
2.  Central  &  Peripheral
Tolerance

Introduction
Erlich  put  forward  the  term  ‘horror  autotoxicus’  to
refer  to  the  body’s  aversion  to  immunological  self
destruction, and postulated that mechanisms must prevent
reaction against self
Healthy  individuals  have  a  smouldering  autoimmune
response  that  can  escape  control  (a  system  of  many
checks and balances) to cause autoimmune disorders
A  major  area  of  interest  is  how  the  immune  system
discriminates between self and non-self, and thus how to
minimise  the  possibility  of  autoimmunity  while
optimising  protective  immune  responses
Active mechanisms also prevent an immunologic attack on
harmless antigens such as those represented by commensal
bacteria and food
Control  mechanisms  induce  a  state  of  immune
unresponsiveness to an antigen
Tolerance is induced and maintained both centrally and
peripherally,  each  with  a  non-redundant  function  in
maintaining  receptor  diversity  while  curtailing  self-
reactivity
It  was  observed  more  than  50  years  ago  that  non-
identical twin calves sharing a placenta do not react to
each other’s erythrocytes, and it was hypothesised that
in utero exposure rendered them tolerant to each other’s
antigens
This spurred Medawar and Brent to inject mouse cells
into a neonatal mouse from a different strain, resulting
in  tolerance  of  the  latter  to  skin  grafts  from  the
former
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MacFarlane Burnet pioneered the clonal selection theory:
where host encounter with a foreign antigen selects for
a particular immune cell clone that then proliferates to
yield  daughter  clones  which  all  have  the  same
specificity
He  hypothesised  that  self-tolerance  resulted  from
central  deletion  of  ‘forbidden  clones’,  thereby
eliminating  potentially  self-reactive  clones
additionally, a deficiency in Treg number or function
leads  to  allergic,  autoimmune  and  other  inflammatory
diseases due to loss of tolerance
The most important form of tolerance is self tolerance,
which  occurs  in  the  developing  foetus  during  normal
immune ontogeny
Tolerance can also be induced to non-self antigens after
birth
An antigen that induces tolerance is termed a tolerogen
and tolerance is both antigen- and cell clone-specific:
tolerance is selective for the tolerogen that induced
it,  facilitating  continued  responsiveness  to  other
antigens
In this way, tolerance is different from generalised
immune  suppression  (such  as  that  induced  by  post-
transplant drugs like cyclosporine)

 

Central vs. Peripheral Tolerance
Induction of tolerance requires education of both B and
T cells, which occurs in both central (bone marrow,
thymus) and peripheral (spleen, lymph nodes) lymphoid
organs and tissues
Here  lymphocytes  become  either  immune  competent  or
tolerant towards encountered antigens
Mechanisms of tolerance induction and maintenance differ
between  B  and  T  cells,  and  between  central  and



peripheral  lymphoid  organs

 

Central T-Cell Selection
Transgenic  animal  models  demonstrate  that  central
mechanisms  are  indispensable  for  induction  of  self-
tolerance
CD4-CD8- (double negative) T-cell progenitors enter the
thymic cortex and rearrange their receptors to become
CD4+CD8+ (double positive) thymocytes
Positive and negative selection occurs in the thymus
(Figure 1)

Figure 1. Positive and negative selection in the thymus. CD4+
T cells that recognize self-antigens expressed on thymocytes
in the context of MHC-II molecules undergo apoptosis. The key
factor in determining positive and negative selection is the
strength of the antigen recognition by the maturing T cell;
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low-avidity recognition leads to positive selection, and high-
avidity recognition induces negative selection. It is proposed
that  at  this  stage,  Treg  (CD4+CD25+)  cells  that  are
autoantigen-specific are generated by intermediate degrees of
binding. [Reproduced with permission from Bellanti JA (Ed).
Immunology IV: Clinical Applications in Health and Disease. I
Care Press, Bethesda, MD, 2012]

 
 

T-cells with a receptor that bind with moderate affinity
to  self-peptide-MHC  complexes  on  thymic  epithelia
receive a survival signal (positive selection)
Depending on which MHC was recognised, the T-cell will
display either CD4 or CD8 (single positive)
Negative selection occurs at the DP stage in the cortex,
or  at  the  SP  stage  in  the  medulla:  T-cells  with  a
receptor that bind with high avidity to autoantigens on
thymic epithelia undergo apoptosis
The autoantigens are host tissue proteins expressed on
thymic epithelia under regulation of the transcription
factor autoimmune regulator (AIRE)
Many  T-cells  are  eliminated:  of  the  potential  109
receptor specificities in the thymus, only a fraction
are present in peripheral tissues
AIRE deficiency results in organ-specific autoimmunity,
including  APS-1  (damage  to  parathyroid  and  adrenal
glands)

 

Peripheral T-Cell Selection
Central and Peripheral tolerance occur in tandem, in the
case that central tolerance is not completely effective;
partly because not all autoantigens are expressed in the
thymus



Several autoreactive clones are found in the peripheral
blood  of  healthy  people,  and  some  lymphocytes  from
people without MS react in vitro to MBP (a target of the
immune response in MS)
Autoreactive clones can potentially become activated and
proliferate in the periphery when properly stimulated
(e.g.  sub-acute  bacterial  endocarditis  can  lead  to
emergence  of  self-reactive  clones  that  damage  the
kidneys)
Peripheral mechanisms of tolerance eliminate or suppress
autoreactive clones that escape to the periphery
Mechanisms of peripehral T-cell tolerance include:

A. Clonal deletion
B. Ignorance
C. Anergy
D. Immune regulation

Tolerance mechanisms can also result in inappropriate
tolerance to non-self antigens.
As an example: when LCM virus was inoculated into mouse
embryos, adult mice mounted no immune response to LCM
and were chronically infected
It was thought that these antigens, introduced early
during gestation, were handled as self-antigens, thereby
inducing negative central T-cell selection.

 

A. Clonal Deletion
The best-studied mechanism eliminating activated T-cell
clones is activation-induced cell death (Figure 2)
T-cells  activated  by  antigen-presenting  cells  express
IL-2  and  IL-2R  for  autocrine  facilitation  of
proliferation
Activated  T-cells  also  increase  their  expression  of
death receptors (e.g. Fas) and their ligands
Ligation  of  Fas  leads  to  T-cell  apoptosis  via  the



caspase pathway, thereby ending the immune response

Figure  2.  Schematic
representation  of  AICD.
Upon  uptake  and
processing of antigen by
APCs  (1)  and  subsequent
presentation  of  the
processed  peptide  to  a
CD4+  T  cell  (2),  IL-2
production and expression
of  the  IL-2R  occurs
followed  by  their
autocrine  binding  (3),
leading  to  T  cell
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activation.  Activated  T
cells express Fas (4) and
FasL  (5)  on  their
surfaces or as soluble s-
FasL  after  cleavage  of
the  membrane-associated
FasL (6). The interaction
of Fas either with s-FasL
(7)  or  with  membrane-
associated FasL (8) leads
to  apoptosis  (9)  by
activation-induced  cell
death (AICD), thus ending
the  immune  response
[Reproduced  with
permission  from  Bellanti
JA  (Ed).  Immunology  IV:
Clinical  Applications  in
Health  and  Disease.  I
Care Press, Bethesda, MD,
2012].

 

 

Mutations in Clonal Deletion Pathways
Mice whose T-cells do not express Fas, display expanded
lymphocyte  populations  in  their  secondary  lymphoid
organs, leading to profound lymphadenopathy, significant
self-reactivity  (including  many  autoantibodies),  and
autoimmune damage to many organs (including kidneys)
Rare  human  diseases,  ALPS  1a  and  1b,  are  caused  by
similar  mutations  in  Fas  or  FasL  respectively,  also
leading to lymphadenopathy and autoantibodies
IL-2 affects the Fas pathway, and can eventually lead to



AICD by increasing FasL expression
IL-2  also  helps  attenuate  immunity  by  downregulating
survival molecules (e.g. FLICE and FLIP) which would
otherwise inhibit AICD by preventing assembly of the Fas
death receptor complex

 

B. Ignorance
Although peripherally, T-cells from healthy individuals
can react with self-antigens in vitro, this does not
commonly occur in vivo
It is thought that T-cells ignore certain self-antigens
because they are located in immune-privileged sites or
because  they  have  low  immunogencitiy  (low  levels  of
expression or low binding affinity)
Sympathetic autoimmune ophthalmia (Case 38 in Bellanti
JA (Ed). Immunology IV: Clinical Applications in Health
and  Disease.  I  Care  Press,  Bethesda,  MD,  2012  and
related Immunopaedia Case Study: Case of eye injury and
decreased vision) – severe inflammatory damage to both
eyes – is caused by release of sequestered ocular self-
antigens  into  circulation,  where  they  can  eventually
activate peripheral autoreactive immune cells
the immune system is not normally exposed to ocular
antigens,  but  trauma  to  a  single  eye  releases
autoantigens  that  activate  autoreactive  immune  cells,
leading  to  severe  granulomatous  inflammatory  of  both
eyes
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C. Anergy
This  is  a  major  mechanism  inactivating  peripheral
autoreactive T-cell clones
Anergic  T-cell  clones  cannot  respond  to  cognate
antigenic stimuli: they do not produce IL-2 or IL-2R
Multiple proposed mechanisms explain this block in T-
cell activation (Figure 3):
Disruption of the interaction between the T-cell co-
receptor CD28 and APC co-stimualtory molecules CD80/86
Interaction  of  CTLA-4  with  CD80/86,  negatively
regulating T-cell activation
T-cells displaying CD28 tend to be activated by APC,
while T-cells displaying CTLA-4 tend to become anergic
Under physiologic conditions, T-cells express CD28 on
initial encounter with APC
Shortly after such stimulation, they start displaying
CTLA-4, which has a higher binding affinity than CD28
for CD80/86 than does CD28
CTLA-4  knockout  mice  develop  profound  lympho-
proliferative disease



Figure  3.  Co-stimulation  is
important for the activation of
T cells. Panel A: Following the
activation of the 80/86 on the
antigen-presenting cell provides
the second signal, leading to T
cell  activation  and
proliferation.  Panel  B:
Disruption  of  the  CD28/CD80/86
signal or Panel C: Failure to
express  CD  80/86  can  lead  to
anergy.  Panel  D:  At  the  same
time,  the  activated  T  cells
upregulate  the  expression  of
CTLA-4,  a  molecule  that  also
interacts with greater affinity
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to  CD80/86,  leading  to
disruption of the costimulatory
signal  and  anergy.  [Reproduced
with permission from Bellanti JA
(Ed).  Immunology  IV:  Clinical
Applications  in  Health  and
Disease. I Care Press, Bethesda,
MD, 2012]

 

Clinical Significance of CTLA-4
Rheumatoid  arthritis  is  an  autoimmune  disease  mainly
affecting the joints
CTLA-4 is used as a biologic response modifier to treat
these  patients,  significantly  reducing  joint
inflammation
A fusion protein consisting of CTLA-4 and immunoglobulin
(abatacept, belatacept) is used clinically in arthritis
and after transplantation
There  is  also  interest  in  blocking  CTLA-4  using
monoclonal antibodies (e.g. ipilimumab) to inhibit tumor
tolerance
Insufficient  production  of  key  transcriptional
activators  (e.g.  AP-1,  NF-kB,  NFAT-1)  during  T-cell
activation reduces IL-2 production
Transcription suppressors (e.g. CREM) can also decrease
transcriptional  activity  of  the  IL-2  gene  promoter,
leading to T-cell anergy
Alterations  at  multiple  levels  of  regulation  (e.g.
activity of key kinases such as MAPK, or stability of
IL-2 mRNA) can contribute to reduced IL-2 production in
anergic T-cells

 



D. Immune Regulation
Immune regulation is achieved by the action of Treg’s
Treg  are  important  in  the  maintenance  of  peripheral
tolerance
When they are depleted from mice, autoimmunity results
A human patient with genetic Treg dysfunction develops
lymphadenopathy and inflammatory infiltrates consisting
of autoreactive T-cells in multiple organs
Naturally-occurring thymus-derived Treg display anergic
properties in vitro, but can also suppress CD4+CD25- T-
cells  in  vivo,  via  direct  cell-cell  contact,  or
secretion  of  cytokines  (Figure  3)
During active inflammation (e.g. infection), Treg do not
prevent protective immune function
Induced  CD4+CD25+  Treg  can  also  be  activated  in
peripheral lymphoid organs (e.g. by TGFβ) and suppress
immune responses via anti-inflammatory cytokines (e.g.
TGFβ) rather than direct contact.



Figure 4. Schematic representation of two mechanisms of immune
regulation  by  Treg  cells.  Panel  A:  Self-antigen  specific
CD4+CD25+ T cells can directly suppress the activation of
self-reactive T cells through cell-cell interaction. Panel B:
Anti-inflammatory cytokines such as IL-10 and TGF-β that are
secreted by other immunoregulatory T cells can also suppress
the immune response. [Reproduced with permission from Bellanti
JA (Ed). Immunology IV: Clinical Applications in Health and
Disease. I Care Press, Bethesda, MD, 2012]

 

TGFβ & Regulatory Cells Other Than Treg
TGFβ  in  the  presence  of  IL-6  (e.g.  from  activated
macrophages during infection) and IL-23 can also lead to
induction of Th17, which produce IL-17
Th17 are associated with antimicrobial immunity as well
as autoimmune/inflammatory disorders
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TGFβ can therefore either regulate inflammation through
Treg, or promote inflammation through Th17
CD1-restricted NKT cells have also been implicated in
immune regulation, as have CD8+ suppressor T-cells
γδCD8+  T-cells  that  populate  MALT  are  most  likely
involved in suppression of immune responses initiated by
antigen delivered by the mucosal route
After inhalation of small quantities of antigen, such
CD8+  T-cells  are  activated  in  sub-mucosal  areas  to
become suppressors cells and migrate to draining lymph
nodes  to  suppress  immune  response  via  production  of
IL-10 and TGFβ
Ingestion of larger quantities of antigen activates not
only such CD8+ suppressors, but also Treg that migrate
to areas of inflammation to downregulate T-driven immune
responses
Th1-type IFNγ opposes Th2-type immunity, while Th2-type
IL-4 opposes Th1-type immunity
Regulatory T-cells and cytokines are also being used as
and targeted therapeutically

 

B-cell Tolerance
During normal B-cell development, a set of processes
help induce B-cell central tolerance
Education of B-cells and elimination of self-reactive B-
cell clones is somewhat different from that of T-cells
B-cells are still immature when they relocate from bone
marrow to spleen T-cell zones
Autoreactive  B-cells  are  not  necessarily  eliminated
during negative selection in the bone marrow
B-cells that recognise autoantigens are eliminate via
apoptosis or become anergic
Autoreactive  B-cells  that  escape  negative  selection
become part of the a maximally-diverse immune repertoire



 

B-cell Peripheral Tolerance
Peripheral tolerance mechanisms (in secondary lymphoid
tissues) exist for various reasons:
Imperfect T-cell tolerance: in most autoimmune diseases,
B-cells are T-cell dependent, requiring help from pre-
activated cognate autoreactive T-cells
T-independent B-cells can be activated by autoantigens
without T-cell help
Microbial antigens structurally similar to autoantigens
can lead B-cells to produce cross-reactive antibodies in
a phenomenon known as molecular mimicry
B-cells hypermutate their receptors on activation, so
there is a second chance that they may become self-
reactive

 

Exploring B-cell Tolerance
Mechanisms of B-cell tolerance have been explored using
transgenic mice (Figure 5)
In a classic experiment, monotransgenic mice expressing
hen egg lysozyme (after tolerisation via fetal exposure)
are  bred  with  monotransgenic  mice  expressing  anti-
lysozyme  IgM  and  having  B-cell  receptors  capable  of
recognising lysozyme
The  resulting  mouse  hybrids  produce  lysozyme,  but
despite  lysozyme-recognising  B-cells  do  not  produce
anti-lysozyme antibody after immunization with lysozyme
This  demonstrates  that  the  simultaneous  presence  of
lysozyme and lysozyme-reactive B-cells leads to B-cell
anergy
B-cells  from  the  hybrid  strain  transferred  into



irradiated wild-type mice were indeed able to make anti-
lysozyme antibodies
This  proves  that  anergy  was  related  to  continued
stimulation by lysozyme, but could be reversed when B-
cells were in a host without the tolerising effects of
lysozyme

 

Figure  5.  Experimental  model  of  B  cell  anergy.  (1)  A
transgenic mouse expressing hen egg lysozyme (white mouse) was
crossed with a mouse transgenic for anti-lysozyme specific B
cell production (brown mouse) to produce an F1 hybrid (tan
mouse) (2) double transgenic for lysozyme production (3) and
anti-lysozymal  B  cell  production;  these  double  transgenic
hybrids produced lysozyme but did not produce anti-lysozyme
antibody. (4) The B cells from these F1 mice, although unable
to react to the lysozyme, when transferred to irradiated mice
and immunized with lysozyme (5) resulted in the production of
anti-lysozyme antibody (Ab) (6). This proves that the B cells
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in the F1 mice, although capable of producing anti-lysozyme
antibody, if transferred to another mouse were functionally
anergized in the presence of endogenously produced lysozyme
[Reproduced with permission from Bellanti JA (Ed). Immunology
IV: Clinical Applications in Health and Disease. I Care Press,
Bethesda, MD, 2012].
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Now test your knowledge with these
questions!

Related Talks
/var/www/html/wp-content/uploads/2017/09/Georg-Hollander.m4a

Georg Hollander, Basel/Oxford – Tolerance

/var/www/html/wp-
content/uploads/2016/09/CliveGray_Tolerance.m4a

Clive Gray, University of Cape Town – Tolerance

https://docs.google.com/forms/d/e/1FAIpQLSf-JOw88s3Pq1-a5JmxmhwWKwZTLXlhYQbVP4T6lQLjqUCsJw/viewform?usp=sf_link
https://docs.google.com/forms/d/e/1FAIpQLSf-JOw88s3Pq1-a5JmxmhwWKwZTLXlhYQbVP4T6lQLjqUCsJw/viewform?usp=sf_link
/var/www/html/wp-content/uploads/2017/09/Georg-Hollander.m4a
/var/www/html/wp-content/uploads/2016/09/CliveGray_Tolerance.m4a
/var/www/html/wp-content/uploads/2016/09/CliveGray_Tolerance.m4a

