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pathway

D. A. LAMMAS*,J.-L. CASANOVAi &D. S. KUMARARATNE*{ *MRC Centre for Immune Regulation, The Medical
School and TRegional Department of Immunology, Heartlands Hospital, Birmingham, UK, and $INSERM U429 and Unite d’ Immunologie
et d’Hematologie Paediatriques, Hopital, Necker Enfants Malades, Paris, France

(Accepted for publication 3 April 2000)

Following infection with intracellular pathogens like mycobacteria,
listeria, toxoplasma and leishmania, mononuclear phagocytes and
related antigen-presenting cells (APC), i.e. dendritic cells, secrete
the heterodimeric cytokine IL-12. IL-12 comprises two disulphide-
linked subunits, p40 and p35, which together form the biologically
active p70 hetrodimer molecule (reviewed in [1,2]). IL-12
production by macrophages and dendritic cells can also be
enhanced by a T cell-dependent pathway through interaction of
CD40 on the surface of the APC with CD40-ligand expressed on
activated T cells. The IL-12 receptor (IL-12R), which is expressed
by both natural killer (NK) cells at certain stages of development
and by activated T cells, is made up of two chains called IL-12R31
and IL-12RB2, respectively. Both receptor chains have extra-
cellular, transmembrane and intracellular segments. Each of these
receptor proteins can only bind to IL-12 with low affinity, but when
co-expressed can bind IL-12 with high affinity, initiating a
physiological response to this cytokine [3]. A schematic representa-
tion of the IL-12 receptor-mediated intracellular signalling pathway
is illustrated in Fig. 1.

Binding of IL-12 to activated CD4 T cells partitions them to
develop and differentiate along the so-called Thl pathway,
crucially important for cell-mediated immunity against intra-
cellular pathogens. Furthermore, acting at picomolar and sub-
picomolar levels on T cells and NK cells, IL-12 induces high-level
production of the cytokine IFN-vy [2].

IFN-y plays a central role in the resistance of mammalian
hosts to pathogens, particularly bacteria and parasites capable of
intramacrophage survival (reviewed in [4,5]). The main cells
producing IFN-vy are activated Thl cells, activated CDS cytotoxic
cells of the TC1 phenotype, and activated NK cells. Biologically
active IFN-vy is a homodimer, which has a range of pleiotropic
effects on a number of cell types, with the ability to modulate the
function of over 200 genes. It is one of the principal macrophage-
activating cytokines, and mice with disrupted IFN-y or IFN-y
receptor (IFN-yR) genes show increased susceptibility to
intracellular pathogens including Leishmania major, Listeria
monocytogenes, mycobacteria and certain viruses, e.g. vaccinia
virus. IFN-+ interacts with a specific cell surface receptor, which
is widely expressed on most nucleated cells. The IFN-yR consists
of two transmembrane proteins, namely IFN-yR1 which is a
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ligand-binding chain, and IFN-yR2, which is required for signal
transduction. A schematic representation of the IFN-+y receptor-
mediated intracellular signalling pathway is shown in Fig. 2.

Key actions of IFN-v include increased expression of MHC
class I and class II proteins which enhance antigen processing and
presentation, activation of mononuclear phagocytes through a
multiplicity of effects, influencing IgG heavy-chain switching and
modulating the production of cytokines such as IL-12, tumour
necrosis factor-alpha (TNF-«) and IFN-vy itself.

Following IFN-yR ligation the receptor—ligand complexes
recycle into an acidified subcellular compartment, where they
dissociate. Free IFN-v is then degraded by lysosomal enzymes. The
uncoupled IFN-yR1 receptors eventually relocate to the cell surface
via an intracellular pool. An amino acid motif present on the
intracellular domain of the IFN-yR1 close to the Jakl association
site is required for normal recycling of this receptor (Fig. 2).

The above background information helps in the understanding
of the clinical, pathological and immunological features of defects
in the IL-12-dependent, high-output IFN-vy pathway and the
laboratory methods required for identifying these defects.

MOLECULAR ASPECTS OF DEFECTS IN THE
TYPE-1 CYTOKINE PATHWAY

The initial breakthrough arose from studies on a Maltese kindred
who developed infection with poorly pathogenic non-tuberculous
mycobacteria (NTM) [6]. Despite anti-mycobacterial chemother-
apy three of the four affected patients died and the survivor had
persistent infection. Peripheral blood mononuclear cells (PBMC)
from the affected individuals failed to show up-regulation of
endotoxin-induced TNF-a production on the addition of recom-
binant IFN-vy. Subsequently, a genome-wide search using
microsatellite markers identified a region on 6q, where the
affected children were homozygous for eight markers [7].
Investigations concentrating on the IFN-yR1 gene, which maps
to 6q 23:24, revealed that the affected individuals had a point
mutation at nucleotide 395 of this gene. This introduced a
premature stop codon in the coding region for the extracellular
domain of this receptor, preventing its expression, with complete
abrogation of responses to IFN-vy [7]. Parallel work on idiopathic
bacille Calmette—Guérin (BCG) infections in the absence of
recognized immunodeficiency states [8] led to the simultaneous
identification of a homozygous recessive mutation of the same
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Fig. 1. Binding of IL-12 to the IL-12RB1 and B2 chains induces phosphorylation of the kinases Tyk2 and Jak2, which associate with the
cytoplasmic tails of the 8, and 3, chains, respectively. Subsequently the signal transducing protein STAT4 binds to the cytoplasmic tail of the
B, receptor and in turn becomes phosphorylated. It then dissociates from the receptor, dimerizes and translocates to the nucleus, where it acts as
a transcriptional activator by binding to specific DNA response elements (RE) in the promoter regions of IL-12 inducible genes [27,31].

gene as the cause of fatal disseminated BCG infection during
infancy [9]. Subsequent investigation of patients with increased
susceptibility to poorly pathogenic mycobacterial infections in the
absence of known causes of primary and secondary immuno-
deficiency has led to the identification of three categories of
gene defects. These comprise mutations in the IL12p40 subunit,
IL-12RB1 as well as IFN-yR chains 1 and 2 [10].

COMPLETE IFN-yR1 DEFICIENCIES

Complete IFN-yR1 deficiency is caused by mutations resulting in
the generation of premature stop codons in the DNA coding the
extracellular domain of this protein. This prevents surface expres-
sion of the receptor, complete absence of binding of IFN-y to the
cell surface and consequent abrogation of the normal physiological
responses to this cytokine [9,11-13]. These mutations have been
seen in unrelated families from different ethnic backgrounds, each

kindred having a unique mutation. A recessive mutation generating
a premature stop codon in the extracellular domain of the IFN-yR2
chain resulted in the absence of STAT1 phosphorylation in response
to IFN-vy, despite the normal expression of IFN-yR1 chains on the
cells of the affected individual [14]. One patient has been described
with complete absence of IFN-yR function because of compound
heterozygous mutations in the IFN-yR1 chain [13]. A second type
of complete IFN-vy receptor deficiency has recently been described
which manifests itself not as a lack of receptor expression but by the
failure of IFN-vy to bind to its receptor [15].

PARTIAL IFN-yR1 DEFICIENCIES

Partial IFN-yR1 deficiency resulting from a homozygous recessive
missense mutation causing an isoleucine to threonine substitution at
position 87 in the extracellular domain of the receptor (designated
as I87T) has been described [16]. This probably reduced but did not

© 2000 Blackwell Science Ltd, Clinical and Experimental Immunology, 121:417-425



Defects in the IL-12-dependent IFN-vy pathway 419

The IFN-yreceptor signalling pathway

Binding of IFN-y homodimer
to receptor complex

IFN-y
IFN-y

*) 5_

— GAS

Assembly and activation of
receptor complex

Exterior

Dimerization of STAT 1 and
nuclear translocation

Nucleus

—

Fig. 2. A schematic representation of the IFN-vy receptor-mediated intracellular signalling pathways (modified from [4,5]). Two IFN-yR1
chains dimerize on binding the IFN-y homodimer and subsequently associate with two IFN-yR2 chains. Receptor subunit assembly leads to
the trans-phosphorylation and activation of Jakl and Jak2 kinases, which associate with the IFN-yR1 and IFN-yR2 chains, respectively.
These phosphorylate a tyrosine residue on the intracytoplasmic domain of IFN-yR1, forming a paired set of docking sites for STAT1. Two
STAT1 molecules then bind to these docking sites and subsequently become phosphorylated. Tyrosine phosphorylated STAT1 molecules
then lose their affinity for IFN-yR1 chain docking sites, dissociate from the receptor and form homodimeric complexes. Phosphorylated
STAT1 homodimers translocate to the nucleus and bind to specific sequences in the promoter region of early IFN-y inducible genes,
switching on gene transcription. Reprinted, with permission, from the Annual Review of Immunology, Vol. 15, © 1997 by Annual Reviews

www.annualReviews.org

abrogate binding of IFN-vy to the receptor. Cells from these patients
showed signalling responses to high, but not low, in vitro
concentrations of IFN-y. A similar response phenotype has also
been recently reported in a patient with partial [IFN-yR2 deficiency
[17]. This recessive mutation resulted from a nucleotide substitution
in the IFN-yR2 gene causing an amino acid substitution in the
extracellular region of the encoded receptor.

The commonest individual category of IFN-yR1 mutations
comprise the heterozygous autosomal dominant mutation seen in
nine individuals from three unrelated families and nine sporadic
cases [18]. The mutation was either a one base-pair deletion (one
kindred) or a four base-pair deletion (all others) at nucleotide 818
of the IFN-yRI1. Thus there were 12 independent mutation events
at a single mutation site indicating that this is a small deletion hot-

spot in the human genome. The mutated allele is translated into
stable mRNA, which encodes a truncated form of IFN-yR1
(illustrated in Fig. 3), that lacks the intracytoplasmic domain and
thus has no Jakl binding, recycling and STAT1 docking motifs.
Due to these collective actions truncated receptors exert a
dominant negative effect. The receptor deficiency however, is
partial as weak signalling is detectable in wvitro using supra-
physiological levels of IFN-vy, and surprisingly clinical responses
were obtained with IFN-y augmentation of anti-mycobacterial
chemotherapy (see below). The excessive accumulation of the
abnormal receptors on the cell surface result in a 0-5-1 log
increase in surface staining with MoAbs directed against IFN-
yR1, observable by flow cytometry, which is diagnostically useful
in screening for this defect.

© 2000 Blackwell Science Ltd, Clinical and Experimental Immunology, 121:417-425
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Fig. 3. A schematic representation of the IFN-vy receptor-mediated intracellular signalling pathways and its defective function within
patients with heterozygous dominant negative IFN-yR1 deficiency. The truncated R1 chain paired with the wild-type R1 chain is able to
bind the IFN-y homodimer but is incapable of inducing signalling. Furthermore, unlike receptors comprising paired wild-type IFN-yR1
chains, these abnormal receptor complexes do not recycle following ligand binding, resulting in their accumulation at the cell surface.

COMPLETE IL-12P40 SUBUNIT DEFICIENCY

A child belonging to consanguineous Pakistani parents who
presented with recurrent disseminated BCG infection (following
neonatal immunization) and Salmonella enteritis septicaemia was
found to have a 4-4-kb deletion spanning two coding exons of the
IL-12p40 subunit [19]. The parents, the maternal grandmother and
a healthy sibling were heterozygous for this defect. Monocytes
and dendritic cells were unable to secrete IL-12 p40, or the
biologically active IL-12 p70 cytokine, when appropriately
activated. As a result, antigen-driven IFN-y production by blood
lymphocytes was markedly impaired, but could be reconstituted
by the addition of exogenous recombinant IL-12. The child also
showed a clinical response to IFN-y complementation of anti-
microbial chemotherapy, resulting in a complete cure of the BCG
and salmonella infections, which has been sustained for 4 years
after cessation of therapy.

In two additional reports of impaired IL-12 production, defects
in the structural genes of IL-12 p40 and p35 have not been
identified. The first report described a kindred with recurrent
disseminated Mycobacterium avium infection, where the patient’s
cells had reduced, although not completely ablated, IL-12 p70

production [20]. The patient’s lymphocytes had reduced in vitro
phytohaemagglutinin (PHA)-driven IFN-y production which
could be enhanced by exogenous recombinant IL-12. The affected
members of this kindred were all male and appeared to show
abnormal regulation of IL-12 production, while the females
showed an intermediate phenotype, implying putative X-linked
inheritance of this defect. The second report documents a 3-year-
old female with IL-12 deficiency associated with recurrent
episodes of severe recurrent pneumococcal sepsis [21]. In this
latter patient antibody production, including specific antibody
levels to protein and polysaccharide antigens, was normal. The
patient’s mononuclear cells were however incapable of producing
detectable IL-12 p70 or p40 when appropriately stimulated (with
Staphylococcus aureus Cowan strain-1 (SAC)) even after
supplementation with exogenous recombinant IFN-+y.

COMPLETE IL-12Rf1 DEFICIENCY

Seven patients from six unrelated kindreds, affected by idiopathic
severe disseminated mycobacterial and salmonella infection, were
found to have homozygous recessive mutations of IL-12RB1
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[22,23]. The mutations were unique to each kindred and affected
the extracellular domain of the IL-12RB1 receptor. These null
mutations prevented cell surface expression of the receptor on
activated T cells, as detected by flow cytometry with a specific
MoAb. These patients showed defective in vitro antigen-driven
IFN-y production that could not be augmented by exogenous
recombinant IL-12. In one of these patients potentially fatal
disseminated M. avium infection was cured by the augmentation of
anti-mycobacterial chemotherapy with IFN-vy, suggesting that, as in
the IL-12-deficient child, impaired IFN-vy secretion was probably
responsible for the disease susceptibility of these patients.

CLINICAL FEATURES OF TYPE 1 CYTOKINE
DEFICIENCY

All individuals with such defects so far reported presented with
persistent salmonella and/or mycobacterial infections, with two
exceptions. In one instance two young asymptomatic children
have been identified with partial IFN-yR1 deficiency who have not
been vaccinated with BCG [18]. In the second instance, a young
adult sibling of an IL-12R31-deficient patient was identified with
the same genetic and functional defect. She had curable
salmonella septicaemia as an infant but has not developed
mycobacterial infection. She also had no reported problems
following BCG vaccination in early infancy [23].

Fourteen patients with complete IFN-yR deficiency have
developed mycobacterial infection in early childhood or infancy
with a uniformly poor prognosis [24]. The infections were caused
either by BCG following vaccination or by chance infection with
poorly pathogenic environmental NTM. Mycobacterium avium-
intracellulare is the commonest of the latter opportunistic
pathogens, while there have been a smaller number of reports
of infection caused by other atypical mycobacteria including
M. chelonei, M. fortuitum, M. smegmatis, M. abscessus and M.
kansasii  [7,9,12,13]. All patients with complete IFN-yR
deficiency vaccinated with BCG have developed severe dissemi-
nated disease. In patients with complete IFN-yR deficiency,
mycobacterial granulomata are reminiscent of polar lepromatous
leprosy, i.e. are poorly differentiated and comprise collections of
macrophages which are multibacilliary. In the large majority of
these patients, infections have been lethal despite anti-microbial
chemotherapy, even when supplemented with IFN-vy therapy.

In patients with partial IFN-yR deficiency, BCG infection is
associated with paucibacillary, tuberculoid-type granulomata and
the infection is curable with anti-mycobacterial chemotherapy
[16,18]. Two patients with partial dominant IFN-yR deficiency
and two with IL-12RB1 deficiency have received BCG vaccina-
tion with no adverse effects [18,23]. In the IL-12 p40-deficient
child, the disseminated BCG infection, although recurrent, was
curable with IFN-vy supplementation of chemotherapy [19]. In
IL-12RB1 deficiency, two patients who developed disseminated
BCGosis with paucibacillary tuberculoid-type granulomata were
cured with anti-mycobacterial chemotherapy alone [23]. Simi-
larly, three patients with disseminated M. avium infections were
also cured with prolonged anti-mycobacterial chemotherapy
[22,23]. In another kindred with IL-12Rf1 deficiency, one boy
died of disseminated M. avium infection despite chemotherapy,
while his brother, who developed disseminated M. avium infection
at the age of 17 years, failed to respond to anti-mycobacterial
chemotherapy but was cured by the addition of IFN-vy [23].

In patients with the dominant partial IFN-yR1 mutation [18],

13 out of 18 with poorly pathogenic mycobacterial infections
recovered with anti-mycobacterial chemotherapy. However, most
cases required prolonged courses of antibiotics, with frequent
disease relapse being documented. Two females from one kindred
who became infected with M. avium and BCG, respectively, did
not respond to chemotherapy alone and were cured only by the
addition of IFN-vy therapy. In a further kindred one patient died of
disseminated M. avium infection, despite 5 years of continued
chemotherapy with a range of anti-mycobacterial agents. Her
identical twin sister had disseminated and recurrent M. avium
infection, which was cured by prolonged courses of anti-
mycobacterial chemotherapy. Both these patients had multi-
bacillary disease with poor granuloma formation (lepromatous
type). However, the daughter of the second patient had
paucibacillary M. avium infection, with borderline tuberculoid-
type granuloma formation, and was cured with 2 years of
chemotherapy. This indicates that even in related individuals
with the same molecular lesion, and probably the same strain of
mycobacterial pathogen, there is variation in severity and
outcome, presumably due to other compensatory immunological
factors. The mother of two siblings with dominant negative IFN-
yR1 mutation described in the above publication [18] had
recurrent disseminated M. tuberculosis infection and died, despite
chemotherapy, at the age of 33 years. While it is probable that she
passed on these mutations to her children, no material from her
was available for genetic analysis.

About a quarter of the patients with defects of the type-1
cytokine pathway also developed invasive salmonella infection; the
majority due to non-typhi salmonella species (S. enteritidis;
serogroup D or S. typhimurium; serogroup B or undetermined
salmonella species). In addition, two other patients have had
documented extra-intestinal disease due to S. typhi or paratyphi
[18,22]. These infections have been curable with anti-microbial
chemotherapy, although recurrences have been commonly observed.
Interestingly, the father of the child with complete IL-12 p40
deficiency, who was heterozygous for this defect, had persistent
systemic infection caused by S. bareilly between the ages of 2 and
4 years which was only cured with prolonged antibiotic therapy
[19]. He has subsequently remained well. Other infections
documented in type-1 cytokine-deficient patients include classical
tuberculosis (n = 2) [16,18], histoplasmosis (z = 1) [18], meningi-
tis due to listeriosis (n = 1) [25], and persistent oropharyngeal
candidiasis (n = 1, Kumararatne, unpublished observations).

In contrast, these patients have not in general developed
infections caused by extracellular bacteria or viruses causing
respiratory infections, exanthematous infections or latent infec-
tions. Indeed, many of these patients have had unremarkable
infections caused by common exanthematous viruses, including
chicken pox and measles.

However, a recent report has documented the occurrence of severe
viral infections in four patients with IFN-yR deficiency suffering from
mycobacterial disease [26]. The viral pathogens included cytomega-
lovirus (CMV) (viraemia, pneumonia) Herpes simplex virus (gingi-
vostomatitis, oesophagitis and skin lesions), Varicella zoster virus
(prolonged illness or illness complicated with pneumonia) and
respiratory syncytial virus (RSV) and parainfluenza virus type 3
(pneumonia). Hence, when caring for these patients the risk of severe
viral infections should be considered. Moreover, the possibility of
type-1 cytokine pathway deficiencies needs to be considered in cases
of severe unexplained infections with such viruses.

Two further variations of the clinical picture in these patients
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deserve comment. First, two patients with partial dominant
negative IFN-yR1 deficiency with osteolytic lesions were initially
diagnosed as Histiocytosis-X [18]. Lesions in one patient
contained S100* cells, but had atypical pathological features. At
initial diagnosis, no mycobacteria were detected by Ziehl—Nielson
staining, or by culture. The patients did not respond to
radiotherapy and chemotherapy used for treatment of Histiocy-
tosis-X and were subsequently found to have multibacillary
infection caused by BCG and M. avium, respectively. Both
patients failed to respond to anti-mycobacterial chemotherapy, but
were cured when their treatment was augmented with IFN-y
therapy (Edgar, Lammas, Novelli, Kumararatne, in preparation).

Second, NTM infections can be very difficult to diagnose in
patients with underlying type-1 cytokine deficiencies [6,11]. For
example, in two patients who had complete IFN-yR1 deficiency
and were infected with M. chelonei and M. fortuitum, initial
histology showed non-specific chronic inflammation with no
visible acid-fast bacilli [6]. In addition, cultures for mycobacteria
were repeatedly negative. Mycobacterial infection became evident
only when the patients were treated with immunosuppressive
therapy on the basis that they were suffering from an autoimmune
disease. In another patient with IFN-yR1 deficiency, M. smegmatis
infection was diagnosed with considerable difficulty after laparo-
tomy and several liver biopsies [11]. Therefore, in children with
unexplained persistent fever, weight loss, hepatosplenomegaly,
lymphadenopathy and elevated inflammatory markers with or
without chronic anaemia, defects of the type-1 cytokine pathway
should be considered in the differential diagnosis with diligent
searching for poorly pathogenic mycobacterial sepsis.

TH2 RESPONSES ARE NOT UP-REGULATED IN
PATIENTS WITH DEFICIENT TH1 IMMUNITY

Because signalling by the major Thl signature cytokine (IFN-y),
or its major inducer (IL-12), is disabled in type-1 cytokine
pathway-deficient patients, these experiments of nature provided a
unique opportunity to examine the functional relevance of the
Th1/Th2 paradigm in man. It is generally accepted that Th2
immunity is down-regulated by Th1 cytokines, such as IFN-vy, and
conversely that Th2-associated cytokines (IL-4, IL-5 and IL-13)
are responsible for atopy. An increase of Th2 responses, with
clinical and biological signs of atopy, may therefore have been
predicted within patients with genetically abrogated IFN-vy- or
IL-12-mediated responses. However, clinical observations on 19
patients with type-1 cytokine pathway deficiencies revealed that
none of the patients showed signs of severe atopy, such as
asthma or eczema, and only 6/19 exhibited mild allergies, such
as seasonal rhino conjunctivitis. IgE levels were also within the
normal range in 6/8 patients examined (Wood, Kumararatne,
Casanova, Ottenhoff, in preparation). Overall, the clinical
phenotype suggests that normal homeostasis of Th2 responses
can occur in the absence of a fully functional Th1 pathway. These
findings may have important implications for understanding the
pathogenesis of atopic disease and for the development of rational
approaches to immunotherapy for patients with severe allergies.

DIAGNOSIS OF DEFECTS IN THE TYPE-1
CYTOKINE CASCADE (TABLE 1)

These defects must be sought and are most likely to be found in:
@ Patients with disseminated or recurrent infection due to

poorly pathogenic mycobacteria (BCG or environmental

NTM).

@ Patients with systemic infections caused by non-typhi salmo-
nella species. Characteristically non-typhoid salmonella infec-
tions in these patients are persistent and recurrent despite
antibiotic therapy.

In the following categories of patients defects in the type-1
cytokine axis should be considered in the differential diagnosis,
but are likely to be rare:

@ Patients with extra-intestinal disease caused by S. typhi and
paratyphii.

@ Patients with M. tuberculosis infection who are treatment-
compliant, have drug-sensitive organisms but develop either
recurrent or disseminated disease.

@ Patients with severe unexplained viral infection, especially due
to herpes viruses (see [26]).

@ Children with unexplained persistent fever and night sweats,
weight loss, lymphadenopathy, hepatosplenomegaly and raised
acute-phase responses, despite the absence of obviously
detectable mycobacterial infection (see [6,11]).

@ Children with Histiocytosis-X refractory to treatment or with
atypical pathological features.

@ Finally, based on the limited observations in the current series
of patients, but guided by information in mice with defects of
the type-1 cytokine pathway, this differential diagnosis should
be considered in patients with other infections characteristic of
impaired cell-mediated immunity, i.e. toxoplasmosis, histo-
plasmosis, severe listeriosis, etc.

A characteristic feature of the type-1 cytokine pathway is the
interdependence of its components on each other due to positive
regulatory feedback. This is most clearly documented by Holland
et al., who showed that patients with complete IFN-yR defects
have reduced in vitro production of IFN-vy, IL-12, TNF-«, etc.
[12]. Therefore, investigation of this pathway needs systematic
assessment of all its components to build up a picture that will
provide indication of a potential defect. Based on information
derived from investigating patients documented to date, the
following assessment steps may be undertaken to identify possible
type-1 cytokine pathway deficiencies (outlined in Table 1).

The measurement of IFN-vy production is required following
in vitro stimulation with mitogens (PHA) as well as relevant
antigens, e.g. BCG, Mycobacterium avium-intracellulare (MAI),
Salmonella. Virtually all the type-1 cytokine pathway-deficient
patients demonstrate reduced in vitro IFN-vy production [6,12]. It
is then important to investigate whether this deficit in antigen-
dependent IFN-vy production can be corrected by supplementation
with exogenous recombinant IL-12 [19,23].

IL-12 production should be measured using both unseparated
mononuclear cell preparations as well as purified monocytes
stimulated with S. aureus (Cowan strain). IL-12 p70 and p40 can
be conveniently measured using commercially available ELISA
kits [12,19,23]. TNF-« release from monocyte and macrophage
cultures should also be assessed using lipopolysaccharide (LPS)
stimulation with or without IFN-vy supplementation [6,12,19,23].
For the detection of impaired regulation of IL-12 production, I1L-12
responses of patient monocyte cultures should be studied using S.
aureus (Cowan strain) alone or with added exogenous IFN-vy [20].
Individuals with defective regulation of IL-12 production respond
to S. aureus supplemented with IFN-y but not with S. aureus
alone [20].

Expression of cell-surface IFN-yR1 can be determined by
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Table 1. Investigation of HIV ™ patients suffering from poorly pathogenic mycobacterial infections for type-1 cytokine/cytokine receptor pathway component deficiencies

Cell population

Cell population

Cell population

Result

Deficiency = Subtype Investigation a (treatment) Result Investigation b (treatment) Result Investigation ¢ (treatment) (low dose/high dose)*
IFN-yR1  *Complete IFN-y ELISA PBMC * PHA{ Normal/low Flow cytometry PBMC Hypo-expression ~EMSA (STAT1) PBMC Negative/negative
PBMC = PPDi Very low/absent Anti-CD119 (nil) (rthIFN-vy, 20 min/30°C)
IFN-yR1  °Dominant IFN-y ELISA PBMC * PHAt Normal/low Flow cytometry PBMC Hyper-expression EMSA (STAT1) PBMC Negative/positive
IFN-yR1  “Partial IFN-y ELISA PBMC = PHAY{ Normal/low Flow cytometry ~PBMC Normal expression EMSA (STAT-1) PBMC Negative/positive
IFN-yR2  Complete  IFN-y ELISA PBMC = PHAf{ Normal/low Flow cytometry PBMC Normal expression EMSA (STAT1) PBMC Negative/negative
Anti-CD119 (rhIFN-vy, 20 min/30°C)
IL-12RB1 Complete  IFN-y ELISA PBMC = PHAf{ Normal/low Flow cytometry  3-day PHA Hypo-expression ~ EMSA (STAT4) 3-day PHA blasts Negative§
Low/very low  Anti-IL-12RS1 blasts (rhIL-12, 20 min/37°C)
IL-12 p40 Complete  IFN-y ELISA PBMC * PHAY Low/very low  ELISA IL-12 p70 PBMC + SAC Low/absent ELISA IL-12 p40 PBMC + SAC Low/absent
(o/n) production (o/n) production

*Low-dose IFN-y = 10" IU/ml; high-dose IFN-y = 10° IU/ml.
T5 mg/ml phytohaemagglutinin (PHA) for 3 days.
15 wg/ml PPD for 7 days (PPD avium for Mycobacterium avium-intracellulare (MAI) patients, PPD Mtb for bacille Calmette—Guérin (BCG) patients).
§Response to optimal dose of IL-12 (5 ng/ml).
SAC, Staphylococcus aureus Cowan strain suspension; EMSA, electromobility shift assay.
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flow cytometry using appropriate MoAbs [7,9,18]. Reduced or
absent expression would indicate the likelihood of a mutation in
the extracellular domain of the IFN-yR1 chain, while enhanced
expression would suggest heterozygous dominant-negative IFN-
yR1 mutation. IFN-yR2 expression can be similarly assessed by
flow cytometry [27], although the MoAb cited is not commer-
cially available. Unfortunately, IFN-yR dysfunction may occur
despite normal surface expression, hence it is important to assess
functional responses to exogenous IFN-y by means of the
electromobility shift assay (EMSA) (see below) or by investigat-
ing up-regulation of MHC class I or CD40 on monocytes, or MHC
class II molecules on fibroblast cell lines derived from skin
biopsies from patients [9,18]. For assessment of signal transduc-
tion by EMSA, following specific cytokine stimulation, isolated
cell nuclei are lysed, proteins separated by gel electrophoresis and
probed with radio-labelled oligonucleotides complementary to
STAT factors or with an antibody capable of detecting
phosphorylated STATs. If IFN-vy-induced signalling is intact,
phosphorylated STAT1 will be detected within the nuclear lysates.
These methods are described in detail elsewhere [9,13,16]. By
studying the dose response required for nuclear translocation of
phosphorylated STAT1 (pSTATI1) induced by IFN-y, it is
possible to discriminate between complete and partial forms of
receptor dysfunction [16,18]. Alternatively, flow cytometry may
be used to assess IFN-yR function by detection of intracellular
phosphorylated STAT1 within IFN-vy-stimulated cells using a
specific anti-human pSTAT1 MoAb [28].

Assessment of IL-12RB1 and IL-12RB2 expression is
determined by flow cytometry following staining of mitogen-
induced T cell blasts with a MoAb against IL-12RB1 [22,23] or
IL-12RB2 [29]. Although an anti-IL-12RB1 MoAb is commer-
cially available for expression screening, the cited anti-IL-12R32
MoAD is not. The integrity of IL-12-induced signalling pathways
can be assessed using EMSA for the detection of the translocation
of phosphorylated STAT4 [22,23]. To date, about half to a third of
patients with idiopathic disseminated poorly pathogenic myco-
bacteria/salmonella infection have been identified to have
mutations of the type-1 cytokine cascade described above.

Mutations identified to date in the type-1 cytokine pathway are
listed in the Mendelian Inheritance in Man (OMIM) database (see
below). To date, the genome-scanning approach has only been
successful in identifying a relevant gene defect in the original
Maltese family, described by Newport et al. [7]. This approach is
not ideally suited to small families and cannot be applied to
sporadic patients. Immunological analysis that allows the
investigator to target genes of interest has been more productive.
Once a candidate gene has been identified it is possible to apply
single-strand conformational polymorphism (SSCP) to screen for
potential gene mutations or polymorphisms which can be
confirmed by gene sequencing. Gene complementation assays to
determine the functional relevance of such mutations may be
useful [16,18].

PROGNOSIS OF DEFECTS IN THE TYPE-1
CYTOKINE PATHWAY

The outcome in patients with complete IFN-yR defects who
develop BCG or NTM infections is poor. Bone marrow
transplantation (BMT) is the only potentially curative therapeutic
option for these patients [25]. To date, experience of BMT is
limited, but two patients have been successfully transplanted with

HLA-identical intrafamily donors (M. Levin and W. Friedrich,
personal communications). A haplo-identical bone marrow graft
was rejected by another patient (J.-L.C., unpublished).

The main treatment for mycobacterial infection is chemother-
apy directed towards the mycobacterial species identified. These
therapeutic regimes should include at least four drugs and should
be governed, where possible, by in vitro susceptibility data. The
poor correlation between in vitro antibiotic sensitivity and clinical
response in NTM infection is well known and has been discussed
elsewhere. Supplementary measures like drainage of collections
of pus and attention to nutrition are important. For initial
empirical therapy of patients with a history of BCG vaccination,
the choice of drugs should include rifampicin, INAH, ethambutol
and clofazimine. Unvaccinated patients should be considered to be
affected with NTM and receive a combination including
rifampicin or rifabutin, clarithromycin, or azithromycin and
ciprofloxacin or another 4-quinolone. These regimes should be
altered depending on the mycobacterial species identified and
antibiotic susceptibility data. Anti-mycobacterial therapy may
have to be continued for longer periods than average, possibly
even for life. Due to the emerging experience of the value of
supplementation with IFN-vy, this should be considered early
except in patients with complete IFN-yR deficiency [26,30]. The
initial regimen should use a dose of 30-50 wg/m?> administered
subcutaneously, three times a week [30]. In one patient who failed
to respond to this regimen, IFN-y was increased step-wise at
monthly intervals until a response was finally observed at a dose
of 400 wg/m?, three times a week (Edgar, Lammas, Kumararatne,
in preparation). The main side-effect observed with IFN-+y therapy
is a febrile response within 24 h of each dose of IFN-vy that can be
easily controlled with paracetamol. Those patients with a
therapeutic response to IFN-y showed early evidence of this in
terms of falling acute-phase markers like C-reactive protein,
weight gain, and later on radiological evidence of healing (Edgar,
Lammas, Kumararatne, in preparation).

Prophylactic measures should include avoidance of exposure
to salmonella and listeria. Tuberculosis would obviously be a risk
to these patients, but avoiding exposure may not be straightfor-
ward. BCG immunization is obviously contraindicated and it
would be prudent to avoid certain other live vaccines, e.g. yellow
fever and typhoid vaccines. Based on experience in HIV-infected
children with the measles vaccine, the MMR vaccine is probably
safe and may be preferable to the risk of measles infection. For
those individuals living in typhoid-endemic areas, inactivated
typhoid vaccine (e.g. Typhoid Vi vaccine) should be considered in
addition to sanitation measures. Genetic counselling is an
important component of patient support as in other primary
immune-deficiency diseases.

Detailed information on these disorders is available via the
Mendelian Inheritance in Man database (OMIM) available at
http://http://www.ncbi.nlm.nih.gov/omim/
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