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1  |  CENTRAL TOLERANCE: SNS 
MODEL VERSUS DANGER MODEL

In a discussion forum in response to Al- Yassin,1 Fuchs and 
Matzinger2 proposed that, according to the danger model, 
the goal of central tolerance or negative selection in the 
thymus is not to induce self- tolerance, but to induce toler-
ance to self- dendritic cells.2 In fact, T cells that react with 
self- dendritic cells expressing endogenously processed 
antigens are deleted during negative selection. Al- Yassin 
proposes that administration of MHC- incompatible 
cells prior to 18 days of gestation leading to tolerance is 
likely primarily due to central rather than peripheral tol-
erance since the expression of TcR genes does not begin 
until day 17 of gestation, and immunocompetent T cells 
appear after day 19 of gestation.1 However, Fuchs and 

Matzinger argue that the SNS model did not “reliably” 
induce tolerance in foetuses before the 18th day of gesta-
tion; in fact, the tolerance was induced only in less than 
one- half of animals.3 According to Fuchs and Matzinger, 
tolerance versus immunization is dependent on the in-
oculum, not on the age of the recipient.2 They back up 
their hypothesis by the observations that neonatal female 
mice between 1 and 24 days of age become tolerant to the 
male- specific H- Y antigen, by an injection of male spleen 
cells, whereas they became immunized to H- Y by an injec-
tion of male dendritic cells.3 They went on to argue that 
there is no need for thymic presentation of all peripheral 
tissue- specific self- antigens since peripheral tissues can 
induce tolerance to themselves due to a lack of costimu-
latory signals. According to the danger model, this is the 
mechanism of tolerance to bodily changes during puberty, 
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Abstract
The self- non- self model and the danger model are designed to understand how 
an immune response is induced. These models are not meant to predict if an im-
mune response may succeed or fail in destroying/controlling its target. However, 
these immunological models rely on either self- antigens or self- dendritic cells 
for understanding of central tolerance, which have been discussed by Fuchs and 
Matzinger in response to Al- Yassin. In an attempt to address some questions that 
these models are facing when it comes to understanding central tolerance, I pro-
pose that the goal of negative selection in the thymus is to eliminate defective T 
cells but not self- reactive T cells. Therefore, any escape from negative selection 
could increase lymphopenia because of the depletion of defective naïve T cells 
outside the thymus, as seen in the elderly.
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pregnancy or carcinogenesis. There are several versions 
of the SNS model, which have been thoroughly reviewed 
by Matzinger;4 nevertheless, the backbone of all versions 
is the definition of self- antigen (signal I) and the pattern 
recognition receptors specific for infectious non- self (sig-
nal II).5,6 When it comes to central tolerance, all versions 
of the SNS model appear to be focused primarily on the 
affinity of signal I or “self- antigens” for TcR expressed by 
immature T cells.7 In addition, both the SNS and danger 
models agree that negative selection during central tol-
erance acts on immature lymphocytes while peripheral 
tolerance involves mature lymphocytes. The difference 
is related to the nature of tolerance being towards self- 
antigens (SNS) or against self- dendritic cells (Danger).

To address the question of why activated T cells should 
attack target cells outside the thymus but commit suicide 
in the thymus, both models propose that T cells are im-
mature during negative selection; thus, they commit sui-
cide upon activation. The danger model expanded on this 
question vaguely by suggesting that “immature thymo-
cytes must go through a stage where they cannot receive 
costimulatory signals, and/or in which those signals are 
linked to cell death rather than cell activation. Thus, thy-
mocytes specific for antigens presented by dendritic cells 
(both endogenous and captured) will become tolerant 
even if those dendritic cells have become activated. This is 
important, as the thymus is not a privileged site. It can, for 
example, be infected by viruses like LCMV. Thus, an infec-
tion in the thymus could lead to the activation and upregu-
lation of co- stimulatory signals on thymic dendritic cells”.2 
The fact that dendritic cells in the thymus are mature be-
cause of the expression of co- stimulatory molecules, such 
as CD40, B7- 1 and B7- 2 (signal II), regardless of infection,8 
raises paradoxical questions such as how could thymic 
dendritic cells become mature in the absence of any in-
fection or damage? Although LCMV infection hypothesis 
might explain some cases, this cannot explain maturity 
of APCs in the absence of infection or in animals housed 
under aseptic conditions. Also, expression of an endoge-
nous danger receptor- ligand in the thymus, if any, cannot 
be explained by the danger model as life- threatening dam-
age such as non- physiological necrosis is unlikely present 
in the thymus in the absence of any dangerous/alarming 
signal. According to the danger model, “pathological and 
harmful death, like necrosis, exposes signals that activate 
DCs, whereas normal apoptotic cell death does not”9…“all 
organisms on our planet use DAMPs to signal that cell 
stress and tissue injury have occurred…(also) dysregulated 
emission of DAMPs plays a critical role in the induction of 
pathologies and diseases”.10 Such non- physiological dan-
gerous events do not seem to be present in the thymus, 
yet, mature DCs are present in the medulla. In fact, there 
is efficient antigen presentation by mature DCs and B cells 

in the thymus. To this end, the thymic stromal lymphopoi-
etin (TSLP) induces maturation of thymic DCs expressing 
signals I/II in the medulla in the absence of any danger 
or infection.11 In addition, human B cells displaying ele-
vated levels of MHC- II and co- stimulatory molecules B7.1 
and B7.2 are present in the thymus.12 Nevertheless, low 
levels of CD28 expression in thymic T cells13 may only 
support T cell survival through the expression of Bcl- xL 
without T cell activation by mature DCs or B cells.14,15 In 
addition, the two- step two- signal process of T cell activa-
tion,16 which is required for activation of primed T cells 
in the periphery, may be absent in the thymus resulting in 
T cell priming by DCs or B cells without T cell activation. 
According to this model proposed by Peter Bretscher16 to 
correlate central and peripheral tolerance, the first step in-
cludes priming of naïve T cells by mature DCs presenting 
a nominal antigen, and the second step includes activa-
tion of the primed T cells by mature B cells expressing the 
same nominal antigen and delivering signal II for step 2. 
These mature B cells are generated via interaction with ef-
fector T cells specific for the same nominal antigen, which 
are not present in the thymus.

The second paradox is how could T cells that survive 
negative selection remain naïve despite interacting with 
activated dendritic cells? Even if these T cells might not 
have encountered their antigenic ligand in the thymus, 
such naïve T cells, according to the danger model, should 
be activated by self- DCs in the periphery. After all, there 
is no direct evidence demonstrating that deleted T cells in 
the thymus are immature to undergo apoptosis upon ac-
tivation during negative selection. Some indirect evidence 
are based on using thymocytes rather than recent thymic 
emigrants (RTE) T cells showing activation- induced apop-
tosis mainly in double positive thymocytes,17– 19 which 
have been misinterpreted as medullary thymic T cells 
being immature to undergo apoptosis upon activation.20 
When RTE were used, T cells did not undergo apoptosis 
upon stimulation, accordingly, the authors argued against 
post- thymic T cells requiring major maturation steps after 
leaving the thymus.21 In fact, mature T cells have been de-
tected in the thymus by demonstrating that RANK- ligand 
(RANKL) and CD40- ligand, which are predominantly ex-
pressed in mature CD4 T cells, are involved in Aire expres-
sion in the thymus.22,23 T cells that are ready to egress the 
thymus upregulate the expression of Kruppel- like factor 
2 (KLF2), a transcription factor for the naïve T cell mark-
ers including sphingosine- 1- phosphate receptor- 1 (S1P1) 
and CD62L.24 While these observations support the ma-
turity of medullary T cells, the assumption that they are 
immature is not supported by direct evidence. Such an 
assumption is made to justify that presumptive deletion 
of autoreactive T cells is because of their immaturity. The 
danger model differs from the SNS model in predicting 
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what would happen if T cells escaped from negative se-
lection. While the SNS model predicts that autoimmune 
diseases could occur, the danger model suggests that tar-
get tissues could induce tolerance. Prediction of autoim-
munity by the SNS model is mainly based on the studies 
on AIRE deficiency or mutation associated with multi- 
organ autoimmunity.25,26 However, such multi- organ 
autoimmunity may not necessarily be due to a failure 
to delete self- reactive T cells that are not exposed to the 
AIRE- coding self- proteins, because only 4000 genes in the 
medullary thymic epithelial cells (mTECs) are expressed 
by AIRE27,28 out of more than 18 000 genes expressed in-
dependent from AIRE and represent 85% of the protein- 
coding genome.29 Furthermore, the expression of AIRE 
is not restricted to the thymus; it is also expressed in cir-
culating lymphocytes,30 testis,31 lymph nodes,32 liver and 
brain,26 suggesting that its only function may not be par-
ticipating in central tolerance. In fact, AIRE is a pleiotropic 
gene controlling not only the expression of peripheral tis-
sue antigens in the thymus but also interacting with other 
proteins and signalling pathways such that AIRE muta-
tion in patients with autoimmune polyendocrinopathy- 
candidiasis- ectodermal dystrophy (APECED) syndrome 
inhibits TNF- α production by inhibiting Declin- 1 signal-
ling.33 Therefore, observations in AIRE- deficient mice 
should not be fully attributed to the thymic negative se-
lection. Some other studies observed GVHD- like sys-
temic autoimmunity in the absence of MHC class II and 
attributed that to impaired negative selection in spite of 
the observations that thymectomy did not cause autoim-
munity.34 Also, negative selection of human T cells have 
been studied using non- physiological conditions such as 
enforced expression of antigen or superantigen, showing 
no sign of autoimmunity.35,36 Very recently, negative selec-
tion of human T cells were studied in a humanized mouse 
model in which human T cells recognized naturally ex-
pressed tissue- restricted antigen in the human thymus 
and resulted in an impaired negative selection without 
autoimmunity.37 There are other observations challenging 
the notion that the goal of negative selection is the dele-
tion of autoreactive T cells. For instance, in patients with 
sepsis, infection- induced cytokine storm result in thymic 
atrophy and impaired negative selection without any au-
toimmunity. In fact, the dysregulation of negative selec-
tion due to thymic atrophy resulted in lymphopenia.38,39 
Interestingly, sepsis impedes the development of autoim-
munity,40 perhaps because of the presence of defective/
impaired T cells that escaped negative selection. Also, age- 
related thymic atrophy that alters central tolerance, would 
not cause autoimmunity; rather, it results in an increased 
number of defective naïve T cells with a decline in TcR 
repertoire diversity.41 Similarly, studies on the medullary 
negative selection in a mouse model of OT- 1 CD8+ T cells 

revealed that T cells that escaped from negative selection 
did not cause autoimmunity, rather, such autoreactive T 
cells were functionally impaired.42 Autoreactive T cells are 
perhaps those that survived the medullary negative selec-
tion upon co- stimulation by dendritic cells; and these are 
the ones that could cause autoimmunity.

Another challenge that the danger model, along with 
the SNS model, is facing is to explain CD34+ humanized 
NSG mice harbouring human T cells and mouse den-
dritic cells without compromising the central tolerance. 
These mice are exclusively humanized with CD34+, CD3- 
depleted stem cells.43,44 The CD34+ humanized mice 
differ from immune- compromised mice reconstituted 
with human PBMCs in that central tolerance for human 
T cells towards mouse self- antigens and self- DCs takes 
place in the former but not the latter. In these mice, hy-
pervariability of TcR45 allows flexibility of human T cells 
in recognizing mouse MHC- peptide complex during pos-
itive selection. However, human T cells in these mice are 
not exposed to human MHC- peptide complex or human 
dendritic cells, yet they tolerate human tumour cell lines 
carrying HLA mismatch.43,46– 48 Although no acute GVHD 
is evident in these mice, chronic GVHD is reported after 
24 weeks in two NSG cohorts humanized with CD34+ 
grafts from different donors.49 According to the SNS 
model, human T cells should reject HLA mismatched tu-
mour cells, which is not the case. According to the danger 
model, there should not be any chronic GVHD in these 
mice because GVHD causing human T cells while recog-
nizing signal I, they cannot recognize a mismatch signal 
II to become tolerant in the thymus or become activated 
in the periphery by mouse DCs. To this end, costimula-
tory signals by mouse DCs should not be able to engage 
with CD28 expressed on human T cells during negative 
selection or during activation, even if major HLA becomes 
minor HA when taken up by mouse APCs. Nevertheless, 
chronic GVHD is reported in these mice. Regarding other 
immunocompromised mice, GVHD is more evident than 
that in CD34+ humanized mice despite the tolerance of 
human tumour cells. Again, GVHD cannot be explained 
by the danger model (DCs being of mouse origin), and al-
logeneic tumour tolerance cannot be explained by the SNS 
model.

2  |  CENTRAL TOLERANCE: THE 
ADAPTATION MODEL

Unlike the SNS model and the danger model, the adapta-
tion model proposes that the purpose of negative selection 
is not to eliminate T cells reacting to self- antigens or self- 
APCs, rather, it is to select functional T cells that can sur-
vive the stress of signal I and eliminate defective T cells that 
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are incapable of mounting survival signals upon receiving 
signals I/II. There are some observations suggesting that 
autoreactive T cells neither are deleted nor cause autoim-
munity. For instance, the frequencies of the human CD8+ 
T cells specific for self and non- self antigens are similar.50 
Also, the Y chromosome- encoded SMCY antigen- specific 
T cells are present in both males and females with only 
a 3- fold reduction in males.50 In the early mouse studies, 
the thymic negative selection was perceived as the dele-
tion of autoreactive T cell because: (i) conclusions from 
the deletion of double positive T cells are generalized to 
the deletion of single positive T cells, (ii) key contributions 
of defects in anti- apoptotic Bcl2/Bcl- xL as well as elevated 
levels of pro- apoptotic Bim during negative selection of 
double positive and single positive T cells, respectively, 
are overlooked, and (iii) TcR transgenes used were almost 
always originated from T cell clones that were the best 
responders to a given antigen, which might not naturally 
exist in wild- type mice. In comparison to wild- type mice, 
the introduction of TcR transgenes results in an artificial 
overexpression of the TcRs as well as the early expression 
of mature TcR at the double- negative (DN) stage.51 This 
could reduce the efficiency of positive selection and af-
fect repertoire skewing in transgenic mice. Such reduced 
efficiency in positive selection has been reported for TcR 
transgenes when they exceed 5%.52 Therefore, “deletion 
of autoreactive T cells” is an incomplete understanding 
of the thymic negative selection. The adaptation model 
proposes that “deletion of defective T cells” is the main 
purpose of negative selection. Deletion of such defective T 
cells during negative selection of double positive T cells in 
the cortex has been reported to involve the engagement of 
TcR and the costimulatory molecule CD28 to induce ap-
optosis of CD4+CD8+ T cells.53,54 It is well- established that 
priming of T cells through antigen recognition and co- 
stimulation results in PKC signalling and ER stress which 
could kill T cells if they fail to mount ER- stress response 
through upregulation of the expression of the ER chap-
erone GRP7855 or elevation of anti- apoptotic Bcl- xL.56,57 
In fact, T cells that mount survival signals through CD28 
co- stimulation to survive the negative selection in the cor-
tex.58 Such inability of T cells in mounting survival signals 
could also be due to higher expression of pro- apoptotic 
proteins during antigen recognition and co- stimulation. 
This is the case during negative selection of single posi-
tive T cells in the medulla where the pro- apoptotic Bim 
is actively involved in negative selection.42 Interestingly, 
escaping from such negative selection in the medulla did 
not lead to autoimmunity, rather, such autoreactive T cells 
were functionally impaired.42 Therefore, any escape from 
negative selection would result in the presence of circulat-
ing T cells with impaired function and homeostasis or mas-
sive apoptosis of defective T cells upon activation in the 

periphery rather than causing autoimmunity.42,59,60 This 
is the case in patients with sepsis where thymic atrophy 
could lead to the escape of defective T cells that undergo 
apoptosis during antigen recognition or co- stimulation 
in the periphery leading to lymphopenia.38,39 Also in the 
elderly, age- related thymic atrophy that alters central tol-
erance, would not cause autoimmunity; rather, it results 
in a decline in naïve T cells,61 an increased number of de-
fective naïve T cells with a decline in TcR repertoire di-
versity,41 as well as defective T cells that are inefficient in 
priming.62 Also, lymphopenia increases with age because 
of the reduction of naïve T cells;63 perhaps, impaired T 
cells emerging from inefficient central tolerance are defec-
tive in mounting survival pathways in circulating T cells. 
With regard to antigenic affinity, deletion of T cells during 
negative selection is not limited to the deletion of T cells 
with high affinity TcR for self- antigens or self- APCs. It 
has been reported that Aire- deficient and wild- type mice 
show no differences in the TcR Vβ repertoire,64 neither 
was there any major autoimmunity in Aire- deficient mice 
except for a mild autoimmune- like dry eyes.64 In addition, 
transgenic mice expressing HA or ova by mTECs under the 
control of Aire where DCs also presented both HA and ova 
at detectable levels, the antigen- specific CD4+ thymocytes 
were not deleted.65 Also, deletion of the ova- specific OT- I 
CD8+ thymocytes did not require MHC- I expression by 
bone marrow- derived APCs.66 It is not the affinity of thy-
mocytes for self- antigens determining negative selection 
as thymocytes that receive strong TcR- signalling could 
differentiate into Treg cells.67 In addition, thymic emigra-
tion decreases in Aire−/− mice,68 suggesting that autore-
activity is not because of the escape of otherwise deleted 
T cells and their addition to the pool of surviving T cells. 
Therefore, T cell deletion is not because of the activation 
but it could be because of T cells' inability to mount pro- 
survival Bcl2/Bcl- xL upon receiving signal I during home-
ostasis or signal I and a weak costimulatory signal II from 
dendritic cells during priming.14 Thymic T cells express 
low levels of CD2813 which may only support T cell sur-
vival through the expression of Bcl- xL without T cell acti-
vation by mature DCs or B cells.14,15 It has been reported 
that overexpression of the anti- apoptotic protein Bcl- 2 can 
inhibit negative selection under certain conditions69 as 
can the loss of the pro- apoptotic family members BIM70 or 
Bcl- 2 antagonist/killer (BAK) and Bcl- 2- associated X pro-
tein (BAX).71 Also, when mixed bone marrow chimeras 
were created with cells derived from both CD28- deficient 
and wild- type mice, the CD28+ T cells had a selective ad-
vantage over the CD28- deficient T cells.72

According to the adaptation model of immunity, sur-
vival signals regulating the thymic negative selection 
are orchestrated via the expression of adaptation re-
ceptors (AdRs) on T cells and their nominal adaptation 
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ligands (AdLs) on the thymic APCs.59,60 The CD28/B7 co- 
stimulation is an example of the AdR/AdL pathway, but 
it is not the only one, some of which is yet to be discov-
ered. The endothelin receptor A (ETA) could be another 
AdR which upon binding to its ligand ET- 1 induces cell 
survival by mounting Bcl- xL.73 In the thymus, activation 
of ETA support survival of thymocytes.74 B7- H1 (PD- L1) 
is another bi- directional receptor acting as a ligand to in-
duce anergy in PD- 1- positive T cells, and acting as an AdR 
to induce anti- apoptotic genes in B7- H1- positive target 
cells.75 Because of ignoring the anti- apoptotic function 
of B7- H1 and focusing on its function on PD- 1+ T cells, 
this bi- directional receptor has been mischaracterized in 
immunology literature as a ligand, PD- L1. Constitutive 
expression of B7- H1 in the immune privileged sites such 
as cornea and retina protects them from rejection follow-
ing corneal allograft, despite infiltration of CD4++ T cells; 
however, blockade of B7- H1 accelerates allograft rejec-
tion.76 These observations suggest that expression of B7- 
H1 on target cells induces survival signal by PD- 1+ effector 
T cells. Similarly, the expression of B7- H1 on activated T 
cells supports their survival such that B7- H1- deficient 
T cells express lower Bcl- xL, which is an anti- apoptotic 
gene, than wild- type cells and are more sensitive to apop-
tosis in vivo.77 Defects in the expression of AdRs by T cells 
or AdLs by APCs could result in AICD in T cells during ac-
tivation. For instance, hepatic APCs induce apoptosis in T 
cells during activation, whereas splenic APCs support sur-
vival of activated T cells.78 The AdR/AdL pathway is not 
limited to membrane receptor- ligand interactions, they 
could also include intracellular pathways. For instance, 
the ER stress induced upon signal I could lead to T cell 
apoptosis. To this end, the KDEL receptor- mediated path-
way rescues naïve T cells from apoptosis upon priming.79 
It was reported that inefficient KDEL1 gene function re-
sults in enhanced apoptosis of naïve T cells during stress 
response.79 The KDEL1 interacts with the ER- resident 
chaperons to mount T cell survival.80 Corticoid receptors 
are another example of AdRs supporting thymocyte sur-
vival. The Nur77 and Helios transcription factors are up-
regulated in thymocytes upon the TcR/CD28 stimulation, 
inducing negative selection. Interestingly, glucocorticoids 
inhibit upregulation of Helios and Nur77 in negatively 
selected TcR- stimulated mouse thymocytes.81 Also, self- 
reactive T cells in the thymus are not immature, as sug-
gested by the SNS model, rather they have matured into 
CD4+ or CD8+ T cells from immature CD4+CD8+ T cells 
during positive selection. The maturation markers RANK 
ligand (RANKL) and CD40 ligand are detected on thymic 
T cells.22,23 Also, T cells that are ready to egress the thy-
mus upregulate the expression of Kruppel- like factor 2 
(KLF2), a transcription factor for the naïve T cell markers 

including sphingosine- 1- phosphate receptor- 1 (S1P1) and 
CD62L.24

In conclusion, it is likely that T cells expressing anti- 
apoptotic Bcl- 2/Mcl- 1 during co- stimulation in the thy-
mus, will survive negative selection and those that fail to 
express these molecules will be deleted because of the acti-
vation of pro- apoptotic Nur77/Bim/Bax/Bak molecules.82 
Similarly, positive selection depends on the expression of 
anti- apoptotic Bcl- xL in T cells; otherwise, pro- apoptotic 
Bim/Bax/Bak would delete T cells in the thymic cortex. 
Therefore, tolerance of mismatched or dangerous human 
tumour cell lines in humanized CD34+ NSG mice is be-
cause the outcome of the immune response is not deter-
mined by signal I or II, rather, it is determined by signal 
III, which is the expression of the AdRs on target cells en-
gaging the AdLs on T cells to relay survival signals in tar-
get cells, as previously described by the adaptation model 
of immunity.59,60 Therefore, regardless of HLA mismatch 
or alarming signals, human tumour cell lines could re-
ceive survival signals from human T cells and be tolerated 
in these mice.

ACKNOWLEDGMENT
This work was supported by the Office of the Assistant 
Secretary of Defence for Health Affairs through the 
Breast Cancer Research Program under Award No. 
W81XWH2210793. Opinions, interpretations, conclusions 
and recommendations are those of the authors and are not 
necessarily endorsed by the U.S. Department of Defence.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets 
were generated or analysed during the current study

ORCID
Masoud H. Manjili   https://orcid.
org/0000-0001-7511-2953 

REFERENCES
 1. Al- Yassin G. Medawar’s “actively acquired tolerance” and the 

danger model: setting the record straight. Scand J Immunol 
(England). 2018;88:e12652.

 2. Fuchs EJ, Matzinger P. Does the danger model shed any light 
on central tolerance?: a response to Al- Yassin. Scand J Immunol 
(England). 2018;88:e12660.

 3. Ridge JP, Fuchs EJ, Matzinger P. Neonatal tolerance revisited: 
turning on newborn T cells with dendritic cells. Science (United 
States). 1996;271:1723- 1726.

 4. Matzinger P. Essay 1: the danger model in its historical context. 
Scand J Immunol (England). 2001;54:4- 9.

 5. Janeway CA Jr. The immune system evolved to discriminate 
infectious nonself from noninfectious self. Immunol Today. 
1992;13:11- 16.

https://orcid.org/0000-0001-7511-2953
https://orcid.org/0000-0001-7511-2953
https://orcid.org/0000-0001-7511-2953


6 of 8 |   MANJILI

 6. Medzhitov R, Janeway CAJ. How does the immune system 
distinguish self from nonself? Semin Immunol (England). 
2000;12:185- 344.

 7. Hogquist KA, Baldwin TA, Jameson SC. Central toler-
ance: learning self- control in the thymus. Nat Rev Immunol 
(England). 2005;5:772- 782.

 8. Klein L, Hinterberger M, Wirnsberger G, Kyewski B. Antigen 
presentation in the thymus for positive selection and central 
tolerance induction. Nat Rev. 2009;9:833- 844.

 9. Gallucci S, Lolkema M, Matzinger P. Natural adjuvants: endog-
enous activators of dendritic cells. Nat Med. 1999;5:1249- 1255.

 10. Seong S- Y, Matzinger P, Land WG. Editorial: DAMPs across the 
tree of life. Front Immunol. 2021;12:844315.

 11. Watanabe N, Wang YH, Lee HK, et al. Hassall’s corpuscles in-
struct dendritic cells to induce CD4+CD25+ regulatory T cells 
in human thymus. Nature. 2005;436:1181- 1185.

 12. Castañeda J, Hidalgo Y, Sauma D, Rosemblatt M, Bono MR, 
Núñez S. The multifaceted roles of B cells in the thymus: 
from immune tolerance to autoimmunity. Front Immunol. 
2021;12:766698.

 13. Williams JA, Hathcock KS, Klug D, et al. Regulated costimula-
tion in the thymus is critical for T cell development: dysregu-
lated CD28 costimulation can bypass the pre- TCR checkpoint. 
J Immunol. 2005;175:4199- 4207.

 14. Boise LH, Minn AJ, Noel PJ, et al. CD28 costimulation can 
promote T cell survival by enhancing the expression of 
Bcl- xL. Immunity. 1995. 3: 87- 98. J Immunol (United States). 
2010;185:3788- 3799.

 15. Khoshnan A, Tindell C, Laux I, Bae D, Bennett B, Nel AE. 
The NF- kappa B cascade is important in Bcl- xL expression 
and for the anti- apoptotic effects of the CD28 receptor in pri-
mary human CD4+ lymphocytes. J Immunol (United States). 
2000;165:1743- 1754.

 16. Bretscher PA. A two- step, two- signal model for the primary ac-
tivation of precursor helper T cells. Proc Natl Acad Sci U S A. 
1999;96:185- 190.

 17. Murphy KM, Heimberger AB, Loh DY. Induction by antigen 
of intrathymic apoptosis of CD4+CD8+TCRlo thymocytes in 
vivo. Science (United States). 1990;250:1720- 1723.

 18. Swat W, Ignatowicz L, von Boehmer H, Kisielow P. Clonal de-
letion of immature CD4+8+ thymocytes in suspension culture 
by extrathymic antigen- presenting cells. Nature (England). 
1991;351:150- 153.

 19. Shi YF, Bissonnette RP, Parfrey N, Szalay M, Kubo RT, Green 
DR. In vivo administration of monoclonal antibodies to 
the CD3 T cell receptor complex induces cell death (apop-
tosis) in immature thymocytes. J Immunol (United States). 
1991;146:3340- 3346.

 20. Green DR, Scott DW. Activation- induced apoptosis in lympho-
cytes. Curr Opin Immunol (England). 1994;6:476- 487.

 21. Scollay R, Chen WF, Shortman K. The functional capabili-
ties of cells leaving the thymus. J Immunol (United States). 
1984;132:25- 30.

 22. Hikosaka Y, Nitta T, Ohigashi I, et al. The cytokine RANKL 
produced by positively selected thymocytes fosters medullary 
thymic epithelial cells that express autoimmune regulator. 
Immunity (United States). 2008;29:438- 450.

 23. Takaba H, Takayanagi H. The mechanisms of T cell selection in 
the thymus. Trends Immunol (England). 2017;38:805- 816.

 24. Bai A, Hu H, Yeung M, Chen J. Kruppel- like factor 2 con-
trols T cell trafficking by activating L- selectin (CD62L) and 
sphingosine- 1- phosphate receptor 1 transcription. J Immunol 
(United States). 2007;178:7632- 7639.

 25. Oftedal BE, Hellesen A, Erichsen MM, et al. Dominant muta-
tions in the autoimmune regulator AIRE are associated with 
common organ- specific autoimmune diseases. Immunity 
(United States). 2015;42:1185- 1196.

 26. Ramsey C, Winqvist O, Puhakka L, et al. Aire deficient 
mice develop multiple features of APECED phenotype and 
show altered immune response. Hum Mol Genet (England). 
2002;11:397- 409.

 27. Sansom SN, Shikama- Dorn N, Zhanybekova S, et al. Population 
and single- cell genomics reveal the Aire dependency, relief 
from Polycomb silencing, and distribution of self- antigen ex-
pression in thymic epithelia. Genome Res. 2014;24:1918- 1931.

 28. Anderson MS, Venanzi ES, Klein L, et al. Projection of an im-
munological self shadow within the thymus by the aire protein. 
Science (United States). 2002;298:1395- 1401.

 29. Haber M, Mezzavilla M, Xue Y, Tyler- Smith C. Ancient DNA 
and the rewriting of human history: be sparing with Occam’s 
razor. Genome Biol. 2016;17:1.

 30. Suzuki E, Kobayashi Y, Kawano O, et al. Expression of AIRE 
in thymocytes and peripheral lymphocytes. Autoimmunity 
(England). 2008;41:133- 139.

 31. Schaller CE, Wang CL, Beck- Engeser G, et al. Expression of 
Aire and the early wave of apoptosis in spermatogenesis. J 
Immunol (United States). 2008;180:1338- 1343.

 32. Yamano T, Dobeš J, Vobořil M, et al. Aire- expressing ILC3- like 
cells in the lymph node display potent APC features. J Exp Med. 
2019;216:1027- 1037.

 33. Pedroza LA, Kumar V, Sanborn KB, et al. Autoimmune regula-
tor (AIRE) contributes to Dectin- 1- induced TNF- α production 
and complexes with caspase recruitment domain- containing 
protein 9 (CARD9), spleen tyrosine kinase (Syk), and Dectin- 1. 
J Allergy Clin Immunol (United States). 2012;129(2):464- 472. 
472.e1- 3.

 34. Teshima T, Reddy P, Liu C, Williams D, Cooke KR, Ferrara 
JLM. Impaired thymic negative selection causes auto-
immune graft- versus- host disease. Blood (United States). 
2003;102:429- 435.

 35. Baccala R, Vandekerckhove BA, Jones D, Kono DH, Roncarolo 
MG, Theofilopoulos AN. Bacterial superantigens mediate T cell 
deletions in the mouse severe combined immunodeficiency- 
human liver/thymus model. J Exp Med. 1993;177:1481- 1485.

 36. Li Y, Teteloshvili N, Tan S, et al. Humanized mice reveal new in-
sights into the thymic selection of human autoreactive CD8(+) 
T cells. Front Immunol. 2019;10:63.

 37. Madley R, Nauman G, Danzl N, et al. Negative selection 
of human T cells recognizing a naturally- expressed tissue- 
restricted antigen in the human thymus. J Transl Autoimmun. 
2020;3:100061.

 38. Kuchler L, Sha LK, Giegerich AK, et al. Elevated intrathymic 
sphingosine- 1- phosphate promotes thymus involution during 
sepsis. Mol Immunol (England). 2017;90:255- 263.

 39. Felmet KA, Hall MW, Clark RSB, Jaffe R, Carcillo JA. Prolonged 
lymphopenia, lymphoid depletion, and hypoprolactinemia in 
children with nosocomial sepsis and multiple organ failure. J 
Immunol (United States). 2005;174:3765- 3772.



   | 7 of 8MANJILI

 40. Jensen IJ, Jensen SN, Sjaastad FV, et al. Sepsis impedes EAE 
disease development and diminishes autoantigen- specific 
naive CD4 T cells. Elife. 2020;9:e55800.

 41. Aspinall R, Andrew D. Thymic involution in aging. J Clin 
Immunol (Netherlands). 2000;20:250- 256.

 42. Suen AYW, Baldwin TA. Proapoptotic protein Bim is differ-
entially required during thymic clonal deletion to ubiquitous 
versus tissue- restricted antigens. Proc Natl Acad Sci U S A. 
2012;109:893- 898.

 43. Tanaskovic O, Verga Falzacappa MV, Pelicci PG. Human cord 
blood (hCB)- CD34+ humanized mice fail to reject human 
acute myeloid leukemia cells. PLoS One. 2019;14:e0217345.

 44. Verma B, Wesa A. Establishment of humanized mice from pe-
ripheral blood mononuclear cells or cord blood CD34+ hema-
topoietic stem cells for immune- oncology studies evaluating 
new therapeutic agents. Curr Protoc Pharmacol (United States). 
2020;89:e77.

 45. Fink PJ, McMahan CJ. Lymphocytes rearrange, edit and revise 
their antigen receptors to be useful yet safe. Immunol Today 
(England). 2000;21:561- 566.

 46. Wang M, Yao L- C, Cheng M, et al. Humanized mice in studying 
efficacy and mechanisms of PD- 1- targeted cancer immuno-
therapy. FASEB J. 2018;32:1537- 1549.

 47. Ko Y, Jeong YH, Seo J- H, Lee JA. Development of a biolumines-
cent human osteosarcoma model in humanized NSG mice: a 
pilot study. In Vivo. 2021;35:2151- 2157.

 48. Jung JY, Ryu HJ, Lee S- H, et al. siRNA nanoparticle target-
ing PD- L1 activates tumor immunity and abrogates pancre-
atic cancer growth in humanized preclinical model. Cell. 
2021;10:2734.

 49. Sonntag K, Eckert F, Welker C, et al. Chronic graft- versus- host- 
disease in CD34(+)- humanized NSG mice is associated with 
human susceptibility HLA haplotypes for autoimmune disease. 
J Autoimmun (England). 2015;62:55- 66.

 50. Yu W, Jiang N, Ebert PJR, et al. Clonal deletion prunes but does 
not eliminate self- specific αβ CD8(+) T lymphocytes. Immunity. 
2015;42:929- 941.

 51. von Boehmer H, Kisielow P. Negative selection of the T- cell rep-
ertoire: where and when does it occur? Immunol Rev (England). 
2006;209:284- 289.

 52. Huesmann M, Scott B, Kisielow P, von Boehmer H. Kinetics and 
efficacy of positive selection in the thymus of normal and T cell 
receptor transgenic mice. Cell (United States). 1991;66:533- 540.

 53. Punt JA, Osborne BA, Takahama Y, Sharrow SO, Singer 
A. Negative selection of CD4+CD8+ thymocytes by T cell 
receptor- induced apoptosis requires a costimulatory signal that 
can be provided by CD28. J Exp Med. 1994;179:709- 713.

 54. Kishimoto H, Cai Z, Brunmark A, Jackson MR, Peterson PA, 
Sprent J. Differing roles for B7 and intercellular adhesion 
molecule- 1 in negative selection of thymocytes. J Exp Med. 
1996;184:531- 537.

 55. Pino SC, O’Sullivan- Murphy B, Lidstone EA, et al. Protein 
kinase C signaling during T cell activation induces the en-
doplasmic reticulum stress response. Cell Stress Chaperones. 
2008;13:421- 434.

 56. Watts TH. Staying alive: T cell costimulation, CD28, and Bcl- xL. 
J Immunol (United States). 2010;185:3785- 3787.

 57. Ribot JC, Debarros A, Mancio- Silva L, Pamplona A, Silva- 
Santos B. B7- CD28 costimulatory signals control the survival 

and proliferation of murine and human γδ T cells via IL- 2 pro-
duction. J Immunol (United States). 2012;189:1202- 1208.

 58. Watanabe M, Lu Y, Breen M, Hodes RJ. B7- CD28 co- stimulation 
modulates central tolerance via thymic clonal deletion and 
Treg generation through distinct mechanisms. Nat Commun. 
2020;11:6264.

 59. Manjili MH. The adaptation model of immunity. 
Immunotherapy. 2014;6:59- 70.

 60. Manjili MH. A theoretical basis for the efficacy of cancer im-
munotherapy and immunogenic tumor dormancy: the adapta-
tion model of immunity. Adv Cancer Res. 2018;137:17- 36.

 61. Pfister G, Weiskopf D, Lazuardi L, et al. Naive T cells in the 
elderly: are they still there? Ann N Y Acad Sci (United States). 
2006;1067:152- 157.

 62. Briceño O, Lissina A, Wanke K, et al. Reduced naïve CD8(+) T- 
cell priming efficacy in elderly adults. Aging Cell. 2016;15:14- 21.

 63. Herndler- Brandstetter D. How aging affects T lymphocyte- 
mediated immunity. Front Immunol. 2013;4:296.

 64. Hubert F- X, Kinkel SA, Crewther PE, et al. Aire- deficient 
C57BL/6 mice mimicking the common human 13- base pair 
deletion mutation present with only a mild autoimmune phe-
notype. J Immunol (United States). 2009;182:3902- 3918.

 65. Aschenbrenner K, D’Cruz LM, Vollmann EH, et al. Selection 
of Foxp3+ regulatory T cells specific for self antigen expressed 
and presented by Aire+ medullary thymic epithelial cells. Nat 
Immunol (United States). 2007;8:351- 358.

 66. Gallegos AM, Bevan MJ. Central tolerance to tissue- specific an-
tigens mediated by direct and indirect antigen presentation. J 
Exp Med. 2004;200:1039- 1049.

 67. Jordan MS, Boesteanu A, Reed AJ, et al. Thymic selection of 
CD4+CD25+ regulatory T cells induced by an agonist self- 
peptide. Nat Immunol (United States). 2001;2:301- 306.

 68. Jin R, Aili A, Wang Y, et al. Critical role of SP thymocyte mo-
tility in regulation of thymic output in neonatal Aire−/− mice. 
Oncotarget. 2017;8:83- 94.

 69. Strasser A, Harris AW, von Boehmer H, Cory S. Positive and 
negative selection of T cells in T- cell receptor transgenic 
mice expressing a bcl- 2 transgene. Proc Natl Acad Sci U S A. 
1994;91:1376- 1380.

 70. Bouillet P, Purton JF, Godfrey DI, et al. BH3- only Bcl- 2 family 
member Bim is required for apoptosis of autoreactive thymo-
cytes. Nature (England). 2002;415:922- 926.

 71. Rathmell JC, Lindsten T, Zong W- X, Cinalli RM, Thompson 
CB. Deficiency in Bak and Bax perturbs thymic selection 
and lymphoid homeostasis. Nat Immunol (United States). 
2002;3:932- 939.

 72. Walunas TL, Sperling AI, Khattri R, Thompson CB, Bluestone 
JA. CD28 expression is not essential for positive and nega-
tive selection of thymocytes or peripheral T cell tolerance. J 
Immunol (United States). 1996;156:1006- 1013.

 73. Nelson JB, Udan MS, Guruli G, Pflug BR. Endothelin- 1 inhibits 
apoptosis in prostate cancer. Neoplasia. 2005;7:631- 637.

 74. Malendowicz LK, Brelinska R, De CR, Trejer M, Nussdorfer 
GG. Endothelin- 1, acting via the a receptor subtype, 
stimulates thymocyte proliferation in the rat. Life Sci. 
1998;62:1959- 1963.

 75. Azuma T, Yao S, Zhu G, Flies AS, Flies SJ, Chen L. B7- H1 is 
a ubiquitous antiapoptotic receptor on cancer cells. Blood. 
2008;111:3635- 3643.



8 of 8 |   MANJILI

 76. Hori J, Wang M, Miyashita M, et al. B7- H1- induced apoptosis 
as a mechanism of immune privilege of corneal allografts. J 
Immunol (Baltimore, Md 1950). 2006;177(9):5928- 5935.

 77. Pulko V, Harris KJ, Liu X, et al. B7- h1 expressed by activated 
CD8 T cells is essential for their survival. J Immunol (Baltimore, 
Md 1950). 2011;187:5606- 5614.

 78. Bertolino P, Trescol- Biemont MC, Rabourdin- Combe C. 
Hepatocytes induce functional activation of naive CD8+ T 
lymphocytes but fail to promote survival. Eur J Immunol. 
1998;28:221- 236.

 79. Kamimura D, Atsumi T, Stofkova A, et al. Naïve T cell homeo-
stasis regulated by stress responses and TCR signaling. Front 
Immunol. 2015;6:638.

 80. Raykhel I, Alanen H, Salo K, et al. A molecular specificity 
code for the three mammalian KDEL receptors. J Cell Biol. 
2007;179:1193- 1204.

 81. Mittelstadt PR, Taves MD, Ashwell JD. Glucocorticoids oppose 
thymocyte negative selection by inhibiting Helios and Nur77. J 
Immunol. 2019;203:2163- 2170.

 82. Tischner D, Woess C, Ottina E, Villunger A. Bcl- 2- regulated cell 
death signalling in the prevention of autoimmunity. Cell Death 
Dis. 2010;1:e48.

How to cite this article: Manjili MH. The 
adaptation model of immunity: Is the goal of 
central tolerance to eliminate defective T cells or 
self- reactive T cells? Scand J Immunol. 
2022;96:e13209. doi: 10.1111/sji.13209

https://doi.org/10.1111/sji.13209

	The adaptation model of immunity: Is the goal of central tolerance to eliminate defective T cells or self-reactive T cells?
	Abstract
	1|CENTRAL TOLERANCE: SNS MODEL VERSUS DANGER MODEL
	2|CENTRAL TOLERANCE: THE ADAPTATION MODEL
	ACKNOWLEDGMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


