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Abstract

Adenosine deaminase (ADA) deficiency causes severe com-
bined immune deficiency (SCID) by interfering with the metab-
olism of deoxyadenosine, which is toxic to T lymphocytes at all
stages of differentiation. Enzyme replacement with polyethyl-
ene glycol-modified ADA (PEG-ADA) has been previously
shown to correct deoxyadenosine metabolism and improve mi-
togen-induced T lymphocyte proliferation. Westudied the bio-
chemical and immunologic effects of PEG-ADAin two infants
with ADA-deficient SCID. While in a catabolic state, higher
doses of PEG-ADAthan previously described were required to
normalize deoxyadenosine metabolism. After biochemical im-
provement, the patients recovered immune function in a pattern
similar to that observed in normal thymic ontogeny and in pa-
tients with immunological reconstitution after bone marrow
transplantation. Immune reconstitution was marked by the se-
quential appearance in the peripheral blood of phenotypic T
lymphocytes corresponding to successive stages of thymic dif-
ferentiation. Functional reconstitution was marked by the suc-
cessive appearance of mitogen responses dependent on exoge-
nous in vitro IL-2, mitogen responses not requiring exogenous
IL-2, antigen-specific responses dependent on exogenous IL-2,
and finally, antigen-specific responses not requiring exogenous
IL-2. Natural killer function was tested in one patient and nor-
malized with PEG-ADAtherapy. Optimal PEG-ADAtherapy
appears to normalize thymic differentiation in ADA-deficient
SCID, resulting in normal antigen-specific immune function.
(J. Clin. Invest. 1993. 92:596-602.) Key words: thymic ontog-
eny * IL-2 * enzyme replacement * bone marrow transplante
immune reconstitution

Introduction

In severe combined immunodeficiency disease (SCID),' T
and B lymphocyte dysfunction predisposes to life-threatening
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1. Abbreviations used in this paper: ADA, adenosine deaminase; dAdo,
deoxyadenosine; dAXP, deoxyribonucleotide; EC, effector cells; IVIg,
intravenous immunoglobulin; NK, natural killer; PEG-ADA, polyeth-

infections ( 1 ). The etiology of SCID in most cases is unknown,
but 20% of patients are deficient in adenosine deaminase
(ADA), an enzyme expressed at very high levels in immature
thymocytes (2). Toxicity of the ADAsubstrate, deoxyadeno-
sine (dAdo), is thought to be responsible for the profound T
lymphopenia of ADA-deficient infants and fetuses (3). T lym-
phocytes at all stages of maturation are sensitive to dAdo, so
that the exact stage at which T lymphocyte development is
interrupted and the ultimate nature of the responsible lesion
are unclear.

Since 1986, enzyme replacement therapy for ADA defi-
ciency has been possible with intramuscular injections of puri-
fied bovine ADA, modified with polyethylene glycol (PEG) to
prolong its circulating life and reduce immunogenicity (4, 5).
PEG-modified ADA (PEG-ADA) has been used in patients
who lack an HLA-identical sibling bone marrow donor or in
whomtransplantation of T cell-depleted, HLA-haploidentical
(parental) marrow had been ineffective or was considered an
unacceptable alternative. A fundamental difference in the out-
come of therapy with PEG-ADAand haploidentical transplan-
tation is that PEG-ADApatients develop autologous T lym-
phocyte function, while the T lymphocytes of transplanted pa-
tients are exclusively of donor origin.

Since untreated ADA-deficient SCID patients have small
numbers of T lymphocytes, it has not been possible to deter-
mine whether T lymphocytes that appear after PEG-ADAther-
apy result from the clonal expansion of pre-existing T lympho-
cytes that escaped intrathymic selection and metabolic death
due to ADAdeficiency or whether PEG-ADApermits the dif-
ferentiation of T lymphocytes de novo from immature thymic
precursors. To determine the origin of T lymphocytes after
PEG-ADAtherapy, we examined the pattern of immunologi-
cal reconstitution and antigen-specific function of T lympho-
cytes of two PEG-ADA-treated patients.

Methods

Biochemical studies
Heparinized venous blood was separated into plasma and packed red
cell fractions, which were frozen until analysis. Plasma levels of ADA
activity, levels of total erythrocyte adenine ribo- and deoxyribonucleo-
tides (dAXP) and erythrocyte levels of S-adenosylhomocysteine hy-
drolase (SAHase) activity were determined as previously de-
scribed (6-9).

ylene glycol-modified adenosine deaminase; PHA, phytohemagglu-
tinin; RBC, red blood cells; SAHase, S-adenosylhomocysteine hydro-
lase; SCID, severe combined immunodeficiency disease; TC, target
cells; TCR, T cell receptor.
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Immunophenotyping
Peripheral blood mononuclear cells were isolated by Ficoll-Hypaque
(Pharmacia LKBBiotechnology Inc., Piscataway, NJ) density centrifu-
gation. 1 X 106 cells were stained with optimal concentrations of each
monoclonal antibody, washed twice in a Sorvall Cell Washer (Ortho
Diagnostic Systems Inc., Raritan, NJ) with Immusal (Baxter Diagnos-
tics Inc., McGawPark, IL) and fixed in 1% paraformaldehyde. The
cells were analyzed on a FACScan® (Becton Dickinson and Co.,
Mountain View, CA) flow cytometer. Routinely, staining with fluores-
cein isothiocyanate or phycoerythrin-labeled monoclonal antibodies
directed at CD7, CD2, CD3, CD4, CD8, and CDI (Becton-Dickinson
and Co., and Coulter Corp., Hialeah, FL) was performed. Background
staining was determined by incubation with isotype-specific control
ascites. The percentage of positive cells with specific monoclonal anti-
bodies was determined by subtraction of background staining from the
specific staining, using a scale of log fluorescence intensity. Dim stain-
ing for CD3was defined by a fluorescence intensity between the maxi-
mumbackground staining (99% negative) with control ascites and five-
fold greater than the background. Bright CD3 staining was defined as
greater than fivefold brighter than the maximum background.

Proliferation assays
1 X 105 mononuclear cells were incubated in round-bottom wells in
96-well microtiter plates in RPMI 1640 medium with 2 mML-gluta-
mine, 50 U/ml penicillin, 5 gg/ml streptomycin, and 5% human A
serum. For mitogen assays, the cells were incubated with either me-
dium alone or with phytohemagglutinin (PHA; Difco Laboratories
Inc., Detroit, MI) at concentrations of 1:250, 1:1,250, or 1:6,250. At 72
h the cells were pulsed overnight with 1 MCi [3H]thymidine and har-
vested after 16 h. For antigen-specific proliferation, the cells were incu-
bated with either medium alone, tetanus toxoid 1:320 (Connaught
Labs Ltd., Willowdale, Ontario, Canada), or candida extract 1:160
(Hollister-Stier Miles Inc., Elkhart, IN). Antigen-specific proliferation
was measured as for PHA but at 120 h instead of 72 h. For some
experiments, recombinant IL-2 (Cetus Corp., Emeryville, CA) was
added at a final concentration of 60 IU/ml. All values are the mean of
triplicate wells. Results of proliferation assays were expressed as Acpm
(cpm, test - cpm, background) or as stimulation index (S.I.) (cpm,
test/cpm, background).

Natural killer cytotoxicity assays
Lysis of the K562 leukemia cell line was used to measure natural killer
(NK) activity. K562 target cells (TC) were radiolabeled by incubation
for f h at 37°C. Freshly isolated peripheral blood mononuclear cells
were used as the source of effector cells (EC). 1 X 104 TC were incu-
bated with EC in V-bottom wells at 37°C for 4 h at EC:TC ratios of
12:1, 25:1, and 50:1. EC-induced lysis of TC was determined by mea-
suring radioactivity in supernatants after incubation. Total release was
determined by detergent (NP-40) lysis of TC and spontaneous release
by measuring radioactivity after incubation of TC with media alone.
Results were expressed as the mean of triplicate wells. The percent
specific lysis of patient and control samples was expressed as:
test release(cpm) - spontaneous release (cpm) x 100
total release(cpm) - spontaneous release(cpm)

Patient summaries
Patient 1. Patient I is the full-term product of a normal pregnancy and
delivery in a 29-yr-old G3P2woman. The infant was well until 6 wk of
age, when he presented to Childrens Hospital Los Angeles with bilat-
eral interstitial pneumonia. He was treated empirically with antibiotics
for 2 wk. No organism was isolated. At 3.5 moof age, the patient was
admitted again to Childrens Hospital Los Angeles with recurrent bilat-
eral interstitial pneumonia. Viral culture demonstrated parainfluenza
type 2. He was admitted again at age 5.5 mo with recurrent parain-
fluenza type 2 pneumonia, which was treated with aerosolized riba-
virin. By this time failure to thrive was evident. Immunological evalua-
tion revealed very low numbers of T lymphocytes (absolute CD3 cell

number = 300/mm3) and complete absence of phenotypic (CD20+) B
lymphocytes. Proliferative responses to the mitogen PHAwere severely
depressed (mean = 810±39 cpm; normal, > 75,000 cpm). Ig levels
were diminished for age: IgG = 76 mg/dl (normal, 172-814), IgM
= 10 mg/dl (normal, 33-108), IgA = 3 mg/dl (normal, 8-84). Red
blood cell ADAactivity was absent (normal, 33-100 umol/h per g
hemoglobin), diagnostic of ADAdeficiency.

The patient did not have a histocompatible sibling donor. Compro-
mised pulmonary status and active parainfluenza infection increased
his risks of morbidity and mortality from pretransplant ablative chemo-
therapy and T lymphocyte-depleted haploidentical bone marrow
transplantation. Because of these risks, enzyme replacement therapy
with PEG-ADAwas instituted. During the period of study PEG-ADA
was administered once or twice weekly by intramuscular injections, as
described in Results.

Parainfluenza type 2 was treated with aerosolized ribavirin and
QODintravenous immunoglobulin (IVIg), but respiratory function
continued to deteriorate during the first 3 wk of therapy. From weeks 3
to 6 of PEG-ADAtherapy, the patient required mechanical ventilatory
assistance with endotracheal delivery of the ribavirin. After week 6, his
pulmonary status had improved so that mechanical ventilation was not
required, although he was still dependent on supplemental oxygen un-
til week 27. Cultures for parainfluenza type 2 remained positive until
week 12 of PEG-ADAtherapy. Ribavirin was discontinued at week 17
without recurrence of parainfluenza. The patient was discharged from
the hospital 22 wk after starting PEG-ADAtherapy. After week 25 he
received 30 mg/kg PEG-ADAonce weekly and IVIg once monthly.
After 1 yr of PEG-ADAtherapy, he was shown to have a normal hu-
moral response to OX174, and IVIg was discontinued. He has had no
new opportunistic infections, is now growing normally, and no longer
requires supplemental oxygen.

Patient 2. Patient 2 is the full-term product of an uncomplicated
pregnancy in a 14-yr-old GlPl woman. She is the product of a consan-
guineous union between the mother and a maternal uncle. She pre-
sented to Children's Hospital San Diego at 3.5 moof age with failure to
thrive and a history of diarrhea. She had an episode of bronchitis,
which was treated with ampicillin, 3 wk before admission. The pa-
tient's physical examination was remarkable only for evidence of fail-
ure to thrive. Less than 1% of the peripheral blood lymphocytes were
CD3+. Serum Ig levels were diminished: IgG = 108 mg/dl, IgM < 7
mg/dl, IgA < 7 mg/dl. There was no proliferative response to PHA.
Despite one immunization with tetanus toxoid, there was no protective
titer to tetanus. Red blood cell ADAactivity was absent.

On the 12th hospital day the patient developed fever and tachyp-
nea. Bronchoalveolar lavage fluid grew Pseudomonas but was negative
for Pneumocystis carindi or any virus. She responded to tobramycin
and ceftazidime. She received intravenous hyperalimentation, IVIg
twice weekly, and prophylactic trimethoprim-sulfamethoxazole during
hospitalization.

Onday 14 of hospitalization, she was started on twice weekly injec-
tions of PEG-ADA, as described in Results. 5 wk after beginning PEG-
ADA therapy, rotavirus infection was demonstrated in the patient's
stool. Rotavirus cleared by week 6 of PEG-ADAtherapy. The patient's
immunologic function and nutritional status improved so that she
could be discharged from the hospital by week 17 of PEG-ADAther-
apy. She is presently 11 mo of age with normal growth and develop-
ment. She continues to receive monthly IVIg but has been hospitalized
for only 2 d in the past 4 mo.

Results

Correction of metabolic abnormalities
Patient 1. After an initial intramuscular injection of 10 U/kg
body weight, weekly injections of 30 U/kg PEG-ADA were
begun at week 2. From weeks 1 to 5, preinjection (trough)
plasma ADAactivity averaged 11.2 Mmol/h per ml (Fig. 1).
Erythrocyte dAXP fell from 160 nmol/ml packed cells (a rela-
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Figure 1. Normalization of plasma ADAactivity, RBCdAXP, and
RBCSAHase levels in patient 1 during PEG-ADAtherapy. During
the first 6 wk of therapy, the PEG-ADAdose was 30 U/kg actual
body weight. The arrow at top left indicates when the PEG-ADAdose
was increased to 30 U/kg ideal body weight twice weekly. The arrow
at top right indicates when the PEG-ADAdose was decreased to 30
U/kg ideal body weight once weekly.

tively low level for ADA-deficient SCID, reflecting blood trans-
fusion) to 9 nmol/ml packed cells (normal, < 1-2 nmol/ml).
Erythrocyte SAHase activity increased from 0.37 to 1-1.6
nmol/h per mg protein (mean, 1.26), only 30% of normal
(4.2±1.9 nmol/h per mg).

During week 6, plasma ADAdeclined to 6.9 Mmol/h per ml
and red blood cell (RBC) SAHase fell to 0.56 nmol/h per mg.
The dose of PEG-ADAwas increased to twice weekly injec-
tions of 30 U/kg ideal body weight (the 50th percentile of
weight for the patient's age). Between weeks 7 and 25, plasma
ADAaveraged 47.9±11.7 ,imol/h per ml and RBCdAXP fell
to 1-3 nmol/ml packed cells (Fig. 1); SAHase activity normal-
ized at 4-6 nmol/h per mg. At week 27, a once weekly injec-
tion schedule (30 U/kg ideal body weight) was resumed. A
therapeutic level of plasma ADAactivity, ranging from 21 to
34 ,mol/h per ml, and essentially normal levels of RBCdAXP
and SAHase activity were maintained after this dose adjust-
ment.

Patient 2. Treatment of the second patient was initiated
with twice weekly injections of PEG-ADA(30 U/kg ideal body
weight per injection) . Plasma ADAactivity from weeks 2 to 29
averaged 65.8± 13.9 Mmol/h per ml. RBCdAXPdeclined from
a pretreatment level of 695 nmol/ml packed cells to an average
of 7±1 nmol/ml during weeks 7-29 of treatment. RBCSA-
Hase increased from 0.25 nmol/h per mg(pretreatment) to an
average of 4.1±1.1 nmol/h per mg for the same period.

PEG-ADA-induced T lymphocyte recovery
Before starting the PEG-ADAtherapy, the patients had no evi-
dence of phenotypically normal T and B lymphocytes. Circu-
lating T lymphocytes had a CD7+ CD2+ CD3dmCD4-
CD8- phenotype. No CD3b`gt CD4+ or CD3b"9t CD8+ T
lymphocytes were observed.

During the first weeks of PEG-ADAtherapy, no immediate
change in the phenotype was observed. Beginning at week 10 in

patient 1 and week 5 in patient 2, the number of CD3"i" lym-
phocytes increased (Figs. 2, 3 A, and 4 A). The CD3dim lym-
phocytes were CD4- and CD8-. After the appearance of
CD3d"' cells, there was a transient increase in the number of
CDl + cells. CDl + cells were detected from weeks 10 to 12 in
patient 1 and at week 9 in patient 2 (Figs. 3 A and 4 A). The
CDl + cells coexpressed CD3, CD4, and CD8.

T lymphocytes bearing the mature phenotype of CD33b'it
CD4+ or CD3b'igt CD8+ appeared only after the increases in
CD3dlm and CDl+ populations (Figs. 2, 3 A, and 4 A). Dual
fluorescence analysis demonstrated that the CD3t iO't lympho-
cytes expressed either CD4or CD8. Dual analysis with antibod-
ies directed against CD4and CD8 showed that the T lympho-
cytes did not coexpress both antigens. In patient 1, the first
CD3b1`0t cells observed (before week 14) predominantly ex-
pressed T cell receptor (TCR) y/b (76%). By week 15, 83%of
the population of CD3"1"t cells expressed TCRa/,8 and 17%
expressed TCRy/b. Subsequently, > 97% of the CD3"`0t cells
expressed TCRa/fl. In patient 2, TCRusage was first exam-
ined at week 15, at which time 99% of the CD3 "O' cells ex-
pressed TCRa/fl.

Recovery of T lymphocyte mitogen responsiveness
At the time of initiation of therapy the patients had severely
depressed proliferative responses to the mitogen PHA. Despite
the increase in the number of T lymphocytes during the first
8-14 wk of PEG-ADAtherapy, the PHA response remained
absent. In patient 1, beginning at week 15, T lymphocytes had a
proliferative response to PHA, but only in the presence of 60
IU/ml exogenous IL-2 (Acpm = 20,160±3,324, S.I. = 59; Fig.
3 B). For patient 2, a proliferative response dependent on exog-
enous IL-2 was present at week 9 (Acpm = 10,607±711, S.I.
=23) (Fig. 4 B).

Proliferative responses to PHA that were independent of
exogenous IL-2 developed after the IL-2-dependent responses.
3 wk after developing an IL-2-dependent response, patient 1
had proliferative responses to PHAwithout exogenous IL-2
(Acpm = 15,640±1,441, S.I. = 25), although the PHA re-
sponse was still augmented by exogenous IL-2 (Acpm
= 25,573±3,193, S.I. = 45). A proliferative response to PHA,
which was not augmented by exogenous IL-2, was demonstra-
ble 6 wk later. The PHAresponse without exogenous IL-2 con-
tinued to increase and was normal (Acpm > 75,000) by week
28 (Fig. 3 B). 2 wkafter the development of an IL-2-dependent
response, patient 2 had a normal proliferative response to PHA
(Acpm = 116,571+11,543, S.I. = 101), which was not depen-
dent on, or augmented by, exogenous IL-2 (Fig. 4 B).

Antigen-specific responses
The patients were tested for antigen-specific T lymphocyte pro-
liferation after immunization with tetanus toxoid. In patient 1,
an in vitro proliferative response to tetanus toxoid, which was
dependent on exogenous IL-2, was demonstrable by week 19,2
wk after immunization (Acpm = 21,164±5,333, S.I. = 10)
(Fig. 3 C). A tetanus toxoid-specific proliferative response,
which did not require exogenous IL-2, was detectable by week
21 (Acpm = 8,619±3,762, S.I. = 21). The response without
IL-2 was not equal to the IL-2-augmented response until week
24. Subsequent tetanus responses without exogenous IL-2 have
persisted (Fig. 3 C). Patient 2 was immunized at week 22 of
PEG-ADAtherapy. 2 wk later, a normal tetanus toxoid prolifer-
ative response not requiring exogenous IL-2 was demonstrable
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(Acpm = 22,630±8,799, S.I. = 30; (Fig. 4 C) In both patients 1

and 2, responses to purified monilia antigen developed in paral-
lel with the tetanus responses (data not shown). The candida
responses in both patients were initially dependent on exoge-

nous IL-2, but later became IL-2 independent.

NKassays

Patient 1 had no initial NK-mediated cytotoxicity. Before
starting PEG-ADAtherapy, the percentage of specific lysis of
K562 cells was 18%at 50:1 EC/TC ratio (control = 38%, labo-
ratory normal for infants = 42±14%). NK activity became
normal by week 23 of therapy with 36% specific lysis (control
= 47%). Patient 2 was not tested for NKactivity.

Discussion

Bone marrow transplantation, by introducing metabolically
normal lymphoid progenitors, results in normalization of im-
munological function in children with SCID, including ADA
deficiency (10, 11). PEG-ADA therapy has been previously
reported to induce T lymphocyte responses to mitogens in
ADA-deficient SCID (4). 40% of PEG-ADA-treated patients
have developed normal antigen-specific T lymphocyte re-

sponses ( 12, 13 ). This study is the first report of the ontogeny
of antigen-specific responses in PEG-ADA-treated patients. In
this study we demonstrate that optimal PEG-ADAtreatment
can result in antigen-specific T lymphocyte responses compara-

ble to those observed after bone marrow transplantation. The
pattern of immune reconstitution observed suggests that PEG-
ADAenzyme therapy resulted in maturation of ADA-deficient
thymic progenitors into functional T lymphocytes.

The phenotype of the patients' T lymphocytes after PEG-
ADAtherapy is consistent with the maturation of functional T
lymphocytes from immature thymic progenitors. After normal-
ization of the plasma ADAactivity and metabolic parameters,
the number of CD3'm lymphocytes increased. Such CD3dim T
lymphoid progenitors represent an early stage of thymic matu-
ration (14). Although most CD3dim thymic progenitors are

also CD4+ and CD8+, CD3dim CD4- CD8- cells, like those
observed in the patients, are also present in normal thymus
( 15, and Weinberg, K. I., unpublished observations). After the
appearance of CD3dim T lymphocytes, there was a wave of
lymphocytes expressing the CDl antigen, which is a marker of
an intermediate, possibly functionally inert, stage of thymic
ontogeny ( 16). CD1+ cells are found in newborn cord blood
and bone marrow transplant recipients in whomT lymphocyte
maturation is occurring ( 17, 18). Lymphocytes bearing a ma-

ture T lymphocyte phenotype, i.e., CD3b'gh' CDl- CD4+
CD8- or CD3b ght CDl - CD4- CD8+, did not appear until 3
mo after beginning PEG-ADAtherapy. As in normal thymic
maturation, the first mature CD3bbr*1 cells in patient 1 ex-

pressed TCR-y/b (19-21). The CD3bf"ht TCR-y/6 cells were

followed by the appearance of CD3b 'O' TCRa/ cells. TCR
usage was analyzed later in patient 2 than in patient 1, by which
time all of the CD3brlg2t cells were TCRa/fl.

The immunophenotyping results suggest that the normal-
ization of dAdo metabolism by PEG-ADAallowed immature
thymic progenitors to differentiate into successively more ma-

ture stages of T lymphoid development. The observed pattern
is different than what would be expected if PEG-ADAhad only
allowed the clonal expansion of mature T lymphocytes, which
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Figure 3. Pattern of immune reconstitution after PEG-ADAtherapy
in patient 1. PEG-ADAtherapy was begun at week 0. (A) The abso-
lute numbers of CD3 m, CD3b3I t, and CDl + cells is shown during
the first 32 wk of therapy. The inset box indicates when nasopharyn-
geal cultures for parainfluenza type 2 were positive. (B) The prolifer-
ative response to PHAis indicated in Acpm X 10-3 [3H]thymidine
incorporation. In vitro culture was performed with or without the
addition of 240 IU/ml of recombinant human IL-2. (C) The devel-
opment of tetanus-specific proliferative responses after immunization
with tetanus toxoid (arrow) is indicated in Acpm X 10-3 [3H]-
thymidine incorporation.
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recombinant human IL-2. (C) The development of tetanus-specific
proliferative responses after immunization with tetanus toxoid
(arrow) is indicated in Acpm X 10-3 [3H]thymidine incorporation.

were present before starting PEG-ADAtherapy. In the latter
case, the immediate appearance of CD3b3 t' cells would have
been expected.

The pattern of functional immune reconstitution was also
consistent with previous descriptions of T lymphocyte ontog-
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eny. As lymphocytes bearing a mature T lymphoid phenotype
became detectable in the peripheral blood, a proliferative re-
sponse to PHA was present only when exogenous IL-2 was
added to the cultures. The IL-2 dependence indicates that T
lymphocytes capable of expressing the IL-2 receptor were pres-
ent but that IL-2 production was absent. After the development
of an IL-2-dependent mitogen response, PHA-induced prolifer-
ation in the absence of exogenous IL-2 could be detected, dem-
onstrating normal in vitro production of IL-2. The PHA re-
sponse in the absence of exogenous IL-2 indicates that both
IL-2-dependent and IL-2-producing T lymphocytes were pres-
ent. A similar pattern of initial IL-2 deficiency has been de-
scribed in the immune reconstitution of bone marrow trans-
plant recipients (22, 23).

The development of antigen-specific T lymphocyte re-
sponses in the PEG-ADA-treated patients is similar to that seen
in patients after bone marrow transplantation or in normal
ontogeny (22-24). Mitogen responsiveness normally precedes
the development of antigen-specific responses. In patient 1,
PHA-responsive T lymphocytes were followed by antigen-spe-
cific responses to tetanus and candida, which were dependent
on exogenous IL-2. Patient 2 was immunized with tetanus tox-
oid later than patient 1. No early IL-2-dependent phase was
observed in tetanus responsiveness. The candida response of
patient 2 was initially IL-2 dependent. The need for exogenous
IL-2 indicates that relatively normal numbers of antigen-spe-
cific IL-2-dependent T lymphocytes are present, but that a defi-
ciency of IL-2-producing antigen-specific T lymphocytes ex-
ists. Several weeks later, antigen-specific proliferative re-
sponses, which did not require exogenous IL-2, were present. It
is not known whether the suboptimal IL-2 production is due to
a quantitative decrease in IL-2-producing cells or to a qualita-
tive defect in IL-2 production. The results with exogenous IL-2
suggest that therapy with recombinant IL-2 might be useful in
PEG-ADA recipients who have developed IL-2-dependent
cells but who still lack adequate IL-2 production.

The eradication of infection coincided with the appearance
of mitogen-responsive IL-2-dependent T lymphocytes. After
PEG-ADA therapy, patient 1 had normal NK function. It is
possible that NKactivity was partly responsible for the clear-
ance of the virus. NKcells have been shown to be important in
the control of other viral infections (25). The patient's ability
to tolerate withdrawal of ribavirin therapy is almost certainly
the result of development of antigen-specific responses to para-
influenza.

The studies of these two patients illustrate that PEG-ADA
administration must be individualized, based on monitoring of
both plasma ADA activity and metabolic abnormalities. Al-
though erythrocyte dAXP declined substantially in the early
weeks of patient l's therapy, trough plasma ADAactivity was
not maintained above 12 ,gmol / h per ml, a level used as a guide
to therapy in previous patients (4, 12, 26, 27). When red cell
SAHase did not normalize, we increased the PEG-ADAinjec-
tions from once to twice per week and calculated PEG-ADA
dose from ideal rather than actual body weight. After the dose
modification, plasma ADA activity increased fourfold, and
dAXP pools and SAHase activity normalized. The results in
this patient indicate that normalization of erythrocyte SAHase
activity is an important biochemical guide to the adequacy of
enzyme replacement with PEG-ADA.

Two factors may account for the higher dose requirement
in patient 1: first, at 6 moof age he was younger than previously

reported patients, who were 2-9 yr old when PEG-ADAwas
started; and second, he was severely ill and malnourished, a
catabolic state in which PEG-ADA, like other proteins, may be
eliminated more rapidly. Based on the results with patient 1,
treatment of patient 2 was initiated with twice weekly injec-
tions of PEG-ADA, which resulted in a more rapid normaliza-
tion of metabolic parameters. The pattern of immune reconsti-
tution in patient 2 paralleled that of patient 1, but it occurred
2-4 wk earlier, suggesting that more rapid metabolic correction
may be of immunologic benefit. Because of our experience
with these two patients and others in whomhigher doses have
had no adverse effects (Hershfield, M. S., unpublished observa-
tions), we recommend that new patients, particularly if se-
verely ill or < 1 yr of age, should initially be treated with twice
weekly doses of PEG-ADAcalculated from ideal body weight.
The dose can be modified later, based on the biochemical and
immunologic response.

This study demonstrates that antigen-specific T lympho-
cyte function can be successfully achieved in ADA-deficient
SCID after optimal PEG-ADA therapy. Antigen-specific T
lymphocyte responses, as described in this report, have devel-
oped in - 40% of patients treated with PEG-ADA(12, 13).
Further studies of other PEG-ADA-treated patients will be re-
quired to determine which factors predict a complete response
to PEG-ADAtreatment. The quality of immune reconstitution
is comparable to that achieved after haploidentical T lympho-
cyte-depleted bone marrow transplantation (24). There may
be better recovery of humoral immune function in patients
who respond to PEG-ADAthan in those who show stable en-
graftment after haploidentical marrow transplantation (28).
Unlike bone marrow transplantation, PEG-ADA therapy is
not complicated by the risks of cytoreductive chemotherapy,
which is frequently required for transplantation in ADAdefi-
ciency (1 1, 29). As in T lymphocyte-depleted bone marrow
transplants, the antigen-specific T lymphocytes appear to de-
velop from immature thymic progenitors. Thus, PEG-ADA
therapy of SCID is a model for the study of postnatal thymic
differentiation.
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