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| mmunodefi ci ency Syndrones

This lecture traditionally goes beyond i munodeficiency and wl |
al so serve as a course review

Al t hough a very | arge nunber of engineered defects in nurine
| ynphocyt e devel opnment have been generated in the | ast decade,
natural ly occurring disorders of |ynphocyte devel opnent have (not
too surprisingly!) been nost thoroughly investigated in man. In

this lecture the focus will primarily be on naturally occurring
human i mmunodefi ci encies that arise because of nutations in genes
critical for |ynmphocyte devel opment. We will exam ne the

nol ecul ar nechani snms involved in inherited di sorders of

| ynphocyte devel opnent in the light of information covered in
previ ous chapters. The genetic disorders that we will discuss
here have sonewhat arbitrarily been divided into di seases of

| ynphocyt e devel opnent and i mmune dyscrasi as invol ving aberrant
| ynphocyte activation. As will be obvious to nost students, there
is likely to be considerable overlap between the processes of
devel opnent and activation. Miutations in Rag-1l or Rag-2, for

i nstance, that drastically conmprom se anti gen receptor
rearrangenent may |ead to a Severe Conbi ned | munodefi ci ency
phenotype, while other nutations in these very sane genes permt
partial V(D)J reconbinase activity and result in the very
distinct clinical presentation of Omen’s syndrone.

Di sorders of Lynphocyte Devel opnment

The | ast decade has seen the mechanistic unraveling of many
menbers of a group of specific i mMmunodeficiency disorders which
were often | unped together before the causative genes for sone of
themwere identified. Cinically, children with i nmunodeficiency
di sorders may present with with recurrent infections. Recurrent
pyogeni ¢ infections with bacteria such as Streptococcus
pneunoni ae and Henophilus influenzae are commonly seen in
di sorders of B cell devel opment or function. In disorders in
which T cell devel opnent or function is conprom sed,
opportuni stic pathogens such as Pneunocystis carinii my be
responsi ble for synptonms and the |ikelihood of succumbing to
intracel |l ul ar pat hogens such as Mycobacteria or viruses is
greatly increased.



A nunber of inherited i munodeficiency disorders that affect
nore than one |ineage are commonly divided into two sub-sets, the
“Severe Combi ned” and “Conbi ned” | nmunodeficiencies (Table 1).
While for sinplicity’s sake we maintain this classification, the
di stinction between “Severe Conbi ned” and “ Conbi ned”

i mmunodeficiencies is made on the basis of clinical rather than
mechani stic consi derati ons.

Severe Combi ned | nmunodefi ci enci es

The Severe Conbi ned | munodeficiencies (SCID) in general
represent di seases which are fatal early in life. They al so
represent a set of disorders which are ideal candidates for gene
t herapy and which may therefore prove conpletely curable in the
next few decades. As a group, these deficiencies are noted in
about 1 in 75,000 live births, are likely to prove |ethal during
the first year of life, and all forms involve a profound block in
T cell differentiation. Infants present with opportunistic
infections, often caused by |ive vaccines, and a failure to
thrive. There at |east eight variant fornms of SCID.

Reti cul ar Dysgenesi s

As seen in Figure 1, sone of these disorders represent
defects in the devel opnent of early |ynphoid progenitors prior to
commtnment to the T and B |ineages. In patients with a form of
SCI D known as reticular dysgenesis, no T, B, NK or nyeloid cells
are seen. The defect resenbles that observed in the PU 1 knockout
mouse in which, as in reticular dysgenesis, erythroid and
platelet differentiation remain unaffected.

Table 1
Primary | mmunodefi ci encies involving defects in |ynphocyte
devel opnent

1. Defects in Lynphocyte devel opnent
1.1. Severe conbi ned i munodefi ci encies
a. Absence of all nyeloid and |ynphoid cells (Reticular
dysgenesi s)
b. Absence of all |ynphoid popul ati ons (Adenosi ne
deam nase
defi ci ency)
c. Absence of T and NK cells (X-linked SCID; gc
defi ci ency)
d. Absence of T and NK cells (autosomal SCID; JAK-3
defi ci ency)
e. Absence of T and NK cells (autosomal SCID: unknown
mechani sm



e. Absence of T and B cells (Al ynphocytosis; Rag gene
def ect s)
f. Absence of T and B cells (Al ynphocytosis; non-RAG
reconmbi nati on
def ect)
g. Absence of T cells (T B'NK" SCID; I|L-7R deficiency)

1.2 Conbi ned I mmunodefi ci enci es

Di George syndrone

Purine nucl eoti de phosphoryl ase defici ency
ZAP-70 mnutations

DNA |igase | deficiency

CD3 e deficiency

CD3 g deficiency

HLA class Il deficiency (CIITA RFX5)
Class | deficiency (TAP2)

At axi a tel angi ectasi a

Cartil age hair hypopl asia

— T oKQ "o Q0 oD

1.3. Hunoral I mmunodeficiencies

a. X-linked agammagl obulinem a (Bruton’s di sease)
b. Human surrogate |ight chain and m heavy chain

mut ant s

| gG subcl ass defi ci enci es

k chain deficiency

X-1inked hyper-1gM syndrone

Hyper-1gM syndrone (autosonmal)

Sel ective |1 gA deficiency

Common vari abl e i mmunodefi ci ency

oQ o Qo

2. Disorders involving aberrant |ynphocyte activation
a. Wskott-Aldrich syndronme
b. Autoi mune | ynphoproliferative syndrone
c. “Accel erated phase” disorders
cl. Chedi ak-Hi gashi syndronme
c2. Fam |lial hermophagocytic | ynphohistiocytosis
c3. X-linked |ynmphoproliferation
c4. I mmunodeficiency with partial al binism
Omenn’ s syndronme
e. Hyper-I1gE syndrone
| di opat hi ¢ di ssem nated mycobaterial infections

o
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Figure 1. Some forms of SCID involve defects in progenitor cells.
The presence of platelets (P) and erythrocytes (E) in reticular
dysgenesis is rem ni scent of the mouse PU. 1 knockout. Grefers to
granul ocytes, Mto macrophages, and L to | ynphocytes. In ADA
deficiency the susceptible cell may be the conmon | ynphoid
progeni tor, although the nost affected cell is probably a T cel
progenitor. LD refers to |ynphoid dendritic cells.

Adenosi ne Deam nase Deficiency

A fairly common formof SCID occurs in infants with an

i nherited deficiency in adenosi ne deam nase or ADA. During the
cat aboli sm of purines (see Figure 2), phosphate residues are

renmoved from nucl eoti de nonophosphates by nucl eoti dase. 1nosine,
xant hosi ne and guanosi ne are further degraded by the action of



purine nucl eosi de phosphoryl ase or PNP and subsequently converted
to uric acid. Internmediates in the degradation process my be

reused to form nucl eoti des by sal vage reacti ons. Adenosi ne and
deoxyadenosi ne are not degraded in mammalian cells by PNP, but
instead are deam nated by ADA to yield inosine and deoxyi nosi ne.
The | atter are degraded by PNP and xant hi ne oxi dase, the final

product being uric acid. ADA has been crystallised and fornms an
ei ght stranded a/b barrel with the active site at the C-termnal

end of the b barrel.There are eight different nutant fornms of ADA
t hat have been described in SCID patients all of which conprom se
the active site of the enzyne.

In the absence of functional ADA, deoxyadenosine is
phosphoryl ated to produce very high |levels of dATP. These high
| evel s of dATP inhibit ribonucleotide reductase which is
essential for dNTPsynthesis. DNA synthesis is thereby choked off
and cells cannot proliferate. Patients with ADA deficiency have
defects in the the generation of T, B, and NK cells suggesting a
defect at the |level of the putative comon |ynphoid progenitor,
or in the early devel opnental stages of each of these three
| i neages. Indeed NK cell function is often unaffected in patients
with ADA, and B cell devel opment may be minimally conprom sed,
suggesting that the defect nay be largely confined to T cell
precursors. Wiy are only these hematopoietic cells affected? It
appears that the phosphoryl ati on of deoxyadenosi ne occurs
particularly efficiently in |ynphoid progenitors and it is likely
that the earliest cell in which toxic | evels of dATP accunul ate
m ght be the common | ynphoid progenitor cell, but that the npst
susceptible cel nay be a T cell progenitor. The manifestations of
ADA deficiency nmay not be restricted to |ynphoid cells - patients
al so exhibit rib cage and ot her skeletal abnormalities,
presumably in response to toxic effects of dATP and the
inhibition of proliferation of other selected cell types.
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Figure 2. An overview of purine catabolismin mammalian cells.Mitations

i n adenosi ne deanmi nase result in the accumul ati on of phosphoryl ated dATP
in lynphoid progenitors which inactivate ribonucl eotide reductase and
thus arrest cell cycle progression. Wile ADA deficiency affects B, T, and
NK cel |l devel opnent, nutations in purine nucleotide phosphoryl ase
primarily conpromise T cell function

When ADA is injected intravenously it is cleared very
rapidly by the liver. However when PEG (pol yethylene glycol) is
covalently coupled to ADA, the enzyme survives in the bl oodstream
for one or two weeks and these adducts can be used to treat ADA
deficiency fairly effectively. Prelimnary attenpts at gene
t herapy have yielded promsing results, and it is very likely
that this will prove to be the therapeutic intervention of choice
in the near future.

X-1inked SCI D

The common gchain (gc) of the IL-2, IL-4, IL-7, IL-9, and
| L- 15 receptors is encoded by an X-linked gene (located at Xql2-
13.1). Defects in this gene lead to an X-linked formof SCID in
which T and NK cell devel opnent are conprom sed, but there is no
defect in B cell generation. This is the nost comon form of



SCID, and a |large variety of nutations have been discovered in
oc. This is a lethal disease, and there is clearly a very high
rate of new nutations being generated. In man IL-7 is required
for T cell devel opnment but is not critical for B cel

devel opnment. IL-15 is required for NK cell devel opnment and the
conmbi ned loss of IL-7 and I1L-15 derived signals |leads to the
failure of devel opnent of these |ineages (Figure 3).

Aut osomal recessive SCID with JAK-3 deficiency

Mut ati ons in an autosonal gene encoding the JAK3 ki nase
result in a very sinmlar phenotype to that seen in X-linked SO D.
This is not at all surprising since JAK-3 and ¢ are functionally
l'i nked (Figure 3) and identical phenotypes are seen in nmice in
whi ch these genes are separately targeted. JAK-1 is also a
critical player in this pathway in the nouse, but nutations in
JAK-1 have yet to be described in patients with autosonal
recessive fornms of SCID. |IL-7 plays a denonstrable role in B cel
devel opnent in the nouse but not in man, and this accounts for
the differences in phenotype seen between the human di sorders
i nvol ving g¢c and Jak-3 and the correspondi ng knockout m ce |ines.

Aut osomal recessive SCID with |IL-7R deficiency
In a formof SCID in which there is a defect in T cel

devel opnent with normal nunbers of B and NK cells (T-B+tNK+ SA D),
inherited nutations in the gene encoding the IL-7Ra chain have
been descri bed. This di sease underscores the fact that in hunmans
| L- 7Ra derived signals are not required for B cell devel opnent,
and that IL-7 is not required for NK cell devel opnent in nouse or
man (al though IL-15 is crucial).
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Figure 3. IL-7 and IL-15 influence the devel opnent of T cells
and NK cells respectively in humans. Signals downstream of the
receptors for IL-2, IL-4, 1L-7, IL-9, and IL-15 are transduced

via ¢, Jak-3 and probably JAK-1 as well. LD refers to | ynphoid
dendritic cells.
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Ot her autosomal recessive forns of SCID

The four autosomal recessive fornms of SCI D considered above
are reticular dysgenesis, Jak- 3 deficiency, ADA deficiency, and
an I L-7Ra chain defect. Two autosomal recessive forms of SCID
have been described in which B and T cells are not seen. |In one
of these forns mutations in Rag-1 or Rag-2 severely conprom se
V(D)J reconbination. In an additional form V(D)J reconbination
is conprom sed but no nutations have as yet been described either
in the Rag genes or DNA repair related conponents such as DNA-PK
Ku- 70, or Ku-80. DNA PK is defective in SCID mce and in an
equine formof SCID seen in Arabian foals. Certain nutations in
the Rag-1 and Rag-2 genes result in partially conprom sed V(D)J



reconmbi nati on and an unusual clinical phenotype described as
Omenn’ s syndrome, which will be discussed later in this chapter.
A formof autosomal recessive SCID simlar in phenotype to
X-l1inked SCID and Jak-3 deficiency (with no T or NK cells) has
been descri bed. The defective gene in this formhas not yet been
identified, but it is likely to encode a protein in the gc/JAK-

1/ JAK- 3 pat hway (other than JAK-3 or gc).

“Combi ned” | mrunodefi ci enci es

This category of disorder is characterized by a defect
usually in T cell devel opnment which does not |lead to as severe a
phenotype as is seen in SCID. Defects either in B cel
devel opnent or function also may be seen (often because of the
absence of T cell help). As discussed earlier, the distinction
between SCID and “CID’" is operational, and there is considerable
overl ap between these groups of diseases.

Di George’ s syndrone
Di George’s syndrone is characterized by thymc and

parat hyroi d hypoplasia. In its npost severe formit can resenble
SCI D but the defect does not involve the B lineage. This syndrone
results from dysnorphogenesis of the third and fourth pharyngea
pouches. The defect in thym c devel opnment results froma presuned
failure of the neural crest nmesenchyne to i nduce norphogenetic
changes in the third pharyngeal pouch derived endoderm The gene
that is defective in the D George syndrome has been |ocated to
22911 but remains to be cloned.

Purine nucl eosi de phosphoryl ase deficiency

Nezel of 's syndrone is a form of conbi ned i nmunodeficiency in
which B cell developnment is normal but T cell devel opnent is
inpaired. A |arge nunber of patients with this syndronme have a
defect in an enzyme that is critical for purine degradation,
puri ne nucl eosi de phosphoryl ase or PNP (see Figure 12.2). Wy
exactly PNP deficiency targets T cell devel opnent is unclear.
| nhi bition of PNP by pharnacol ogi cal neans can prevent the
hyperactivation of T cells seen in sonme autoi nmune di seases but
t he mechansi sm by which PNP activity is linked to T cell
devel opnent or T cell activation remains to be el ucidated.

Mut ati ons Zap-70 and CD3 genes

A formof T cell deficiency seen in man results from
mut ati ons in the Zap-70 tyrosi ne kinase, a nenber of the Syk
famly. These nutations occur in the kinase donmain of this enzyne
(Figure 4)
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Mutations in hum an SCID/CID

1. A13 bp deletion from
nucleotides 1719-1731

2. Insertion of LEQ at position 542
(nucleotide 1832)

3. R to S at position 518

ZAP-70 deficiency

Recurrent and opportunistic infections in first year of life
CD8 cells virtually absent

CD4 cells non-reactive

(CD4 binds better to Lck than CD8; ?some Syk activation in CD4 cells)

Figure 4. Mutations in ZAP-70 conprom se hunan CD8 T cell
devel opnment. In man the primary defect is in CD8" T cell generation

Unli ke Zap-70 null mce which |ack both CD4 and CD8 T cells
because of a failure of TCR signaling during positive selection
1, in man Zap-70 nmutations results only in a failure of CD8 T
cell devel opment. However while CD4 cells do enmerge in patients
with inherited defects in ZAP-70, these cells cannot be readily
activated in response to TCR triggering. These children have
recurrent opportunistic infections in the first year of life.
They may sonetines be categorized as SCID patients and these
di stinctions are sonmewhat arbitrary. Why do patients with ZAP-70
def ects not have a problemin positively selecting CD4 T cells?
It has been suggested that CD4 nore readily associates with Lck
than CD8, and that as a result, ZAP-70 is nore readily activated
during positive selection Il in CD4 cells than in CD8 cells.
Alternatively Syk may be nore readily activated in CD4 T cells
than in CD8 cells and may thus conpensate for the absence of Zap-
70 in the fornmer.



Defects in CD3eand CD3g al so result in defects in T cel
devel opnent presumably because they conprom se signaling via the
pre-TCR and TCR.

T cell immunodeficiencies associated with DNA Ligase | nutations
It is likely, as discussed above, that some SCID or CID
phenotypes will be associated with nutations in genes that are

i nvol ved in Double Strand Break repair such as Ku70 and Ku80.
Defects in T cell devel opnment have been noted in isol ated

pati ents who have inherited mutations in DNA ligase |, which may
be required during V(D)J reconbination (although DNA |igase IV
appears to be the najor DNA ligase involved in this process).

The “Bare | ynphocyte syndrome”: MHC class Il deficiency

As expected inherited disorders in which MHC class 11
expression is conprom sed result in a defect in CD4 T cel
devel opnent, and defects in IWHC class | expression result in
abnormalities in CD8 T cell positive selection. MHC cl ass |
expressi on defects have been noted in patients with the bare
| ynphocyt e syndrome who have inherited defects in transcriptional
regulators of MHC class Il (HLA DP, DQ and DR) expression. These
patients also fail to express the invariant chain (1i) and HLA-

DM a class Il |ike heterodiner which facilitates the exchange of
the invariant chain derived CLIP peptide that remains bound to
IMHC class Il proteins, with peptides derived fromthe proteolysis

of endocytosed proteins. The failure to express HLA class I
nol ecules in the thymic cortex during positive selection results
in an absence of CD4 T cells. Patients nmay belong to any one of
four conpl enmentation groups. Three of the four regul atory genes
involved in this syndronme, ClIITA, RFX5, and RFXAP, have been

i solated. As seen in Figure 5, RFX5 and RFXAP are conponents of
the multinmeric RFX conplex which binds to the X box in MHC cl ass
1, Ii, and HLA-DM pronmoters. Although RFX is ubiquitously
expressed its activity depends on a co-activator C I TA which may
be expressed constitutively in professional APCs but can al so be
i nduced by IFN-g in certain cell types. CIITA is regualted by
multiple promoters which result in distinct CIITA transcripts
with different first exons. The pronoter Pl is responsible for
constitutive expression in dendritic cells and the pronoter PII
is required for constitutive B cell expression. The PIV pronoter
regul ates I FN-g nedi ated i nduction of CIITA. Regulation of this
pronot er depends on the binding of phosphorylated STAT1 to a GAS
site, which cooperates with the ubiquitously expressed bHLH
protein USF1 which binds to an adaj cent E-box. STAT1 is

phosphoryl ated by JAK1/2 as a consequence of |IFN-gsignaling. One



of the other regulatory elenents is an IRF-1 binding site. During
B cell devel opnment the extinction of MHC class Il expression

observed in plasma cells is also achieved by repression of ClITA
An inherited deficiency in MHC class-1 (HLA-A -B, and -C) gene
expression is noted in patients who have inherited defects in the
expression of the TAP-2 peptide transporter, an ABC cassette

containing protein which, as part of the TAP1/ TAP2 heterodi ner,

Statl
USF-1 IRF-1

Pl PII PIIl PIV
E;F:Ei;:ii;i !!I ii ! " Ei;: CIITA

GAS Ebox IRF

CIITA

CIITA

_> _
REX ‘ !I_“_I |”_| :;|LA DP, DQ, DR

X X2 v HLA-DM

is responsible for the translocation of proteasomally cleaved

pepti des fromthe cytosol into the endoplasm c reticulum
Figure 5. Regulation of HLA Class Il gene expression.

| mmunodefici ency associated with Ataxia Tel angi ectasi a

One fairly conplex and poorly understood form of conbined
i mmunodeficiency is observed in patients with ataxia
tel angi ectasia. Patients present with a host of neurol ogic,
i mmunol ogi ¢, endocrine, cutaneous and hepatic abnormalities.
These include progressive cerebell ar ataxia, ocul ocutaneous
t el angi ect asi as, chronic sinopul nonary di sease, a high incidence
of malignancy, and i munodeficiency. Between 50-80% of patients
may present with a selective absence of IgA. I1gE and 1gG | evels
are frequently decreased. Cell nediated inmunity is inpaired and
the thynmus has been noted to be hypoplastic. The gene that is
defective in ataxia telangiectasia is |located on 11g22-23 and
encodes a protein known as ATM for Ataxi a Tel angi ectasi a Mt at ed.
This protein is a nmenber of the PI-3 kinase famly and is a dua



serine/threonine protein kinase/lipid kinase. ATMis induced by
DNA damage and may contribute to the induction of p53 and the

i nducti on of apoptosis (see Figure 6) thus functioning as part of
a cell cycle checkpoint. ATM can bind to p53 and phosphorylate it
on serine-15, thus activating and stabilizing p53.
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Figure 6. ATM nay be part of a DNA damage checkpoint invol ving
p53. ATM bi nds to p53 ans phosphorylates it on serine-15, thus
stabilizing the p53 protein.

Induction of Fas/FasL

In a poorly understood way this kinase is believed to be
critical for maintaining the integrity of reconbination. Wile
V(D)J reconbination itself is not inpaired, the integrity of the



j oining process nmay be conprom sed | eading to an extrenely high
frequency of translocations in B and T | ynphocytes. Wile this
presents a rather unsatisfying explantion at present for the
i mmunodefici ency and cancer seen in this disease, this disease
and the ATM gene are being very aggressively studied at present
and answers are better likely to be at hand in the near future.

There is a potential |ink between V(D)J reconbi nati on and
t he mai nt enance of chronobsomal integrity and this is reflected in
a few genetic disorders that result in imunodeficiency as wel
as in chronmosomal translocations and the malignant transformation
of |ynphocytes.

The nude nouse presents with a naturally occurring defect in
t hymus devel opnent and has been discussed in detail in Chapter
Ni ne.

Humor al i nmunodefi ci enci es

In disorders in which B cell developnent is primarily
inpaired (see Table 1), antibodies are not nmade and patients nay
be particularly susceptible to bacterial infections.

X-1inked agammagl obul i nem a

The earliest devel opnental stage at which B cell ontogeny is
bl ocked in a human di sease is at the pro-B to pre-B transition
presumably because of conmprom sed pre-B receptor signaling. In X
I i nked agammagl obul i nem a (XLA) or Bruton’s di sease nunerous
different nutations have been described in Btk a protein tyrosine
ki nase di scussed in Chapters Four and Seven. These nutations
i ncl ude point substitutions and deletions and can result in a
range of altered proteins or no protein at all. |In different XLA
patients, point substitutions have been described in the PH
domai n, the SH2 domain, the SH3 domain, and the kinase donmain,
suggesting inportant functional roles for each of these domains.
The severity of the disease presumably depends on the extent to
whi ch catalytic activity is conprom sed and in sone patients may
be influenced by the epistatic role played by unidentified
“modifier” genes. In its nost severe formno peripheral B cells
are seen and after the first year of life, boys carrying this
def ect have recurrent pyogenic infections usually with
H.infl uenzae and S. pneunoni ae. Very |low |l evels of serum
i mmunogl obul i ns are observed and the treatnment at present
primarily involves frequent injections of polyclonal human serum
i mmmunogl obul i ns. Gene therapy is al so being considered. The
primarily defect in this disease is alnost certainly linked to
the failure to generate pre-B receptor derived checkpoint signals
during developnent. It is particularly interesting that a
phenotype sinmilar to that observed in XLA has been described in
children carrying nutations in the human 14.1 gene which encodes



t he human honol og of the |5 gene, an inportant conponent of the
pre-B receptor. A simlar autosonmal recessive agammgl obul i nem a
is al so observed in females as well as males with nmutations that
conprom se the structure and function of the m Ig heavy chain
gene.

It is worth noting that in the nouse Btk is not absolutely
required for Positive selection | at the pre-B receptor nedi ated
checkpoi nt. However Btk does participate in peripheral B cel
mat urati on as descri bed in Chapter Seven. A naturally occurring
Btk mutation occurrs in the Xid nouse which has been discussed
in some detail in Chapter Seven. In sonme patients with XLA,

m | der phenotypes which m mc those seen in the Xid nouse m ght
reflect defects in peripheral B cell maturation and survival.

The X-1inked hyper-1gM syndrone

Anot her X-1linked disease in which B cell function is
conpromi sed is the X-linked hyper-1gMsyndrone. In this disease
young boys present with recurrent pyogenic infections generally
with H influenzae and S.pneunoniae, just as in patients with
XLA, but may al so have opportunistic infections particularly
i nvol vi ng Pneunocystis carinii. These |atter opportunistic
i nfections suggest a defect in cell nmediated imunity. In this
syndronme nutations have been described in the X-1inked gene that
encodes the CD40 ligand. CD40OL on activated T cells is critica
for T-dependent activation of B cells and for the initiation of B
cell proliferation, class switching, germ nal center formation
and somatic hypernutation as discussed in Chapter Eight. As a
result boys with this syndrone tend to nake |argely | gM
anti bodi es and do not expand their repertoires via affinity
maturation. CD40L al so participates in T cell activation (Figure
7) as discussed in Chapter Ten, resulting in the cell mediated
i mmune defects noted in patients with this syndrome. The
interaction of CD40L with CD40 not only results in the delivery
of signals to the B cell but also may |lead to signal generation
inthe T cell. In addition the activation of dendritic cells and
ot her APCs via CD40 signaling can induce costinulatory |igands
such as B-7 proteins. These activated cells may facilitate the
rel ease of I1L-12 by nmacrophages and the activation of a THL type
of response. In patients with the X-1inked hyper-1gM syndrone,
the activation of T cells, probably as a consequence of defective
APC activation, is conprom sed.



h

Figure 7. CD40 L is required both for the activation of B
cells and T cells. Triggering of CD40 on dendritic cells
permts the induction of B7 nolecules which facilitate the
generation od Signal Two for proper T cell activation (See
di scussion on “licensing” in Chapter Ten).

Di sorders involving aberrant |ynphocyte activation

In a nunber of inherited i nmune dyscrasias, the major defect
appears to be inappropriate activation of the immune system In a
sense all allergic and autoi mune di sorders m ght be lunped in
this category but they generally involve nore subtle
abnormalities of the immune system and represent nmulti-gene
di sorders which are not inherited in a Mendelian fashion. In the
di seases that we will consider here, nutations in genes involved
in sone aspect of |ynphocyte devel opment result in the generation
of |l arge nunbers of activated |ynphocytes which contribute to
pat hol ogy.

The W skott-Aldrich syndrone
The W skott-Aldrich syndronme is an X |linked di sease
characterized by thronbocytopenia, defective platelet activation,



pyogeni ¢ and opportunistic infections, and eczema. I gM Il evels
tend to be low, 1gA and IgE levels are generally elevated and |gG
| evel s are usually in the normal range. There is a failure to
respond to pol ysaccharide antigens and T cells have signaling and
cytoskel etal defects. The X |inked gene that is defective is this
di sease encodes a protein which is knowm as WASP (W skott Al drich
Syndronme Protein). WASP is a proline rich protein with nultiple
sites capable of interacting with SH3 donmains. The WASP protein
interacts with the Rho famly small GIPase, Cdc42, with Src
famly kinases, with the Nck adaptor protein, with proline serine
t hreoni ne phosphatase interacting protein (PSTPIP), and with a
protein known as WP (WASP interacting protein) anpng ot hers.
Cdc42 is involved in actin rearrangenents as is WP and PSTPI P.
WASP is a honmol og of the S.cerevesiae cortical actin
rearrangenent inducing protein Beel and in activated |ynphocytes,
pl atel ets, and other cells, the function of WASP appears to be to
hel p orchestrate the rearrangenent of cortical actin. Acritica
function of Cdc42 and of WASP in T cells is the formation of a
pol ari zed synapse |ike interface with antigen presenting cells
(see Chapter Four). Alnost all of the defects seen in the Wskott
Al drich syndrone can potentially be tied to the failure of WASP
to help reorgani ze cortical actin.

It is possible that in B cells triggered by T-independent
pol ysacchari de antigens, Btk signaling involves the tyrosine
phosphoryl ati on of WASP. A site on WASP that appears to be
tyrosi ne phosphorylated in vivo closely resenbles the
aut ophosphorylation site on Btk itself. WASP patients do have
defective responses to pol ysaccharide antigens and this B cel
defect closely resenbles that seen in the Xid nouse.

Aut oi mmune Lynphoproliferative Syndrone

Anot her interesting but very rare disorder involving
aberrant |ynphocyte activation is the Autoi mmune
Lynmphoproliferative Syndronme in which Fas nmutations have been
found. Infants and young children with this di sease present with
| ynphadenopat hy, spl enonegal y, and hyper ganmagl obul i nem a. These
| ynphoi d organs are overpopul ated with CD3'CD4'CD8” T cells. In
addi tion, common features of this syndrone include episodic
aut oi nmune anem as, thronbocytopeni a, autoanti body nedi at ed
neutropenias, and urticarial rashes. This syndrone closely m mcs
t he phenotype of naturally occurring nmutations in the nouse of of
Fas (in the | pr nouse) and the Fas ligand (in the gld nouse)
briefly discussed in our discussions on apoptosis. Not only do
activated T cells not get elimnated by Activation Induced Cel
Death, but as explained in an earlier |ecture, bystander and
potentially self reactive B cells which should normally be



elimnated via Fas signals proliferate and may contribute to
aut oi mmune mani f est ati ons.

There are two interesting features to be noted about the
i nheritance of this extrenely rare disease. The nutations in Fas
are generally observed in hetrozygotes, and honbzygous nutati ons
are rare. Gven that Fas is a trineric protein , the likelihood
that all three subunits in a given trinmer will be “normal” in a
het erozygote (assum ng equi val ent abundance of both nornmal and
mut ant proteins) is only 1/8. The second interesting feature
related to the inheritance of this rare disease, is that the
het erozygous nmutant chronosone is usually transmtted froma
normal parent. This indicates that nodifier genes play an
inportant role in contributing to this syndrone. Interestingly
t he genetic background is also a critical contributor to the
aut oi mmune phenotype of |pr and gld m ce.

Di sorders involving a post-infectious “accel erated phase”

A smal | nunber of genetic disorders result in what appears
to be an accel erated and uncontroll ed end-state of THL cell and
macr ophage activation probably following a viral infection. In
t hese di seases, which include the Chedi ak-Hi gashi syndrone,
fam |ial henmophagocytic | ynphohistiocytosis, partial albinism
wi th i mmunodeficiency, and possibly the X-1inked
| ynphoproliferative syndrone, a defect in NK cell activity is
al so frequently seen. The conmmopn feature in this otherw se
di verse sub-set of diseases is probably a basic inability to
counter viral infections, and the consequent triggering of an
accel erated phase of THLl type T cell activation.

The Chedi ak- Hi gashi syndrone (CHS) in man has a nurine
counterpart, the beige nouse. This syndronme is characterized by
partial cutaneous and ocul ar al binism defective CIL and NK cel
activity, increased susceptibility to infections, and the
accunul ation in many cells of large intracellular granules. There
is a defect in granule discharge (accounting for the defects in
CTLs and NK cells) and in the fusion of endosones with primry
| ysosones. The defective gene on human chronosonme 1 has been
identified and is believed to encode a cytosolic protein that is
involved in a vesicular trafficking function - probably
regul ati ng the gui ded novenent of vesicles al ong m crotubul es
during endocytosis and exocytosis. Mdst patients with CHS devel op
an accel erated phase which generally |leads to death. During the
accel erated phase T cells and nmacrophages are activated and
cyt oki ne production spins out of control.

A sim | ar accel erated phase response is observed in an
autosomal recessive condition known as fam lial henmpphagocytic
| ynphohi stiocytosis (FHL). FHL is characterized by polyclonal T
| ynphocyte and macrophage activation that begins in early



chil dhood and invariably has fatal consequences. Macrophage
activation presumably occurs because T cells secrete |arge
ampunts of interferon-g The serumlevels of IFN-g TNF, and IL-1
are greatly elevated. These activated macrophages ingest red
cells and along with the activated T cells infiltrate the liver,
spl een, bone marrow, and the central nervous system It has been
suggested that this syndronme in some ways resenbl es the phenotype
of CTLA-4 "/~ mice, but CTLA-4 nutations have yet to be descri bed
in this or any other clinical condition.

X-1inked | ynphoproliferative syndrone

In the X-linked | ynphoproliferation (XLP) syndronme, also
known as Duncan’s syndrone, young boys are prone to succunb to
Epstein-Barr virus infections after entry into an accel erated
phase. The causative gene on Xg25 encodes a snall protein called
SAP (for SLAM associ ated protein). SAP contains an SH2 domai n but
not nmuch else. SLAM is a costinulatory nolecule found on
activated T cells (CD45RO cells), thynocytes, and sonme B cells.
SLAM i s activated by honotypic interactions, can induce
| ynphocyte proliferation, and can facilitate the generation of
Thl responses. This nmenber of the Ig superfamly is structurally
related to CD2 and its cytoplasnmic tail contains four potentia
tyrosi ne phosphorylation sites. Sonme of these sites, even in an
unphopshoryl ated state can bind to SAP with a very high affinity.
SAP presunmably prevents other SH2 containing signaling nol ecul es
frombeing recruited to one or nore of these sites. The
cytoplasmc tail of SLAM can potentially recruit a range of SH2
domai n contai ning proteins, and why exactly the absence of SAP
| eads to i munodeficiency or uncontrolled B cell proliferation
following EBV infection is unclear. The primary defect in the
di sease could involve T cells, or B cells, or both. A though SAP
is expressed primarily in B cells, it is also expressed at high
levels in germnal center B cells. Exactly how SAP regul ates
i mmune function and | ynphocyte proliferation is curently being
investigated. It is possible that the underlying defect is in a
mechani sminvolved in viral clearance by T cells, or may invol ve
t he dysregul ation of proliferation in B cells. Mst of the
i munol ogi cal abnornmalities noted in this disease may be mani f est
after EBV infection. This disorder may therefore fit into the
br oader “accel erated phase” category being discussed above.

Orenn’ s syndrone

In this rare autosomal recessive disease infants present
with severe erythroderm a, alopecia, diarrhea, and a failure to
thrive. Large nunmbers of activated T cells infiltrate the skin,
the gut epithelium and the |am na propria. While there is a
prof ound depletion of T and B | ynphocytes in the bl ood and | ynph



nodes, the massive tissue infiltrations of T cells in this

di sease appear to be generated froma few T cell clones have

t aken over the whole i mMmune system These few T cells may be gd T
cells, or ab T cells which are CD4", or CD8" or DN. Functionally
some of the oligoclonal T cell expansions may be of the TH2 type
since eosinophilia and high blood levels of IL-4 and IL-5 are
characteristically noted.

The underlying defect in a nunber of famlies with Orenn’s
syndronme is an inherited mssense nutation in the Rag-1 or Rag-
2 gene that contributes to an inconpl ete abrogation of V(D)J
reconmbi nation. This partial defect results in an al nost conplete
block in B and T cell generation with the occassi onal
devel opnental escape of a few T cell clones. Sonme of these T
cells are apparently driven to unremtted expansion in these
i mmunodeficient infants and this results in a “TH2” type
accel erated phase disease with fatal consequences.

Di sorders involving cytokines and cytoki ne receptors

It is likely that the com ng years will see the
identification of an increasing nunmber of cytokine and cytokine
receptor nmutations in a range of disorders involving | ynphocyte
devel opnent or function. Defects have been discovered in the
genes encoding the IFN-gRlI and the IL-12Rb2 chain in patients
with “idiopathic” dissem nated mycobacterial and Sal nonel |l a
infections. Both these receptors are required for driving the
Thl versus Th2 decision . The IFN-gR is also required for
macr ophage activation in the course of Thl type responses.
Defects in the Il-7R and in IL-15R signaling have been di scussed
above.

Summary and Perspective

Al t hough there are some differences in the details of
| ymphocyt e devel opnent as studied in the nouse and in humans, the
genes and nechani sns i nvolved in | ynphoid ontogeny are remarkably
simlar in these two species. It is clear that the enornous
amount of information on | ynphocyte devel opnment that has been
obt ai ned from knockout and knock-in strategies in the nmouse will
continue to grow. The identification of nolecular defects that
|l ead to disorders of human | ynphocyte devel opnent has only just
begun! But what a beginning it has been!
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