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[JelictBytoT Heckonbko KIM (checkpoints) Bo Bpems
pa3sutna B 1 T KeTok, 4Tobbl rapaHTMpoBaTh 0TOOP
NMMGOUNTOB € (DYHKUMOHANbHLIMWA, HO He camo-
pearvpytowyMmn peLienTopaMu, 4Tobbl LMPKYINMPOBaTh
M BCEMY Teny XO03fMHa B MOWUCKaxX YYXXEPOAHbIX
aHTureHos. [ns B kneTok gomuHupyowme KM
HaxoAaTCs B KOCTHOM Mo3re Ha npe-B KknetouHoit
CTafuun W CTagumn HespenbiX B KNeTok, 1 B ceneseHke,
rAe KIeTKW OTOMPaloTCs B 3Pefblil [ONrOXMBYLLWIA
peuvpkynupytowmin nyn. An T knetok KM gelicTyoT
Ha npe-E KNeTouHOM CTaguyM MpuU HeraTMBHON WU
MO3NTVBHON CenekLun npu nepexoge or CD4* CD8" B
NBOWHbIX MO3UTMBHBLIX KNeTok K CD4+ wunn CD8+
MO3UTUBHBLIM KfeTkaM. Ha nepudepun numdouuTsl
TaKXKe  HaxoAdTcAd  MOA  M/IOTHBIM  KOHTPOJ/EM,
HYXZAIOLWVMCS B CUTHaIaX BbIXMBaHMA B Jopme 'tonic’
CTUMYNALUN aHTUTEHHbIX PELLENTOPOB Y PaCcTBOPUMbIX
(haKTOpOB.

Regulation of B cell development and homeostasis
Stages of B cell development

Pa3BuTre B KNETOK NPOMCXOLMT NPEVMYLLECTBEHHO B
MeyeHn NNoJ0B BO BPEMS CPEAHUX U MO3AHUX CTaauii
6epeMeHHOCTM, 3aTeM B KOCTHOM MO3re fnocne
POXAEHUA 1 NPOAOHKAETCA TaM BCHO XWM3Hb, XOTA C
h0o3pacToMm € BCE 6OMbLLIE YMEHbLUAIOLLEACH CKOPOCTbIO.
Y MbllLeli pa3BUTUE KOHBEHLMOHHLIX B (B2)
NMMGOLNTOB M3 NPeALIeCTBEHHNKOB B KneTok
MPONCXOANT B BUE MHOXECTBEHHBIX
nocnefoBaTe/lbHbIX CTYMEHEN, XapaKTepu3yoLLmxcs
nocnefoBaTebHON 3Kcnpeccueli FeHoB U MapKepoB
KneTouHoii nosepxHocTu (Puc. 1). AuddepeHumposka
B1 KneToK HeHee onpejeneHHa.

Hardy et al., pasgenstoT nonynauum B KNnetok mno
CTafMsM B COOTBETCTBMM  C  [OCTMDKEHUAMM
COMATMYECKMX NEPECTPOEK U IKCMPECCUM Ha KIETOUHOM
nosepxHocTn CD43 (leukosialin S7), CD24 (HSA) u
BP1 Ha B220+ kneTkax KOCTHOro Mmosra.' CD43
3KcnpeccupyeTcs paHo BO Bpems B nmmdonossa, a
B220+

CD43+ nonynauus MOXeT 6bITb Aasee nogpasgeneHa
Ha cybnonynauumM B COOTBETCTBMM C 3KCMpeccuei
CD24 v BP1. Bo ¢pakummn A oba nokyca heavy chain
(IgH) w light chain (lgL) Haxogatca B germline
KOH(UIypaLmmn 1 KNeTKn nnLLeHbl akcnpeccun CB24 un
BP1/ Dj d¢pakumm B KneTkm 0BHapyxusatoT
NHULMMPOBaHHYO Dy-Jy pekombuHaumIo "
akcnpeccupyoT CD24. B (pakumm C KNeTKU UMerT
WNHLMMPOBaHHYHO Vy-Dy nepecTpoiiky "
akcnpeccupyotT n CD24 v BP1. Btopaa nonynauus,
KoTOpas CXOAHa C (hpakuumein C, HO akcnpeccupyeT
BbICOKMe ypoBHW CD24, o603HadveHa dpakuuein C'.
KneTku aTon (hpakuum 3KCrpeccupyoT
(hyHKUMOHanbHble pre-B  cell receptor (BCR) wu
MOABEPratoTCA  HECKO/IbKMM  payHfam  K/IETOYHbIX
feneHwin.  KneTku, KoTopble  MpoxogsaTr  pre-B
checkpoint, dpakuns D, 60nblue He 3KCMPecCcUMpytoT
S7 anuton CD43 v aBNAIOTCA  MaNeHbKUMU U
OTAbIXalowWwumMn.  Pa3BuTue 3ateM  MepexoauT K
(hpakuum E, KoTopas npefcTaBneHa HespenbiMu B
K/eTKamu, KOTOpble MMEIOT MepecTPOMBLUMECS TEHbI
NErkoii Lenmn 1 aKCNpeccmMpyroT NMoBePXHOCTHbIA IgM.
B KOCTHOM MoO3re peumpkynupyowyve 3penblie B
KneTkm ((hpakyms F) akcnpeccupyeT n IgM un IgD.

[Janee B-KneTouHble nonynayuu
AndepeHUMpYOTCS B KOCTHOM MO3re Mo pasmepy
K/eTOK 1 MOBEPXHOCTHOI akcnpeccueit c-kit (CD117),
CD25 v cypporaTa ferkoit Lenu.? Pro/pre-Bl KneTku
3KcnpeccupyroT c-Kit 1 cypporatHylo nerkyto Lens u
MMEKT MHMLMMPOBaHHble Dy-Jy nepectpoiiku. Pre-Bll
KneTkn nogsepratotcd Vy-DJy pekombuHaumm n He
akcnpeccupyroT 6onblue c-kit. Pre-Bll kneTkn umerot
MHMUMMPOBaHHblE  V -J.  NepecTpoikM U  He
3KCNPeccupytoT 60/IbLUIE CYPPOraTHYHO Nerkyo Lemb.

Cy6Habop Bl KeTOK OT/MYaeTCs 3aMeTHO OT
KOHBEHLMOHa/IbHLIX B2 Kknetok. Bo-nepsbix, Bl
KNeTKN  MPeMMYLLEeCTBEHHO  0BHapyXusalTcqd B
nneBpa/ibHOA U NEepUTOHeanbHOM  MOMOCTAX U
COCTaBMAT /Wb Mayld 4YacTe B  Knetok B
ceneseHke. >4 Bo-BTopbIx, B1 KNeTKM 0oTAn4aroTcs ot
B2 KkneTok 3Kkcnpeccueii  MONEKYN  K/ETOYHON
noBepxHocTn. B1 KneTku aBnatoTCA
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Figure1 Murine B cell development in the bone marrow as defined by two methods to distinguish B cell populations. Stages of B cell
development can be distinguished by cell size and surface expression of c-kit, surrogate light chain and CD25, and development proceeds
from pro-B/pre-Bl cells to pre-Bll cdlls, to immature and then mature B cells. Alternatively, stages of B cdl development can be classified
into fractions A through to F according to the rearrangement status of the immunoglobulin heavy and light chain genes and cdl surface
expresson of CD43, CD24 and BP1. The three dominant checkpoints during B lymphopoiesis occur at the pre-B cell receptor (BCR), BCR

checkpoints and during selection into the long-lived periphera poal.

B220™ IgM"™ |gD~ CD21~ CD23 , and a fraction of these, the
Bla subset, are CD5", whereas the Bib cell subset is CD5.°
Third, Bl cells have a restricted immunoglobulin repertoire
and have self-renewing capabilities.®® The developmental
relationship between Bl and B2 cells remains controversial.
It has been suggested that Bl and B2 subsets derive from the
same lineage and development into either subset is driven by
receptor specificity.>® Alternatively, Bl and B2 cells have
been proposed to develop from separate lineages altogether.’
In support of the latter hypothesis, IL-7 has been shown to be
critical for the development of conventional B cells (see
'Survival of B cell precursors' section), whereas the Bl cell
subset is unaffected in IL- 7-deficient mice.®

Commitment to the B cell lineage and survival of precursors

B cell commitment

Transcription factors EBF and E2A are required early during
B lymphopoiesis. EBF is expressed during the early stages of
B cel development and in non-lymphoid tissues. Mice
lacking EBF only have cells in fraction A (Table 1).° Simi-
larly, mice lacking the ubiquitously expressed E2A gene,
which generates the two transcription factors E12 and E47
through differentia splicing, exhibit a similar block in
development prior to the onset of IgH rearrangement.’® The

majority of E2A-deficient mice die shortly after birth; how-
ever, a small proportion of mice survive and can live for up to
10 months.™ Interestingly, of the 13 mice that survived, six
individuals developed rumours of immature thymocyte origin.*
This finding may be due in part to the interaction of E2A with
the T cell-specific Notch-1 pathway (see 'T cell commitment'
section).

The transcription factor Pax5 is required for B cell commit-
ment and maturation. Pax5 is expressed exclusively in the B
cell lineage and has been shown to activate B cell lineage
genes CD19, Iga and blnk/slp-65, which are molecules that
are critical for pre-BCR signalling.** In addition, Pax5 has
been shown to suppress genes of other lineages, including the
T cell-specific transcription factor Notch.® B cells in pax5-
deficient mice undergo arrest at the pro-B/pre-BI stage.’?'®
Interestingly, poxJ-deficient pro-B cells are uncommitted to
the B lineage and are able to differentiate into monocytes,
granulocytes and NK cells in vitro.”®> Additionally, conditional
[?0x5-deficient mice have demonstrated a role for Pax5 in
mature B cell survival and function.* Thus, the transcription
factors EBF, E2A and Pax5 are required for commitment to
the B cell lineage,

Survival of B cell precursors
Once committed to the B cell lineage, the survival of early B
cell progenitors is dependent upon contact with stroma and



Table1l Mutations causing defects in pre-B cell development

Molecule Mutation B cell development References
EBF Knockout Fr. A to B block 9
E2A Knockout Fr. A to B block 0
Pax5 Knockout Fr. B to C block L6
IL-7 Knockout Fr. Cto D block/Fr. A 819
to B block
IL-7Rcc Knockout Fr. A to B block/Fr. C 1826
to D block
yc Knockout Fr. C to D block 0
JAK3 Knockout Fr. C to D block 8
RAG1 Knockout Fr. C to C block 4
RAG2 Knockout Fr. B to C block e
DNA-PK s scid mouse  Fr. Cto D block 3945
Ku70 Knockout Fr. Cto D block 4647
Ku80 Knockout Fr. Cto D block 4849
Igu uMT mice  Large pre-B to small 51
pre-B block
JH deletion  Large pre-B to small %
pre-B block
Iga-1gP lgal* Fr. C to C partial block &
Igp*/lgal®®  Fr. Cto C block 5
IgP knockout Fr. Cto D block %
) Knockout Large to small pre-B 27
partial block
VpreBI/B2 Knockout Large to small pre-B &
partial block
Syk Knockout Pro-B to pre-B partia &l
block
Syk-ZAP-70 Double Pro-B to pre-B block &l
knockout
p85a Knockout Fr. Cto D partia block 856
BLNK Knockout Fr. Cto D partial block 6768

Fr, fraction.

growth factors. Stromal cells provide an essential signal for
cells in fraction A, which are strongly dependent on direct
physical contact with stroma; fraction B cells are moderately
dependent on contact with stroma cells, whereas cells in
fraction C are equally dependent on interactions with stroma
and soluble factors.*

In 1998, IL-7 was identified and cloned on the basis of its
ability to induce B cell proliferation in the absence of stromal
cells and was consequently shown to be required for the
survival of B cell, T cell and myeloid progenitors.”?° The
importance of IL-7 in B cell development was underscored by
studies in mice with excessive amounts of IL-7, either by
injection with IL-7 or in ZL-7-overexpressing transgenic mice,
which develop B cell lymphomas.?®>#

Interleukin-7 is one of the critical growth factors produced
by stromal cells in a number of non-hemopoietic and haemo-
poietic tissues, including feta liver, bone marrow, thymus
and spleen.®® The IL-7 receptor (IL-7R) is expressed on early
B lineage cells then lost after IgL rearrangement. Fractions B
and C depend on IL-7, whereas cells in fraction A and the
latest stages of development do not. » Although discrepancies
exist in results as to the B cell developmental stages that are
blocked in mice lacking IL-7 signalling either as a result of
treatment with anti-IL-7 monoclonal antibody or because
of an IL-7 or IL-7Ra deficiency, it is not surprising that B
cell development is arrested after fraction A, a stage that is
unresponsive to |L-7.5%81%%% |5 some studies, mice deficient

in IL-7 or IL-7Ra exhibited a block in B cell differentiation at
the A-to-B transition, whereas others demonstrated a C-to-D
Het818192526 Th, developmental block in IL-7- or IL-Ra-
deficient mice is incomplete, as indicated by the presence of
some peripheral B cells. The development of these B cells
may be because of the presence of other B cell growth factors,
such as haemokinin 1 and thymic stromal lymphopoietin.?’?

The IL-7R is composed of the IL-7Rct chain and common
gamma (yc) chain shared with IL-2, IL-4, IL-9, IL-15 and
IL-21. Similar to the situation in IL-7- and 7Z-7?a-deficient
mice, in mice deficient in yc orjak3 (a tyrosine kinase that
associates with and is activated by yc), B cell development is
partially blocked at the pre-B cell stage.®*® Thus, the survival
of early B cell precursors depends on IL-7-JAK3-mediated
survival signals.

Checkpoints during B cell development

Pre-BCR checkpoint

The pre-BCR checkpoint selects against self-reactive cells
and those with unsuccessful VDJ rearrangement, and pro-
motes the survival and differentiation of cells that have
successfully rearranged IgH and can express a pre-BCR
complex composed of an IgM heavy chain (Igu) associated
with surrogate light chain and an Iga-1gp heterodimer on the
cell surface. Successful signalling through the pre-BCR leads
to cel proliferation, allelic exclusion and the initiation of IgL
rearrangements. Approximately 75% of cells die at the pre-
BCR checkpoint.®

Rearrangement of the IgH locus Unique to B and T cells is
the process of somatic gene rearrangement of the immuno-
globulin and T cell receptor (TCR) loci, which generate a
diverse antibody and T cell repertoire, respectively. In the
germline, genes encoding the B and T cell receptors are
spatialy separated into multiple segments, but during B and T
cell development V, D and J gene segments are made
contiguous by the process of somatic rearrangement. The
recombination-activating genes (RAG) 1 and 2 have an integra
role in somatic rearrangement by generating double-strand
breaks in DNA.***¥" To repair double-strand breaks, DNA-
dependent protein kinase (DNA-PK) and DNA ligase proteins
are required.

The expression of RAG1 and RAG2 is restricted to
lymphocytes undergoing somatic rearrangement. Mutant mouse
strains that lack either ragl or rag! are unable to rearrange
the IgH locus, leading to a complete block at the pre-B cell
stage of development.®* The arrested development in ragl'-
B cells can be overcome by the expression of heavy and light
chain transgenes, which permits the development of immature
and mature B cells.® scid mice with a point mutation in the
gene encoding the catalytic component of DNA-PK (DNA-
PK™) lack the ability to repair double-strand breaks and thus
cannot rearrange IgH, leading to a developmental block in B
lymphopoiesis at the pre-BCR checkpoint.®*** Additionally,
mice deficient in the Ku70 and Ku80 DNA-binding subunits
of DNA-PK lack peripheral B cells because of a comparable
block in development at the pre-B cell stage.***° Thus, B cell
progenitors lacking the ability to rearrange their heavy chain
arrest at an early stage in development.
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Expression of thepre-BCR complex Following the genera-
tion of an inframe rearranged IgH, pre-B cells are tested for
the ability to bind surrogate light chain and deposition into the
cell membrane in association with Iga-Igh. Cellsthat express a

pre-BCR complex are positively selected, enter the cell
cycle and proliferate.

In JHT micethat do not express surface Igmu, and inmuM T
mice in which the membrane region has been disrupted and
therefore cannot be expressed on the cell surface, B cell
development arrests at the pre-BCR checkpoint.>*

An inframe Igmu chain associates with surrogate light
chain, the latter being expressed in fractions A to C. In mice,
three genes encode the components of the surrogate light
chain: A5, VpreBl and VpreB2. Testing the ability of Ignw to
bind surrogate light chain results in the removal of Igmu chains
that would not be able to bind rearranged IgL and would
subsequently not be useful. This is an important control
mechanism, because it has been estimated that half of all
heavy chains are unable to associate with surrogate light
chain.® In the absence of X5 or VpreBl and VpreB2, mice
exhibit defects in B cell development that is most notable at
the transition from fraction C to D.>**

The BCR is non-catalytic and lacks cytoplasmic signalling
capacity, requiring the formation of a complex with signal
transducers Iga (CD79a, mb-1) and Igb (CD70b, B29). Iga and

Igb contain immunoreceptor tyrosine activation motifs (ITAM)

within the cytoplasmic tail and are the signa trans
ducers of the BCR complex. The importance of Igru associa-
tion with a catalytically active 1ga and Igp heterodimer at the
pre-BCR checkpoint is demonstrated in mice deficient in Igp,
and mice where the cytoplasmic tails of Iga and Igb have
been deleted (Igh*“/Iga”‘), because B cell development does
not progress beyond the pre-BCR checkpoint.**® Addition-
ally, mice with a cytoplasmic deletion of Iga or where the Iga
ITAM tyrosine residues are mutated to phenylalanine have a
partial defect at the transition from pro-B to pre-B.5* Thus,
rearranged heavy chains that lack the ability to associate with
surrogate light chain or Iga-Igb and thus cannot express an
intact pre-BCR complex on the cell surface do not pass the
pre-BCR checkpoint.

Sgnalling through thepre-BCR complex  Once the pre-BCR
complex is formed on the cell surface, the cell signalsto cease
rearrangement of the 1gH locus and initiates rearrangement of
the IgL locus. This achieves dlelic exclusion whereby one
allele generates one antibody receptor and thus each cell has a
single antibody specificity. Mice lacking certain components
of the BCR signalling pathway have a block or partial block
at the pre-BCR checkpoint.

Phosphorylation of Iga-Igb ITAM following BCR
crosslinking leads to the recruitment and consequent phos-
phorylation of the tyrosine kinase Syk. Activation of Syk
leads to further signal transduction via multiple proteins,
generation of second messengers and gene regulation. The
Syk family of tyrosine kinases contains two members, Syk
and ZAP-70, which have critical roles in signaling, predomi-
nantly downstream of the BCR and TCR, respectively.>%°
rag-deficient mice reconstituted with Syk-deficient bone
marrow have a partial block in B cell development at the
transition from fraction C to D, and have no mature B cells
because of a further and complete block in development,
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because cells are not selected into a long-lived peripheral
pool 3> |nterestingly, Schweighoffer etal. have recently
shown that mice deficient in both Syk and zap-70 have a
complete block in B cell development at the pre-B cell
stage.®! ZAP-70 was thought to be only expressed in T cells
and NK cells, but has recently been shown to be expressed in
primary B cells at pro-B, pre-B and mature B cell stages of
development.51%2 ZAP-70 is critical for T cell development,
whereas B cell development was intact in zap-70-deficient
mice.%*®* Thus, the block in B cell development at the pre-B
cell stage in the absence of both Syk and ZAP-70 demon-
strates that both kinases can support signalling and selection
of the pre-BCR.

Mice lacking additional components of the BCR signalling
pathway exhibit defects at the pre-BCR checkpoint. Mice
deficient in p85a, the regulatory subunit of PI3K, and blnk-
deficient mice also demonstrate a partial block in B cell
development at the pre-BCR checkpoint.®% Additionally
p85a-/- and bink-*- mice have further defects in peripheral B
cell maturation (see 'BCR signalling pathway" section). Thus,
pre-BCR signalling is critical for cells to pass the pre-BCR
checkpoint

BCR checkpoint

Cells in fraction C or pre-Bll large cells, which express the
pre-BCR complex, proliferate prior to rearrangement of IgL,
thereby increasing the repertoire diversity by permitting
numerous light chains to associate with a single heavy chain
in different daughter cells. Once a light chain has been
successfully rearranged and cells express conventional 1gM
on the cel surfaces, cells receive signals to stop further
rearrangements of the IgL locus and continue differentiation.
The nature of these signals is unclear. Immature B cells at this
stage undergo selection prior to export into the periphery.

It has been estimated that the number of immature B cells
generated in the bone marrow of mice is about 2 x 10 cells
per day, and that 2 x 10° immature cells are exported into the
periphery.3*% Thus, only 10% of immature B cells produced
in the bone marrow enter the periphery. The dramatic
decrease in immature B cell numbers from the pre-B pool is
likely to be due to the low probability of producing inframe
rearrangements, the inability of IgH and IgL chains to pair, or
inefficient signalling through the BCR. Furthermore, cells are
screened for self-reactivity in the bone marrow. Binding of
antigen in the bone marrow can lead to a number of cell fates:
(i) deletion; (ii) anergy, whereby cells are rendered inactive;
or (iii) receptor editing, where secondary IgL gene rearrange-
ment has the potential to produce a new non-self-reacting
light chain.”® ™

Entry into and maintenance of the peripheral B cell pool
Regulation of peripheral B cell numbers is achieved by a
combination of regulating B cell export from the bone
marrow, selection into the long-lived recirculating repertoire
and death of recirculating B cells. These selection and sur-
vival processes involve signalling through the BCR and
BAFF pathways. Mutant mice with defects in peripheral B
cell populations are summarized in Table 2.

If 2x 10" immature B cells are produced in the bone
marrow of mice each day, and the peripheral B cell pool
consists of an estimated 15 x 10° cells, then the entire



Table2 Mutations causing defectsin peripheral B cell populations

Molecule Immature B cells Mature B cells MZB cells Bl cells References
Igot™* Decreased Decreased NR NR 5657
Igfjax Normal Absent NR NR %
IgpF Normal Decreased Decreased Decreased $*
CD45 Increased Decreased NR Absent o
CcD19 Normal Normal Absent Decreased 101,102
Syk Decreased Absent NR Absent 5960
BLNK Decreased Decreased Normal Absent 67,68
PLCy2 Increased Decreased Decreased Absent 96.97
PKC(3 Normal Normal NR Decreased 105
p85a Decreased Decreased NR Absent 6566
Btk Increased Decreased Decreased Absent 93-95
BCAP Increased Decreased Normal Absent 92
VAV Normal Normal NR Decreased 103,104
VAV1/2/3 Increased Decreased Decreased NR 8
OCT2 Normal Decreased NR Absent %
OBF1 Decreased Decreased NR NR 108
BAFF Normal Absent Absent Normal e
BAFF-R Normal/Decreased Decreased Decreased Normal U315
IKKa NR Decreased NR NR 126
NIK NR Decreased Absent Increased 116,127
NFKB2 Normal Decreased Decreased Increased ur

MZB, marginal zone B cell; NR, not reported.

recirculating pool could be replaced within days.”® However,
of the immature B cells that are produced, an estimated 10%
of these reach the spleen, and only 1-3% enter the long-lived
population.””” Additionally, Rolink and co-workers estimated
that more than half the immature B cells in the spleen develop
into mature B cells.”® Thus, athough estimates vary, it is
apparent that only a fraction of immature B cells enter the
mature recirculating compartment.

Peripheral B cell maturation Immature B cells exit the
bone marrow and enter the spleen via the blood, where they
develop into mature naive recirculating B cells through a
transitional phase (Fig. 2).”® Recent bone marrow emigrants,
also caled newly formed transitional type 1 (TI) or fraction
Il cells, enter the red pulp of the spleen. After about 1 day,
Tl cells move into the B cell follicles where IgD and CD23
are acquired, marking T2/fraction Il cells. Mature B cells
(fraction I) downregulate IgM and HSA to low expression and
express lymph node-homing receptor L selectin (CD62L),
allowing recirculation through lymph nodes. Mature B cells
also lack staining with the antibody 493 (CIgRp) that recog-
nizes AA4.1, which is present on dl earlier B cell subsets.”
Mature B cells can develop from both Tl and T2 cells.®® An
additional B cell population, the marginal zone B (MZB)
cells, reside in the marginal zone of the spleen.

Peripheral B cell lifespan  When considering how homeo-
stasis is maintained, the lifespan of the peripheral pool must
be considered. Accordingly, B cell lifespan has been the
subject of numerous investigations over several decades.
Although it is generally agreed that immature B cells are short
lived, on average 3-4 days, the lifespan of follicular B cells
has been more difficult to define.”®" Labelling studies, deletion
of precursors and cell-transfer experiments have estimated
that follicular B cells have a lifespan ranging from just a few
days to an 'amost indefinite’ period.**® By generating rag2
conditional knockout mice, where B cell development in the

bone marrow of adult mice was blocked, thus preventing
replenishment of the peripheral pool by newly generated
immature cells, Hao and Rajewsky showed that the follicular
B cell population slowly decreased over the period of 1 year
with an average haf-life of 4.5 months® Thus, with this
approach the follicular B cell population can be considered
relatively long lived.

The BCR signalling pathway The BCR signalling pathway
is initiated by the crosslinking of the BCR by antigen
(Fig. 3). Through mechanisms that remain unclear, BCR
ligation induces the phosphorylation of tyrosine residues
within ITAM of Iga-lgp by the Src kinases Lyn, Fyn and
Blk.2* Phosphorylation of Iga-1gp results in the recruitment
and subsequent activation of Syk, followed by the formation
of an early signalosome® Adapter protein BLNK is critical
for signdling through the pre-BCR as well as the BCR complex.
BLNK acts to recruit and localize multiple proteins following
phosphorylation by Syk.2® Recruitment of the Tec kinase Btk
and the lipid-metabolizing enzyme PLCy2 to the adapter
complex leads to phosphorylation and activation of PLCy2 by
Btk and Syk.5® PLCy2 cleaves phophatidylinositol-4,5-
bisphosphate (PIP2), generating diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3), which results in the activa-
tion of protein kinase C (PKC) and the release of intracellular
Ca®* from the endoplasmic reticulum, respectively. Addition-
aly, the constitutive binding of adapter protein Grb2 and
nucleotide exchange factor Sos with BLNK, together with the
induced binding of guanine nucleotide exchange factor
VAV1, leads to activation of the mitogen-activated protein
kinase (MAPK) cascade® As a consequence of increased
intracellular Ca®* and MAPK signalling, transcription factors
such as NFAT and NFK B translocate into the nucleus and
regulate gene transcription.

To assess the role of BCR expression in the maintenance
of the mature B cell pool, Lam et al. generated a mouse strain
with inducible deletion of BCR expression.*® The deletion of
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Figure 2 Murine peripherd B cell maturation in the spleen. Transitional type 1 (TI) cells, the recent emigrants from the bone marrow,
enter the red pulp of the spleen and upregulate the expression of IgD and CD21 to become transitiona type 2 (T2) cells. In the white pulp,
T2 cdls differentiate into mature naive follicular B cells following the downregulation of IgM, HSA and 493. Mature B cells can aso
develop from Tl cells and margina zone B (MZB) cells are thought to develop from both T2 and mature B cells.

the BCR in adulthood resulted in the rapid depletion of
follicular, MZB and B1 cells® Thus, this experimental approach
demonstrated that the BCR provides surviva signals for al
peripheral B cell populations.

Disruption of the BCR signalling cascade by the absence
of critical signalling components such as CD45, Syk, BLNK,
BCAP, Btk, p85a, PLCy2, Vavl/2/3 as well as the transcrip-
tion factor OCT2 and its coactivator OBF1 exhibit mature B
cell deficiencies3¥®n88110 gianificantly, the Bl population
is more severely affected as a result of disrupting the BCR
pathway. Additionally, mice deficient in CD 19, VAV and
PKCp have normal numbers of mature B cells, but a dimin-
ished or absent population of Bl cells.*®*'® Furthermore, a
BCR signal strength model for the development of follicular,
MZB and BI cells has been proposed whereby weak BCR
signals lead to the development of MZB cells, intermediate
BCR signals to the development of follicular B cells and
strong BCR signals lead to the development of Bl cells1%
Thus, BCR expression and signal transduction are critical for
the survival of peripheral B cells and the strength of signal
determines the selection of cells into specific B cell subsets.

BAFFpathway In addition to the BCR providing a survival
signal to peripheral B cells, BAFF, which is also known as
BLyS, TALL-1, THANK and zZTNF4, is specifically required
for the regulation of mature recirculating B2 cells. BAFF, a
TNF family member, has been shown to be an essential
molecule in promoting mature B cell survival in vitro, in baff
over-expressing transgenic mice and in mice deficient in
baff!-"> |mmature B cells develop normally in baff-
deficient mice, but they lack mature B cells™2 Similarly,
the A/WySnJ mouse strain, in which the BAFF Receptor
(BAFF-R, BR3) is naturally mutated, also exhibits deficien-
cies in mature B cells.***® Mice lacking baff, baff-R or
downstream signalling molecules have normal or elevated
numbers of peritoneal Bl cells, indicating that BAFF-BAFF-

R signaling is essential for mature B2, but not Bl cell
SJrViVG' .112-113-116-117

The signalling mechanisms downstream of BAFF are only
beginning to be defined. To date three receptors have been
identified that bind BAFF; these are TACI, BCMA and
BAFF-R.M48120 Although APRIL, a molecule closely
related to BAFF, can aso bind TACI and BCMA, BAFF-R
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Figure 3 Simplified schematic diagram of antigen receptor signalling. Upon (a) crosslinking of the pre-B cell receptor (BCR) and (b) T eel 1
receptor (TCR) ligation with peptide-MHC, IT AM within the coreceptor Iga/p and CD3 molecules are phosphorylated by the Src kinases
Lyn and Lck in B cells and T cells, respectively. Syk and ZAP-70 are recruited to the coreceptor molecules and activated, leading to further
phosphorylation and activation of several downstream targets and pathways, ultimately leading to the regulation of gene transcription.

specifically binds BAFF.'* Mice deficient in bema have
normal numbers of peripheral B cells, whereas mice deficient
in taci have an increased number of B cells, which suggests
a negative regulatory role for TACI in B cell homeo-
stasis.*®1?1122 Together, these findings suggest that BAFF,
signalling predominantly through BAFF-R, has a role in
maintaining peripheral B cell numbers.

The details of the BAFF-BAFF-R signalling pathway are
only partially defined. Two independent groups have demon-
strated that BAFF stimulation resulted in the cleavage of the
N FK B2 precursor pi00 to the active p52 subunit; a process
shown to be dependent on NIK and IKKa.'*3!?* |nterestingly,
pi00 processing by BAFF occurs 2-3 h after treatment and
was dependent upon protein synthesis, because pi00 cleavage
was not observed when cells were treated with cyclo-
heximide, raising the question of what genes must be tran-
scribed in order to observe the generation of p52.22% It is also
interesting to note that some follicular B cells are formed in
A/WySnJ mice and mice lacking ikka, nik or nfrd>2, whereas
this subset is almost entirely absent in mice lacking baff,
raising the question of what additional pathways mediate
BAFF S| gna] S.111-113'116'117-125-130

As mentioned earlier, NIK is required for BAFF-BAFF-R
signalling and one model that has been proposed recently is
that activation of BAFF-R allows the NIK protein to accumu-
late and become active in signalling to IKK by inhibiting
TRAF3-promoted ubiquitination and degradation of NIK.*
Although overexpression of TRAF3 inhibits BAFF-R signal-
ling, and only TRAF3 is found to interact directly with
BAFF-R, TRAF2 also plays a critica role in repressing
NFK B2 signalling.***? A conditional deficiency of TRAF2
enhances the processing of NFKB2 and increases mature B
cell numbers, especially MZB cells, similar to BAFF transgenic

mice.”* How BAFF signalling is initiated and regulated in B
cells by crosstalk with other receptors is clearly an important
area for future work.

Although both BAFF and BCR signalling are required to
maintain the mature recirculating pool, it is not understood
how these two inputs are integrated. It is possible that the two
input signals act in parallel to promote the expression of
prosurvival genes such as Bcl2. Mature B cells lacking Bcl2
fail to accumulate in the periphery.®'* Constitutive Bcl2
expression dramatically expands the pool of follicular B cells
and can partially correct the peripheral B cell deficiency
caused by defects in BCR and BAFF signalling.’®-*% BCR
signalling can activate the classical NFKB transcription
factors comprising NFtcBI-c-rel and NFKBI-rel-A, and com-
bined deficiency of these factors leads to defects in mature B
cells. ! |n contrast to the reduction in B cells in nfabl-
deficient mice, a combined deficiency of NFKB1 and NFKB2
completely eliminates the mature B cell pool, consistent
with action in parallel pathways.'*"*%130142 Finglly, NFKBI,
NFKB2, c-rel and rel-A are all capable of regulating Bcl2
eXpI'eSSi 0n.123|140.143

Regulation of <xp T cell development and homeostasis

Sages ofT cell development

T cell development begins in the fetal liver during early
embryogenesis and continues within the newly developed
thymus that forms around embryonic days (E) 10-13.5.14
Following commitment to the T cell lineage, thymocytes
develop through stages differentiated by the expression of cell
surface markers and rearrangement of the TCR loci (Fig. 4).

The four predominant thymocyte populations are distinguished
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Figure4 Murine T cell development in the thymus. Early stages of T cell development in the thymus are distinguished by CD44 and
CD25 expression on double-negative (DN) cells. Sdection of a functiona pre-T cdll receptor (TCR) is followed by the upregulation of the
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by expression of the TCR coreceptors CD4 and CD8. The
earliest of these stages are the CD4~ CD8" double-negative
(DN) cells that rearrange and express TCR p. Coexpression of
CD4 and CD8 and an ab TCR occurs at the CD4" CD8"
double-positive (DP) stage of development and subsequent
downregulation of either CD4 or CD8 leads to the development
of CD8" single-positive (SP) or CD4" SP cells, respectively,
following selection for a TCR able to recognize <df-
peptide-MHC complexes without being self-reactive.

Stages of early thymocyte development within the DN
population can be delineated by expression of CD25 (IL-2Ra)
and CD44 (phagocyte glycoprotein, Pgpl).}*'*¢ The DN1
population (CD25 CD44") develops from common lymphoid
progenitors entering the thymus from the bone marrow.
Devel opment then proceeds to the DN2 stage (CD25" CD44")
with the upregulation of CD25 and the initiation of rearrange-
ment at the TCR p, y and 5 loci. DN3 cells (CD25" CD44)
undergo selection for a successfully rearranged TCR ft gene.
Cells that pass this checkpoint downregulate CD25 to become
rapidly dividing DN4 cells (CD25- CD44). DN4 cells differ-
entiate into DP cells, initiate the rearrangement of the TCR a
gene locus and subsequently express an ab TCR. Similar to
ap T cells, y5 T cells undergo VDJ rearrangement of they and
8 loci. y5 T cells differ from conventional ap T cells because
they are not MHC-restricted, can recognize pathogens
directly, and are rare in the blood (instead they predominate in
the skin and gut).**’

Commitment to the T cell lineage and survival of precursors

T cell commitment

The role for Notch-1 in the commitment to the T cell lineage
has been elegantly demonstrated by two studies. Overexpres-
sion of constitutively active notch-1 by retroviral transduction
led to the development of DP cells in the bone marrow and a
concomitant block in B lymphopoiesis!® The converse

experiment, where Notch-1 expression was conditionally
ablated after birth, overcoming embryonic lethality in notch-1
null mice, showed that the absence of Notch-1 caused an early
block in T cell development and resulted in the development
of phenotypically normal immature B cells in the thymus.**
Therefore, when Notch-1 is present, T cells develop, and in
the absence of Notch-1, B cells develop. Pui etal. also
demonstrated the specific inhibition of E2A transcriptional
activity, which is required for B cell development, by the
Notch-1 pathway.**® This result suggests a possible mecha-
nism whereby the Notch-1 pathway inhibits a transcription
factor that is critical for B cell development, but at the same
time promotes the development of the T cell lineage.™

GATA-3 is aso specificaly required for the T cell lineage.
GATA-3 is a zinc finger-containing transcription factor that
is widely expressed, but within the haemopoietic compart-
ment, expression is restricted to the T cell lineage.”® Addi-
tionally, GATA-3-binding sites are found in a number of
T cell-specific genes, including TCR a, p, 8 and CD8a.®**®
To overcome neonatal lethality in gata-3-deficient mice,
Ting et al. utilized the rag2-deficient blastocyst comple-
mentation technique and found that chimeric mice lacked
mature T cells, but had normal erythroid, myeloid and B cell
development.™ Analysis of thymocyte subsets revealed the.
presence of DN cells, and because development in rag2-
deficient mice is blocked at this stage, the authors were only
able to conclude that thymocyte development was blocked
at or before the DN stage.™™ These findings were extended
by Hendriks etal., who transferred gata-3-deficient lacZ-
expressing embryonic stem (ES) cells into wild-type blasto-
cysts, which permitted the detection of cells derived from the
gata-3-deficient blastocyst.”® Analysis of thymocyte develop-
ment showed an absence of thymocytes, including the DN1
stage, that were derived from the gata-3-deficient ES cells
(Table 3).”* Together, these studies demonstrate a requirement
for GATA-3 in the surviva and/or proliferation of early T cell
progenitors.



Table3 Mutations causing defectsin T cell development

Molecule Mutation Effect on T cell development References
GATA3 Knockout Absence of DN1 cells %
IL-7 Knockout Reduced thymocytes, normal CD4 and CD8 expression »
IL-7R Knockout Reduced thymocytes, normal CD4 and CD8 expression 15
DN to DP block
yc Knockout Reduced thymocytes, normal CD4 and CD8 expression 230
JAK3 Knockout Reduced thymocytes, normal CD4 and CD8 expression L33
RAG1 Knockout DN3 to DN4 block *
RAG2 Knockout DN to DP block »
DNA-PK s scid mouse DN to DP block 43,44
Ku70 Knockout Partial DN to DP block 4647
Ku8o Knockout DN to DP block *49
TCRp Knockout DN to DP block 167
Enhancer knockout DN to DP block 169
ER retrieval signa DN to DP block 170
pTa Knockout DN3 to DN4 block u2173
CD3e Knockout DN3 to DN4 block 175176
CD3; Knockout Partial DN to DP block 177-179
CD3y Knockout Partial DN to DP block 180
Lck Knockout Partial DN to DP block 6
Point mutant Partial DN to DP block w
Lck/Fyn Double knockout DN to DP block 190191
ZAP-70/Syk Double knockout DN3 to DN4 block 108
LAT Knockout DN3 to DN4 block 104
Knockin DN3 to DN4 block o
SLP-76 Knockout DN3 to DN4 block 195,196
GADS Knockout Partial DN3 to DN4 block 198
VAV1/2/3 Triple knockout Partial DN3 to DN4 block %
TCRa Knockout DP to SP block 167..199
CD3% Knockout DPto SP block 181,182
ZAP-70 Knockout DP to SP block 5364
R464C mutant DPto SP block a4

ER, endoplasmic reticulum; DN, double-negative; DP, double-positive; SP, single-positive.

Survival of T cell precursors

Proliferation and survival of early thymocyte progenitors
depends largely on signals from IL-7-IL-7R and the tyrosine
kinase receptor c-kit and its ligand, stromal cell factor (SCF).
Specificaly, the DN population is dependent upon c-kit-SCF
and IL-7-1L-7R, whereas during later stages of development,
pre-T cells and DP cells depend on cytokines and signals
through pre-TCR and ap TCR, respectively.'®

A great deal of information regarding the importance of
c-kit and SCF in a number of biological processes has been
gained from the study of the spontaneous mutant mouse
strains steel (9) and dominant white spotting (W), which have
dominant mutations in c-kit and scf, respectively.®’

Despite the expression of c-kit on DN1 and DN2 thymo-
cytes and early B cell progenitors, periphera lymphocyte
numbers are not atered in 9 and W mice."*™’ The most
notable defect in fetal thymi of W/W mice and mice engrafted
with 9/9 thymus was a reduction in DN cells, although the
proportion of DP and SP cells was maintained.’®® Addition-
aly, DN thymocytes derived from the /9 thymus grafts had
a twofold reduction in proliferation as assessed by BrdU
labelling.”®® Thus, c-kit and SCF appear to play arole in the
proliferation of DN thymocytes, but not in their differentia-
tion, although it remains possible that the phenotype of mice
deficient in c-kit or SCF is masked due to compensation of
other molecules, such as IL-7.

In contrast to the strict requirement for IL-7-JAK3 signal-
ling in B cell development, T cell development in the absence

of IL-7, IL-7Ra, yc andjak-3 results in more general defects
in thymocyte survival. Mice deficient in IL-7, IL-7Ra, yc or
jak-3 have dramatically reduced thymic cellularity, but main-
tain relatively normal CD4 and CD8 expression on thymo-
cytes, 1819298138 AR exception occurs in the absence of IL-7Ra,
where individual mice differ in their thymocyte defects. In
this strain, some mice exhibit a phenotype similar to IL-7-, yc-
and jak-3-deficient mice, whereas the thymus of other mice
consists entirely of DN cells.®® Additionally, ZL-7-deficient
mice have been shown to have a small defect at the transition
from DN2 to DN3.*° Interestingly, c-kit expression on DN1
and DN2 cells was reduced in /L-7-deficient mice suggesting
that I1L-7 may regulate c-kit expression.™

The survival effect of IL-7 on thymocytes is mediated
by the antiapoptotic protein Bcl2."® Bcl2 overexpression in
IL-7Ra-deficient or yc-deficient mice rescues them from T
cell developmental defects.'®*®* Interestingly, defects in the
B cell compartment are not rescued by Bcl2 overexpression,
suggesting different mechanisms by which IL-7 regulates B
and T cell development.’®®

To assess possible compensation by IL-7 and SCF, mice
were made deficient in both c-kit and yc.'® In the absence of
c-kit and yc, thymocytes could not be detected by cell
counting nor by flow cytometry.’® This dramatic phenotype
demonstrated that IL-7 (and possibly other cytokines that
bind yc) and SCF can functionally compensate in the absence
of one another during thymocyte development. Again, in con-
trast to T cell development, B cell development in c-kit/yc
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double-deficient mice was no more severe than yc deficiency
aone® Thus, signals mediated through c-kit-SCF and IL-7
-IL-7R are critica for the survival of early thymocytes prior
to the pre-TCR checkpoint.

Checkpoints during T cell development

Pre-TCR checkpoint

Similar to the processes involved at the pre-BCR checkpoint,
the pre-TCR checkpoint, alsodeferred to as 'b selection’,
selects cells that have successfully rearranged the first
receptor chain. Additionally, the TCR p chain must be
expressed on the cell surface in a complex formed with the T
cell equivalent of the surrogate light chain and signa trans-
duction molecules, the pre-Ta (pTa) chain and CD3 mole-
cules, respectively. Again, similar to the pre-BCR checkpoint,
the pre-TCR checkpoint signals allelic exclusion, prolifera-
tive expansion, further differentiation and initiation of the
TCR a chain rearrangement. Thus, to pass the pre-TCR
checkpoint, efficient signalling through the pre-TCR complex
isrequired.

Rearrangement of the TCR (3 locus In the absence of TCR b
rearrangement, T cell development arrests at the pre-TCR
checkpoint. The inability to initiate rearrangement of the TCR
loci in ragl- and rag2-deficient mice results in a lack of
peripheral T cells because of a developmental block at the
pre-TCR checkpoint as indicated by the predominance of
CD25" DN thymocytes and the absence of DP cells in these
mice.®®° As expected, scid mice, like rag-deficient mice,
have few peripheral T cells and lack DP thymocytes, because
of an inability to complete TCR p rearrangement. 44165166
Moreover, mice deficient in Ku80 have a complete block at
the transition from DN to DP thymocytes, whereas Ku70-
deficient mice have a partial block at the pre-T cell stage.*s*°

Rearrangement of the TCR p chain is sufficient to pass the
pre-TCR checkpoint. By crossing a rearranged TCR p trans-
gene onto a rag-deficient background, Mombaerts et al. and
Shinkai et al. demonstrated that the presence of the TCR p
transgene rescued thymocyte numbers and the development
of DP thymocytes in rag-deficient mice.’*"*®® Moreover, a
rearranged TCR a transgene in addition to the TCR p trans-
gene leads to the development of DP and SP cells in rag-
deficient mice™® This experiment clearly demonstrates the
importance of both the TCR b and TCR a chains at the two
major selection steps during thymocyte development.

Expression of the pre-TCR complex In the DN3 thymocyte
subset, rearranged TCR b chains are expressed on the cell
surface in a complex with the pTa chain and CD3 proteins.

Mice that are unable to express TCR p chain on the cell
surface as a result of the deletion of the TCR b loci or deletion
of the TCR p transcriptional enhancer have a T cell develop-
mental block at the pre-T cell stage.’**®® Also, mice in which
the TCR p chain cannot exit the endoplasmic reticulum,
because of the insertion of an endoplasmic reticulum retrieval
signal into a rearranged TCR b transgene, exhibit develop-
mental defects at the DN-to-DP transition.”™® Thus, the cell
surface expression of TCR b is critical for the development of
pre-T cells.

The TCR b chain is expressed on the cell surface with
pTa, the surrogate a chain.'® The essential role of pTa
within the pre-TCR complex has been demonstrated by mice
deficient in pTa, which have a selective deficiency in DN4
cells, while maintaining normal numbers of DN1, DN2 and
DN3 cells*™ Therefore, pTa is indispensable for thymo-
cyte differentiation beyond the pre-TCR checkpoint.

Association of TCR p and pTa with IT AM containing
CD3 proteins is essential for the selection of pre-T cells. The
CD3 components of the pre-TCR complex are thought to
consist of CD3e-y and CD3e-5 heterodimers where each of
these molecules contain a single ITAM and a CD3?, (TCR?)
homodimer containing three ITAM .

CD3 molecules are essential, as demonstrated by the
phenotype of mice lacking these signalling components.
Mice deficient in CD3e completely lack DN4 cells, and mice
deficient in CD3£ and CD3y have partial defects in the
development of DP and SP cells'™® |n contrast, CD35 is
dispensable for preTCR signalling.®'® It is interesting to
note that the administration of anti-CD3e monoclonal anti-
body in vitro and in vivo is sufficient to restore the develop-
ment of DP cells from scid- and rag-deficient thymocytes.'#%
These studies demonstrate that in the absence of a rearranged
P chain, activation of the signalling pathway via the CD3
molecules was sufficient to stimulate the proliferation and
differentiation of pre-T cells. Thus, signals mediated by the
CD3 proteins are required at the pre-TCR checkpoint.

Sgnalling through the pre-TCR complex  Expression of the
pre-TCR complex signals proliferation, allelic exclusion of
the TCR b locus, and initiation of TCR a rearrangement.
Mice deficient in several key signalling molecules located
downstream of the ab TCR exhibit defects in thymocyte
differentiation from DN to DP cells, indicating that these
molecules are critical for signalling through the pre-TCR
complex.

Activation of the Src tyrosine kinases Lck and Fyn is one
of the first events following TCR ligation. Mice deficient in
Ick and mice transgenic for the dominant negative (catalyti-
caly inactive) form of Lck have a partial block at the pre-T
cell stage.”®® T cell development in mice deficient in fyn
appears normal, whereas thymocyte development in mice
deficient in Ick and fyn is completely arrested at the DN stage,
which is indicative of a redundant role for the Src kinases in
signalling through pre-TCR.*#¥%! Additionally, overexpression
of a gain-of-function fyn transgene in Ick-deficient mice
permits the development of DP cells, but not SP cells.™®
Overexpression of a transgene encoding a constitutively
active form of Lck inragl -deficient mice normalized DP cell
numbers in a manner similar to the effect of the expression of
a rearranged TCR b chain into rag-deficient hosts.’® These
findings highlight the critical role for the Src kinases in pre-
TCR signalling.

The redundancy of the Syk kinases observed during B cell
development also occurs during thymocyte differentiation.
Mice deficient in either zap-70 or Syk alone have normal
numbers of DN3 and DN4 cells, and mice deficient in both
kinases have a complete block at the pre-TCR stage 3%031%
Thus, even though Syk acts predominantly during B cell
development, it can functionally compensate in the absence of
ZAP-70 during pre-T cell signalling.
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Adapter proteins LAT and SLP-76 play critica roles
downstream of the TCR, because T cell development in mice
deficient in lat or slp-76 is completely blocked at the pre-TCR
stage.’®'% Similarly, lat knockin mice, which lack the four
cytoplasmic tyrosine residues involved in protein-protein
interactions following TCR stimulation, also have a thymo-
cyte developmental arrest at the pre-TCR stage.®” Addition-
ally, mice lacking the small adapter protein GADS, which
recruits SLP-76 to LAT, have a partia defect at the pre-TCR
checkpoint.!® Thus, deficiency in certain TCR signalling
molecules results in defects at the transition from DN3 to
DN4, which highlights the requirement for effective signalling
through the pre-TCR complex during T cell development.

ab TCR checkpoint

The critical events at the transition from the DP to SP stages
of thymocyte development are: (i) the rearrangement and
expression of the TCR a chain; followed by (ii) positive and
negative selection of cells expressing a mature &3 TCR prior
to export into the periphery of mature T cels that are
expressing receptors able to recognize self-MHC, but that
lack the capacity to be self-reactive.

Formation of the ab TCR Thymocytes that have success-
fully rearranged TCR p proliferate extensively prior to the
rearrangement of TCR a, broadening the lymphocyte reper-
toire by allowing multiple TCR a chains to pair with the same
TCR b chain. TCR a-deficient mice have norma production
of DP cells, but due to an inability to be positively selected,
thymocyte development is blocked a the DP-to-SP cell
transition,’**%

ab TCRsignalling Crosslinking of the TCR leads to the
rapid activation of Lck and Fyn, which act to phosphorylate
tyrosine residues within ITAM of the CD3 molecules
(Fig. 3).%° ZAP-70 binds to ITAM within CD3? via its
tandem Src homology 2 (SH2) domains, leading to the
activation of ZAP-70 by the phosphorylation of specific
tyrosine residues by the Src kinases.®°-%® Targets of ZAP-70
tyrosine phosphorylation include LAT, PLCyl and SLP-76.
The phosphorylation of cytoplasmic residues within the trans-
membrane adapter protein LAT following TCR crosslinking
permits the binding of a number of proteins, including PLCyl,
Grb2, GADS and p85a, all via their SH2 domains.***” The
induced association of LAT with GADS leads to the recruit-
ment of SLP-76, which is constitutively associated with
GADS, thereby recruiting SLP-76 and its associated proteins
to the LAT complex near the plasma membrane.®®® The
multiprotein complex formed between SLP-76, LAT and
associated proteins results in the activation of multiple signal-
ling cascades. VAV, Nck and ADAP are involved in the
reorganization of the cytoskeleton and actin polymeriza-
tion.?%%2 Additionally, VAV is involved in the activation of
the MAPK pathway.?® Phosphorylation and activation of
PLCyl cleaves PIP2, yielding IP3, which in turn increases
cytoplasmic calcium and NFAT activation, while production
of DAG leads to PKC activation and activation of the Ras
pathway.

The strength of the signal transmitted through the TCR is
thought to mediate selection events, thus perturbations in the
TCR signaling pathway lead to defects in selection. For

example, CD3d is not required at the pre-TCR checkpoint,
but is required at the a(3 TCR checkpoint, because mice
deficient in CD3d exhibit a block in differentiation at the DP-
to-SP transition.®®"*¥2 Mice deficient in zap-70 have normal
numbers of DP thymocytes, but completely lack CD4 and
CD8 SP cells and therefore lack peripheral ap T cells #4214
Furthermore, mice deficient in a number of key TCR signal-
ling molecules have blocks in T cell development at the pre-
TCR stage, which precludes analysis of ap TCR selection,
although they are also likely to be critica for ap TCR
signalling.

Sdlection of the ab TCR The DP thymocytes that express
rearranged a and b chains are selected by the recognition of
self-peptide in the context of MHC, thus reflecting an antigen
receptor that may be useful in binding foreign peptide-MHC
complexes in the periphery.

It is generally considered that there are three main out-
comes for thymocytes undergoing selection. First, thymocytes
unable to bind self-MHC undergo death by neglect. Second,
recognition of self-peptides in the context of MHC through
weak binding of receptor and peptide-MHC complexes
rescues cells from death and they are positively selected to
differentiate into SP cells. Thymocytes recognizing MHC
class | differentiate into CD8 SP cells, whereas DP cells able
to recognize MHC class Il molecules differentiate into CD4
SP thymocytes. Third, negative selection of cells that bind
strongly to self-MHC complexes prevents the differentiation
and export of potentially autoreactive cells into the periphery.
It has been estimated that fewer than 5% of thymocytes pass
ab TCR sdlection.”®

Factors required for T cell homeostasis

Comparable to the requirements for BCR and BAFF in the
maintenance of the mature B cell compartment, peripheral T
cells require survival signals mediated through the antigen
receptor and cytokines.

TCR-MHC interactions  Studies in M//C-deficient mice
have demonstrated the dependence of naive CD4 and CD8 T
cell populations on TCR-MHC interactions for survival %21
Furthermore, the conditional deletion of TCR a in mature T
cells resulted in the depletion of naive CD4 and CD8 T cells
with a haf-life of 16 and 46 days, respectively, in one study
compared with the 27 and 19 days, respectively, found in
another study.?®® By contrast, memory CD4 and CD8 T

cells are less dependent on TCR-MHC interactions for sur-
vival .2191220-222- 223

Cytokines Naive CD4 and CD8 T cells require IL-7 for
survival and CD8 memory T cells depend on IL-15 for
survival. 2?3 However, the survival factors for memory CD4
T cells are less well defined. The homeostasis of memory
CD4 T cells is unaffected by the absence of yc, IL-7 or IL-
y 5 2825 However, arecent report suggests that memory CD4
T cells have a combined requirement for TCR-MHC inter-
actions and IL-7.2*® Conditional deletion of Ick on afyn-
deficient background, resulting in the absence of TCR signal-
ling, did not affect the memory CD4 T cell pool.*® However,
when purified Ic k/fy n-deficient memory CD4 T cells were
transferred into rag/IL-7 double-deficient mice, the memory
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CD4 cells could not proliferate nor survive.”® These results
are consistent with previous studies whereby a deficiency in
either TCR-MHC interactions or IL-7-yc alone did not alter
the number of memory CD4 T cells, whereas the study
discussed here demonstrates that in the absence of both
TCR-MHC and IL-7 signals, memory CD4 T cells cannot
survive.

Concluding remarks

There has been remarkable progress in the last few years in
identifying paired pathways for lymphocyte homeostasis.
There is an interesting symmetry between B and T cells both
using the IL-7-JAK 3 pathway in primary lymphoid organs in
concert with the highly analogous BCR and TCR signalling
pathways. The fact that most of the signalling components in
the TCR pathway are related to the components of the BCR
pathway, but they are not shared, may reflect fundamental
differences in the sensitivity and regulation of antigen recog-
nition by these two kinds of antigen receptor. On the other
hand, it is striking that B and T cells diverge in their survival
requirements in the periphery: T cells continue to use the
IL-7-JAK3 pathways, whereas B cells use the BAFF-BAFF-
R-N FK B 2pathway. Presumably thisdissociationisnecessary
for independent homeostasis of B cells and T cells.
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