progress toward an answer may be achieved
by comparing the surface ‘composition of
the KBO 1993 SC (19) with that of 1997
CU26. The spectrum of 1993 SC shows no
evidence for water ice unlike that of 1997
CU26 but instead shows evidence for light
hydrocarbons such as methane, ethane, eth-
ylene, or acetylene (19). This suggests
among other possibilities that some of the
existing Centaurs have undergone surface
modification since they left the Kuiper belt.
It also supports the idea that the KBOs may
be a compositionally diverse group of ob-
jects (20, 21).

Considering only solar system dynamics,
it is difficult to escape the conclusion that
the Kuiper belt is the source of the Centaurs
(2, 3). Thus, the idea that at least some of
the Centaurs have undergone substantial
surface modification since leaving the
Kuiper belt is attractive. One possible
mechanism for such surface modification
would be preferential sublimation of more
volatile species, leaving less volatile species
behind as a lag deposit. At the roughly 90 to
95 K present average surface temperature of
an object like 1997 CU26 (11), one would
expect that light hydrocarbons would be
preferentially lost whereas water ice and
heavier hydrocarbons would be retained. In
addition, the closer proximity to the sun of
the Centaurs relative to their presumed
genesis zone would result in an increased
flux of solar ultraviolet radiation on their
surfaces with an accompanying increase in
the rate of surface photochemical reactions.
Those processes would tend to convert light
hydrocarbons to heavy hydrocarbons (13),
increasing any existing surface stock of
heavy hydrocarbons. If the Kuiper belt is
indeed the source of the short-period com-
ets (2, 3), then the possible presence of
heavy hydrocarbons on the Centaurs, like
the short-period comets (20), would at least
be consistent with their originating in the
Kuiper belt.
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Impairment of Mycobacterial Immunity in
Human Interleukin-12 Receptor Deficiency

Frédéric Altare, Anne Durandy, David Lammas,
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Pam Drysdale, Emmanuelle Jouanguy, Rainer Doéffinger,
Francoise Bernaudin, Olle Jeppsson, Jared A. Gollob,
Edgar Meinl, Antony W. Segal, Alain Fischer,
Dinakantha Kumararatne, Jean-Laurent Casanova*

In humans, interferon vy (IFN-v) receptor deficiency leads to a predisposition to myco-
bacterial infections and impairs the formation of mature granulomas. Interleukin-12
(IL-12) receptor deficiency was found in otherwise healthy individuals with mycobacterial
infections. Mature granulomas were seen, surrounded by T cells and centered with
epithelioid and multinucleated giant cells, yet reduced IFN-y concentrations were found
to be secreted by activated natural killer and T cells. Thus, IL-12—dependent IFN-vy
secretion in humans seems essential in the control of mycobacterial infections, despite
the formation of mature granulomas due to IL-12-independent IFN-v secretion.

Bacille Calmette-Guérin (BCG) and non-
tuberculous mycobacteria (NTM) are poor-
ly virulent mycobacteria that may cause
disseminated disease in otherwise healthy
children (I1-3). The identification of inher-
ited IFN-y receptor ligand-binding chain
(IFN-yR1) deficiency provided the first ge-
netic etiology for this syndrome (4) and
highlighted the importance of IFN-y, a

pleiotropic cytokine secreted by natural
killer (NK) and T cells (5), in the control of
mycobacteria in humans. The lack of ma-
ture mycobacterial granulomas showed that
their formation is strictly IFN-y—depen-
dent. Partial, as opposed to complete, IFN-
yR1 deficiency is associated with mature
granulomas and a milder course of myco-
bacterial infection (6). However, a number
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Fig. 1. A nonsense recessive mutation in the IL-
12RB1 gene. (A) Segregation of the genomic mu-
tation in kindred 1, as shown by 2% agarose gel
electrophoresis of Mbo Il digests of the amplified
IL-12RB1 gene around position 913. The Mbo |l
site in the wild-type sequence is altered by the
mutation (GAAGA — GTAGA); the overrepresen-
tation of undigested products in heterozygous
carriers is attributable to the presence of hetero-
duplex molecules after amplification. (B) Flow cy-
tometry analysis of IL-12RB1 on PHA-activated
Herpesvirus saimiri-transformed T cells with spe-
cific mouse mAb 12Rb.3F12 (dashed lines), com-
pared with an isotypic control (black lines), in a
control (C) and in patient 1 (P).

Relative cell number

of disseminated BCG and NTM infections
remain unexplained (7).

Four patients from three unrelated kin-
dreds were investigated in this study (8).
All suffered from disseminated mycobac-
terial infections attributable to BCG or
Mycobacterium avium, and two of them
also had non-typhi salmonella infections.
No well-defined immunodeficiency could
be detected in these otherwise healthy
children, and the diagnosis of IFN-yR1
deficiency was excluded (9). Mutations in
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Table 1. Patients with inherited IL-12RB1 deficiency.

Patient Qrigin Consanguinity Infection Mutation*
1 Morocco Yes BCG, S. enteritidis KB05X+
2 Turkey Yes BCG 783+1G — Cit
3 Cyprus Yes M. avium, S. enteritidis Q214R§
4 Cyprus Yes M. avium Not identified

*Mutations are designated according to (37).

tNonsense mutation AAG — TAG at nucleotide position 913 results

in the substitution of a lysine (K) by a stop codon (X) at amino acid position 305 and is designated as K305X; it causes
the interruption of the coding region upstream of the transmembrane segment, precluding surface expression of the
receptor, as detected on T cells by flow cytometry with specific antibodies. The mutation is homozygous in the patient

only, and both parents are heterozygous.

1Splice mutation G — C at the first intronic nucleotide after the exon

spanning nucleotides 701 to 783 causes skipping of this exon, as detected by cDNA-PCR, and is designated as
783+1G — C; exon skipping causes a frame shift that leads to premature termination of translation before the
transmembrane segment (TAA at nucleotides 879 to 881), precluding expression of the receptor, as detected on T
cells by flow cytometry with specific antibodies. The mutation is homozygous in the patient only, and both parents are

heterozygous.

§Missense mutation CAG to CGG at nucleotide position 641 results in the substitution of a

glutamine by an arginine at amino acid position 214 and is designated as Q214R; in patient 3, it is likely to be
pathogenic, as attested by the lack of detectable IL-12RB1 on the surface of activated T cells by flow cytometry with
two specific mAbs. No mutation could be sought in deceased patient 4, the brother of patient 3, yet he is likely to share
the homozygous Q214R mutation; no material was available from the deceased father and the healthy sisters, but the

mother is heterozygous for the mutation.

IFN-y and in IFN-yR1-associated mole-
cules within the receptor complex (10), as
well as mutations in either of the two
IL-12 p70 subunits (p35 and p40), a po-
tent IFN-y—inducing heterodimeric cyto-
kine secreted by dendritic cells and phago-
cytes (11), were also excluded.

Mutations in each of the two IL-12 re-
ceptor subunits (1 and B2), expressed on
NK and T cells (12), were sought. A non-
sense nucleotide substitution (AAG —
TAG) at position 913 of the IL-12RB1
c¢DNA coding region was identified in pa-
tient 1 (I13) (Table 1). The patient was
found to be homozygous for the correspond-
ing genomic mutation, which was inherited
as an autosomal recessive trait in the kin-
dred (14) (Fig. 1A). Two specific monoclo-
nal antibodies (mAbs) failed to detect IL-
12RB1 molecules at the cell surface of phy-
tohemagglutinin (PHA )-activated periph-
eral blood T cells and PHA-activated
Herpesvirus saimiri—transformed T cells (15)
(Fig. 1B). Recessive mutations precluding
expression of IL-12RB1 were also identified
in the other two kindreds (Table 1).

There were normal numbers of NK cells
in the blood of patient 1, and the efficient
destruction of K562 cells by peripheral blood
mononuclear cells (PBMCs) attested that
NK cells were also functional (Fig. 2A) (16).
Addition of recombinant IL-12 did not fur-
ther up-regulate the cytotoxicity of the pa-
tient’s NK cells, whereas it did up-regulate
the cytotoxicity of control NK cells; this
confirmed that IL-12RB1 deficiency results
in impaired [L-12 receptor function (12).
However, efficient NK cytotoxicity was ac-
companied by secreted IFN-y concentration
only 1% of that of control activated NK cells
(Fig. 2B). Impairment of [FN-y secretion by
otherwise functional NK cells also occurs in
mice genetically deprived of IL-12p40 or IL-
12RB1; these mice are termed IL-12 knock-

out (IL-12KO) mice (17).

When T cells from the patient were
incubated with PHA (18), they produced
only 5% of the IFN-y of control cells (Fig.
2B). Normal mitogen-driven T lymphocyte
proliferation in vitro showed that impaired
IFN-y secretion did not result from im-
paired T cell activation (Fig. 2C). Secretion
of IFN-y from tuberculin-activated T lym-
phocytes was reduced by 99% relative to
control T cells. This finding implies that
most specific T cells primed in vivo by
mycobacterial antigens, in the absence of
costimulation by IL-12, could not secrete
normal amounts of [FN-y when restimulat-
ed. Impairment of IFN-vy secretion by oth-
erwise functional T cells also occurs in IL-
12KO mice (17).

Tuberculin-specific delayed-type hyper-
sensitivity (DTH) (I19) was normal in
BCG-infected patients with IL-12RB1 de-
ficiency, as seen in patients with [FN-yR1
deficiency (4). This further suggests that
the cooperation between antigen-present-
ing cells and tuberculin-specific memory T
cells in vivo was not globally affected by the
lack of IL-12 stimulation, which in turn
implies that neither IL-12 nor IFN-y are
essential for DTH in humans. Antigen-spe-
cific DTH in IL-12KO mice seems some-
what impaired, however (17).

Paucibacillary, well-circumscribed gran-
ulomas with epithelioid and giant multinu-
cleated cells were identified in the lymph
nodes and liver of BCG-infected patient 1
(Fig. 3), unlike in BCG-infected tissue from
children with complete [FN-yR1 deficiency
(20). Immunostaining revealed CD3-posi-
tive lymphocytes, including mostly helper
(CD4* and CD45RO™") and smaller num-
bers of cytotoxic (GMP-17*, CD8*, and
CD45RO™) memory T cells, as in control
children with benign local BCG infection
(BCG-itis) (20). Thus, even though the
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Fig. 2. Impaired IFN-vy se-

cretion by NK and T lym-
phocytes. (A} NK cells
from a control individual
(C) and patient 1 (P) were
tested for natural cytotox-
icity against K562 cells
alone or in the presence of
recombinant IL-12. A sin-
gle representative experi- 257
ment is shown; the exper-

iment was done twice.
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kinetics of BCG granuloma formation or
the ability to develop mature granulomas in
response to other mycobacterial species
were not determined, mature BCG granu-
lomas were seen in the absence of IL-12—
mediated immunity. Lung granuloma for-
mation is impaired in IL-12KO mice infect-
ed with Mycobacterium tuberculosis (21).
[L-12KO mice are highly susceptible to
M. tuberculosis (21), whereas infections with
less virulent mycobacteria, such as BCG and
NTM, have not been reported to date. In
humans, [L-12 seems important in protective
immunity to M. tuberculosis (22), M. avium
(23), and M. leprae (24). Evidence from the
four patients in the present study (who were
genetically deprived of IL-12-mediated im-

munity) reveals that IL-12 is irreplaceable
for protective immunity to even poorly
pathogenic mycobacteria. It is likely that
IL-12 is also essential in the control of more
virulent mycobacterial species, and perhaps
other, milder IL-12RB1 mutations may lead
to a predisposition to clinical tuberculosis in
the general population (25).

IL-12KO mice were also found to be
highly susceptible to Leishmania major infec-
tion (26). Much experimental evidence sug-
gests that IL-12-mediated immunity may be
important in the control of a wide range of
viral, bacterial, and parasitic microorganisms
in mice and humans (27). However, despite
probable exposure to most childhood patho-
gens and environmental microorganisms, pa-

Fig. 3. Mature BCG granulomas. (A and B) Hematoxylin and eosin stainings of a BCG-infected lymph
node from patient 1 at magnifications of 100X (A) and 400X (B). (C to G) Immunohistochemical
stainings of 4-um-thick serial sections of a granuloma from the same tissue sample with CD3- (C), CD8-
(D), CD4- (E), GMP-17- (F), and CD45R0O-specific (G) antibodies (magnifications, 400X).
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tients with [L-12RB1 deficiency did not suf-
fer from infections due to microbes other
than mycobacteria (and, to a lesser extent,
salmonella); this suggests that IL-12 in hu-
mans is not necessary to control most other
infections. Three other patients sharing this
phenotype are described in an accompanying
report (28), but the identification of more
kindreds is probably needed to better appre-
ciate the range of potential pathogens.

The selective susceptibility to mycobac-
terial infections is shared by IL-12RB1-
deficient and IFN-yR1-deficient children
(29). Two cytokines, IFN-y and IL-12, ap-
pear to play both a selective and an essen-
tial role in human defense against mycobac-
teria. However, the clinical phenotype
shared by children with each of these two
genotypes is likely to arise from a single
pathogenic mechanism. First, in [L-12ZRB1-
deficient patients, [FN-y production by
otherwise functional NK and T lympho-
cytes is markedly impaired. Second, thera-
peutic use of [FN-vy cured the mycobacterial
infection in IL-12RB1-deficient patient 3
(8). Insufficient IFN-vy production thus ap-
pears to be the main pathogenic mechanism
in IL-12RB1—-deficient patients.

Mycobacterial infections in IL-12ZRB1-
deficient patients tend to have a milder
course than in children with complete
IFNyR1 deficiency (4), and such patients
more closely resemble children with partial
IFN-yR1 deficiency (6). Children with IL-
12RB1 deficiency and partial IFN-yR1 defi-
ciency have mature BCG granulomas, unlike
children with complete IFN-yR1 deficiency.
The milder phenotype is probably attribut-
able to IL-12-independent pathways of
IFN-y production (30); residual amounts of
IFN-y were produced by IL-12RB1~deficient
activated lymphocytes. The process of ma-
ture granuloma formation in response to my-
cobacterial infection is strictly IFN-y—depen-
dent. Although IL-12—-dependent IFN-y in-
duction is not necessary for mature granulo-
ma formation, it is essential for protective
mycobacterial immunity in humans.
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Severe Mycobacterial and Salmonella Infections
in Interleukin-12 Receptor-Deficient Patients
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Interleukin-12 (IL-12) is a cytokine that promotes cell-mediated immunity to intracellular
pathogens by inducing type 1 helper T cell (T,1) responses and interferon-y (IFN-v)
production. IL-12 binds to high-affinity 31/82 heterodimeric IL-12 receptor (IL-12R) com-
plexes on T cell and natural killer cells. Three unrelated individuals with severe, idiopathic
mycobacterial and Salmonella infections were found to lack IL-12RB1 chain expression.
Their cells were deficient in IL-12R signaling and IFN-y production, and their remaining T
cell responses were independent of endogenous IL-12. IL-12RB1 sequence analysis
revealed genetic mutations that resulted in premature stop codons in the extracellular
domain. The lack of IL-12RB1 expression results in a human immunodeficiency and shows
the essential role of IL-12 in resistance to infections due to intracellular bacteria.

1L-12 is a heterodimeric cytokine that con-
sists of two disulfide-linked subunits, p40 and
p35, and is produced by activated antigen
presenting cells (dendritic cells, macro-

phages), particularly upon infection with in-
tracellular microbes (1, 2). IL-12 promotes
the development of Tyl responses and is a
powerful inducer of IFN-y production by T
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