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AB!3TRACf. Approximately 20 years ago, Giblett and tions tbt result h m  a profound defect of both cellular and 
coworkers seredipitomsly discovered that in some patients bumoral immunity. If untreated, these clinical manifistations 
with the syndrome of severe combined immunodefichcy, *ad rapidly to death. The full-blown classic syndrome is one of d 
the disease is dme to an inherited deficiency of the enzyme overwhelming fungal, viral, and bacterial infections and failure 
adenosine deamiaLse (ADA). This then led to the discovery do thrive, in a setting of lymphopenia and absence of nonmater- 
that inherited Mkiency of the next enzyme in the same nally derived Ig. The syndrome may not become apparent until 
pathway for p d t e  salvage, purine nocleoside pboaphoryl- sveral weeks to months of life. The mdht 4 families 
ase, results in a prof& defect in cell-mediated immunity. with SCID revealed that there are s e v d  genetically &erent -r 
These two disorders, sometimes termed "purinergic im- forms of the syndrome. In some f d e s ,  the disease clearly 
m ~ " r a e t b e f k s t o f t k i P L a i t c d  shaws&veinheritanceIhrlr;edtotheX&romo5ome,with -7- disorders in which the specific molecular only males a f f w  whereas in other fhilies the inheritance is . 
basis was determined. Although both are rare diseases, autosomal recessive, affecting both males and females. Based on 
they are of importamx for seved reasons. First, they are mwal studies (reviewed in 1 and 2), it can be estimated that in 
urpollethefewhrheritca~ofwhicbsomecbildren - tely half of the children with autosomal recessive 
cam be caul by a sbgb tratmm$ s e a 4  they YC idal ly 7 -  c a p p r o x i m a t e l y  20% of all SCID individuals, because 
mbd f a  gae tharyy, a d  third, the paprtbolosfc medm . ' qf tbe greater incidence of the X-linked disorder) the disease is 
dsm cam ten .r ron about the nature of the Wane due to inherited deficiency of the purine salvage enzyme ADA 

d hvc .Irrdy illorrcd dtvebp- of dDepD-: 11-8). 
thenpy for same mdlpmch of the immtme system. Clinical spectrum. It is now apparent that the clinical pheno- 
Kmddge of the speci6c defects has also Wlitated di- type of ADA deficiency encompasses a spectrum of disease 
q p d s ,  counseling of f d l h ,  and development of new including classic, Mminant neonatal onset SCID, a slightly, 
approaches to therapy. This article focuses on ADA defi- delayed onset SCID accompanied by mtention of some humo*- 
ciency, briefly reviews the clinical and biochemical findings immunity; a much later onset, progressive -, and a "partiaIWf 
to provide a background for the next two articles in this ADA deficiency with apparently normal immune function 
supplement issue, and details work in progress with respect (Table 1) (9-12). 
to several aspects of the specific molecular defects in The majority of infants initially described with !KID due to 
different patients. Some of the generalhati0118 that are deficiency of ADA (classic ADA-SCID) wen not grossly diffc 
beginning to emerge from studies of other disease loci as dinidly or immunologically h m  patients with SCID due tu 
to the nature, diversity, and distribution of mutations at other as yet undefined causes. Although the major pathology and 
different genetic loci and the emerging correlations of dinical manifestations are secondary to destrudion of the im- *T 
pbemtype with geaotype are reviewed to provide a frrune- mune system, involvement of other organs can be seen in ADA- 
work for ermniaing the molecular defects in ADA defi- SCID. Thus, half of ADA- individuals have bony abnor- 
ckwy. The stam of om knowledge of the ADA locus with &ties, moat notably cupping and flaring of the costochondral 
respect to nnalysis of motations and possible correhtions jmdhs, which arc pathaenomonic histologically and highly 
with genotype is then amdded. It is important to note mggdw of the dhgncsk on radiologic examination. Unusual 
~WoughtbeADAgenehasbeenisohtedandthe E e n a l a n d a d r e n a l k s i o n r a s w r d l a r ~ a b n o d t i e s  
gmtprodactisknownthereuestillmmnsweredqwstion& bwalaobaenfoumtrta~andmoyalsobepathognomonic 

r Ra 33 (Soppl): S35-S41,1993) 4- (reviewled in 13). E m  initially, it wm lpparent that approxi- 
=> 7.2 -F? mat& 10% of ADASCID patients had a slightly ddayed onset 
c u  Abbrerhtkns of disease and an initirrlly mWx course with rdeation of B 

lymphoid cells and some h u m d  immunity. Same of this 
#A, adenosim deanhast aariasion oocurrtd within h i l i e s  and thedint probrrbly re 
B b W S - r d d ~ m ~ c y *  dected environmental diflfaences, such as extent of pwtedon 
E I D , s e w ! f e e - '  . ? ' h n  infectious agents, rapidity of institution of antiitic ther- 

I 4#py, etc. In addition, as with other disorders, Severity o f d k m  
- -- 

. T * T  " ,.- ,- * -- -$"?2%my also be modifiad by effects of other gcmptk loci 
*, :-,.Y 2- are unlinlrrd and thudbe segresate hdqcmhtl lp of tee 

- -%ADA mutation in a f h d y  (epistasis). WWith the applicaffou of 
M n g  for ADA defichmcy to i m m u n m t  patients who do 
rot present with classic SCID, even milder fonus of immuno- 

deficiency due to ADA deficiency have been found. In such ,_ 
tients, onset of c W y  sigdicant symptoms l d n g  to di? . ~ d ~ ~ *  ga 

1gnosismaybedelaycduntil3to 5 y ofwandtheremay td ' 
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TaMe 1 .  Di@rim d i n i d  plhenorypcs QADA-d&imt 
individuak 

1 .  SClD (8%90%) Idah&h& ban non-ADAddisht St3D 
iadMdPrb (except h a  bony kaion m brlf) 

2. Ddoydd ollwr (lo-15%): PnQmiaPatly cdidllr 
butspaeiftcrntibodymnrLr;Qy-dbcventPally- 

3 . I a t e a a ~ : ~ n a t u n t n 5 % y o f a g e ; s t t i m o f d i r l l p l a a b  
~ t l y c s m J u i m B a ~ P o d s o m e s p a c i f i c m t i b o d -  
iawrmrl 

4. Ypa&Uy" ADA deticient, ?imm- mrmal: Asgtdnad by 
~ m # m P 1 ~ ( n e a r b a r n s m N e w Y a a k S t a t e P o d A f r i c a n  
tribes) 

marked predominance of -tics of cellular as compared 
with humoral immunity. Autoimmunity and eohophilia may 
be relatively common in such children. In ntroppact, many of 
thesechildrenwouldappe~rtohanbodin~numbarsof 
idkctiom befon dbgoosis, but the infections were not serious 
enough to lead to prolonged -on. It Win not be sur- 
p&+ng ifan oaaet" form of the disease becomes apparent. 
At the extreme opposite end of the spectrum fbm SCID, several 
children with ADA de6ciency in erythrocytes have been found 
who arc grossly immunologically nonnal and cumntly between 
4 and 15 y of age. These children (found as a d of scraening 
newborns for ADA deficiency or screening populations for nor- 
mal genetic miants of ADA and not because of disease) lack 
A D A i n ~ b u t h a v e b e t w e e n 5 a n d 8 0 % A D A a c t i v i t y  
inothercelltypes,pnsumaMy~ectingamutantenzymethat 
isunstabkprimarilyinerythrocytes.SuchchiMnenbavebeen 
termed "partial" ADA deficients (see 12 and references thenin). 

Biochemistry and metaboIites. ADA is an enzyme that is 
prescnt in all cells, yet its absence results in damage prharily to 
the immune system. Examination of the role of ADA in the 
normal individual has provided some clues to this apprvent 
paradox. ADA is an enzyme of the purine salvage pathway that 

1 inoverably remow an amino group fiom the naturally occur- 
ring purines, adenosine and deoxyadxmh, verating in* 
and deoxyinosine. These latter oompounds ate either 
bolcIrtosbdenosine or otherpwinesforreu~e orfinther- 
litecl to uric acid and excrctd Adenosine is a component of 
RNA and the important and abundant energy-holding com- 
pound ATP, and deoxy&m&e is a major component of DNA. 
Deoxyadena6ineisderivedprimarilyfbmbnakdawnofcells 
with a rapid turnover, such as gut, epiklium, and, perhap6 most 
significantly, from the extensive cell death of mahuhq lymph* 
cyteswithinthethym~~Deoxy&no&ecantbeneitherbe 
takenupbyneighboringviablecellsviaactivetramportsitcsand 
bedcarninatcdorescapeintotheplasnsawhereitistakenupvia 
active transport Jites by other cdl types and normally deami- 
nated. Adenosine is derived simkly from dying alb and also 
is derived fnrm the breakdown and mycling of ATP. When 
adenosine and d e o x ~ ( a s w e D  as sevgal natwallyoe 
amkg methyfated ademdne campow&) cannot be degraded 
b e c a ~ ~ ~ ~ f d e f i c i e n c y Q f A D A , t e e s e c o ~ ~ ~ ~ i n  
thephna, are taken upby transpottsitesinto cdls, or, partie 
ularly fix *8leexcntedindveamaunts 
R&nDwitb-b,iacrsord-dthe 

! 
plaaaaad 
twruriae 
tbenannal 

' to-thedeo@- 
o*.c within cdlr-w a wrmaUy minor pathway 
and is phoqbryhtdd to daoxyATP, which is then trsrppad within 
&urdbno~ditsct lyincpai l ibrinmwiththe~ular 
f l u i d . A s a r e s u l t , ~ A T P ~ ~ i n c n ~ r m o u s ~ ~ n c e n -  
~ 0 1 1 9 w i t h i n a l b , r n m t ~ ~ i n t h e d c e l l .  
Last, a secondary inactivation of the enzyme SAH hydrolase has 
been~nidtatadinerythracytesofa&ded*(saebelaw 
for discuseion) (see 3,14-17, and densas therein). 

Table 2. BioahmricrJ abnormalities in ADA deficiency 
assmacratcd with immunodeficiency 

1 .  AbseaceafADAauivityin~lymphocytes,andalltissues 
uamined 

2 Ae!cumulationofdeoxyATPincdb(aythrocytea mononucl~cdls, 
datrka, and kidag) 0- 

3. Inerased C < I ~  of demohe and deonyadmosine in plasma 
(->deaxyadewsiae) 

4. Exgeldon of adenoeine, and methylated adenosine 
derivatives in urine (deafiy.deaoeie >>>> adewsine) 

5. S s c o w  inhiion d SAH hydrolase 

Table 3. Promsed mechanisms oftoxicity in ADA aeficiimc~ 
Metabolite In vitro effects 

&~ATP Inhibits ribonucleotide rrductasc (nquind for 
normal DNA synthesis) 

Deoxyadenosine Chromosome- 
~~n of SAH hydrolase (inhibition of 

methyIation reactions) 

Adenosine Muitiple e&ts at adenosine receptors (prob- 
ably least clinically significant) 

Pathophysidogy. There am several propod mmechanisms 
whereby the absence of ADA nsults in toxicity to cells of the 
immune system (Tabk 3). The first of these involves the accu- 
mulation of deoxyATP. It has been known for some time that 
deoxyATP is a nry potent inhibitor of the enzyme ribonucleo- 
tide nductase and that this enzyme is required for nonnal DNA 
synthesis. Therefore, it has bcen pmposcd that there are certain 
tisaueJ, most notably of the T-dependent immune system, in 
which then is prefmtial phosphorylation of deoxyadenosine 
to deoxyATP with a nlative lack of dephosphorylation. I n  vitro 
evidence bas been provided to support this proposal. In such cell 
types, there would be an in- steady state c o ~ ~ ~ l t m t i o n  of 
deoxyATP with subsequent &i.Wbll of DNA synthesis. it has 
also been proposed, again on the basis of in vitro experiments, 
that deaayadenosine dirrsctly results in chromosomt breakage. It 
has also been propod and demonstrated bath in vivo and in 
v im that there is secondary inactivation of the enzyme SAH 
hydrobe. Such inactivation would theoretidy resalt in inhi- 
bition of methylation reactions in the body. Indeed, the very 
marked secondary i n l t i o n  of !MI hydrolase in red cells fiom 
these childnn provides perhaps the most sensitive measan of 
comdbn of metabolite concentratim after hrapeutic mamu- 
vus. Last, adenosine has multipk d k t s  at adenosine A1 and 
A2 receptors, although none of these effects has been shown to 
be dinidly sigdbmt. However, the marked lethargy and ina- 
bility to follow visually, sen in some patients, may be contrib $ 
utad to by the howm eft&% of adenask at its mars within 
thebrais. It wouldappearrcaronaMethateacbof~sevd 
mechanisms may be operative bat in dithmt types of lymphoid 
cells aad at different stages of difkmtiation. For example, 
mrrturing thymacytes might be exposed to unusually high con- 
cmtraticnsof dcoxyadenh because of the extensive cell cleadh : 
that ta'xmnm ma-n to immun-t l y m p b  4 
cytwiuthethym~ 

~a~d*atepunrrnthasz l~enpropos~dtb&t l$ :  
p r o h d  dmagc to .tht ismme system. This ar$nmmt f baed I 
upw tbe &mation that, although ADA is a ubiquitom "- b! 

enzyme, the activity of the enzyme varies over a 100- 3 fold raqje if erythrocyte activity is included and over a 10-foM r;; 
ranlge if all mmrythroid tiswres are examined. T e l e o w ,  
because cella of the immune system exhibit very high ADA 
activity, they would be the cells most profoundly al&ted by 
deficiency of the enzyme. This argument does not explain the 
lack ofmajor involvement of other times that exhibit high ADA 
activity. Clsatly, there then are que'stiom as to the patho- 
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ghddms.Thisisperhapsunderscondbythe 
~ o ~ ~ p ~ h t  adminbmtion of an inhibitor of ADA (deox- 
~ ) b b e e n e f f e c t i v e i n ~ t y p e s o f l ~  > .  

~ ~ w e m n o t p r r d i e t e d b y e i t h e r t h e i n i t i a f i n v . i t r 0  
sard iesa tby~t ions inADASCID(see  3 forrefermces 
ibmin). 

Cowehtiosr ifphem&pe, in virru, eruynre activity and cmm- 
trations of metabolites. It would appear possiie to invefsely 
correlate residual ADA activity with severity of disease. Very 
clearly, partially ADA-deficient, immunologically normal chil- 
dren have greater residual ADA activity in their lymphoid cells 
than do ADASCLD children. Tbe lowest activity found in such 
children is apjmximately 5% of normal (12). At least one child 
with delayed onset disease has 1 to 2% of normal activity in 
lymphoid cells, which can be shown to be due to activity at the 
ADA locus (unpublished data). Therefore, the amount of residual 
ADA activitv necded for normal immunoloeic function would 

tion and whether they require more marrow aMation before 
transplantation than do patients with other forms of SCID. 
Nonetheless, there are patients with ADA defkhcy who have 
had successful transphtations of haploidentical marrow without 
any prior ablation. Enzyme replacement is a third approach. 
Initially, an incomplete form of eazyme rqkcment  was 
vided by parbial exchange ~ o n s .  This therapy was of 
limited efficacy in a few patients and had no dhmible effect in 
most patients. More recently, partial ex- traaJfudon has 
been replaad by tht more d6cient and sakr d i m  admhktm- 
tion of largeramounts ofa modSed form &ADA, clkmsd in 
detailbyDr.HershfieldinthissupplemeatisJpe.Thefourth 
appma&, gene replacement therapy of T a!&, is addrssad by 
Dr. BbcSe (this issue). I would like to 1- the speculation that 
the underlying genotype may play a rok in modulating the 
outcome in all these forms of therapy (20-25). 

to & between 1 and 5% of normal.-we have recently MUTATIONS AT ADA LOCUS 
been able to detect residual albeit trace amounts of ADA activity 

cDNA in reporter ce! (COS) (unpublisped data) (see below for (Table 5), it is worthwhile to consider the information availabl 
more detailed discuss~on). In con- using standard assays, the as to the nature of diseases causing mutations at other di 

in some, but not all, patients by expressing recombinant mutant Befon examining the nature of mutations at the AI% - 

residual ADA activity in patients with classic SCID is essentially loci. Mutations that result in disease can be of several t,,, 
not detectable (18). It should be noted that such standard in vitro  hey include deletions (ranging from very large to single nu& 
assays of enzyme activity are made under d c i a l  conditions oti&,& misense mutations (single bsqmir changes resultiag i~ :q not applicable to in vivo conditions, and they are unhkely to an amino acid su-tion a d  either a nonfunctional or a 
acarratetyreflect"whdcbodyn~ADAactieityinaU ~ p m & ~ ) ; a o m e m t ( h g l e ~ ~ t b t h t m  

duce a stop codon and prevent transfation of a complete protein 
l b e  @a gross correlation between .the ~everity of the hnmune and/or lead to unstable mRNA); and splicing mutations (base- 

dyshct~on and ather the concentmon of deoxyATP or excre- pair changes, usually single, that alter the normal splicing and 
tion of deoxyadeaosine. Thus, "partially" ADA-ent, im- result in abnormal mRNA). At some loci, such as that for 
m t ~ m b g i d y  norm4 chiidren have *tly iwxeased cowxn- Duchenne's muscular dystrophy and a-globin, where there is 1 ' tratiom of dsolyA* and ~XCSW m e  deax-e in either duplication of a similar sequence (Duchenne's muscular 
their urine. Classic ADASID have a 100- to 300-fold dystrophy) or duplication of loci (a-globin), there is a prepon- 1 iDacptd cmcmtmtba of ~ ~ K Y A ~ ,  CWdbg or a- the derance of large deletions, presumably resulting from mispairing I ' cmamtxation of ATP. T.- si-Y massive of similar stretches of DNA (homologous recombination). At 
amomB of deox- m urine. late onset other loci, such as the &globin locus, missense mutations pre. I 

i m m u d c i e n c y  accumulate concentraQons of deoxyATP in- dominate in phenotypes that result from altered function (alkre$& 
media te  between the SCID patients and the ;partiallym.defi- affinity for oxygen) or physical properties (sickle cell mutation) 
cient patients. The excretion of deoxyadenme is sirmlarly ofthe & g l a  chain. Mutations at the &globin locus that 
intermediate. The concentrations of metabolites thus appear to in virtual absence ofthe protein ( thakemk) are predominantly -. 
provide a gross "whole body" in vivo assay of the eidual ADA due to splicing mutations. Thus, the type of mutation may vnry 
activity in these children and could possibly provide the best at diffmt loci or with differing phenotypes at the same locus. 
discriminant as to differences between patients. It was also expected that there would be multiple d i f fmt  

Prenatal diagnosis. Prenatal *osis is possible using .either mutations at any given disease locus. However, it is becoming 
chorionic villous biopsy or ammobc cells and determinabon of 
enzyme activity. DNA-based diagnosis is also theoretically pos- Table 5. Mutations at ADA locus 
sible using normal variants at the ADA locus or by direct Basepgit no. Basepak no. 
detection of mutations (see below). Using DNA-based methods, - na (-1 Amino acid preimplantation diagnosis should also be fasible eventually (19 
and references therein). 

- T& 4. Therapy dADA dgiciency 
t(cvrrenttreatmcntofcboia 
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apparent that at several disease loci a limited number of muta- 
tions may be responsible for disease in the majority of patients. 
This predominance of a limited number of mutations could 
occur through several mechanisms including selective advantage 
of the mutation in asymptomatic carriers, inbreeding, founder 
effect, and recurrence at %ot spots" for mutation. In a par t iah 
ethnic group, only a few mutations may account for the disease 
in over 90% of patients. Recunent mutations in unrelated indi- 
viduals of very different ethnic origins may be due to mutations 
at hot spots. One type of hot spot appears to be at CpG dinucle- 
otides. It has been known for some time that cytosine, if meth- 
ylated to 5-methylcytosine, will spontaneously deaminate to 
thymine. In man and mammals, as opposed to bacteria, cytosine 
is usually methylated only when it is followed by guanosine or 
at CpG dinucleotides. If a methylated cytosine on the sense or 
coding strand of the doublestranded DNA is deaminated to 
thymine, a C to T transition will occur. If the deamination occurs 
initially on the antisense strand, copying of the mutated strand 
will result in a G to A transition on the sense strand. Thus, C to 
T and G to A transitions at CpG dinucleotides appear to repre- 
sent hot spot mutations with a likelihood of recurring independ- 
ently and being found in multiple unrelated individuals. 

In ADA deficiency of all clinical phenotypes, the majority of 
mutations are changes of a single nucleotide that result in change 
of a single amino acid (missense mutations). Such mutations 
result in either unstable or inactive protein. F&een different 
missense mutations have been reported at the ADA locus, nine 
in ADA-KID patients and six in partially deficient individuals 
(Table 5). A single splicing mutation has also been reported (26- 
33). The noncoding regions (introns) of the ADA structural gene 
are very rich in a form of repetitive DNA termed "Alu repeats," 
providing a substrate for deletions by homologous recombina- 
tion. However, only a single deletion resulting from homologous 
recombination at Alu repeats has been reported to date in an 
ADAdeficient K I D  patient. The deletion abolishes the pro- 
moter region as well as exon 1 and has been reported in two 
apparently unrelated SCID patients homozygous for the same 
deletion (34, 35). We have recently characterked an additional 
large deletion, also including the promoter region, that does not 
involve homologous recombination. The homozygous occur- 
rence of a deletion that by definition completely abolishes ADA 
activity is of special significance because this indicates that 
complete absence of the ADA enzyme appears to be compatible 
with life. (However, the reproductive history with respect to 
fertility and miscarriages in such families has not been reported 
and would be of interest, inasmuch as it has been shown very 
convincingly in murine species that ADA may be very important 
for normal development in utero.) Twelve of these 15 missense 
mutations are hot spot mutations or C to T or G to A transitions 
at CpG dinucleotides and therefore are candidates for independ- 
ent recurrence in unrelated patients. This 75% frequency is much 
higher than the approximately 30% frequency found in a survey 
of mutations at multiple other loci for genetic disease (36). 

In partially ADAdeficient patients, it was not unexpected that 
the same mutation would be found in more than one individual, 
inasmuch as there was a common geographic and/or mid origin 
of many of these patients consistent with a common ancestor 
(Table 6). The first of these children was ascertained during 
population surveys to determine the frequency of the gene ooding 
far a normal biochemical variant of ADA among the Kung 
tribesmen in the Kalahari desert of Africa Similar to subsequent 
children, although he lacked ADA activity in his eryhxytes, 
he was found to have enzyme in his lymphoid cells (37). Shortly 
after that, New York State instituted a newborn screening pro- 
gram for detection of ADAdeficient SCID. Although the test 
used failed to aswtain at least two siblings who had ADA-SCID 
(unpublished data), it did detect a group of children who were 
partially ADA deficient. Of note, all but one of the children 
either came fiom a limited area in the Caribbean or were of 
African-American descent, a frequency out of proportion to that 

Table 6. Frequency of mutations and biochemical phenotype in 
seven partially ADA-deficient individuals 

No. of No. of Activity (% 
Mutation chromosomes children normal) 

-76T1p 4 3 16 
Leul07Ro* 2 2 0 
Argl4PGln 1 1 42 
-1 1- 1 1 8 
AM 1 5Thr 2 1 8 
Pro274Leu 1 1 12 
Pro297Gln 3 2 28 

* Also found in ADA-KID; in partially ADAdeficient patients, found 
together with (heteroallelic) Arg21 lCys or Arg76Trp. 

Table 7. Frequency of six missense mutations in 45 ADA-SCZD 
chromosomes 

No. of 
Mutation chromosomes ADA-SCID ~atient 

Leul07Pro 
Arg2 1 1 His 
Gly2 16Arg 
Ser29 1 Leu 
Leu304Ara 
~la329vai  6* GM2756; GM2825; GM4258; DM*; Te 
Total 16/45 

* Indicates patients who are homozygous for the mutation. All other 
patients were heterozygous for mutations. 

of these groups in the population screened. When we determined 
the mutations in seven of these children, we did indeed find the 
same mutation in several children (32,33, and references therein) 
(Table 6). However, there were also seven different mutations 
and most of the children carried two different mutations. There 
are several possible explanations for the occurrence of multiple 
mutations at high frequency in a limited population. Because 
diagnosis requires two deficiency alleles, the occurrence of one 
or two fiequent mutations in the population (because of founder 
effect, inbreeding, and/or genetic drift) would also lead to the 
ascatainment of very rare mutations. Alternatively, there could 
be a selective advantage for carriers of one partial deficiency 
mutation in the area from which this population derived, as 
there is for the Hb sickle mutation. We have also been able to 
correlate the molecular genotype with the biochemical phenotype 
and determine the relative e m m e  activitv of each of the muta- 
tions (as well as other alteratibns in bi&hemical properties of 
the mutant enzymes) (see below for more detailed discussion). 
Of note, one of the mutations found in these children results in 
loss of enzyme activity in all cell types and was subsequently 
found in ADA-SCID patients. 

In a wry rare autosomal recessive disorder such as ADA- 
deficient SCID (<1/500 OOO), one would expect to find, in an 
outbred population, an inoreased frequency of consanguinity 
with homozygosity in such families but only rare occurrence of 
the same mutation in unrelated individuals. Unexpectadly, it is 
clear that several mutations are relatively common in ADA 
deficiency with SCID. Thus, we have surveyed 45 ADA-SCID 
chromosomes from 23 unrelated children for the presence of six 
mutations that we determined could be detected by polymerase 
chain reaction ampligcation and digestion with restriction en- 
zymes (31, 38) (Table 7). These six mutations accounted for 
more than lone third of the mutant alleles studied (16 of 45) and 
were found in 14 children. Most of the patients were heterdelic, 
carrying two different mutations on each of their chromosome 
209. Two patients, both from inbred communities, were homo- 
zygous, each for a different mutation, reducing the maximum 
number of independent chromosomes surveyed Erom 45 to 43. 
Four of tbe mutations (Ala329V4, Gly216Arg LeulO7Prq and 
ArgZ.11His) were found in more than one unrelated individual. 
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~ b q s l l a ~ d a y d a y T h u s , a ~ m u t a t i m i n h o m ~ t y  
cangiveriktoaScnRdya&ctedphglotype, andadifbat 

mutation at a dBemt site in the same gwe can 
givt rise to milder or even adult onset phenotypes. At ttre ADA 
locus,wchaveyettodefineanadultolrsetpbenotypt.ialrsmc 
a m c s , t h e p h e n o t y p e c a n b e ~ v a r y ~ f o ~ m o g t i b n r  
a t d i f b n t r e g i o n s o f t h e g e m e ( ~ ~ ~  
EhkmDados, both due to m~~ in the cd&a type I 
genes). l k p d b g  on the n a t u ~ ~  of the gene product, mutations 
tbat in v t y  nsrrtt in a mktivdy mild phenotype can 
in heteroeygoPlty be u t k  &mhant or m v e  to a "severe" 
mutrrtioaAttbeADA~tbegeneprodudisamanomeric 
enzyme a d  one would thedore expect that a "mild" mutation 
mdtiq in terLtual ADA activity mruld be dominant over a 
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plished with PEG-ADA. What also became apparent was that, 
in contrast to the dramatic response of the first patient reported, 
most patients did not show any clinical or immunologic response 
to partial exchange transfusion. However, six patients were re- 
ported in the literature as having responded to some degree, the 
response most clearly manifested by prolongation of life and, for 
several, the ability to attend school normally. Clearly, there was 
something unusual about these patients because two of them 
(and a sibling) survived to more than 10 y of age, at which point 
they began receiving PEG-ADA. A third child is still alive as an 
adolescent without any therapy. The two remaining patients 
died, one at the age of 3, ironically of autoimmune hemolytic 
anemia, and the other at 5, of chicken pox. (For the purposes of 
this analysis, it does not matter if the longevity reflected natural 
history of disease and/or the effect of the partial exchange 
transfusions.) These patients were included in the survey of 45 
ADA- chromosomes discussed above. 

We have now identified all but one of the mutations in this 
group of six "partially responsiven children (Table 8). Because 
the children are unrelated and there is no known consanguinity 
or derivation from a group with a high frequency of inbreeding, 
up to 12 different mutations might be expected. By contrast, 
mutations at only three codons account for over half of the 
mutant alleles (seven of 12). (Of note, three of the six children 
are of African-American origin.) The Ala329Val mutation ac- 
counted for three (25%) of the alleles and, although this is a 
common mutation, it was found in only two other children 
among the 31 additional independent chromosomes that we 
examined (three of 12 versus two of 31). This difference in 
frequency is statistically significant. One of the patients carrying 
the Ala329Val mutation is a mosaic. One B lymphoid cell line 
cames the Ala329Val mutation on one allele, but expresses 
normal ADA from the second allele. A second cell line does not 
express mRNA from this second allele (unpublished data). Con- 
sistent with the hypothesis that the Ala329Val mutation may be 
associated with milder disease, we have preliminary evidence 
that the Ala329Val mutation codes for detectable enzyme activ- 
ity. Two of the patients carry the Arg2l lHis mutation and are 
the only two patients in the group of 43 independent chromo- 
somes examined in which this mutation was found. Two addi- 
tional patients each carried a mutation at codon 10 1 (ArglOlTrp 
and ArglO lGln). Of note, the ArglOlTrp mutation has been 
found to express catalytically active protein in T cells, consistent 
with a less severe mutation (42). The last patient to be discussed 
was the patient initially reported to have a dramatic response to 
red cell therapy (24). He carries two unique mutations not seen 
in any of the other children we surveyed, and therefore both the 
genotype and the phenotype with respect to response to therapy 
appear to be unusual. We have recently determined that both of 
his mutations code for detectable ADA activity. We would 
therefore suggest that several of the mutations found in these 
children may result in milder phenotypes. It remains to be 
determined whether this milder phenotype will be manifested by 
initial clinical and/or immunologic phenotype, response to re- 
placement therapy, requirement for marrow ablation before hap  
loidentical transplant, longevity, or only in the extent of residual 

Table 8. Mutations in six ADA-SCZD patients responsive* to 
enzvme re~lacement 

Mutation 

Patient Chromosome 1 Chromosome 2 

GM2825 Ala329Val splice 
GM2756 Ala329Val Arg2 1 1 His 
GM4258 Ala329Val Ser29 1 Leu 
GM2606 ArglOlTrp Arg211His 
GM1715 ArglOlGln ? 
GM247 1 Aml56Cys Leu304Am 

* See text for discussion. 

enzyme activity and/or accumulation of metabolites. We are 
currently determining the ability of additional mutations to code 
for residual enzyme activity. 

Last, mutations in the currently smaller group of delayed and/ 
or late onset patients could identify mutations that would be 
more definitive markers for milder disease, particularly if present 
in homozygosity. However, in this group of patients, one would 
expect an even greater influence of environment on phenotype 
and therefore greater intrafamilial variation between individuals 
with the same genotype. We have identified a mutation in 
homozygosity in one such patient and found that there was 
expression of detectable ADA, albeit at approximately 1 % of 
normal. The ADA was altered in charge, consistent with the 
nature of the mutation. 

To summarize the current characteristics of mutations at the 
ADA locus, they are primarily missense mutations that appear 
to result in either unstable or inactive protein. Although this 
initially suggested that deletions might not be compatible with 
life, two children homozygous for the same deletion have been 
reported. There are many different mutations, but some are 
relatively common, which will greatly simplify attempts at DNA- 
based diagnosis. To explain the finding of common mutations 
in this rare autosomal recessive disorder, there is evidence for 
founder effect, inbreeding, common ancestors, and recurrence at 
the CpG hot spot. There is a spectrum of phenotypes, and at this 
point phenotype/genotype correlations are just emerging. ADA 
is a monomeric enzyme, and low levels of activity are sufficient 
for normal development. Because of this "threshold effect," 
mutations resulting in any degree of residual enzyme activity 
would be expected to result in lesser accumulations of toxic 
metabolites and a milder phenotype and to be dominant in 
defining a milder phenotype even if combined with a total 
deficiency mutant allele. Such correlations are going to be ex- 
tremely difficult to establish for this particular disorder because 
of the marked effect of environment upon the phenotype and, 
in addition, the evidence that there may be some epistatic defects, 
namely interaction with other genetic loci. Nonetheless, given 
that this is one of the first disorders to be treated by both enzyme 
and gene replacement therapy, delineation of possible pheno- 
type/genotype correlations may be significant for evaluating the 
outcome of such therapeutic maneuvers. Several mutations are 
candidates for markers of very severe disease and milder, delayed 
or late onset disease. I have attempted to be provocative in this 
presentation, but, clearly, additional studies will be required for 
a definitive evaluation of the molecular biology of ADA defi- 
ciency and its relation to clinical parameters. 
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