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ABSTRACT. A 4-y-old female with severe combined im- 
munodeficiency disease had normal numbers of T cells in 
her circulation and normal T-cell subsets. However, her T 
cells proliferated poorly to mitogens and did not proliferate 
to antigens or to anti-CD3 MAb. IL-2 receptor expression 
was normal, but IL-2 synthesis was undetectable. The 
addition of recombinant IL-2 to a mitogen-stimulated cul- 
ture resulted in normalization of the proliferative response. 
Northern blot analysis of total RNA derived from the 
patient's T cells revealed a weak or absent expression of 
mRNA coding for IL-2, IL-3, IL-4, and IL-5. In contrast, 
there were normal amounts of mRNA coding for granulo- 
cyte-macrophage colony-stimulating factor. Tumor necro- 
sis factor and IL-6 production were also normal. Nuclear 
run-on transcriptional assays revealed markedly decreased 
levels of newly initiated nuclear transcripts coding for IL- 
2, IL-3, IL-4, and IL-5 and normal levels of granulocyte- 
macrophage colony-stimulating factor transcripts in the 
patient relative to control lymphocytes. Gel retardation 
assays suggest that the NFAT-1 nuclear transcription com- 
plex is abnormal in this patient. These results indicate that 
the patient suffers from a defect that affects the transcrip- 
tion of multiple T-cell lymphokines and suggest that ab- 
normalities affecting the production of T-cell lymphokines 
may underlie some of the primary immunodeficiency dis- 
eases. (Pediatr Res 33 (Suppl): S20-S23, 1993) 

Abbreviations 

IFN-y, interferon-y 
NFAT, nuclear factor of activated T cells 
TCR, T-cell receptor 
TNF, tumor necrosis factor 

Cellular and humoral immune responses to antigens are strictly 
dependent on the synthesis by activated T cells of a multitude of 
soluble factors. These factors include the IL, IFN-r, colony 
stimulating factors, TNF-a and TNF-@, transforming growth 
factor-@, and other as yet uncharacterized factors (1, 2). 

We describe a case of primary severe combined immunodefi- 
ciency disease with normal numbers and phenotypes of circulat- 
ing lymphocytes that were deficient in their capacity to synthesize 
multiple lymphokines. 

CASE REPORT 

The patient, who is a girl, is 4 y 8 mo old and was born at 37 
wk of gestation. At 2 mo of age, the patient developed a gener- 
alized vesicular eruption after exposure to a sibling with chicken 
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pox. This ultimately resolved after i.v. therapy with acyclovir. 
Investigation of her immune function at 6 mo of age revealed 
normal lymphocyte count and phenotype, an absent delayed- 
type hypersensitivity response to a battery of seven antigens, 
impaired in vitro proliferation of T cells to mitogens, hypogam- 
maglobulinemia (IgG 170 mg/mL; IgA < I  mg/mL; IgM 12 mg/ 
mL) and low varicella zoster titers (IgG 1 : 16; IgM 1 :8). Tests for 
human immunodeficiency virus in the child and in the mother 
were negative. Tests for the activity of adenosine deaminase and 
purine nucleoside phosphorylase were normal. The patient was 
placed on i.v. immune globulin, yet she suffered from progressive 
opportunistic infections including oral thrush and Pneumocystis 
carinii pneumonia and failed to thrive. At 6 and 8 mo of age, 
she received two bone marrow transplants with a T-cell-depleted 
haploidentical (paternal) bone marrow graft. Based on the obser- 
vation that the patient's T cells failed to secrete detectable 
amounts of IL-2 upon stimulation with mitogens but proliferated 
well to the combination of mitogens and exogenous IL-2, the 
patient was started on i.v. IL-2 replacement therapy with a 
remarkable clinical response (3). 

RESULTS 

Flow cytometric analysis of the patient's circulating lympho- 
cytes at the age of 6 mo revealed normal absolute numbers and 
percentages of T cells that expressed the TCR/CD3 complex, 
CD4, and CD8. Despite their normal number and phenotype, 
the patient's lymphocytes failed to proliferate in response to the 
mitogenic anti-CD3 MAb OKT3 (Ortho Pharmaceutical Corp., 
Raritan, NJ) to a mitogenic combination of anti-CD2 MAb, 
OKTI 1 + 9.6, or to phytohemagglutinin (Table 1). Most impor- 
tantly, as shown in Table 1, the proliferative defect was corrected 
by the addition of recombinant IL-2. Table 2 demonstrates that 
mitogens induced the expression of the IL-2 receptor on the 
patient's T cells, albeit to a lesser extent than that observed for 
control T cells. However, the secretion of IL-2 by the patient's T 
cells upon their activation by agonistic antibodies was either 
severely defective or undetectable. This defective cytokine pro- 
duction was restricted to T cells and involved IFN-./ as well as 
IL-2. In contrast, the monocyte-derived cytokines, (IL-4, TNF- 
a ,  and IL-6) were produced normally (Table 3). 

The defective synthesis of multiple lymphokines by the pa- 
tient's T cells could be the result of an abnormality affecting the 
transduction via cell surface receptors of signals necessary for the 
induction of lymphokine synthesis, e.g. elevation in free intra- 
cellular Ca2+, and activation of protein kinase C (4). Alterna- 
tively, the defective production of lymphokines by the patient's 
lymphocytes could have resulted from a more distal abnormality. 
Treatment of the patient's peripheral blood lymphocytes with 
the protein kinase C activator phorbol myristate acetate and the 
calcium ionophore ionomycin could induce only a modest syn- 
thesis of IL-2, IFN-7, and IL-4. This suggested that the defective 
synthesis of lymphokines by the patient's peripheral blood T 
cells was related to an abnormality distal to the generation of 

!O 



IMMUNODEFICIENCY WITH T-CELL CYTOKINE GENES s2 1 

Table I .  Immunologic function of patient and control T Control Patient 
lymphocytes* o ? b + , ? . !  0 5 b 1 % , ? . ~  

(3H)Thymidine incorpo- 
ration (cpm) 

Stimulus Patient Control IL-2 
Medium 538 1911 b 
Medium + IL-2 13 336 60 060 
Anti-CD3 (OKT3) 720 22 680 
Anti-CD3 + IL-2 67 785 198 090 
Anti-CD2 673 183 487 
Anti-CD2 + IL-2 298 610 268 160 
PHA-P 25 583 365 690 
PHA + IL-2 521 010 418 070 

* Recombinant IL-2 was used at 100 U/mL. All MAb were used at 1 
crg/rnL and PHA-P was used at 10 crg/rnL. Results are means of triplicate IL-4 rlrs 
determinations. Similar results were found in five other experiments. 
PHA, phytohemagglutinin. 

Table 2. IL-2 and IL-2 receutor 1IL-2RI-a chain exuression* 
IL-2R (% + cells) IL-2 (fmol/mL) 

Stimulus Patient Control Patient Control 

Medium <2 <2 ND ND 
PHA 20 69 1.5 947 
PMA + ionomycin 30 75 69 3262 Interferon-y 
* IL-2R expression was assessed by fluorescence-activated cell sorter 

analysis 48-72 h after stimulation. IL-2 was assessed by an RIA in 
supernatants of 1 x lo6 cells using an anti-IL-2R-a chain MAb conju- 
gated to FITC. PHA, phytohemagglutinin; PMA, phorbol myristate 
acetate. GM CSF 

A& 

Table 3. Cytokine synthesis after PMA plus ionomycin 
stimulation* 

Patient Control 

* PMA (phorbol myristate acetate) was used at 20 ng/mL and iono- 
mycin at 0.5 crM. Similar results were found in three other experiments. 

second messengers that follows the engagement of the TCR/CD3 
complex (5). 

T-cell lines were generated from the patient's peripheral lym- 
phocytes and were similar to the patient's peripheral blood T 
cells in their inability to secrete lymphokines upon stimulation 
with mitogens. Northern blot analysis of total cellular RNA 
isolated from these cell lines upon activation with phorbol my- 
ristate acetate and ionomycin revealed profound decreases in the 
levels of mRNA coding for IL-2, IL-3, IL-4, IL-5, and IFN-y 
with otherwise normal message size for each of these lympho- 
kines (6) (Fig. 1). The time courses for lymphokine mRNA 
accumulation in patient and in control lymphocytes were iden- 
tical. The specificity of these abnormalities was suggested by 
normal mRNA levels found for two other genes transcribed by 
T cells, the cytokine granulocyte-macrophage colony-stimulating 
factor (Fig. I) and the TCR-associated protein CD3-{. 

The decreased lymphokine mRNA levels could result from a 
decreased rate of initiation of lymphokine gene transcription 
upon lymphocyte activation. Alternatively, it could result from 
enhanced degradation of lymphokine mRNA, which is otherwise 
transcribed at a normal rate. To differentiate between these two 
possibilities, we used a nuclear run-on transcription assay. The 
results obtained showed that the rate of initiation of IL-2, IL-4, 
and IL-5 transcription upon cell activation was markedly de- 

Fig. I .  Expression of lymphokine mRNA in patient and in control 
T-cell lines stimulated with phorbol myristate acetate at 20 ng/mL and 
0.5 mM ionomycin for the indicated periods (in h). Ten pg of total 
cellular RNA per sample were fractionated on 1 % agarose/formaldehyde 
gel, transferred to nitrocellulose filters, and probed for the respective 
lymphokine, as described. GM-CSF, granulocyte-macrophage colony- 
stimulating factor. 

creased in the patient's T cells as compared to control lympho- 
cytes (6) (Fig. 2). Thus, the defect in the patient's lymphocytes 
involved a failure of initiation of lymphokine gene transcription. 
The defect in the patient's lymphocytes likely involves an abnor- 
mality affecting a regulatory factor that participates in the initi- 
ation of transcription of these lymphokines upon T-cell activa- 
tion. 

Several DNA regulatory elements govern the transcription of 
IL-2. These include NF-KB, AP- I, OCT- 1, and NFAT- I (Fig. 3). 
The migration of NFAT- 1 complex was faster in the patient than 
in controls. In contrast, migration patterns of NF-KB, AP- 1, and 
OCT-1 complexes were normal. The results suggest that the 
patient's defect involved a defective NFAT- 1 -binding complex. 
We are currently assessing the functional significance of this 
abnormality by examining the capacity of NFAT-I oligonucle- 
otide versus AP- I, NF-KB, and OCT- 1 oligonucleotides to drive 
the transcription of a reporter gene in T-cell lines derived from 
the patient versus controls. 

The causal relationship between defective IL-2 production by 
the patient's lymphocytes and her immunodeficiency state was 
highlighted by the complete correction of the poor in vitro 
proliferative responses of her lymphocytes to mitogens and the 
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Fig. 2. Assay for initiation of transcription of lymphokine genes in 
patient and control T-cell lines either left untreated (-) or stimulated 
with phorbol myristate acetate and ionomycin for 1 h (+). Nuclear RNA 
was prepared, labeled, and, after equalization for number of counts in 
patient and control samples, probed for respective lymphokine tran- 
scripts, as described. Transcripts of noninducible P-actin gene were used 
as positive control, and plasmid pBR322 DNA (PBR 322) was used to 
measure nonspecific hybridization. GM-CSF, granulocyte-macrophage 
colony-stimulating factor. 
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Fig. 3. Protein-binding sites on the regulatory region of IL-2. 

improvement in her clinical status upon initiation of IL-2 re- 
placement therapy (3). Interestingly, despite defective expression 
of multiple lymphokines, replacement therapy with IL-2 alone 
was sufficient to restore her immune function. IL-2 could up- 
regulate the production of some lymphokines that are defectively 
expressed by the patient's lymphocytes, e.g. IFN-y. Indeed IL-2 
supplementation caused a modest increase in IFN-y production 
by the patient's lymphocytes (data not shown). The function of 
other lymphokines such as IL-3 is to a large extent redundant 
because of its similarity to that of cytokines such as colony- 
stimulating factors (e.g. granulocyte-macrophage colony-stimu- 
lating factor), the production of which was apparently unaffected. 
This would account for the normal hematopoiesis observed in 
this patient. 
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FLOOR DISCUSSION 

Dr. Ballow: Are antibodies to NFAT available? 
Dr. Geha: No, they are not. NFAT is a little complex. It has 

more than two components. Two components are currently 
being cloned by Dr. Gerry Crabtree. There is a third component 
of NFAT that was just described by a group at the NIH (National 
Institutes of Health). 

Dr. Ballow: Do you mean chain? 
Dr. Geha: Yes, and as we were doing the study, something 

interesting came up. There is competition between the AP-1 
sequence and the NFAT sequence for binding to NFAT. Fur- 
thermore, the AP-l jun/fos dimers bind to NFAT-l and can 
form part of the NFAT complex. This may be important in the 
way the amount of IL-2-driven expression is regulated, because 
there is a lot of AP-1 around. Very little is known about the 
structure of NFAT, but in addition to the nuclear and cyto- 
plasmic components, which are in the 40- to 50-kD range, there 
is an additional component with a lower molecular mass of 
about 27 kD. From our gel retardation data, this patient shows 
a fast-migrating NFAT-1 complex, which suggests that a com- 
ponent of the complex is defective. 

Dr. Gelfand: Are you suggesting that this patient has both the 
cytoplasmic and the nuclear, but the association is abnormal? 

Dr. Geha: Yes. If you look at 2 h, this patient's NFAT complex 
migrates identically to normal NFAT, but when you look at 4 
and 8 h, the pattern changes. When we exchanged reagents with 
Dr. Crabtree, the position at which our patient's NFAT migrates 
at 4 and 8 h is the same abnormal position as his reconstituted 
nuclear plus cytoplasmic component. Thus, a third component 
of NFAT may be abnormal or unstable. 

Dr. Gelfand: I understand. So why couldn't the defect be at 
the level of the phosphatase that is responsible for the nuclear 
translocation? 

Dr. Geha: In our study, we have taken the nuclear extract, so 
the cytoplasmic component, the putative target of the phospha- 
tase, is already translocated to the nucleus. 

Dr. Gelfand: But they fall off! 
Dr. Geha: That is true. So either there is a component that is 

falling off or maybe one of the two chains is unstable and breaks 
down. 

Dr. Gelfand: But the phosphate may be insufficient and lim- 
iting? 

Dr. Geha: Perhaps, but at 2 h the intensity of the NFAT 
complex in the nuclear extract is not bad at all. It is the position 
that falls off later. 

Dr. Gelfand: In the cyclosporine effects, once you activate the 
cells to promote the initial regulation or transcription of IL-2, 
cyclosporine is no longer able to inhibit the subsequent transcrip- 
tion. In a way, your case resembles this situation in that you 
have initial transcription. 

Dr. Geha: No. Phenotypically it looks like a cylcosporine 
defect but it is indeed a different defect. Phenotypically it looks 
as if this patient has been taking cyclosporine so the NFAT-I 
isn't working. 

Dr. Gelfand: Have you tried to stimulate IL-2 transcription 
through the other cyclosporine so-called resistant pathway by 
taking PMA (phorbol myristate acetate) and anti-CD28 to deter- 
mine whether or not NFAT is turned on appropriately or IL-2 
is turned on? 

Dr. Geha: No, we have not. But since in transfection assays 
the CD28 effect on IL-2 transcription depends on an intact NF- 
AT element (but not vice versa) it is unlikely that anti-CD28 will 
correct the defect. Note added in revision: No correction was 
obtained when anti-CD28 was tested. 

Dr. Strober: In my talk this morning, I mentioned that among 
the common variable immunodeficiency patients, those that 
made less IL-2 than normal had considerable reconstitution of 
their cells when they were stimulated with anti-CD28. Anti- 
CD28 apparently uses a different nuclear transcription factor 
and different site, 5' to the IL-2 gene. So one would predict that 
anti-CD28 will give you a much more normal pattern in this 
case as well. It is worth trying. 

Dr. Sorensen: Do you know if all the patients who have IL-2 
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deficiency and severe combined immune deficiency have a sim- 
ilar defect? I ask you the question because Me1 Berger and I have 
been following a child with no IL-2 expression who clearly does 
not have severe combined immune deficiency and who seems to 
have a restricted and very severe defect of proliferation. That 
child is now 15 y old. We were quite puzzled as to why this 
patient of ours appears to be doing relatively well, save when he 
gets unusual infections, and why patients like the one you 
described develop severe combined immune deficiency. I think 
you have given us a clue there, but I wonder if this is a general 
problem. 

Dr. Geha: We have only found one patient. As you know, 
Robbie Parkman had another patient who looked different. 
Richard O'Reilly also had a patient with IL-2 deficiency, but I 
don't remember all the data on that case. 

Dr. Gelfand: That is important because the patient described 
in the Flominberg paper also had IL-4 and some normal IFN-7. 
If I look at the gels very carefully, it seems to me it wasn't only 
IL-2 but other genes that were down and only IFN-7 was 
expressed normally. So this may be a common phenotype. I'm 
not sure we've seen a true IL-2 gene deletion described in the 
literature yet. 

Dr. Geha: I agree with you. 
Dr. Gelfand: Why do you think this patient is hypogamma- 

globulinemic? 
Dr. Geha: I think if your T cells are not doing too well, your 

B cells won't do too well. 
Dr. Gelfand: That makes sense to me. The gene knockout 

experiments with these individual lymphokines have shown that 
the immunoglobulins are not going down except for IgE and the 
IL-4 type and so on. It is an interesting association. 

Dr. Geha: Actually our patient's B cells were tested, and they 

were in what we consider a stressful system, an IgE production 
system, and did very well. 

Dr. Pahwa: As in the case you described, we did a bone marrow 
transplantation in one of our patients, using busulfan (at 16 mgl 
kg) and cyclophosphamide (at 200 mg/kg), and she rejected the 
marrow. We did a second transplant and she rejected the second 
transplant. In severe combined immune deficiency, if there is no 
matched sibling and repeated rejection of the marrow, I think 
one should consider the possibility of some cytokine deficiency. 
Patients with IL-2 deficiency are more difficult to reconstitute 
and, as we have heard at this meeting, ADA-deficient (adenosine 
deaminase-deficient) patients are difficult to reconstitute. In 
some of these subgroups, I think we should look for patients who 
have not been reconstituted and have one of the cytokine defi- 
ciencies. 

Dr. Geha: We would like to study your patient if you are 
willing to share some cells. 

Dr. Gelfand: Dr. Pahwa, I am not quite sure I understand 
which cytokine-deficient patients you feel are harder to engraft, 
because every SCID (patient with severe combined immune 
deficiency) is cytokine deficient if they don't have T cells, as 
most SCIDs don't. 

Dr. Pahwa: When you do a bone marrow transplantation using 
cyclophosphamide, busulfan, or any cytoreduction, there is a 
temporary reconstitution of the donor T cells. The donor T cells 
will produce IL-2, and that IL-2 immediately will induce a 
rejection. So in these patients you have to go for a higher 
cytoreduction, which is 24 mg of busulfan and 240 mg of 
cyclophosphamide. If you give a little less, you get a temporary 
engraftment, but as soon as you get donor-derived IL-2 there is 
immediate rejection. That is a problem we have observed with 
IL-2 deficiency: when we transplant we get rejection. I believe 
this is also the observation from Duke University. Am I correct, 
Dr. Schiffer? 

Dr. Schiffer: That is correct. 
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