Basic Immunology

T-cell development in the thymus.

Stages of maturation and the role of
environmental factors

Timea Berki MD, PhD
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Structure of the thymus
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The thymic stoma creates the microenvironment that is essential for T-cell development



T-cell source: thymus and beyond.

Thymus: prime T-cell source

Absence of thymus — nude mouse (FoXN1)

Ectodermal (skin) and endodermal developmental
abnormalities. Profoundly reduced T-cell pool.

DiGeorge’ s syndrome: Complex cardiac, facial, endocrine
and immune defects

Extrathymic T-cell source: intestinal ,cryptopatch” (in LP
1000-5000 c-kitt, CD44*, IL7R*, CD25- phenotype cells),
maturation in MLN and PPs (based on RAG-expression).

Second thymus



Figure 5.1

T cell repertoire

Total repertoire:
TCR a, B: 101
€200 Gadtarrd Pubishing Elsovir Sionts TCR 'Y, 8: 1016

T cell precursors are produced in the bone marrow from the common
haemopoietic stem cell

They migrate through the blood circulation to the thymus

In the thymus: T cell maturation, educational steps
,,double recognition” (MHC and peptide)

Periphery: mature, TCR expressing, Self-MHC restricted

CD4 or CDS positive T cells
Self-tolerant T cells



The ‘clonal selection theory’ first proposed by Frank Macfarlane

Burnet in 1956 predicts that each lymphocyte expresses a single,

unique, antigen-specific receptor.

a Burnet'’s clonal selection theory

Randomization generates a repertoire of lymphocytes,
each expressing a single, unique receptor
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b MHC restriction C Burnet's clonal selection theory modified for T cells

TCR binding requires
combined recognition of
both MHC and peptide

Randomization generates a repertoire of T cells,
each expressing a single, unique T cell receptor

Tcell 1
TCR L [ 7 J I ) 1 l
\ \\ AN, &
bl A T ]
i M M
pMHC P ) ¢gggen-specific +

T cells with reactivity for MHC
are positively selected

Positive selection

Ext

I
Self-peptide-MHC
Negative selectlon

X
LA

\

T cells with reactivity
for self-antigens are
eliminated

T cells with reactivity
for foreign antigens
are activated during

infection . 1 r
- )

'8 —Foreign

+ peptide-MHC

Following activation, pathogen-specific T cells
proliferate and acquire effector functions



NOTCH1 is required for the commitment of multipotent
hematopoietic progenitors to the T-cell lineage

72

Earlypro-B Latepro-B

NOTCH1 support cell growth, proliferation and survival at multiple stages of thymocyte
developmentis involved in the progression through the early DN1, DN2 and DN3 stages of
thymocyte development and in the regulation of TCRB rearrangement

In: Transdifferentiation and regenerative medicine (Dr. Péter Balogh, Dr. Péter
Engelmann (2011); University of Pécs)
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T-cell development in the thymus

Figure 5.14
Thymocytes:
region Immature 03'4-8-
DN: 2-5 % e e “‘V"‘W‘ corteal
Cortex coll mt;:iates
positive selection
DP: 70-80% Cortico- —
meduilary .
— L
medulla
CD4 SP: 10-15% Madulla t:? T4 epithelial cell
CD8 SP: 5-8% vonule e macrophage
Young mouse: 5x107 T-cells daily e

During selection 98 % of thymocytes die by apoptosis

Daily 1-2 x 10° mature T-cell migrate to the periphery



Thymocyte populations based on their
cell surface markers

Single-positive Double-positive
CD4+ cells CD4+CD8+* cells
+ |~12% T ~80%

CD4

SO ~5%
Double-negative Single-positive

CD4-CD8- CD8+* cells
- cD8 ) +
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Thymic Microenvironment and T-cell Development

1. Migration:
Chemokines

2. Proliferation
IL-7

3. Differentiation

*TcR-
rearragement
*Phenotypes

4. Selection
Apoptosis

Outer cortex

Inner cortex

Medulla

epithelial cell

Mesenchymal
fibroblest

Notch ligand

§ recognition

Cortico-medullary MHC class |
junction recognition

Dendiitic cell

Haematopoietic
precursor

Medullary
epithelial cell
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T cell receptor complex on mature T cells
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TCR protein chains and their CDR
regions
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TCR B, a, d y loci

Human TCR J3 chain locus (620 kb; chromosome 7)
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(A) TCR B chain (B) TCR « chain
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Tripodo, C. et al. (2009) Gamma-delta T-cell lymphomas

Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2009.169
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Dou T cells
simultaneously their
v, 8 and B TCR genes

%%}
J-» Y
Signals tlmgh the v:3 TCR shut Signals through the pre-TCR shut
off the B-chain gene and commit off the y- and 8-chain and
cell to the v:3 lineage commit cell to the lineage
+:8 TCR pre-TCR

{Blnt
Y NG
The ¥:3 T cell matures and Rearrangement of the TCRa locus
migrates to periphery deletes entire 3 locus and creates
mature o TCR
v:8 TCR v:3 TCR

Figure 7-22 Immunobiology, 7ed. (® Garland Science 2008)




Decision-making during the development of T
cells

© non-T lineages: B, Nk, DC
CD44 f
ore T
8

“killer T-cell”

“helper T-call™
TCRp,.0 gens
rearrangement
v
apoptosis
~10% (CD4)
~1-2% ~85-90% ~5% (CD8)

DN-cells DP-cells SP-cells




Structure and role of preTCR

Pre—T cell receptor

@TCR

CD3 CD3 CD3
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* Inhibition of [} chain gene
recombination

* Proliferation of pre~T cells

* Stimulation of « chain
recombination

* Expression of CD4 and CD8




V-D-J combinatorial and junctional diversity of
TCR

u p
Number of V (GGene Segments 45 S0
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TCR: ~3 x 108
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TCR diversity
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* Estimated mathematical diversity = ~10" different TCRs
* Thymic positive and negative selection results in ~2 x 10"
TCRs in mice and ~2 X 107 TCRs in humans
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Positive selection:

Epithelial cell - thymocyte interaction in
the thymus cortex

Survival of DP cells whose TcR
is appropriate for self MHC recognition

Negative selection:

APC (macropahge or DC) — thymocyte
Interaction in thymus medulla

Death of DP cells with high affinity TcR
for self MHC + self peptide recognition

Differentiation into SP stage
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@ Thymic
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thymic epithelial cell
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Apoptotic
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The thymus selects for self-reactive T

cells
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MHC recognition determines T cell
lineage and function.
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Role of mTEC in negative selection

Apoptosis
pop 8.
Negative
selection
deletion
Medullary thymic Self-reactive ,
epithelial cell T cell Failure of
negative
b selection
Tissue 9 £ /“‘
antigenv~_> Yl /' =
[ 2 I Autoimmunity
) 1 ) |
Perpheral ‘\ W | | U
u‘ssw N . 'A~ —>_." ~ _,v'j

mTEC = medullary thymic epithelial cell
AIRE = autoimmune regulator transcription factor
TRA = tissue related antigens



AIRE: autoimmune regulator

AIRE is a transcription factor expressed in the medulla (inner part) of
the thymus and controls a mechanism that prevents the immune
system from attacking the body.

In the thymus, the AIRE causes transcription of a wide selection of
organ-specific genes. These self antigen reactive T cells that bind
strongly to self- are eliminated in the thymus in the negative
selection.

The AIRE gene is mutated in the rare autoimmune syndrome
Autoimmune Polyendocrinopathy Syndrome type 1 ( ), also
known as Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal

Dystrophy ( ). Disruption of AIRE results in the development
of a range of autoimmune diseases,


https://en.wikipedia.org/wiki/Antigen
https://en.wikipedia.org/wiki/APECED#Type_1
https://en.wikipedia.org/wiki/APECED#Type_1
https://en.wikipedia.org/wiki/APECED#Type_1
https://en.wikipedia.org/wiki/APECED

Clonal deletion and regulatory T cell
selection are the major thymic tolerance
mechanisms.

Ubiquitous
antigen

Rare

CD4* SP antigen

thymocyte

CD4* SP
thymocyte
TCR 4

T.eq cell selection Clonal deletion




Affinity model of T cell selection

Negative
selection

T... cell

Reg

Death Naive T cell
by neglect

I

Stochastic overlap

Nature Reviews | Immunology

The affinity model of thymocyte selection centres on the strength of the interaction of the T cell
receptor (TCR) with self-peptide—MHC complexes as a crucial determinant of cell fate. Weak
interactions are required to protect thymocytes from death by neglect and to promote the positive
selection of naive T cells. Strong interactions cause negative selection by apoptosis



Phases of T-cell maturation in the thymus.

1. Initiation of either TCR [ or y/d chain gene rearrangement.

. Formation of pTa/TCRB/CD3 (pTCR), allelic exclusion, IL-7-dependent
proliferation - S-selection.

. Initiation of TCRa gene rearrangement.

. Completion of TCR o/} gene rearrangement, co-expression of
CD4/CD8 molecules.

. Recognition of MHC/peptide complexes displayed by thymic cortical
epithelium — positive selection.

. Binding to MHC/peptide complex displayed by thymic APC/medullary
epithelial cells — negative selection.

. Influence of stronger/more persistent signal: commitment towards CD4
or Treg (CD4/CD25+) subset.



Malignant haematopoietic diseases originated from

immature cells of lymphoid cell lineage

Characteristic
Disease Cell cell-surface | Location
markers
: R i
Stem cell CD34 one
marrow
S Z S A S 2 S Z
Common acute ad 4 v v
lymphoblastic Lymphoid CD10
leukemia progenitor CD19
(C-ALL or B-ALL) €D20
| | | | | |
Thymic stromal cell o
Thymoma or epithelial cell @o Cytokeratins ||| Thymus
- A -~ .
Acute
lymphoblastic Thymocyte CD1
leukemia (T-ALL)
N X S 2 S 2
Sézary syndrome i v 4
Adult T-cell
leukemia
Mycosis fungoides CD3/TCR Perioh
Chronic lymphocytic TSN CD4 or CD8 criphery
leukemia (CLL)
T prolymphocytic
leukemia (TPLL)

Figure 7-43 Immunobiclogy, 7ed. (© Garland Science 2008)
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