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ABSTRACT A 3-yr-old female patient exhibited interleu-
kin 12 (IL-12) deficiency that was associated with recurrent
episodes of pneumococcal pneumonia with sepsis and other
infections in the absence of fevers. The patient’s peripheral
blood mononuclear cells (PBMCs) exhibited normal prolifer-
ative responses to antigens. Immune responses, including in
vivo production of antibodies to diphtheria, tetanus, or pneu-
mococcal antigens, were normal. Ig levels and B cell and T cell
phenotypes were also normal. In contrast, IL-12 p70 het-
erodimer production was undetectable by using supernatants
of the patient’s stimulated PBMCs when compared with
control cells treated similarly. Although present, interferon y
(IFN-v) was reduced. The addition of recombinant IFN-y to
control cells enhanced the production of IL-12 by up to sixfold.
By contrast, IL-12 was undetectable in supernatants of the
patient’s cells in the presence of recombinant IFN-+y. IL-12 p40
subunit mRNA by using the patient’s PBMCs after stimula-
tion with Staphylococcus aureus Cowan strain 1 or lipopoly-
saccharide was also undetectable by reverse transcription—
PCR when compared with control cells. Production of IL-2,
IL-6, tumor necrosis factor «, or IFN-y of the patient’s
PBMCs after appropriate stimulation was observed. This
patient has either a defect in Staphylococcus aureus Cowan
strain 1-lipopolysaccharide- or staphylococcal enterotoxin
A-induced signaling pathways for the activation of IL-12 p40
gene expression, or an abnormality in the IL-12 p40 gene itself.

Primary immunodeficiency diseases are attributable to a de-
ficiency in cellular, humoral, or molecular functions of the
rather complex immunity systems. Patients with primary im-
munodeficiency diseases usually present clinically with an
increased frequency, severity, or persistence of infections or
with an occurrence of infections that are attributable to
opportunistic pathogens. Although >50 well-defined generally
genetically determined primary immunodeficiencies and a
similar number of complex syndromes in which immunodefi-
ciency represents but one component have been already
defined, the precise basis for the immunodeficiency of many
patients who exhibit increased susceptibility to infections or
present with unusual infections has remained elusive. Cells of
normal immune systems respond to products of bacterial or
other intracellular or extracellular pathogens by producing a
variety of cytokines that are crucial to bodily defenses. Thus,
evaluation of the cytokine profiles by using the cells or serum
of patients with apparent immunodeficiency represents one
logical approach to elucidate the mechanisms of unexplained
immunodeficiency states.

Immunodeficiencies that are attributable to cytokine defects
to date include a deficiency of expression of interleukin 2
(IL-2) and IL-2 mRNA (1, 2), multiple cytokine deficiencies
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that include IL-2, IL-4, IL-5, and interferon y (IFN-vy); these
cytokine deficiencies are attributed to abnormalities of the
nuclear factor of activated T cells (NF-AT) in the promotor
region of IL-2 (3), and a deficiency of the receptor for IFN-vy
(4-8) or IL-12 (9, 10).

Herein, we present the results of an investigation of cytokine
production and cytokine gene expression by using cells from a
child who suffered from recurrent pneumonia and frequent,
recurrent infections caused by high-grade pyogenic bacterial
pathogens, including Streptococcus pneumoniae or Staphylo-
coccus aureus, but who did not exhibit fevers. A comprehensive
evaluation of the specific immunoparameters known to be
associated with increased susceptibility to infection with these
pathogens failed to reveal a basis for the immunodeficiency of
this child. Instead, we found that this patient exhibited a
profound deficiency in the expression and production of IL-12.

IL-12, a heterodimeric cytokine, is comprised of two sub-
units, p40 and p35 (11-14). This cytokine is produced mainly
by monocytes/macrophages and promotes the development
and activity of cytotoxic T lymphocytes, natural killer cells,
lymphokine-activated killer cells, and macrophages; conse-
quently, IL-12 may participate in host defenses against a
variety of microbial pathogens (15-17). IL-12 is potentially a
vital regulator of the cytokine network and as such may
represent an important mediator of the outcome of infectious
diseases (15-17). Therefore, it is attractive to consider failure
of IL-12 production as a possible basis of primary immuno-
deficiency in humans, and in this patient in particular.

CASE REPORT

The patient KC, a product of an incestuous relationship, is a
3-yr-old girl born to a 15-yr-old mother. At 5 wk after birth, the
child was hospitalized for buccal cellulitis, at which time
infection with S. aureus was present at the site of the cellulitis.
At 2 mo of age, the patient was hospitalized for cervical
lymphadenitis. At 10 mo of age, the patient had severe
impetigo without fever. At 11 mo, she was hospitalized again
for a pulmonary infection, and S. pneumoniae was cultured
from the blood. She was hospitalized 2 mo later for septic
arthritis of the left hip and also at 15 mo of age for cellulitis
of the right big toe. Both of these admissions were associated
with pneumococcal infections, and the etiology was estab-
lished. At 17 mo and again at 19 mo, the child was hospitalized
for pneumonia and then for cervical lymphadenitis, but blood
cultures on these occasions were negative. Most recently, the
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child has had an additional septic infection associated with
rather impressive lymphadenitis; S. pneumoniae was again
cultured from the blood (Table 1). Laboratory studies, includ-
ing a rather comprehensive evaluation of immunological pa-
rameters, were normal, with the exception that she exhibited
an impressive and consistent deficiency in the production of
the cytokine IL-12.

MATERIALS AND METHODS

Flow Cytometric Analysis. The following mAbs (Coulter)
were used for flow cytometric analyses: RD1/phycoerythrin-
labeled anti-CD2, anti-CD4, anti-CD14, anti-CD56, and con-
trol mouse IgG1; PC5-labeled anti-CD3 and control mouse
IgG1; fluorescein isothiocyanate-labeled anti-CDS, anti-
CD20, and control mouse IgG1; and energy-coupled dye-
labeled anti-CD19 and control mouse IgG2b. The cells were
analyzed by three-color fluorescence flow cytometry by using
an Epics XL-MCL flow cytometer (Coulter).

Proliferative Assays. The following lectins or antigens (Ags)
were used for lymphocyte proliferation assays: phytohemag-
glutinin (Difco), Con A (Calbiochem), pokeweed mitogen
(Life Technologies, Grand Island, NY), tetanus toxoid (Con-
naught Laboratories), Candida albicans (Greer Labs, Lendir,
NC), and fixed S. aureus Cowan strain 1 (SAC) (Pansorbin,
Calbiochem). Peripheral blood mononuclear cells (PBMCs)
were stimulated with lectins at 1 X 10%/200 ul/well or with Ags
at 2.5 X 105200 pl/well in a 96-well U-bottom plate for 48 h
and then pulsed with [*H]thymidine (0.5 wCi/well for lectin
stimulation, 1.0 wCi/well for Ag stimulation; 1 Ci = 37 GBq;
Amersham) for another 18 h.

Immunological Analyses. Ig levels and IgG subclass levels of
Igs (IgG1, IgG2, 1gG3, and IgG4) were performed by using
standard techniques. Other analyses included pneumococcal,
diphtheria, and tetanus antibody titers; phagocytic functions;
and complement levels. Determination of HI'V was performed
by using an HIV DNA-PCR kit (Amplicor; Roche Diagnos-
tics).

Cell Culture. PBMCs from the patient and a healthy HIV-
negative control were isolated by density gradient centrifuga-
tion by using Ficoll-Paque Plus (Pharmacia Biotech) and
tested at 4 X 103 cells/200 ul/well in a 96-well flat-bottom plate
for ELISA or at 10 X 10° cells/5 ml/well in a 6-well plate for
RNA analysis in RPMI 1640 medium with 10% fetal bovine
serum (HyClone), 100 units/ml penicillin, and 100 ug/ml
streptomycin for 24 h in a humidified 5% CO,/95% air
incubator. For ELISA, the PBMCs were stimulated with
1:10,000 (wt/vol) of SAC for 24 h, with 10 ng/ml of staphylo-
coccal enterotoxin A (SEA) (Toxin Technology) for 24 and
48 h, or with phorbol 12-myristate 13-acetate (PMA) plus
ionomycin (both from Sigma) for 24 h. For RNA analysis, the
PBMCs were stimulated with 1:10,000 (wt/vol) of SAC or with
1 wg/ml of lipopolysaccharide (LPS) from Escherichia coli
serotype 055:B5 (Sigma) for 4 h.

ELISA. Supernatants from the cell cultures were harvested,
centrifuged to remove cell debris, aliquoted, and stored at

Table 1. History of infections

Age Infections
5wk Buccal cellulitis, sepsis (S. aureus), and severe thrush
2 mo Cervical lymphadentis
10 mo Severe impetigo
11 mo Pneumonia and sepsis (pneumococcus)
13 mo Septic arthritis of left hip
15 mo Right big toe cellulitis with sepsis (pneumococcus)
17 mo Pneumonia (negative cultures)
19 mo Cervical lymphadenitis
25 mo Lymphadenitis (pneumococcus)

Proc. Natl. Acad. Sci. USA 95 (1998)

Table 2. Flow cytometric analysis of PBMCs of patient (KC)

CD markers % Positive cells

CD2 71

CD3 68-69
CD4 51-54
CD8 13-15
CD14 17

CD19 27-28
CD20 25-27
CD56 2-3

A total of 5,000 cells per sample were analyzed. Results are
representative of multiple separate samples.

—70°C until analyzed. Immunoassay kits from R & D Systems
(Quantikine) were used to measure the concentrations of
human IL-2, IFN-vy, and IL-12 p70 in the supernatants. The
concentrations of IL-6 and tumor necrosis factor o (TNF-«)
was measured by using human ELISA kits from Immunotech
(Westbrook, ME) and BioSource Europe (Medgenix; Fleurus,
Belgium), respectively. The sensitivity of the assay is =3 pg/ml
for IFN-vy, IL-6, and TNF-o; =<5 pg/ml for IL-12 p70; and =7
pg/ml for IL-2. To determine whether the deficiency of IL-12
was attributable to the reduced IFN-y observed in the patient’s
cells when stimulated with SAC or SEA, experiments were
performed in which recombinant human IFN-vy (specific ac-
tivity of =2 X 107 units/mg; PeproTech, Rocky Hill, NJ) was
added in vitro to control cells or to the patient’s cells in varying
concentrations; the mixtures were incubated for 24 h. Super-
natants from the cell cultures were harvested as described
above and analyzed for IL-12 p70 by ELISA by using the kits
indicated above.

RNA Analysis. Total cellular RNA was isolated from the
cells by using RNAzol (Biotecx Laboratories, Houston) ac-
cording to the manufacturer’s protocol with modifications.
cDNA was made from RNA samples by using Promega’s
Reverse Transcription System in a Perkin—-Elmer/Cetus 9600
Thermal Cycler. PCR primers specific for human IL-12 p40
and p35 subunits and B-actin were synthesized from Integrated

Table 3. Proliferative responses of PBMCs of the patient (KC) to
Ags or lectins

[*H]Thymidine
incorporation, dpm
Stimulant KC control
SAC 1:8,000, wt/vol 70,074 13,036
1:800 111,163 17,196
1:80 71,648 16,190
Candida 4 ng/ml 12,107 30,904
20 18,447 39,935
100 30,379 29,943
Tetanus 0.1 Lf 4,855 12,741
0.3 5,845 24,118
0.5 10,694 25,855
Medium 2,331 2,081
Phytohemagglutinin 1 pg/ml 133,573 190,312
2 249,044 247,795
4 362,278 279,132
Con A 25 pg/ml 130,906 80,755
50 191,778 160,960
100 202,751 166,265
Pokeweed mitogen 1:50 41,117 57,341
Medium 682 793

PBMCs were incubated for 66 h with varying concentrations of Ags
or lectins. The proliferative responses were determined in terms of
[*H]thymidine uptake into the cells during the last 18 h of culture.
Results are expressed as the mean of triplicate cultures. The deviation
from the mean is always <10% of the mean value. Results are
representative of two separate studies.
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Table 4. Determination of IFN-vy, IL-2, IL-6, and TNF-« with SAC, SEA, or PMA plus ionomycin using the patient’s cells

IFN-y IL-2 1L-6 TNF-a IL-12 p70*

Stimulant KC C KC C KC C KC C KC C
SAC =3 1,104 37 =7 156 10,000 1,138 13,568 =5 32
SEA 241 1,146 1,208 2,472 156 600 11,295 10,633 =5 441
PMA + iono 1,170 1,138 2,619 2,381 10,000 10,000 9,971 6,748 =5 =5
Medium =3 =3 =7 =7 =3 =3 =3 27 =5 =5

PBMC:s from the patient (KC) or control (C) were incubated with SAC, SEA, or PMA plus ionomycin (iono) for 24 h. Cytokine yields (pg/ml)
in the culture supernatants were measured by ELISA. Results are expressed as the mean of triplicate cultures. The deviation from the mean is

always <10% of the mean value.

*IL-12 determinations were performed in three separate experiments. A 48-h culture of IL-12 supernatant also was tested. The result of KC’s IL-12

at 48 h was <5. C IL-12 was 241 pg/ml.

DNA Technologies (Coralville, IA). Their sequences were as
follows: IL-12 p40 sense, 5'-TCAAAGAGTTTGGAGAT-
GCTGGCC-3"; IL-12 p40 antisense, 5'-TGATGATGTCCCT-
GATGAAGAAGC-3'; IL-12 p35 sense, 5'-CCTCCTGGAC-
CACCTCAGTTTG-3'; IL-12 p35 antisense, 5'-GAACTC-
CACCTGGTACATCTTCAAGTC-3'; B-actin sense, 5'-
GTGATGGTGGGCATGGGTCA-3'; and B-actin antisense,
5-TTAATGTCACGCACGATTTCCC-3'.

PCR was initiated in this thermal cycler programmed for at
95°C for 15 sec, 56°C for 15 sec, and 72°C for 75 sec. To ensure
that amplification was terminated while still in the linear phase
of the reaction, PCR was performed for 30 cycles. PCR
products were analyzed by electrophoresis through a 2%
SeaKem GTG agarose (FMC) gel containing ethidium bro-
mide and visualized with a UV light source. The gel was
photographed by using Polaroid 665 film. The negative was
analyzed by densitometric scanning on the Multiscan-R (In-
teractive Technologies International, St. Petersburg, FL). The
IL-12 band densities were normalized to the corresponding

B-actin densities and expressed as arbitrary optical density
units.

RESULTS

Immunological Analyses of the Patient. The Ig levels;
pneumococcal, diphtheria, and tetanus antibody titers; phago-
cytic functions; and complement levels of the patient have
been tested on more than three separate occasions since the
patient was 3 mo of age. The results of each of the above
immunological studies were entirely within normal limits. The
patient is HI'V-negative as determined by HIV DNA-PCR
(data not shown).

Analysis by flow cytometry by using mAbs to CD2 and CD3,
CD19 and CD20, CD14, and CD56 performed on multiple
occasions showed that the patient’s PBMCs had normal per-
centages and absolute numbers of T lymphocytes, B lympho-
cytes, monocytes, and natural killer cells (Table 2). The
percentages and absolute numbers of CD4* or CD8* T cells
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in the patient’s PBMCs were also within normal limits (Table
2). Proliferative responses of the patient’s PBMCs to lectins,
phytohemagglutinin, Con A, or pokeweek mitogen as well as
to Candida or tetanus Ags were within normal limits. However,
when PBMCs were stimulated with SAC, the proliferative
response of the patient’s PBMCs was significantly higher than
that of normal control PBMC:s treated in an identical manner
(Table 3).

Determination of IFN-vy, IL-2, IL-6, TNF-a, and IL-12 After
Stimulation with SAC, SEA, and PMA /Ionomycin by Using
the Patient’s Cells. As shown in Table 4, the patient’s PBMCs
produced IFN-y and IL-2 upon stimulation with SEA, al-
though the concentrations of IFN-y and IL-2 were somewhat
lower than those observed in PBMCs of healthy controls. IL-2
was also produced from the patient’s PBMCs upon stimulation
with SAC, but the production of IFN-vy by using the patient’s
cells stimulated with SAC was not detectable. The patient’s
PBMC:s produced IL-6 and TNF-« upon stimulation with SAC
or SEA; the SEA-induced TNF-«a levels of the patient were
comparable with those of controls, whereas the SEA-induced
IL-6 and SAC-induced TNF-a and IL-6 levels produced by the
patient’s cells were significantly lower than those of controls.
IFN-v, IL-2, IL-6, and TNF-a production by the patient’s cells
upon activation of bypass signaling pathways with PMA plus
ionomycin was identical with the production observed for
controls. By contrast, IL-12 was not detectable at any time in
these experiments by using a wide variety of stimulants per-
formed on two separate occasions.

We subsequently tested IL-12 p70 production by ELISA
from supernatants of the patient’s PBMCs after stimulation
with SEA for 24 and 48 h, respectively. As shown in Table 4,
the patient’s cells did not produce IL-12 p70 under these
conditions, whereas supernatants of SEA-stimulated control
PBMC:s produced 441 pg/ml and 241 pg/ml of IL-12, respec-
tively (see Table 4 legend). Because IFN-y was reduced by
using patient’s cells in SAC- as well as SEA-stimulated cells, we
performed an additional experiment, whereby IFN-y was
added in vitro to both control and patient cells. As shown in Fig.
1, IL-12 production was observed by using control cells with
SEA or SAC. When IFN-y was added in varying concentra-
tions to SEA- or SAC-stimulated control cells, IL-12 produc-
tion was enhanced twofold with SEA-stimulated cells and
sixfold with SAC-stimulated cells. By contrast, IL-12 produc-
tion upon the addition of IFN-y was not enhanced when the
patient’s cells were treated in a manner identical with control
cells.

The observations that the supernatants of SAC-stimulated
PBMC:s cannot produce bioactive IL-12 p70 are provocative,
because the patient’s PBMCs show a high proliferative re-
sponse to SAC.

Absence of p40 Subunit mRNA Expression in PBMCs of
This Patient. We further investigated whether the deficiency of
IL-12 production of the patient is regulated at the mRNA level.
In this experiment, we tested the mRNA expression of IL-12
p40 and p35 subunits after stimulation with SAC or LPS. As
shown in Fig. 24, stimulation with SAC or LPS resulted in a
rapid increase in mRNA levels for the IL-12 p40 subunit in
normal control cells. By contrast, neither SAC nor LPS
induced IL-12 p40 mRNA expression in the patient’s PBMCs
by reverse transcription—PCR. By scanning densitometric anal-
yses, the values for SAC- or LPS-induced IL-12 p40 of the
normal control cells based on the level of B-actin were 0.767
and 0.318 arbitrary optical density units, respectively (Fig. 2B),
but IL-12 p40 expression by using the patient’s cells could not
be demonstrated at all. Induction of IL-12 p35 subunit mRNA
by SAC or LPS was not strong enough in either the patient’s
cells or the control cells to permit the levels between the
patient and control to be compared.

Proc. Natl. Acad. Sci. USA 95 (1998)
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FiG. 2. (A) Expression of IL-12 p40 mRNA. PBMCs from the
patient (KC) or from healthy controls were incubated with SAC or
medium alone (experiment 1) or with LPS or medium alone (exper-
iment 2) for 4 h. Next, total RNA was extracted, and reverse
transcription—-PCR was performed by using specific primers for human
IL-12 p40 subunit or B-actin. The sizes of the PCR products for IL-12
p40 and B-actin are 465 bp and 510 bp, respectively. (B) Densitometric
analysis of IL-12 p40 mRNA levels. The IL-12 p40 band densities were
normalized to the corresponding B-actin densities and expressed as
arbitrary optical density units (AODU). Results are representative of
three separate experiments.

DISCUSSION

In the present study, we describe a child with recurrent
infections whose PBMC:s fail to produce IL-12; we also show
reduced production of IFN-+y. In this context, it has been shown
by previous investigators that a positive feedback mechanism
between IL-12 and IFN-vy production exists (18-22). Further-
more, IL-12 p40 knockout mice are severely impaired in their
in vivo LPS- or ex vivo Ag-induced production of IFN-vy but not
in their production of IL-2, IL-4, or IL-10 (23). In addition,
IL-12 p40 knockout mice previously transplanted with cardiac
allografts produced low IFN-vy levels upon ex vivo restimula-
tion with donor alloantigens (24). Other similarities have been
shown in patients with familial disseminated Mycobacterium
avium disease complex. Such patients, who produce low
amounts of IFN-v, also exhibit defective IL-12 production. The
defective IL-12 production is attributed to an abnormal reg-
ulation of IL-12 production by monocytes (25). In the latter,
IL-12 was markedly enhanced by the addition of IFN-y to the
stimulated cells (25). In our experiments, the addition of IFN-vy
to cells of our patient made no difference in the SEA- or
SAC-induced production of IL-12 when compared with con-
trol cells (Fig. 1).
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mRNA expression of the IL-12 p40 subunit has been shown
to be highly regulated and to be rapidly induced after stimu-
lation of the producer cells. The p40 transcripts are present
only in cell types that produce the biologically active IL-12
heterodimer, whereas the p35 subunit transcripts are ex-
pressed ubiquitously in almost all cell types, including cells that
are not expressing the p40 mRNA and not producing IL-12
(26). In the light of these findings, the present results indicate
that the deficiency of IL-12 p70 production by the patient’s
cells is regulated at the IL-12 p40 mRNA level.

Our patient’s PBMCs exhibited normal proliferative re-
sponses to Ags as well as lectins. In this context, it is of interest
that IL-12 p40 knockout mice display normal proliferative
responses to Con A, anti-CD3, and IL-2 and have a normal
distribution of CD4" and CDS8" subsets of lymphocytes (23,
27). These investigators also showed that all of the parameters
(i.e., hematology, serum chemistry, gross necroscopy, and
histopathology) in the tissue of these mice were within normal
limits (23, 27).

Despite the fact that proliferative responses of the patient’s
PBMCs to SAC were significantly higher than those of con-
trols, the patient’s PBMCs did not express IL-12 p40 mRNA
upon stimulation with SAC; this finding indicates that SAC-
induced growth responses and IL-12 p40 gene-activation
mechanisms are under independent control, and that the
cellular responses of the patient’s cells to SAC-induced growth
signaling are intact.

Although SAC is a potent stimulator of B lymphocytes,
normal B lymphocytes from healthy donors appear to be poor
producers of IL-12 (26). Monocytes/macrophages are physi-
ologically the main producers of IL-12 in vivo and in vitro (15,
26, 27). Both SAC and LPS are also potent stimulators of
monocytes/macrophages. It has been shown that CD14, a
monocyte/macrophage surface protein, is an essential recep-
tor for LPS (28). However, the expression of CD14 in this
patient’s PBMCs is normal as assessed by flow cytometric
analysis (Table 2).

Taken together, these observations indicate that the patient
may have an impairment in SAC-, LPS-, and/or SEA-activated
signaling pathway(s) for IL-12 p40 gene expression in mono-
cytes/macrophages. Another more attractive possibility is that
the patient may have an abnormality of the IL-12 p40 gene.
Molecular biological studies on the intracellular signaling
defect as well as an analysis of the IL-12 p40 gene of the patient
will be necessary to resolve these possibilities.

The present studies should contribute to a better under-
standing of the molecular mechanism(s) involved in the im-
munodeficiency state exhibited by this patient and also should
focus the further elucidation of the causal basis of the de-
creased IL-12 production that has been repeatedly demon-
strated in our patient.
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