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Interferons (IFN) o/B and vy induce the formation of two transcriptional acti-
vators: gamma-activating factor (GAF) and interferon-stimulated gamma fac-
tor 3 (ISGF3). We report a natural heterozygous germline STAT7 mutation
associated with susceptibility to mycobacterial but not viral disease. This
mutation causes a loss of GAF and ISGF3 activation but is dominant for one
cellular phenotype and recessive for the other. It impairs the nuclear accumu-
lation of GAF but not of ISGF3 in heterozygous cells stimulated by IFNs. Thus,
the antimycobacterial, but not the antiviral, effects of human IFNs are prin-

cipally mediated by GAF.

Mendelian susceptibility to mycobacterial
disease is a rare syndrome (MIM 209950),
leading to severe clinical infections with
weakly virulent mycobacterial species, such
as Bacillus Calmette-Guérin (BCG) vaccines
(1) or environmental nontuberculous myco-
bacteria (2) and more virulent Mycobacteri-
um tuberculosis (3). Other types of microor-
ganisms rarely cause severe clinical disease,
except for Salmonella, which infects less than
half of the patients. Null recessive mutations
have been identified in /L12B (4), encoding
the p40 subunit of interleukin-12 (IL-12), in
IL12RBI (5, 6), encoding the B1 chain of the
IL-12 receptor, in IFNGRI (7, &), and in
IFNGR?2 (9), encoding the two chains of the
IFN-y receptor (IFN-yR). Recessive and
dominant mutations, associated with partial
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IFN-yR, deficiency, have been found in
IFNGR! (3, 10) and IFNGR2 (11). These
studies established that human IL-12—depen-
dent IFN-y—mediated immunity is essential
to control mycobacteria and provided means
of molecular diagnosis and rational treatment
based on pathophysiology. However, no clear
genetic etiology has been identified for a
number of patients.

We investigated two unrelated patients
with unexplained mycobacterial disease. Pro-
band 1 (P1) is a 33-year-old French woman
who developed disseminated BCG infection
in childhood (72). She had experienced many
common viral infections, the clinical course
of which was normal. Mutations in /L/2B
and ILI2RBI had been excluded (/3). We
characterized cellular responses to IFN-y by
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electrophoretic mobility shift assay (EMSA)
using Epstein-Barr virus (EBV)—transformed
B (EBV-B) cells. The level of nuclear-protein
binding to gamma interferon—activating se-
quences (GAS) in P1 cells stimulated with
IFN-y (Fig. 1A) was 25 *= 3% of that in
identically treated control cells (/4). The
GAS-binding protein, designated gamma-ac-
tivating factor (GAF), consisted of STAT-1/
STAT-1 homodimers (/3). This profile was
similar to that observed in partial IFN-yR1
and IFN-yR2 deficiency, but mutations in
IFNGRI and IFNGR2 were excluded (/3).
Moreover, only 25 + 2% of the GAF detect-
ed in control cells was detected in P1 cells
stimulated with IFN-a (/3). Thus, the bind-
ing of nuclear STAT-1 homodimers to GAS
was affected equally by IFN-vy and IFN-« in
P1 cells.

We then analyzed the subcellular distribu-
tion of STAT-1 in simian virus 40 (SV40)-
transformed fibroblasts (SV40 fibroblasts) by
immunofluorescence (/5). A smaller propor-
tion of P1 STAT-1 accumulated in the nucle-
us upon IFN-y stimulation than in control
cells (Fig. 1B). This suggested that the small-
er number of GAS-binding STAT-1 dimers
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was due to low levels of nuclear GAF and not
to a low affinity of nuclear STAT-1 for GAS.
Tyrosine 701 phosphorylation is essential for
STAT-1 dissociation from IFN-yR1, ho-
modimerization, and nuclear translocation
(16). We therefore subjected EBV-B cells to
immunoprecipitation with a STAT-1-specif-
ic mAb and immunoblotting with a STAT-1-
phosphotyrosine 701—specific Ab (17). After
stimulation with IFN-a or IFN-v, the level of
tyrosine 701 phosphorylation was lower in P1
than in control cells (Fig. 1C). Similar results
were obtained by immunoblotting with a
phosphotyrosine-specific monoclonal anti-
body (13). In contrast, similar levels of serine
727-phosphorylated STAT-1 were detected
in P1 and control cells (/8). This suggests
that in P1 cells, STAT-1 molecules are poorly
phosphorylated at tyrosine 701 in response to
both IFN-a and IFN-vy. This probably ac-
counts for the impaired nuclear accumulation
and DNA binding of GAF.

We investigated the DNA binding activity
of STAT-1/STAT-2/p48 trimers, known as
interferon-stimulated gamma factor 3
(ISGF3) (14). Similar levels of IFN stimulat-
ed response element (ISRE)-binding com-
plex were detected in control and P1 EBV-B
cells after IFN-a stimulation (Fig. 1D). Su-
pershift experiments confirmed that the
ISRE-binding complex consisted of ISGF3
(13). The subcellular distribution of ISGF3
was then analyzed in SV40 fibroblasts with a
STAT-2—specific mAb (/5). IFN-a stimula-
tion resulted in strong nuclear accumulation
of STAT-2 molecules in both control and P1
cells (Fig. 1E). ISGF3 activation in response
to IFN-y (19) was not detected in our exper-

Fig. 1. Cellular re- A
sponses to IFN-y and C
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imental conditions. Thus, GAF activation
was impaired in P1 cells stimulated by IFN-a
and -y, whereas ISGF3 activation by IFN-a
was not affected. We investigated IFN-o—
and IFN-y—inducible gene transcription by
Northern blotting (20). P48 transcription was
induced by IFN-vy in control but not P1 cells,
whereas MXA transcription was induced by
IFN-a in both control and P1 cells (Fig. 1F).
The dissociation of IFN-induced signaling
pathways mediated by GAF and ISGF3 is
therefore functionally relevant for IFN-re-
sponsive target genes.

We searched for mutations in the two mol-
ecules known to be shared by the IFN-o/8 and
IFN-vy signaling pathways, JAK-1 and STAT-1.
Sequencing of the P1 JAKI coding region re-
vealed no mutation (/3). Sequencing of the
STATI gene and cDNA revealed a heterozy-
gous substitution (T — C) at nucleotide posi-
tion 2116 of the coding region, resulting in a
serine (S) for leucine (L) substitution at amino
acid position 706 (L7068S) (21) (Fig. 2A). The
L706S mutation was not found in the patient’s
parents (Fig. 2B), suggesting that the mutation-
al event occurred in one of the parental germ-
lines. P1 transmitted the mutation to her daugh-
ter. Unlike all other family members, P1 and
her daughter displayed the same abnormal cel-
lular phenotype, with impaired activation of
GAF, but not ISGF3, in response to both IFN-y
and IFN-a (/3). The L706S mutation was not
found in 50 unrelated healthy individuals ex-
amined. STATI was also sequenced in 50 pa-
tients with mycobacterial disease. An unrelated
patient (proband 2, P2) was found to be het-
erozygous for the L706S mutation (Fig. 2B). P2
is a 10-year-old American girl who developed
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Mycobacterium avium infection at 6 years of
age (22). These findings strongly suggest a
causal relationship between heterozygosity for
the STATI L706S allele and vulnerability to
mycobacteria.

We transiently transfected a mouse fibro-
blast cell line deficient in STAT-1 with wild-
type or L706S human STAT! alleles or an
insert-less vector (23). No STAT-1 was de-
tected in cells transfected with insert-less
vector (Z3). In IFN-y—stimulated cells, wild-
type STAT-1 accumulated in the nucleus,
whereas L706S STAT-1 remained cytoplas-
mic (Fig. 3A). Similarly, stimulation by
IFN-a led to the nuclear accumulation of
both STAT-1 and STAT-2 in cells transfected
with the wild-type STAT! allele, but not in
cells transfected with the L706S allele (Fig.
3B). This demonstrates a loss of function for
the L706S STATI allele, in the nuclear accu-
mulation of GAF and ISGF3 in response to
both IFN-y and IFN-o. Staining with a
STAT-1-phosphotyrosine 701-specific anti-
body demonstrated the phosphorylation of
nuclear wild-type STAT-1, but not of cyto-
plasmic L706S STAT-1 upon IFN-y stimula-
tion (Fig. 3C). This is consistent with previ-
ous experiments in heterozygous cells (Fig.
1C) and strongly suggests that L706S is a
loss-of-function mutation, principally be-
cause it severely impairs the phosphorylation
of tyrosine 701.

Transient transfections were carried out
with various ratios of wild-type and L706S
STATI alleles. The nuclear accumulation of
STAT-1 upon IFN-y stimulation was im-
paired with a 7:3 ratio and completely inhib-
ited with a 3:7 ratio (/3), indicating that the
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Subcellular distribution of STAT-2 in SV40 fibroblasts from a control
(C) and the patient (P), either not stimulated (NS) or stimulated with
IFN-a (10° IU/ml), as detected by indirect immunofluorescence. (F)
Levels of p48, MXA, and GADPH mRNAs in EBV-B cells from a control
(C) and the patient (P), either not stimulated (NS) or stimulated with
IFN-a (10* 1U/ml) or IFN-y (102 IU/ml), as detected by Northern
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L706S STATI null allele exerts a dominant-
negative effect over the wild-type allele for
GAF activation. Three of the four possible
STAT-1 combinations recruited to the IFN
receptor in wild-type/L706S cells are proba-
bly nonfunctional because at least one com-
ponent cannot be phosphorylated on tyrosine

Fig. 2. STATT genotype and cel- A
lular and clinical phenotype. (A)
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701. One functional combination (wild type/
wild type) is responsible for the 25% residual
activity. L706S STAT-1 binding to IFN-yR1
has not been assessed. Although the L706S
STAT] allele also causes a loss of function for
ISGF3 activation, it is recessive for this phe-
notype. Crystallographic studies established

Y701 L706 S727
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genotype and cellular and clini-
cal phenotype in the two kin-
dreds. Healthy individuals with
two wild-type copies of STATT
are shown in white. L706S het-
erozygous P1 (A.l.2) with BCG

infection is shown in black, and her heterozygous daughter, with a cellular but currently no clinical
phenotype, is indicated by a vertical bar. Heterozygous P2 (B.Il.1) with M. avium infection is shown

in black.
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Fig. 3. Characterization of the mutant STATT allele. (A) Subcellular distribution of human STAT-1
in mouse STAT-1-deficient fibroblasts, either not stimulated (NS) or stimulated with murine IFN-y
(105 1U/ml), after transfection with wild-type (WT) or mutant (L706S) human STAT7 allele, as
detected by indirect immunofluorescence. (B) Subcellular localization of human STAT-1 and mouse
STAT-2 in mouse STAT-1-deficient fibroblasts, either not stimulated (NS) or stimulated with
murine IFN-a (105 1U/ml), after transfection with the wild-type (WT) or mutant (L706S) human
STAT1 allele, as detected by indirect immunofluorescence with a confocal microscope. (C) Tyrosine
701 phosphorylation of human STAT-1 in mouse STAT-1-deficient fibroblasts, either not stimu-
lated (NS) or stimulated with IFN-y (105 IU/ml), after transfection with the wild-type (WT) or
mutant (L706S) human STAT1 allele, as detected by indirect immunofluorescence.

the crucial role of leucine 706 for STAT-1
homodimerization (24), and STAT-2 has
been shown to be recruited first by the IFN-a
receptor (25). Thus, L706S STAT-1 is un-
likely to dimerize with IFN-aR—bound phos-
phorylated STAT-2, and sufficient wild-type
STAT-1 is probably available in heterozy-
gous cells to form functional ISGF3 com-
plexes. The dimerization of L706S STAT-1
with STAT-2 has not been assessed.

The clinical phenotype of these patients is
similar to that of patients with partial IFN-yR
deficiency (3, 10, 11). Thus, human IFN-medi-
ated antimycobacterial immunity involves prin-
cipally STAT-1-dependent, GAF-dependent,
IFN-y—stimulated pathways. IFN-yR knockout
mice are vulnerable to mycobacteria (26), but
the status of IFN-aR (27, 28) and STAT-1 (29,
30) knockout mice is not known. Heterozygous
L706S STAT! mutation does not compromise
antiviral immunity, as the three STAT-1-defi-
cient individuals reported here were resistant to
all viruses they had been exposed to. IFN-aR
(27, 28, 31), STAT-1 (29, 30, 31), and STAT-2
(32) knockout mice are susceptible to all virus-
es tested, suggesting that mouse IFN-a—medi-
ated antiviral immunity is in part ISGF3-depen-
dent. STAT-1-independent effects of IFN-a
also contribute to immunity against viruses in
mice (3/). Thus, either small amounts of GAF
are sufficient to protect the patients against
viruses, or, more probably, GAF plays no major
role in IFN-a—mediated antiviral immunity in
humans. IFN-a-stimulated ISGF3 activation,
which is preserved in patients carrying the
L706S STAT! mutation, or STAT-1-indepen-
dent IFN-a-stimulated pathways, presumably
intact as well, are probably essential for human
antiviral immunity.
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Interferon-y—Mediated
Site-Specific Clearance of
Alphavirus from CNS Neurons

Gwendolyn K. Binder and Diane E. Griffin*

Recovery from viral encephalomyelitis requires immune-mediated noncytolytic
clearance from neurons by mechanisms assumed to be the same for all neurons.
In alphavirus encephalomyelitis, antibody clears infectious virus from neurons
in all regions of the central nervous system (CNS), but CD8 T cells contribute
to elimination of viral RNA. To understand the role of T cells in clearance, we
infected antibody knockout mice with Sindbis virus. Virus was cleared from
spinal cord and brain stem neurons, but not from cortical neurons, and required
both CD4 and CD8 T cells. Infection with cytokine-expressing recombinant
viruses suggested that T cells used interferon-v, but not tumor necrosis factor
a, in clearing virus and that populations of neurons differ in responsiveness to

this effector pathway.

Viral infections of brain and spinal cord neu-
rons necessitate development of an immune
response within the central nervous system
(CNS). However, local infiltration of inflam-
matory cells provides the potential for im-
mune-mediated neurologic damage. Because
recovery from viral encephalitis can occur
without permanent neurologic damage, non-
cytolytic mechanisms of clearance must ex-
ist. To investigate these mechanisms, we
studied a model of murine encephalomyelitis
induced by infection with Sindbis virus (SV),
a mosquito-borne alphavirus related to west-
ern and eastern equine encephalitis viruses.
SV infects neurons in both the brain and
spinal cord (/) and induces a well-character-
ized immune response in the CNS (2—4) that
results in clearance of infectious virus within
7 to 8 days without paralysis or death. Thus,
SV encephalomyelitis provides an excellent
model for identifying the immune mecha-
nisms responsible for effective noncytolytic
clearance of virus from the CNS.

Previous studies that used passive transfer
of antibody into severe combined immune
deficiency (SCID) mice persistently infected
with SV showed that antibody is a primary
mediator of noncytolytic clearance of infec-
tious virus from neurons in both the brain and
spinal cord (3). However, antibody-indepen-
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dent cytolytic and noncytolytic T cell-medi-
ated control of virus replication occurs in
nonneural tissues (5-7). Such mechanisms
have been considered irrelevant to virus
clearance from neurons, in part because of the
restricted expression of major histocompati-
bility class I and class II antigens by these
cells (8). Consistent with this view, clearance
of infectious SV from neurons is normal in
mice deficient in CD8 T cells. However,
clearance of viral RNA is slowed in these
mice, suggesting an auxiliary role for T cells
9.

To investigate whether alternate mecha-
nisms of noncytolytic viral clearance exist,
we infected CS57BL/6 antibody knockout
(WMT) mice (10) with the TE strain of SV
(11) and examined clearance of infectious
virus from the brain and spinal cord. As
controls,  immunocompetent  wild-type
C57BL/6 and immunodeficient SCID mice
(Fig. 1, A and B) were infected with the same
SV strain (/2). Initial levels of virus replica-
tion were similar in all mice, and, although
wild-type mice cleared infectious virus from
the brain and spinal cord between days 6 and
9 after infection, SCID mice established per-
sistent infection in the brain and spinal cord
but developed no neurological symptoms.
During the first 2 weeks of infection, virus
titers in brains of phMT mice were interme-
diate between those of SCID and wild-type
mice, but later, titers were similar to those of
SCID mice. In contrast, infectious virus was
completely cleared from the spinal cords of
WMT mice with a time course that was only
slightly slower than that of wild-type mice.
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