorders and none have an
auditive defect. This reflects the availability of the target self-
antigen, which is readily accessible in the kidney, only accessible
in the lung if there is inflammation as observed in patients who
smoke [39], and never accessible in the inner ear.

The role of infection in autoimmune disease might also rely
on the associated inflammation, which allows extravasation of
autoreactive effector cells or pathogenic autoantibodies cells
into the target tissue [18]. By an unclear mechanism, auto-
antibodies can also alter the distribution of T cell-mediated
inflammation and lead to destruction of otherwise spared tissue
[40].

Concluding remarks

Avoiding tissue damage during autoimmune responses requires
a delicate equilibrium between activation and elimination of
self-reactive lymphocytes, as well as stringent limitation of the
access of lymphocytes to intact tissues. Genetic and environ-
mental factors can probably trigger the development of
autoimmune diseases through their effects on some critical
tenets for this equilibrium. Certainly, both types of factors
influence the clearance of apoptotic cells and the inflammatory
reactions that critically determine the availability of self-
antigens and their mode of presentation, as well as the
extravasation of autoreactive lymphocytes into their target
tissues.

References

1. Avrameas S, Ternynck T. Natural autoantibodies: the other side of the

immune system. Res Immunol 1995;146:235±48.

2. Moalem G, Leibowitz-Amit R, Yoles E, Mor F, Cohen IR, Schwartz M.

Autoimmune T cells protect neurons from secondary degeneration after

central nervous system axotomy. Nat Med 1999;5:49±55.

3. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.

Nature 1998;392:245±52.AICD = activation-induced cell death

601IMAJ . Vol 3 . August 2001 New Concepts on the Pathogenesis of Autoimmune Disease

Reviews



4. Buelens C, Verhasselt V, De Groote D, Thielemans K, Goldman M, Willems

F. Human dendritic cell responses to lipopolysaccharide and CD40 ligation

are differentially regulated by interleukin-10. Eur J Immunol 1997;27:1848±

52.

5. Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin

10-producing, nonproliferating CD4(+) T cells with regulatory properties by

repetitive stimulation with allogeneic immature human dendritic cells. J Exp

Med 2000;192(9):1213±22.

6. Suss G, Shortman K. A subclass of dendritic cells kills CD4 T cells via Fas/

Fas-ligand-induced apoptosis. J Exp Med 1996;183:1789±96.

7. Vidalain PO, Azocar O, Lamouille B, Astier A, Rabourdin-Combe C, Servet-

Delprat C. Measles virus induces functional TRAIL production by human

dendritic cells. J Virol 2000;74:556±9.

8. Kurts C, Cannarile M, Klebba I, Brocker T. Cutting edge: dendritic cells are

sufficient to cross-present self-antigens to CD8 T cells in vivo. J Immunol

2001;166:1439±42.

9. Verhasselt V, Buelens C, Willems F, De Groote D, Haeffner Cavaillon N,

Goldman M. Bacterial lipopolysaccharide stimulates the production of

cytokines and the expression of costimulatory molecules by human peripheral

blood dendritic cells: evidence for a soluble CD14-dependent pathway.

J Immunol 1997;158:2919±25.

10. Reis e Sousa C, Hieny S, Scharton-Kersten T, Jankovic D, Charest H,

Germain R, Sher A. In vivo microbial stimulation induces rapid CD40

ligand-independent production of interleukin 12 by dendritic cells and their

redistribution to T cell areas. J Exp Med 1997;186:1819±29.

11. Dittel BN, Visintin I, Merchant RM, Janeway CAJ. Presentation of the self

antigen myelin basic protein by dendritic cells leads to experimental

autoimmune encephalomyelitis. J Immunol 1999;163:32±9.

12. Watanabe H, Inaba M, Adachi Y, Sugiura K, Hisha H, Iguchi T, Ito T,

Yasumizu R, Inaba K, Yamashita T, Ikehara S. Experimental autoimmune

thyroiditis induced by thyroglobulin-pulsed dendritic cells. Autoimmunity

1999;31:273±82.

13. Ludewig B, Ochsenbein AF, Odermatt B, Paulin D, Hengartner H,

Zinkernagel RM. Immunotherapy with dendritic cells directed against tumor

antigens shared with normal host cells results in severe autoimmune disease.

J Exp Med 2000;191:191:795±804.

14. Segal BM, Chang JT, Shevach EM. CpG oligonucleotides are potent

adjuvants for the activation of autoreactive encephalitogenic T cells in vivo.

J Immunol 2000;164(11):5683±8.

15. Segal BM, Klinman DM, Shevach EM. Microbial products induce

autoimmune disease by an IL-12-dependent pathway. J Immunol

1997;158:5087±90.

16. Flamand V, Donckier V, Demoor FX, Le Moine A, Matthys P, Vanderhae-

gen ML, Tagawa Y, Iwakura Y, Billiau A, Abramowicz D, Goldman M.

CD40 ligation prevents neonatal induction of transplantation tolerance.

J Immunol 1998;160:4666±9.

17. Goriely S, Vincart B, Stordeur P, Vekemans J, Willems F, Goldman M, De

Wolt D. Deficient IL-12(p35) Gene Expression by dendritic cells derived

from neonatal monocytes. J Immunol 2001;166:2141±6.

18. Ganss R, Limmer A, Sacher T, Arnold B, Hammerling GJ. Autoaggression

and tumor rejection: it takes more than self-specific T-cell activation.

Immunol Rev 1999;169:263±72.

19. Zinkernagel RM, Ehl S, Aichele P, Oehen S, Kundig T, Hengartner H.

Antigen localisation regulates immune responses in a dose- and time-

dependent fashion: a geographical view of immune reactivity. Immunol Rev

1997;156:199±209.

20. Casciola-Rosen LA, Anhalt G, Rosen A. Autoantigens targeted in systemic

lupus erythematosus are clustered in two populations of surface structures on

apoptotic keratinocytes. J Exp Med 1994;179:1317±30.

21. Mevorach D, Zhou JL, Song X, Elkon KB. Systemic exposure to irradiated

apoptotic cells induces autoantibody production. J Exp Med 1998;188:387±

92.

22. Botto M, Dell'Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F,

Loos M, Pandofi PP, Walport MJ. Homozygous C1q deficiency causes

glomerulonephritis associated with multiple apoptotic bodies. Nat Genet

1998;19:56±9.

23. Bickerstaff MC, Botto M, Hutchinson WL, Herbert J, Tennent GA, Bybee

A, Mitchell DA, Cook HT, Butler PJ, Walport MJ, Pepys MB. Serum

amyloid P component controls chromatin degradation and prevents anti-

nuclear autoimmunity. Nat Med 1999;5:694±7.

24. Albert ML, Sauter B, Bhardwaj N. Dendritic cells acquire antigen from

apoptotic cells and induce class I-restricted CTLs. Nature 1998;392:86±9.

25. Sauter B, Albert ML, Francisco L, Larsson M, Somersan S, Bhardwaj N.

Consequences of cell death: exposure to necrotic tumor cells, but not primary

tissue cells or apoptotic cells, induces the maturation of immunostimulatory

dendritic cells. J Exp Med 2000;191(3):423±34.

26. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM.

Macrophages that have ingested apoptotic cells in vitro inhibit proinflam-

matory cytokine production through autocrine/paracrine mechanisms invol-

ving TGF-beta, PGE2, and PAF. J Clin Invest 1998;101:890±8.

27. Restifo NP. Building better vaccines: how apoptotic cell death can induce

inflammation and activate innate and adaptive immunity [In Process

Citation]. Curr Opin Immunol 2000;12:597±603.

28. Stern M, Savill J, Haslett C. Human monocyte-derived macrophage

phagocytosis of senescent eosinophils undergoing apoptosis. Mediation by

alpha v beta 3/CD36/thrombospondin recognition mechanism and lack of

phlogistic response. Am J Pathol 1996;149:911±21.

29. Van Parijs L, Abbas AK. Homeostasis and self-tolerance in the immune

system: turning lymphocytes off. Science 1998;280:243±8.

30. Drappa J, Vaishnaw AK, Sullivan KE, Chu JL, Elkon KB. Fas gene

mutations in the Canale-Smith syndrome, an inherited lymphoproliferative

disorder associated with autoimmunity. N Engl J Med 1996;335:1643±9.

31. Zhou T, Song L, Yang P, Wang Z, Lui D, Jope RS. Bisindolylmaleimide VIII

facilitates Fas-mediated apoptosis and inhibits T cell-mediated autoimmune

diseases. Nat Med 1999;5:42±8.

32. Emlen W, Niebur J, Kadera R. Accelerated in vitro apoptosis of lymphocytes

from patients with systemic lupus erythematosus. J Immunol 1994;152:

3685±92.

33. Ingulli E, Mondino A, Khoruts A, Jenkins MK. In vivo detection of dendritic

cell antigen presentation to CD4(+) T cells. J Exp Med 1997;185:2133±41.

34. De Smedt T, Pajak B, Muraille E, Heinen E, De Baetselier P, Urbain J, Leo

C, Moser M. Lipopolysaccharide induces intrasplenic migration and

functional maturation of dendritic cells. J Exp Med 1996;184:1413.

35. Wang J, Zheng L, Lobito A. Inherited human Caspase 10 mutations underlie

defective lymphocyte and dendritic cell apoptosis in autoimmune lympho-

proliferative syndrome type II. Cell 1999;98:47±58.

36. Roncarolo M, Levings MK. The role of different subsets of T regulatory cells

in controlling autoimmunity. Curr Opin Immunol 2000;12:676±83.

37. Coles AJ, Wing M, Smith S, Coraddu F, Greer S, Taylor C, Weetman A,

Hale G, Chatterje VK, Waldmann H, Compston A. Pulsed monoclonal

antibody treatment and autoimmune thyroid disease in multiple sclerosis.

Lancet 1999;354:1691±5.

38. Gilquin J, Viard JP, Jubault V, Sert C, Kazatchkine MD. Delayed occurrence

of Graves' disease after immune restoration with HAART. Highly active

antiretroviral therapy. Lancet 1998;352:1907±8.

39. Donaghy M, Rees AJ. Cigarette smoking and lung haemorrhage in

glomerulonephritis caused by autoantibodies to glomerular basement

membrane. Lancet 1983;2:1390±3.

40. Lou YH, Park KK, Agersborg S, Alard P, Tung KS. Retargeting T cell-

mediated inflammation: a new perspective on autoantibody action.

J Immunol 2000;164:5251±7.

Correspondence: Dr. V. Verhasselt, Laboratory of Experimental

Immunology, Faculty of Medicine, UniversiteÂ Libre de Bruxelles, 808,

route de Lennik, 1070 Bruxelles, Belgium. Phone: (32-2) 555-3925, Fax:

(32-2) 555-4499, email: mgoldman@ulb.ac.be

602 V. Verhasselt and M. Goldman IMAJ . Vol 3 . August 2001

Reviews


