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| mmunodeficiency Disorders

Max D. Cooper, Lewis L. Lanier, Mary Ellen Conley, and Jennifer M. Puck

Hematological complications occur frequently in
patients with both primary and secondary immu-
nodeficiency disorders. Anemia, thrombocytope-
nia or leukopenias may bring these individuals to
the attention of hematologists. Conversely, evi-
dence suggesting a lymphoproliferative disorder
may be the cause for referral. This session will
provide an update on the diagnosis and treatment
of immunodeficiency diseases ranging from
isolated defects in antibody production to the
severe combined immunodeficiencies (SCID).
Immunodeficiency diseases have traditionally
been defined as defects in the development and
function of T and B cells, the primary effector cells
of specific cellular and humoral immunity. How-
ever, it has become increasingly evident that
innate immune mechanisms contribute greatly to
host defense, either through acting alone or by
enhancing specific T and B cell responses.

. KIR, LIR, Fc RECEPTORS AND
RELATED LEUKOCYTE RECEPTORS AND
THEIR BioLocicaL FuncTioNs

Lewis L. Lanier, PhD*

In Section I, Dr. Lewis Lanier reviews the
burgeoning information on the extensive families
of activating and inhibitory immunoreceptors that
are expressed on NK cells, dendritic cells, T and B
cells, and phagocytic cells. He provides an over-
view on the biological functions of these receptors
in host defense.

In Section Il, Dr. Mary Ellen Conley defines the
spectrum of antibody deficiency disorders, the
most frequently occurring types of primary
immunodeficiencies. She covers the different
defects in B-cell development and function that
lead to antibody deficiencies, and includes diagno-
sis and therapy of these disorders.

In Section lll, Dr. Jennifer Puck discusses the
diagnosis and treatment of the different types of
SCID. She describes the genetic basis for SCID,
and the benefits, pitfalls, and complications of
gene therapy and bone marrow transplantation in
SCID patients.

hallmark of an adaptive immune response. By contrast,
most hematopoietic cells (e.g., monocytes, macroph-
ages, granulocytes, dendritic cells and natural killer
[NK] cells) do not have receptors generated by genetic
recombination. Certain receptors of the innate immune
system (e.g., toll-like receptors and scavenger recep-

The function of the immune system is to detect ari@rs, reviewed in Janeway and Medzhiyawperate by
eliminate pathogens and possibly transformed cellgetecting pathogen-encoded molecules that are con-
T cells and B cells are endowed with cell surface réerved between different organisms (for example, cer-
ceptors generated by genetic recombination and the tain carbohydrates or glycolipids unique to bacteria,
troduction of non-germline encoded nucleotides th&touble-stranded RNA encoded by viruses, etc.). An al-
provide for limitless diversity and the potential to internative strategy is provided by the existence of re-
teract with essentially any foreign substance. These &eptors (e.g., NKG2H that recognize host-encoded
ceptors provide for antigen-specific recognition, théstress-induced” proteins that are not present at high

* Department of Microbiology and Immunology and the
Cancer Research Institute, University of California San

levels in healthy tissues but are induced by infection or
transformation. These stimulatory immune receptors
that activate cells in the presence of perceived danger
are complemented by a system of inhibitory receptors

Francisco, 513 Parnassus Avenue, Box 0414, San Franciscqhat are designed to prevent or dampen immune re-
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sponses in the absence of pathogenic insult, thereby
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tors recognize cell surface glycoproteins that are con-
stitutively expressed on healthy cells, for example ma-
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jor histocompatibility complex (MHC) class I. Inhibi- tween the two YxxL/l elements) in their cytoplasmic
tory receptors are found not only on cells of the innatdomains. When the receptor engages ligand, clustering
immune system, but are also present on T and B lyrof the receptor complex results in phosphorylation of
phocytes and can regulate responses initiated throudpe tyrosines in the ITAM, which is likely mediated by
their antigen-specific receptors. The vigor of an ima Src-family tyrosine kinase. The phosphorylated ITAM
mune cell's response is determined by the intracellultten serves as a docking site for either the Syk or ZAP70
integration of signals transmitted by the activating antyrosine kinase, triggering a downstream cascade of
inhibitory receptors. This review will focus on selectedctivation events that can lead to cell-mediated cyto-
families of receptors that regulate immune responsaxicity, cytokine production and proliferation. In ad-
and will present examples of their potential roles idition to the ITAM-bearing adapter proteins that have

certain human diseases. been described in the B and T cell antigen receptor
complexes, ITAM are also present in theRky, { and
Biochemical Basis for Immune DAP12 adapter proteins that are used by many differ-
Activation Versus Inhibition ent immune receptors in myeloid and NK cells.

The class of stimulatory immune receptors described The inhibitory receptors are all characterized by
in this review share a common biochemical pathwagne or more immunoreceptor tyrosine-based inhibition
for cellular activation. As depicted iRigure 1, the motifs (ITIM), (I/V/L/S)xYxx(L/I/V) where x denotes
ligand-binding and signaling functions are mediated bgny amino acid) in the cytoplasmic domains (reviewed
different protein subunits within the receptor complein Ravetch and Laniét Binding of ligand to the extra-
(reviewed in Malissef). The ligand-binding receptor cellular domain causes, by an unknown mechanism,
lacks intrinsic signaling activity; a small adapter protyrosine phosphorylation of the ITIM, probably by a
tein provides this activity. The ligand-binding recepto6rc-family kinase. In turn, the phosphorylated ITIM
and signaling adapter assemble by interactions betwemay bind to two classes of SH2-containing inhibitory
their transmembrane domains. Typically, a positivelgignaling effector molecules, the inositol phosphatases
charged amino acid (i.e., K or R) in the receptor formSHIP-1 or SHIP-2 (Src homology 2 domain-contain-
a salt bridge with a negatively charged amino acid (i.eng inositol-5" phosphatase) or the tyrosine phos-
D or E) in the adapter. The adapter proteins signal Iphatases SHP-1 or SHP-2 (Src homology 2-containing
virtue of one or more immunoreceptor tyrosine-basguhosphatase). It appears that different ITIM-bearing
activation motifs (ITAM) (YxxL/l x -YxxL/l where x receptors show a preference for association with SHP-
denotes any amino acid with 6 to 8 amino acids bé&; SHP-2, SHIP-1, or SHIP-2 based on in vitro assays;

Inhibitory Receptor Activating Receptor

ITIM i1

(IVILIS)XY XX (L) Yxx(Lg-gxYxx(L/l)

Tyrosine phosphatase (SHP-1,-2) Tyrosine kinase (Syk, ZAP70)
or lipid phosphatase (SHIP-1,-2)

Figure 1. Schematic representation of activating and inhibitory immune receptors.

The prototype activating receptor is composed of a glycoprotein subunit containing an extracellular domain (often with an immunoglobu-
lin-like or lectin-like structure) that is responsible for ligand binding. The ligand-binding receptor lacks intrinsic signaling activity, but pairs
with an adapter protein possessing one or more ITAM in the cytoplasmic domain. The immunoreceptor tyrosine-based activation motifs
(ITAM)-bearing adaptor protein, such as DAP12, FceRly or CD3( are expressed on the cell surface as disulfide-bonded dimers; DAP12 is
a homodimer, whereas FceRIly or CD3(, may form homodimers or heterodimers with each other. After ligand binding, tyrosine phosphory-
lation of the ITAM causes recruitment and activation of Syk or ZAP70 tyrosine kinases. The receptor and signaling adapter associate via
interactions in their transmembranes, typically by a salt bridge formed by oppositely charged amino acids. The prototype inhibitory
receptor has a ligand-binding extracellular domain and one or more immunoreceptor tyrosine-based inhibition motifs (ITIM) in the
cytoplasmic region of the polypeptide. Binding of ligand causes tyrosine phosphorylation of the ITIM, resulting in recruitment and
activation of a tyrosine phosphatase (SHP-1 or SHP-2) or a lipid phosphatase (SHIP-1 or SHIP-2).
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however, a precise structural basis for this selectivigiller Cell Immunoglobulin-like Receptors
has not been defined. In general, SHP-1 and SHIP dfiller cell immunoglobulin-like receptors (KIR; also
pear to be the dominant players, depending on the pdesignated CD158, see http://www.ncbi.nlm.nih.gov/
ticular receptor studied. Moreover, there is no clegrow/guide/679664748_g.htm) are encoded by a fam-
consensus concerning the critical substrates of the tly of highly related genes that arose by gene duplica-
rosine phosphatases that inhibit cellular activation. Thieon on human chromosome 19q13he number of
may depend upon the activation pathway being affect&dR genes varies between different individuals; pres-
and the cell type involved. There is a growing family oéntly, there are at least 15 functional genes and two
receptors in B cells, T cells, NK cells and myeloid cellpseudogenes (for an updated list see www.ebi.ac.uk/
that express ITIM and serve to regulate the activatidpd/kir/)¢ (Table 1). Not all genes are present in an in-
of these cellé.In mice, loss-of-function mutations in dividual; rather several haplotypes with different num-
these ITIM-bearing receptors can cause hyper-activeers ofKIR genes have been defined that are repre-
tion or autoimmunity. sented within the population. In addition, there is al-
lelic polymorphism that adds further diversification.
KIR are transmembrane-anchored type | glycoproteins
that possess either two or three
Table 1. Immune receptors encoded by genes in the leukocyte receptor complex region Ig-like domams in the extracel-
on human chromosome 19q13.4. lular region (referred to as

Common names and CD designations of the receptors are indicated. Functions and associa- KIR2D or KIR3D, respectively).
tions with adapter proteins are implied based on structural characteristics of the receptors, but The inhibito ry KIR have |ong
have only been validated experimentally for a few of the receptors, usually when a ligand has ; ; ;

been identified. As indicated, certain KIR2DL recognize a dimorphic polymorphism in HLA-C at Cytop_lasmlc domains with ITIM
positions 77 and 80 in the a1l helix of the class | heavy chain. N77K80 and S77N80 refer to the (deS|g nated KIR2DL or
amino acids (single letter code) present at residues 77 and 80 in HLA-C, conferring specificity KIR3DL). The activating KIR
for the indicated KIR. * = KIR2DL2 and KIR2DL3 are aIIeIes‘of the same locus; KIR3DL1 and have short cytoplasmic domains
KIR3DS1 are alleles of the same locus. All other receptors listed are encoded by separate

genes, although many of these genes also demonstrate allelic polymorphism. IaCklng Slgnalmg capacity
(KIR2DS or KIR3DS); these
Names CcD Function Signaling Ligand associate with DAP12 to provide
ILTS/LIR3/LILRB3 CD85a Inhibition ITIM signaling functior.KIR2DL4 is
ILT8/LILRB6 CD85b Activation FceRly unusual in that it has a functional
LIR8/LILRB5 CD85¢ Inhibition ITIM .
ILT4/LIR2/LILRB2 CD85d Inhibition ITIM HLA class | ITIM and also a charged amino
ILT6/LIR4/LILRA3 CD85e  Soluble - acid in the transmembrane, but
ILT11/LILRB7 CD85f Activation FceRly does not associate with DAP12.
ILT7 /LILRA4 CD85g Activation FceRly This KIR apparently can trigger
LAIR-1 Inhibition ITIM : ;
LAIR.2 Soluble receptor cytok_ln_e production, but not cy
. totoxicity.®
ILT1/LIR7 /LILRA2 CD85h Activation FceRly
LIR6 /LILRAL CD85i  Activation FceRly Only NK cells and a subset
ILT2/LIRL/LILRB1  CD85 Inhibition ITIM HLAclassl,cMvuL1is  of memory T cells express KIR.
ILT3/LIR5/LILRB4 CD85k Inhibition ITIM The inhibitory KIR2DL mol-
ILT9/LILRAG CD85I Pseudogene | . | hi
ILT10/LILRAS CD85m  Activation FceRly ecules recognize polymorphic
KIR3DL3 CD158z  Inhibition ITIM determinants of HLA-C and in-
KIR2DL3* CD158b2  Inhibition ITIM HLA-C S77/N8O hibit the effector functions of
KIR2DL2* CD158b1  Inhibition ITIM HLA-C S77/N80 NK cells against cells express-
KIR2DL1 CD158a Inhibition ITIM HLA-C N77/K80 :
KIR2DLA CD158d  Inhibition/ Activation? ITIM/? ing normal levels of MHC class
KIR3DL1* CD158el  Inhibition ITIM HLA-Bw4 I. Similarly, the inhibitory
KIR3DS1* CD158e2 Activation DAP12 KIR3DL molecules recognize
KIR2DL5A CD158f Inhibition ITIM :
KIR2DL5B Inhibition ITIM polymorphlc HLA-B or HL.A A .
KIR2DS3 Activation DAP12 ligands. As yet, the physiologi-
KIR2DS5 CD158g  Activation DAP12 cal ligands of the activating
KIR2DS1 CD158_h Act_lvat!on DAP12 HLA-C, weakly KIR2DS and KIR3DS egcopro—
KIR2DS2 CD158j Activation DAP12 . .
KIR2DS4 CD158i  Activation DAP12  HLA-C, weakly teins are not defined, although
KIR3DL2 CD158k Inhibition ITIM HLA-A? certain KIR2DS demonstrate
FcaR CD89 Activation FceRly  IgA weak binding to HLA-C. A re-
NKp46 Activation FceRly, € markable feature is that an indi-
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vidual NK or T cell clone expresses only a subset @uggests that hematopoietic stem cell transplants into
the KIR genes and the expression of each allele atrecipients with an HLA-C haplotype that does not pro-
locus is controlled independentiylhis provides for vide ligands for the donor’s inhibitory KIR may result
extensive diversity with respect to the array of receptan the development of donor-derived NK cells that at-
combinations expressed within the total NK cell popuack the recipient’s residual acute myelogenous leuke-
lation. The KIR repertoire in an individual is stable ovemia (AML), but do not cause graft-versus-host dis€ase
time and is largely dictated by the genotype, with subtleeviewed in Parham and McQuégn By contrast,
modifications imposed by the person’s MHC class dther studies have not observed a benefit by mismatch-
genotype, as determined by analysis of families in whidghg KIR ligands in hematopoietic stem cell trans-
KIR and HLA haplotypes segregate together or indglants!®®*While these clinical experiments involve only
pendently in the progefyeach NK cell clone appears small numbers of patients and no mechanisms have been
to express at least one inhibitory KIR that recognizesdefined to demonstrate a direct role for KIR in the dis-
self-MHC class | ligand, presumably to prevent autaease, they are intriguing and provide an impetus for
aggression; however, many NK cells express KIR thatore extensive study.
recognize products of MHC class | alleles not present
in the individual® Based on a comparison of humang eukocyte Immunoglobulin-like Receptors (LIR)
and chimpanzees, thdR genes are diversifying and The KIR gene cluster is located just telomeric on chro-
evolving at a rapid pace, particularly the genes encodtosome 19q13.4 of another related family of genes
ing the activating receptots.This implies selective encoding activating and inhibitory immune receptors,
pressure, possibly by pathogens. This concept is sugesignated LIR, MIR, ILT, CD85, or LILR (reviewed
ported by the recent observation that an activating Nik Trousdale et #land Borges and CosntdnThe thir-
receptor in mice (the Ly49H receptor that is functionteenLIR genes segregate into two clusters surrounding
ally similar to the activating KIR in humans) recogthelLAIR-1 andLAIR-2 genesTable 1). The inhibitory
nizes a viral glycoprotein encoded by cytomegalovirusAIR-1 has one extracellular Ig-like domain and ITIM
(CMV). Ly49H provides protection to CMV in strains sequences in the cytoplasmic domain, whereas differ-
of mice that express this activating receptor. ent members of the LIR family may have two or four
The loss of MHC class | on a cell, due to viral inig-like extracellular domains. Moreover, sorhER
fection or transformation, would be predicted to lowegenes encode inhibitory receptors with two, three or
the threshold for attack by NK cells or memory T cell§our ITIM in their cytoplasmic domains, while other
bearing an inhibitory KIR. Conversely, the presence @fenes encode soluble LIR (e.g., LIR4) or LIR without
an activating KIR might provide positive recognitionintrinsic signaling capacity that associate with the
for cells expressing ligands for these receptors. THE€AM-bearing FERIy adapter and are activating recep-
ability of inhibitory KIR to dampen or prevent humantors?? Although adjacent in the genome to tKER
NK cell or T cell stimulation has been documented exgenes, th&IR andLAIR genes are considerably older
tensively by using in vitro experimental models. Emergand demonstrate much less allelic polymorphism (re-
ing studies suggest a protective or detrimental role ferewed in Voltz et &F). Moreover, with exception of
KIR in certain human diseases. For example, based the absence of the LIR-4 (ILT-6) in some people, all
epidemiological evidence Carrington and colleagfuesndividuals have the same compositionLéR genes.
have shown a benefit in HIV-infected individuals whoThus, theLIR andLAIR genes are under different se-
have the activating KIR3DS1 and an HLA-Bw4 allodective pressures than théR genes.
type. In this case, an activating KIR may provide pro- LIR are expressed abundantly on myeloid cells and
tection against progression towards AIDS in virus-inB cells, as well as on some NK cells and T cells. Ligands
fected individuals. By contrast, susceptibility to psorihave only been identified for two of LIR; LIR-1 (ILT2)
atic arthritis has been correlated with hautiigzDS1L  and LIR-2 (ILT4) bind to MHC class I. In contrast to
and/orKIR2DS2 genes, but only when HLA-C ligandsKIR, LIR-1 and LIR-2 recognize monomorphic resi-
for the inhibitory receptors, KIR2DL1 and KIR2DL2/ dues in the conservea3 domain of MHC class %.
3, are absent in the individudlSimilarly, an unusual Therefore, LIR-1 and LIR-2 bind to essentially all hu-
subset of CD4T cells, lacking CD28, from patients man MHC class | proteins, including HLA-A, -B, -C,
with rheumatoid vasculitis have been shown to express, -F, and —G. This may have provided the ancestral
the activating KIR2DS2 and cross-linking this recepsystem for leukocytes to be inhibited when encounter-
tor stimulated T cell cytokine production, despite thing other cells that express high levels of MHC class |.
fact these cells lacked the ITAM-bearing DAP12 adaptfihe KIR genes may have evolved to provide a more
subunit!® Another very exciting clinical observation sophisticated surveillance mechanism whereby these
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receptors recognize individual alleles of a single MH@€loid cells express CD89, allowing them to phagocy-
class | locus, permitting detection of aberrant cells thatse IgA-coated bacteria or yeast. Other Fc receptors
have lost only one MHC class | gene product, rathdind IgA, including the polymeric Ig receptor and the
than all class I. Fca/p receptor; both also bind IgM (reviewed in
As yet, there is little knowledge about the role oMonteiro et &"). Whereas the predominant role of the
LIR in immune functions in vivo. An intriguing hint polymeric Ig receptor is for transport of IgM and IgA
comes from the fact that LIR-1 was discovered becauaeross epithelial cell barriers in mucosal tissues, the
of its ability to bind with high affinity (nM) to UL18, Fca/u receptor is expressed on B cells and myeloid cells
an MHC class I-like protein encoded by human C®V. and appears to be involved in antigen uptake.
Presumably, CMV may have evolved UL18 to suppress There are numerous Fc receptors that bind to IgG
immune response to the virus by engaging an inhibivith differing affinities (reviewed in Ravetch and
tory receptor on leukocytes. A recent study investigaBollanc?®). Some are activating receptors (e.g., CD16a,
ing lung transplantation has noted a correlation betwe@D64) and use the ITAM-bearing #éRly adapter pro-
CMV infection and an increase in the percentage @é€in that is shared with many other activating receptors
the patient’s peripheral blood T cells expressing theomplexes, including the high affinity IgE receptor from
inhibitory LIR-126 The number of patients studied wasvhich its name was derived. Unlike other activating
small and other viral infections were not analyzed asceptors, CD32a (FRIla) has an ITAM in its cyto-
control; nonetheless, this is consistent with the concegpiasmic domain, providing for ligand recognition and
that UL18 may function as a virulence factor by enstimulatory signaling by the same polypeptide. Upon
gaging an inhibitory receptor. A mouse CMV viral gly-binding to IgG-coated cells or immune complexes,
coprotein with homology to MHC class | has beemyeloid cells or NK cells expressing activating IgG Fc
shown to bind to an inhibitory Ly49l receptor presenteceptors are triggered to secrete cytokines and to Kill
on NK cells in certain CMV-susceptible strains of micelgG-coated cells by a process known as antibody-de-
suggesting that a similar strategy has been used by thendent cellular cytotoxicity (ADCC). Unlike all other
pathogert? Although not proven, it is tempting to specu+c receptors, the CD32b1 {fRIIB) receptor, which is
late that LAIR may serve to dampen the activation afxpressed on B cells, has an ITIM in its cytoplasmic
leukocytes in the intestine, thereby avoiding autoirdomain and functions as a negative regulator to inhibit

munity in this tissue. signaling through the B cell receptor when the cells are
exposed to immune complex@s his is accomplished
Fc Receptors by the recruitment of the inositol 5"-phosphatase SHIP

Receptors on leukocytes that bind to the Fc region tf the phosphorylated tyrosine in the ITIM after en-
immunoglobulins provide a critical link between hu-gagement of the receptor by IgG. The FcRn receptor
moral and cellular immunity. The importance of thidor IgG differs from other Fc receptors in that it has
system is underscored by the wealth of receptors dgructural homology to MHC class I. The receptor was
voted to this taskTable 2). A human Fc receptor for first identified on epithelial cells in the intestine of neo-
IgA (FcoR, CD89) is encoded by a gene telomeric toates, where it serves to capture 1gG from maternal milk
theKIR genes on chromosome 19g13ldi{le 1). My- and transport it into the circulation of the neonate;
thereby, providing passive
immunity to the offspring.
Table 2. Human Fc receptors: Common names, functions and distribution. FceRI consists of an IgE-
binding a chain, associated

Fc Receptor Ig Specificity Function Signaling Distribution . . . .
with two signaling proteins,

CD16a, FcyRIIl  1gG Activation FceRly, ¢ NK, macrophage, T subset FCERIB and FeRly, both of
CD16b, FcyRIll - 1gG ? Neutrophils which have ITAM. Unlike
CD32a, FcyRIIA  1gG Activation Intrinsic ITAM Myeloid, B other Fc receptors, ERI|
CD32b1, FcyRIIB 1gG Inhibitory ITIM Myeloid, B binds with high affinity to
CD64, FcyRI 19G Activation FceRly Myeloid monomeric IgE, thereby con-
CD89, FcaRl IgA Activation FceRly Myeloid centrating IgE, which is
Polymeric Ig IgM, IgA Transcytosis Epithelial cells present in very low concen-
Fca/uR IgM, IgA Endocytosis Macrophage, B trations in the serum, onto the
FceRI IgE (high affinity) Activation FceRly, FceRIB  Mast cells, basophils membrane of mast cells and
FcRn I9G Transcytosis Epithelial cells, myeloid basophils. IgE plays an im-
CcD23 IgE (low affinity Endocytosis B portant role in host defense
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against certain pathogenic parasites, but is detrimen&dcoded by host genes that are typically silent or ex-
in that it often causes fatal allergic responses againsessed at only minimal levels until induced by infec-
otherwise non-harmful antigens. CD23, a lectin-likéion with a pathogenic organism. Determining the bio-
receptor with low affinity for IgE, is present on B celldogical role of these intriguing families of immune re-
and appears to have a regulatory function by suppreseptors will provide a fruitful field for investigation in
ing further production of IgE; however, the mechanisrthe near future.

involved in the inhibition has not been defined.

Collectively, a major role of Fc receptors in the I1. DerectsIN B CeLL DEVELOPMENT AND
immune system is to impart antigen-specific recogni- ANTIBODY DEFICIENCY
tion to cells of the innate immune system. In this man-
ner, the effector functions of macrophages, neutrophils Mary Ellen Conley, MD*

and NK cells can be targeted specifically against Ig-

ease or cancer. However, the activating Fc recept i?lgle gene defectébut others

can also' be detrimental in the presence of autoantibag immunodeficiency, are due to complex combina-
les and immune cc_)mplexes and can cause allergy %s of genetic and environmental factb&econdary
asthma (reviewed in Ravetch and Boliéd forms of antibody deficiency include situations of de-
creased antibody production, as in patients treated with
Related Immune Receptors chemotherapy, and conditions associated with protein

While originally appr_e_ciated_ in Fc receptors, it is NOWsss, such as the nephrotic syndrome. Regardless of the
clear that many families of immune receptors possegg, se antibody deficiencies result in an increased sus-

re lated is_oforms_ that have activating ‘f_’md inhibitpry fun%’eptibility to infection with encapsulated bacteria, par-
t|on. (reviewed in Ravetch anql Larﬁe&nd Lanief). ticularly S. pneumoniaeandH. influenzae. Patients with
While beyond the scope of this article to COmpmhe'?:fntibody deficiencies develop recurrent and/or persis-

sively review this field, a few general principles argq jnfections typical of these organisms such as
emerging. First, it seems likely that the inhibitory re- neumonia, ofitis and sinusiti More severe and in-

ceptors function as a fail-safe mechanism to ensure “\%Tsive infections caused by these organisms (for ex-
the immune response is tightly regulated to avoid a

le\'mple: sepsis, meningitis, epiglottitis, cellulitis, empy-

toimmune reactions toward healthy tissues. Loss-0f; - 4 septic arthritis) are also common. Neutrope-

function genetic mutations in certain inhibitory receppia may be the presenting finding in patients with pri-

tors results in a hyper—re{actlve |m?une res_[l?r(])nselan(:%ry antibody deficiencies; therefore, it is critical that
SOME cases Severe qutmmmune_ ISease. Theroleo ﬁgﬁmtologists are familiar with these disorders.
activating receptors in these paired inhibitory-activat- Patients with primary antibody deficiencies should

Ing recepr:tor f‘?m'"%s hhas bel;an m?re eglfgminc: IE_E?art% treated with gammaglobulin replacement and aggres-
cases where ligands have been found for the InhibItogy,e, ;s of antibiotics. We generally prescribe chronic

isoforms within a receptor family, the activating recepp')h?phylactic antibiotics for these patients. Referral to a

, such as common vari-

torshha'veh.l;(.een shown not to recohgnlz::] the same ligader with expertise in immunodeficiency should be
as the inhibitory receptor, even when the activating and, . ot the management. There is excellent evidence

|rr1]h|'b|tory |soﬁ)r|ms(;j|ffer.by only a few arlnlnp aﬁ'ds Nihat patients undergoing complex surgeries do better at
their extracellular domains. For example, in the KIR,qir tions that perform many procedures; patients with

Lam'lﬁ’ the inhibitory ;eceptgrs ,retc):.og(gjnlzi.MdHC lclas's hemophilia and sickle cell disease have better outcomes
utthe actl\_/a_tlng ISoforms on_t ind or bin onyV‘{'thif they are treated at specialized centers. It is reason-
very low affinity. Similarly, two inhibitory receptors in

the LIR family bind MHC class I, but MHC does not
serve as a ligand for any of the activating LIR receppepartment of Inmunology, St. Jude Children’s Research
tors. Although speculative, it is possible that ligandsospital, Memphis, TN and

for the activating receptors are encoded by pathoger%partmeﬂt of Pediatrics, University of Tennessee College of
one example of a viral glycoprotein functioning as thi€dicine, Memphis, TN

ligand for an activating Ly49 family NK cell recemorl,Jniversity of Tennessee College of Medicine, St. Jude

has been discussed previously. An alternative possitdijigren's Research Hospital, 332 North Lauderdale,
ity is that ligands for the activating receptors will bavemphis, TN 38105
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able to assume that patients with rare immunodeficiehinding of a ligand to a transmembrane receptor con-
cies will have fewer complications if they are cared foraining an ITAM motif, a conserved cytoplasmic se-

by physicians with experience caring for similar paguence with two tyrosines that act as docking sites when
tients. In this review | will focus on patients with singlephosphorylated. A tyrosine kinase containing two SH2
gene defects resulting in absent or impaired antibodpmains, either Syk or Zap-70, is activated by binding

production. to the ITAM motif. In turn Syk/Zap-70 phosphorylates
a scaffold protein, either BLNK or SLP-76, depending
Defectsin Early B Cell Development on the cell line*?> Btk and PLG then assemble on the

Defects in early B cell development are associated wititaffold protein, allowing Btk to phosphorylate and fully
the onset of recurrent bacterial infections in the firsictivate PL@.%® Activated PLE cleaves phospha-
few years of life, profound hypogammaglobulinemididylinositol 4,5-bisphosphate to generate diacyl-
and markedly reduced or absent B cells in the peripgkycerol, which activates PKC and IP3, which induce
eral circulatiorf®® An important physical clue leading sustained calcium mobilization. It is striking that pa-
to the diagnosis of B cell deficiency is the marked patients with mutations in Btk do not have clinical abnor-
city or absence of tonsils and lymph nodes in affectadalities in platelet or myeloid cell function. It is pos-
patients. The bulk of lymph nodes primarily consists ddible that activation of Btk in platelets, which results in
germinal follicles, which are largely composed of Bncreased platelet aggregation and dense granule se-
cells. In the absence of B cells, the germinal folliclesretion, or in mast cells, which enhances histamine re-
do not develop and the nodes are very small. The nlaase and cytokine production, results in an inflamma-
jority of patients with early defects in B cell developtory reaction that is no longer clinically advantageous.
ment, approximately 85%, have mutationBtik) the gene Patients with XLA are usually recognized to have
responsible for X-linked agammaglobulinemia (XLA;immunodeficiency when they are hospitalized for a
also called Bruton’s agammaglobulinerhi@@able 3).2°  dramatic infection such as sepsis, meningitis or pneu-
Approximately 5% have mutations jnheavy chain, monia with empyem&.Because XLA is maintained in
the primordial immunoglobulin gerfé*'? A smaller the population by new mutations in Btk, only about half
number have defects in other components of the preeB the affected patients have a family history of dis-
cell receptor, the surrogate light chain or the/lgB eas€:® The mean age at diagnosis in patients with spo-
transmembrane signal transduction modéteMuta- radic XLA is 30 to 40 months. Patients with affected
tions in the scaffold protein BLNK also result in a sefamily members are generally recognized to have anti-
vere defect in B cell developméfitDisorders associ- body deficiency at an earlier age, but it is only in the
ated with myelodysplasia can sometimes masqueradst 10 years that patients with affected brothers, uncles
as B cell-specific disordetsln about 5% of patients or cousins have been evaluated for immunodeficiency
with defects in early B cell development, the nature dfefore they develop symptoms. Patients who are diag-

the underlying abnormality remains unknown. nosed as having XLA at greater than one year of age al-
most always have a history of chronic ofiti®alpation
X-Linked Agammaglobulinemia of cervical lymph nodes and an awareness that the ab-

The identification of Btk as the gene responsible fasence of lymph nodes is pathologic could enhance early
XLA in 1993 was a major breakthrough in our under-

standing of normal B cell developméritBtk is a he-

matopoietic specific cytoplasmic tyrosine kinase thdf'e 3-Single gene defects of the immune system resulting

. . In antibody deficiencies.

is expressed in all blood cells except T cells and termi-
nally differentiated plasma cef® It is a 659 amino
acid protein containing a C terminal catalytic domai
preceded by an SH2 domain, an SH3 domain, a proline
rich region and an N terminal pleckstrin homology do-
main (PH domain). These interaction domains allow
Btk to bind to upstream and downstream components '9%/198

ﬁ\gammaglobulinemiawith absent B cells

X-linked agammaglobulinemia (Bruton's) 85%
W heavy chain 5%
Surrogate light chain <1%
2%

of signal transduction pathways. Btk is activated by a BLNK 2%
variety of different receptors including the high affinHyperigMsyndrome

ity IgE receptor on mast cef$the glycoprotein VI CD40ligand 65%
collagen receptor on platelétsand the antigen recep- CD40 <5%
tor on the B cellg§2?® Each of these receptors uses a AID 15%
shared signal transduction pathway that is initiated by NEMO 10%
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recognition of patients with chronic otitis and XLA. ing gammaglobulin but many patients continue to have
XLA is a profound but leaky defect in B cell de-problems with otitis or sinusitis, and 10% to 20% of
velopment. Most patients demonstrate markedly rgatients develop significant problems despite optimal
duced concentrations of serum IgG, IgM, IgA and IgEherapy?? Patients who have pulmonary scarring at the
However, almost all patients do have some measuralilme of diagnosis are more likely to have continuing
IgG and occasionally patients will have some IgM andpisodes of pneumonia and bronchiti%.In addition
IgA.282° Antibodies to vaccines and infectious organto H. influenzae andS. pneumoniae, patients with XLA
isms are absent. The most consistent and distinctigee more susceptible to infection with mycoplasmas and
finding in patients with XLA is the profound reductionureoplasmas. These organisms, which are difficult to
in the number of B cells in the peripheral circulatidfi. culture and difficult to eradicate, may cause chronic,
In the normal individual between 5% and 15% of thpersistent pneumonia, arthritis, cystitis or cellufiti®.
peripheral blood lymphocytes are CDB cells. The Like all patients with hypogammaglobulinemia, patients
mean number of CD1®B cells in patients with XLA with XLA have an increased incidence of giardidsis.
who are less than 10 years of age is 0.1%; older paflammatory bowel disease has been reported in these
tients with XLA tend to have fewer B cells. Analysis ofpatient§” and, surprisingly, some patients with XLA have
B cell precursors in the bone marrow demonstrates nevhat appear to be seasonal allergies or drug allergies.
mal numbers of pro-B cells, cells that are positive for It has been recognized for over 30 years that pa-
CD34 and CD19, but very few pre-B cells or mature Bents with profound hypogammaglobulinemia and ab-
cells2°® The transition from pro-B cell to pre-B cellssent B cells are particularly susceptible to chronic en-
requires signaling through the pre-B cell receptor. Thutgroviral infections, including vaccine associated po-
the block at this stage of differentiation in patients witlio.**° ECHO 11 appears to be the most common or-
XLA provides strong evidence that Btk is involved inganism, although other ECHO strains and coxsackie-
signaling through the pre-B cell receptor. virus have been reportétdThe enteroviral infections
About 20% of patients with sporadic XLA are rec-are often insidious in onset and may present with ataxia,
ognized to have immunodeficiency at less than a yebehavioral changes, headaches or dermatomyositis-like
of age when they are hospitalized with cellulitis, absymptoms. The course of this devastating complication
scess or pyoderma gangrenosum; staphylococcaltends to wax and wane but is often ultimately fatal.
pseudomonas sepsis; and neutrop&nidiis constel- High-dose intravenous gammaglobulin and intrathecal
lation of findings is less common as a presenting findrammaglobulin have been used, but they do not neces-
ing in older patients with XLA but it does occur. Thesarily result in long-term improvements. Prognosis may
presence of Btk in myeloid cells could suggest that Btke influenced by the duration of infection before high-
has a role in control of neutrophil production or responsibse gammaglobulin is started. It should be noted that
to stress; however, the fact that other patients with prib-can be very difficult to document the enteroviral in-
found defects in B cell production, for example, pafection; however, polymerase chain reaction (PCR)
tients withp heavy chain defect, have a similar inci-analysis of cerebral spinal fluid may be helgfurhe
dence of neutropenia and pseudomonas or staphyieeidence of chronic enteroviral infection has decreased
coccal sepsis makes this unlikely. The neutropenia but not disappeared since the mid-1980s when most
patients with severe defects in B cell development reatients were switched from plasma therapy or intra-
solves within 3 to 6 weeks of the initiation of gammamuscular gammaglobulin to intravenous gamma-
globulin replacement therapy and it is not seen in pgtobulin. It is possible that patients who have devel-
tients receiving adequate therapy. A plausible explanaped signs of enteroviral infection while receiving in-
tion for the neutropenia is that the patients acquiretevenous gammaglobulin actually acquired the infec-
viral infection and develop secondary neutropenia; th®n before the onset of treatment.
neutropenia then leaves the patients vulnerable to sta- The long-term prognosis in patients with XLA con-
phylococcal and pseudomonas infections, infectiorigues to improve. Before 1960 the majority of patients
that are typical of neutropenia. died of acute or chronic infections in early childhood.
The majority of patients with XLA are recognizedin the 1970s, a significant proportion of patients died
to have immunodeficiency at 1 to 4 years of age, bof chronic enteroviral infections or progressive pulmo-
about 10% of patients are more than 5 years old at thary disease before they reached adultiiddowever,
time of diagnosis. Some but not all of the patients whia the last 10 to 20 years, the majority of patients with
are diagnosed at an older age have higher concentxd-A have reached adulthood with few significant prob-
tions of serum immunoglobulins. Acute life-threatenlems. As is true with all patients who have the onset of
ing infections are uncommon in XLA patients receiva chronic disease in childhood, care must be taken to
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avoid or treat psycho-social problems and encouragenia. These differences may be due to the facythat
the development of independence. heavy chain defect causes a complete block at the pro-
Almost every family with XLA has a “private mu- B cell to pre-B cell transition rather than a leaky block
tation” in Btk. Over 400 different mutations have beems is seen in XLA.
identified and no single mutation accounts for more than Ten different mutations ip heavy chain have been
5% of the patient®:“2 The majority of mutations are reported; half of these mutations are large deletions that
single base pair substitutions resulting in premature stogmove not only thet constant region gene but also
codons, splice defects or amino acid substitutionmost of the D and J region geriedf the remaining 5
About 20% of mutations consist of an insertion or denutations, 2 were frameshift mutations, 1 was a pre-
letion of 1-5 base pairs; these mutations generally caus@ture stop codon, 1 was an amino acid substitution at
a frameshift and a secondary premature stop cod@m invariant cysteine and the last was a base pair sub-
Gross alterations of the gene, including large deletiorstjtution at the splice site required to make the mem-
duplications, insertions or inversions account for thkerane form ofu heavy chain. This last mutation was
remaining 5% of mutatior’§.Most often, mutation de- seen in 6 different families from 4 different countries.
tection is performed using a screening evaluation thAnalysis of polymorphic markers within the immuno-
analyzes genomic DNA exon by exon, followed bylobulin locus indicated that the splice site mutation
DNA sequencing of a region found to be abnormafccurred on at least 3 different haplotypes, marking this
however, no single technique allows the identification cfite as a hot spot for mutationspirheavy chain.
all mutations. For example, Southern blot analysis or se- One patient with compound heterozygous muta-
guencing would be required to detect a duplicafion. tions inA5,22 3 patients with defects in dgt*!> and 2
Premature stop codons, frameshift mutations arpghtients with mutations in BLNK have been identified.
splice defects in Btk generally result in faulty processFhese patients also had clinical and laboratory find-
ing of the Btk message and an absence of transcriptsngs consistent with the diagnosis of XLA. Over 75%
the cytoplasm® In addition, a high proportion of amino of the patients with autosomal recessive agammaglobu-
acid substitutions in Btk render the protein unstétfe. linemia were homozygous for their gene defect and
Thus, the majority of mutations in Btk result in mark-most were from families that had known consanguinity
edly reduced or absent Btk protein. Although somer were from relatively isolated populations.
mutations in Btk may be more likely to give rise to
higher concentrations of serum immunoglobulins ddyper IgM Syndrome
delayed detection of disease, the genotype/phenotyplee term hyper IgM syndrome is used to describe a

correlation in XLA is weak. heterogeneous group of disorders characterized by re-
current bacterial infections and very low or absent se-
Autosomal Recessive Agammaglobulinemia rum IgG, IgA and IgE.Serum IgM may be normal or

Patients with autosomal recessive agammaglobulinelevated. The number of B cells in the peripheral cir-
mia due to mutations jmheavy chain\5, Iga or BLNK  culation is generally normal. About 65% of children
are not easily distinguished from patients with XLA bywith hyper IgM syndrome are males with mutations in
routine clinical or laboratory studies. Fourteen fami€D40 ligand (CD1543;{" a gene encoded on the long
lies with defects inu heavy chain have been re-arm of the X chromosome. CD40 ligand is a member
ported?!'2in all cases, if the first affected family mem-of the tumor necrosis factor (TNF) family that is tran-
ber was a male, he was diagnosed as having XLA. Aently expressed on the surface of activated *CD4
alternative diagnosis was considered only when a feells. Its cognate receptor, CD40, is expressed on B
male family member was identified or molecular studeells, macrophages, dendritic cells and some endothe-
ies did not demonstrate a mutation in Btk. Neverthdial, epithelial and carcinoma cells. Stimulation of B
less, when the group of patients with defecislreavy cells through CD40 can activate proliferation or
chain are compared to the patients with XLA, the onsapoptosis, depending on the stage of differentiation of
of disease is earlier and the incidence of severe cothe B cell. Ligation of CD40 is also essential for isotype
plications is higher in the patients with defectsuin switch to I1gG, IgA and IgE.

heavy chairf. The mean age at diagnosis in patients Patients with defects in CD40 ligand have recur-
with mutations inpg heavy chain was 11 months,rent bacterial infections, like other patients with anti-
whereas the mean age at diagnosis in patients with Xlbddy deficiency, but they also have opportunistic in-
was 35 months. Seven of the 19 patients with doctections® As many as 30% of patients are recognized
mented mutations ip heavy chain had significant en-to have immunodeficiency when they present with
teroviral infections and 6 of the 19 had severe neutrpneumocystis pneumonia in the first year of life. Crypto-
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sporidium, toxoplasmosis and atypical mycobacterial A second form of X-linked hyper IgM syndrome
infections can also be troublesome. The expanded spe&ceaused by mutations in a component of thekBF-
trum of infections in patients with X-linked hyper IgM pathway, NEMC3**NEMO, also known as IKi{ acts
syndrome can be explained by the fact that activateda® a scaffold to bind 2 proteins with kinase activity:
cells expressing CD40 ligand stimulate CD40-bearindKK o and IKKB. Together IKKx and IKKB and IKKy
dendritic cells and monocytes. These cells then enhargigosphorylate kB, a molecule that sequesters KIB-
cytotoxic T cell function and secretion of cytokinesin the cytoplasm. WhenHdB is phosphorylated, it re-
particularly interleukin (IL)-1284°|L-12, in turn, stimu- leases NFB, allowing it to move into the nucleus and
lates T cells to produce gamma interfetbithe ab- act as a transcription factor. Most mutations in NEMO
sence of this crosstalk results in a defective T cell rare embryonically lethal for the male and cause
sponse to pathogens and impaired T cell maturationincontinentia pigmenti in heterozygous femafdspw-
Neutropenia, often associated with superficiagver, milder mutations in NEMO can result in a vari-
mouth ulcers, is seen in over 50% of patients with mable phenotype, including hyper IgM syndrome, in af-
tations in CD40 liganéin some patients the neutrope-fected males. Most affected males have abnormal, coni-
nia is chronic and severe, in others it is intermittental teeth, inadequate sweating and poor antibody pro-
B cells, thymic epithelial cells, and perhaps other celduction to polysaccharide antigens. Not all males with
secrete granulocyte colony-stimulating factor (G-CSHjefects in NEMO have low IgG and IgA.
in response to CD40 stimulatié¥P? This helps explain
the neutropenia in patients with CD40 ligand deficiencyg;onclusions
but it is not clear why some but not all patients havBingle gene defects of the immune system resulting in
this finding. The occurrence of neutropenia is not agntibody deficiencies are rare but fascinating disorders
sociated with the specific mutation in CD40 ligandthat provide valuable insights into development of the
Patients with defects in CD40 ligand also have an ekormal immune system. In patients with early defects
evated incidence of carcinomas of the liver, pancreasB cell development or mutations in CD40 ligand or
and biliary tre€? Ligation of CD40 on activated, in- CD40, neutropenia may be the presenting finding. Thus,
fected or inflamed epithelial cells helps protect thesie threshold for measuring serum immunoglobulins
cells from uncontrolled proliferation. should be low in any child with neutropenia. Patients
Four patients with mutations in the gene for CD4With antibody deficiencies should be treated with
have been reportéd® These patients are clinically gammaglobulin replacement and referral to a center
indistinguishable from the patients with mutations imwith expertise in immunodeficiency.
CD40 ligand, suggesting that this ligand and its recep-
tor do not interact with other partners. Patients with | 1. SevErRe CoMmBINED | MMUNODEFICIENCY UPDATE
CD40 ligand deficiency have been successfully treated
with bone marrow transplantatiéi’® Because CD40 Jennifer M. Puck, MD*
is expressed on non-hematopoietic cells, it is less likely
that patients with defects in the gene for this proteiBevere combined immunodeficiency (SCID) is a term
will benefit from hematopoietic stem cell transplants.used to describe a collection of genetic defects in both
The most common form of autosomal recessivieumoral and cellular immunity that have an early clini-
hyper IgM syndrome is due to mutations in a gene epal presentation and, if untreated, a fatal outcome in
coded at 12p13, activation induced cytidine deaminasee first few years of life. The incidence of SCID is
(AID).>*® AID is required for normal isotype switch unknown, but it is estimated to be in 1 per 50,000 to
and hyper mutation of immunoglobulin variable regior100,000 births in all ethnic groups. One reason for the
genes! Activation of B cells by CD40 ligation and/or lack of accurate incidence data is that infants with SCID
other stimuli induces the expression of AID, whichmay die of infections without having the condition rec-
functions by deaminating cytosines within the immuegnized. The profound degree of immune compromise
noglobulin locus? The resulting uracil is removed, in SCID leads to infections with bacterial, viral, and
causing a break in the DNA, or repaired in an errdungal pathogens that cause failure to thrive and chronic
prone fashion. Patients with defects in AID are not afiarrhea. The infections are not only frequent, but may
sick as patients with early defects in B cell differentia-
tion. Almost half of the patients are recognized to have
immunodeficiency at greater than 10 years of age. Thesgpief, Genetics and Molecular Biology Branch, NHGRI/
patients have a markedly elevated incidence of lymuH, 49 Convent Drive, Building 49, Room 4A14, Bethesda
phoid hyperplasia. MD 20892
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also be severe; persistent despite standard medical tré&ziblett et al in 1972(reviewed in Hirschhof. Many
ment; recurrent; and caused by opportunistic pathogeaslditional gene defects are known to produce SCID,
Immunological and infectious characteristics of SCIand new SCID genotypes are identified each $#ar.
are summarized ifable 4.12 Today, there are improved immunological tools to char-

Congenital immunodeficiency causing early fatalacterize immune defects as well as the ability to iden-
ity was first reported in the 1950s in Switzerland. Hitzigdjify the genes that are mutated in specific forms of SCID.
and Willi,? following the discovery of agammaglobu-Current disease designations for SCID are summarized
linemia by Brutort, reported familial alymphocytosis in Table 5. XSCID is the most frequent type, account-
and agammaglobulinemia with a fatal outcome in iring for around half of all SCID cases and explaining
fancy. The syndrome was called Swiss-type agammidte preponderance of males with SCID. This is followed
globulinemia to distinguish the very severely affectedh frequency by ADA deficiency and then interleukin
Swiss patients, who in retrospect lacked both B-cell arftl.)-7 receptor alpha (IL7RA) chain deficiency and
T-cell function, from patients such as the one Brutodianus kinase 3 (JAK3) deficiency, after which a host of
reported who lacked only B cells. The confusing terrmore rare genetic defects account for smaller fractions
“Swiss-type agammaglobulinemia” was applied to pasf the total incidencé&:®
tients with X-linked SCID (XSCID) for many years, Despite great advances in the understanding of
but has been replaced with XSCID, SCIDX1, or gammagenetic causes of SCID, failure of physicians to con-
¢ (yc) deficient SCID after the X-linked gene defecsider immunodeficiency is a major hurdle to rescuing
became knowh® Adenosine deaminase (ADA) defi- affected infants. Its frequency is so low that most fam-
ciency was serendipitously associated with SCID hily doctors will never observe a case. Even today, SCID
is frequently not suspected early, even when clinical
clues are available. Family history of infant deaths in
past generations and appreciation of low total lympho-
cyte counts could help increase early diagnosis. Nor-
mal newborn mean values for total lymphocyte num-
ber, 54004L, and T-cell number, 3100L, are about
twice the normal adult values most medical profession-
als are more familiar with.

Prior to 1968, patients with SCID almost always
died within the first year of life. However, the achieve-
ment of immune reconstitution following bone marrow
transplantation from an HLA-identical sibling marked
the beginning of successful treatmé&nthe unavail-
ability of a histocompatible donor led to the use of iso-
lation in a gnotobiotic environment for David, the
“Bubble Boy,” the famous Texas patient who came to
represent SCID to the general public. Although David
Fungi succumbed to Epstein-Barr virus lymphoproliferation
VifU;e? _ S other intestinal i after a haploidentical T-cell depleted transplant at age

RZse;l)\?r;utzS/nsyﬁcy‘iirallnv(ierzén:nglgiﬁgfrespiratoryviruses 12 from a sibling;’ the technique of T-cell depletlon-

Cytomegalovirus and other herpesviruses has now been successfully adopted for treatment of in-

fants with SCID. Early diagnosis, better antibiotics, and

intensive supportive care have also improved treatment
of SCID over the past 3 decades. Currently it is esti-
mated that 75% to greater than 90% of infants diag-
nosed with SCID are saved by hematopoietic stem cell
transplantation treatment, with better survival for trans-
plants from HLA-matched related dondt4>2°

XSCID will be discussed in some detail as the most
common type of SCID and the one for which there is

Table 4. Infectious and immunological characteristics

Clinical clues
Persistent infections despite standard treatment
Recurrentinfections

Severe infections, including invasive infections such as
meningitis, septic arthritis

Infections with opportunistic pathogens

Graft vs host disease either from maternally acquired
lymphocytes or nonirradiated transfusions

Absent thymic shadow on chest x-ray

Family history of immunodeficiency or infant deaths from
infection

Infectious agents
Bacteria, including Gram positive, Gram negative

Opportunistic agents, such as Pneumocystis and dissemi-
nated bacillus Calmette-Guerin (BCG) (in countries using
neonatal BCG vaccination)

Immunologic abnormalities

T cell lymphopenia < 2200 (compared with age-matched
control values—healthy infants have higher lymphocyte
counts than older individuals)

Poor responses to T-cell mitogens and antigens
Absent or nonfunctional B cells

Falling immunoglobulin (Ig) G (with waning maternal transpla-
cental antibodies) and very low levels of IgA, IgM

the most data about treatments, including gene therapy.

Absent antibody responses to specific antigens, such as
tetanus toxoid
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Only males, who have a single X chromosome, are af-
fected with XSCID. Female carriers, with a mutated
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copy of the gene on 1 and a normal copy on the othginosphorylation of intracellular signaling kinases and
of their 2 X chromosomes, are healthy but pass on teggnal translators and activators of transcription
condition to 50% of their male offspring. Patients wit{STATs), to modify the cell's transcription program.
XSCID generally have very few T cells, but normal ot.ike every primary immunodeficiency to date, XSCID
increased numbers of functionally impaired B cells (Tdoes not have a predominant mutation, but rather hun-
B* SCID). They lack natural killer (NK) cells. Occa-dreds of mutations, many unique, throughout its cod-
sional XSCID patients have substantial numbers dfig and regulatory regions. Most are small changes,
maternally derived T cells or allogeneic lymphocytedeletions, or insertions on the order of one to a few
acquired through non-irradiated transfusions, so thaticleotide$:?> Many mutations decrease RNA stabil-
T cell lymphopenia is not always present. In 1993ty, and almost all result in complete abolition of sig-
Noguchi et & and Puck et &ldiscovered that XSCID naling. However, some mutations, such as truncations
is caused by mutations Ih2RG, discovered in 1992 of the intracellular domain, give rise to proteins that

to be the gene encoding the third chaig cnain of the are expressed on the cell surface, but are nonfunctional.

IL-2 recepto®* Subsequent appreciation that ftigro-  Thus immunofluorescence staining for absencg @f

tein was part of several transmembrane receptors faot a reliable diagnostic method for XSCID.

cytokines (including IL-4, IL-7, IL-9, IL-15, IL-21) led The best current treatment for XSCID is transplan-
to naming the protein the commgrchain {c). The tation of hematopoietic stem cells (either from bone
protein is a member of the cytokine receptor gene smarrow or from peripheral blood after mobilization)
perfamily and is encoded by a gene of 8 exons. Whémwm an HLA-matched relative. Unfortunately, most pa-
engaged by extracellular cytokine ligation, the intratients lack a matched related donor, but haploidentical,
cellular portion ofyc interacts with JAK3, resulting in T-cell depleted transplants and transplants from unre-

Table 5. Distinct types of severe combined immunodeficiency (SCID) (a growing list; see Ochs et al, 1999%°; Chapel et al, 2003°).

Defects in Cytokine Receptors and Cytokine Signaling (B cells generally present but nonfunctional)
X-linked SCID, due to defects in the yc chain found in receptors for interleukin (IL)-2, -4, -7, -9, -15, and -21
JAK3 deficiency, due to defects in the Janus signaling kinase that interacts with the intracellular portion of the common gamma chain
IL-7 receptor alpha chain deficiency, due to defects in the receptor for IL-7, critical for lymphoid cell development and differentiation
CD45 deficiency, due to defects in a transmembrane tyrosine phosphatase

Defects in Recombination of the Antigen Receptor Genes of B cells and T cells (T and B cells absent)
Recombinase activating gene 1 (RAG1) deficiency
Recombinase activating gene 2 (RAG2) deficiency
Artemis deficiency (another component of the recombinase system)

Defects in purine pathway enzymes that result in buildup of metabolites toxic to lymphocytes
Adenosine deaminase (ADA) deficiency
Purine nucleoside phosphorylase (PNP) deficiency

Other lymphocyte specific gene disorders (may have partial preservation of some lymphocyte lineages/function)
CD3 deficiency
ZAP70 deficiency
MHC Class Il deficiency due to diverse gene defects in transcription factors for the Class Il molecules
MHC Class | deficiency due to defects in TAP1/TAP2, transporters involved in Class | expression

SCID phenotype as acomponent of syndromes (severity of disease may be variable)
Cartilage hair hypoplasia, due to defects in RMRP, an RNA component of a ribonucleoprotein RNAse
Severe DiGeorge syndrome, in 90% of cases associated with heterozygous deletion of chromosome 22q11
SCID with alopecia and nail dystrophy (orthologous to nude mouse) due to defects in winged helix nude (WHN) transcription factor
SCID with multiple bowel atresias
Reticular dysgenesis, a stem cell defect with impaired maturation of multiple bone marrow lineages
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lated matched donors have been used with succetsn in lymphocyte lineages of female carri&bore-
Survival rates in this previously fatal disease are aboewer, natural reversion to normal of a SCID-causing
90% in some serig8 Chemotherapy prior to transplantlL2RG mutation has been reported in a T lymphoid pre-
is used by some centers, but because the host is immaursor that expanded to provide a diverse repertoire and
nodeficient, this is not necessary for rescuing T-cethodify the SCID phenotyp&.In preclinical studies,
function. Although some patients have fully functionafetroviral transduction 8£. 2RG cDNA constructs brought
immunity following their transplant, others fail to haveabout expression of normalin B-cell lines from XSCID
B-cell function restored and some lose their grafts ovpatients and corrected their defects in IL-2— and IL-4—
time, suggesting that true stem cells may not have bemediated phosphorylation of JARZ® XSCID patient
established from the donor. These considerations hastem cells transduced with the normal gene became able
led to the pursuit of gene transfer into autologous cell® differentiate into T and B cells in a chimeric sheep
by means of retroviruses, to treat XSCID. model?® The major limitation of retroviral gene therapy
For several reasons, as outlinedable 6, XSCID has been the poor efficiency of transduction into self-
appeared to be a good candidate disease for retrovirhewing bone marrow hematopoietic stem cell popu-
gene therapy. Ubiquitous expressiorldlRG mRNA lations. However, cytokine activation in vitro can in-
has been demonstrated in mouse and human hematiease transduction rates by retroviruses. Given encour-
poietic lineagesd*? The fact that there are relativelyaging preliminary data, human gene therapy trials were
constant, substantial levels of mMRNA even in the mosndertaken and have achieved successful XSCID im-
immature bone marrow fractions suggests that expresune reconstitutioft:*>Nine of 10 infants followed up
sion using strong promotors in retroviral constructs map this trial developed new T cells bearing the correct
not be harmful. Importantly, there is a natural selectiveopy of thelL2RG cDNA as detected by PCR. Cor-
advantage for lymphocytes expressing wild typeas rected B and NK cells were also detectable, and anti-
demonstrated by the skewed X-chromosome inactiveedy responses to childhood vaccines were in some of

Table 6. X-linked severe combined immunodeficiency as a candidate disease for gene therapy.

Advantages
Complications and late failures after allogeneic transplantation mandate a search for better treatment.

Ex-vivo transduction: hematopoietic cells can be removed and enriched, cultured with retrovirus and then reinfused intravenously,
where they will home to the bone marrow.

Disease gene product, the common gamma chain of cytokine receptors is widely expressed in blood lineages; overexpression
apparently not harmful.

The problem of immune elimination of the corrected cells should not arise because of the immunodeficiency phenotype.

There is an in vivo selective advantage for lymphoid cells expressing the normal common gamma chain protein.

Animal models and human trials have been successful in restoring immunocompetence.

Of 10 infants given gene therapy as primary treatment in France by the group of Fischer et al, 9 had restoration of T-cell function.31:32
Specific antibody production was restored in most.

A dose of > 1 million corrected CD34" cells/kg was established as required to achieve full reconstitution.

Disadvantages*
Serious adverse events occurred in 2/10 infants: development of clonal leukemic proliferations of transduced cells.
Both were the youngest infants at treatment (1 and 3 months).
Clonal proliferations were detected about 2% years after gene therapy.

The patients’ leukemic clones had different retroviral insertion sites, but both were near the 5" end of the LIM domain only LMO-2
transcription factor gene.

Both patients have required chemotherapy, and the first received an allogeneic stem cell transplant.

Retrovirus vectors, chosen for their ability to effect permanent correction by integrating into the host chromosomal DNA, do not
permit control of insertion site.

Possible harmful interactions between endogenous host factors (age, disease-specific effects, other inherited susceptibility genes,
infections) and host genes whose expression is altered by nearby retroviral insertion (transcription factors, such as LMO-2) can
combine to produce leukemia.

*Data from Kohn et al?3; A. Fischer and M. Cavazzana-Calvo, personal communication in oral presentations, 2003
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the children completely normal. Children were able t@. Lanier LL, Corliss BC, Wu J, Leong C, Phillips JH.
live free of infections without continuous antibiotics or ~ IMmmunoreceptor DAP12 bearing a tyrosine-based activation
. . . . motif is involved in activating NK cells. Nature.
mmunoglobqlm supplementation, making XSCID the 1998:391:703-707.
first human disease to be successfully treated solely By Rajagopalan S, Fu J, Long EO. Cutting edge: induction of
gene therapy. Unfortunately, 2 of the patients in this IFN-gamma production but not cytotoxicity by the killer cell
original series developed leukemic expansions of T-cell '9-like receptor kir2di4 (cd158d) in resting NK cells. J
clones 27 and 30 months following their gene therapy. 'mmuncl. 2001;167:1877-1881.

; ! Shilling HG, Young N, Guethlein LA, et al. Genetic control of
These were the 2 youngest infants treafeable 6). human NK cell repertoire. J Immunol. 2002;169:239-247.
Insertion of the retroviral vector in 2 different locationg.0. Valiante NM, Uhrberg M, Shilling HG, et al. Functionally and
near the 5" end of the LIM domain only-2 (LMO-2) structurally distinct NK cell receptor repertoires in the

transcription factor with inappropriate expression of gggphera' blood of two human donors. Immunity. 1997;7:739-

LMO‘Z Char_aCterizeq _the proliferaﬁng. cells in bothy 1 Khakoo S, Rajalingam R, Shum BP, et al. Rapid evolution of
children. This unanticipated complication has led to NK cell receptor systems demonstrated by comparison of
intensive efforts to understand the spectrum of retroviral chimpanzees and humans. Immunity. 2000;12:687-698.

insertions in humans, the relationship of LMO-2 ext2- Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL.
! Direct recognition of cytomegalovirus by activating and

pression to pathway_s 'nV(?lV'er and whether XSCID _inhibitory NK cell receptors. Science. 2002;296:1323-1326.
is a uniquely high-risk disease for gene therapy or iB. Martin MP, Gao X, Lee JH, et al. Epistatic interaction between
the risk of leukemia is present in all SCID genotypes KIR3DS1 and HLA-B delays the progression to AIDS. Nat

and perhaps other conditions approached by retrovirg| Genet. 2002:31:429-434. . .
thera It is interesting to note that a small serilei" Martin MP, Nelson G, Lee JH, et al. Cutting edge: susceptibil-
gene Py- g9 ity to psoriatic arthritis: influence of activating killer Ig-like

of infants treated for ADA SCID with gene therapy receptor genes in the absence of specific HLA-C alleles. J
preceded by nonablative conditioning appears to have Immunol. 2002;169:2818-2822.
also achieved good immune reconstitufitilore time 15 Snyder MR, Lucas M, Vivier E, Weyand CM, Goronzy JJ.

. . Selective activation of the c-Jun NH(2)-terminal protein kinase
and larger numbers of patients will be needed to deter- signaling pathway by stimulatory KIR in the absence of

mine the risks and benefits of gene therapy, which is KARAP/DAP12 in CD4(+) T cells. J Exp Med. 2003;197:437-
presently in its infancy. 449.
The dramatic turnaround in outlook for patientd®6- Ruggeri L, Capanni M, Urbani E, et al. Effectiveness of donor

- . . . natural killer cell alloreactivity in mismatched hematopoietic
with SCID and their families over the past generation transplants. Science. 2002:295:2097-2100.

i§ one of the most Strik?ng in mOdem medi_Cine- A prer7. parham P, McQueen KL. Alloreactive killer cells: hindrance
viously uniformly fatal disease is now effectively treated and help for haematopoietic transplants. Nat Rev Immunol.

by stem cell transplantation, the cause and pathogen-2003;3:108-122.

esis of the disease can be known in the majority of casé$, $2ane K, Brizard G, Gueglio B, et al. Relevance of KIR gene
polymorphisms in bone marrow transplantation outcome. Hum

specific gene defects can be identified and traced in |, munol. 2002:63:271-280.
patients and at-risk family members, and gene therapy. Davies SM, Ruggieri L, DeFor T, et al. Evaluation of KIR

is a potential option for treatment. ligand incompatibility in mismatched unrelated donor
hematopoietic transplants. Killer immunoglobulin-like

receptor. Blood. 2002;100:3825-3827.
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