MEFYV genotype of Japanese patients with FMF seem to be
different from those of Mediterranean patients, and our sur-
vey suggests that there will be a large number of FMF
patients even in Japan.
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Myeloid differentiating factor 88 (MyD88) and MyD88 adaptor-like
(Mal) are adaptor molecules critically involved in the Toll-like receptor
(TLR) 4 signaling pathway. While Mal has been proposed to serve as
a membrane-sorting adaptor, MyD88 mediates signal transduction
from activated TLR4 to downstream components. The Toll/Interleu-
kin-1 receptor (TIR) domain of MyD88 is responsible for sorting and
signaling via direct or indirect TIR—TIR interactions between Mal and
TLR4. However, the molecular mechanisms involved in multiple in-
teractions of the TIR domain remain unclear. The present study
describes the solution structure of the MyD88 TIR domain. Reporter
gene assays revealed that 3 discrete surface sites in the TIR domain of
MyD88 are important for TLR4 signaling. Two of these sites were
shown to mediate direct binding to the TIR domain of Mal. Interest-
ingly, Mal-TIR, but not MyD88-TIR, directly binds to the cytosolic TIR
domain of TLR4. These observations suggested that the heteromeric
assembly of TIR domains of the receptor and adaptors constitutes the
initial step of TLR4 intracellular signal transduction.

docking simulation | Mal | innate immunity | NMR | protein structure

M yeloid differentiating factor 88 (MyD88) is a cytosolic adap-
tor protein that plays essential roles in both innate and
acquired immune responses by mediating signal transduction path-
ways that are initiated by Toll-like receptors (TLRs) and IL-1 and
IL-18 receptors (IL-1R and IL-18R). MyD88 consists of an N-
terminal death domain (DD) (approximately 90 aa residues), a
C-terminal Toll/Interleukin-1 receptor (TIR) domain (approxi-
mately 150 aa residues), and a short connecting linker (1). In innate
immune responses, the TIR domain of MyD88 has pivotal functions
in the formation of signal initiation complexes involving the cyto-
solic domain of TLRs. The best characterized pathway is the TLR4
pathway, in which the cytosolic TIR domain of LPS-stimulated
TLR4 interacts with the TIR domain of MyD88 (MyD88-TIR), in
cooperation with another TIR-containing adaptor protein, MyD88
adaptor-like (Mal). Subsequently, signal is transmitted to the IL-1
receptor-associated kinase (IR AK) through an interaction between
the death domains of MyD88 and IR AK. This eventually activates
the transcription factors NF-«B and activator protein 1 (AP-1) via
a phosphorylation cascade (2).

MyD88 has been reported to be involved in signaling pathways
initiated by all TLRs thus far reported, with the exception of TLR3
(3). Of the MyD88-dependent pathways involving TLR2, 4,5, 7, and
9, only the TLR2 and TLR4 pathways require Mal for efficient
signal transduction (4). TLR4 also possesses the MyD88-
independent signaling pathway, which comprises other TIR-
containing cytosolic adaptors, TIR domain-containing adaptor
inducing IFN-B (TRIF), TRIF-related adaptor molecule (TRAM),
and sterile @ and huntingtin-elongation-A subunit-TOR (HEAT)
Armadillo motifs (SARM) (5). Therefore, in general, specific
complexes involving more than one TIR-containing adaptor are
likely to be required for initiation of each TLR signal transduction
pathway.

10260-10265 | PNAS | June 23,2009 | vol.106 | no.25

Recently, Kagan and Medzhitov (6) revealed that MyD88 and
Mal have distinctly different roles in TLR4 signaling: MyD88 serves
as an essential “signaling adaptor,” which transmits signals from
ligand-activated TLRs to downstream factors to initiate kinase-
dependent signaling cascades, while Mal functions as a “sorting
adaptor,” which recruits MyD88 to the plasma membrane via its
PIP2 binding domain to promote interaction between MyD88 and
activated TLR4 beneath the membrane. Indeed, Mal was shown to
be dispensable for TLR4 signaling when MyD88 is fused to a PIP2
targeting domain. In the TLR4-TRIF pathway, TRAM has been
proposed to serve as a sorting adaptor, which delivers TRIF to a
specific membrane portion via its myristoylation site (7). These
findings suggest that specific combinations of “sorting” and “sig-
naling” TIR-containing adaptors might be involved in TLR signal-
ing pathways.

The specificities of TIR-TIR interactions between adaptors,
and between adaptors and TLRs, define the formation of various
complexes that initiate TLR signaling pathways. However, little
is known about the mechanism of heteromeric interactions
between TIR domains. The crystal structures of cytosolic TIR
domains of the membranous receptors, TLR1, TLR2, TLR10,
and IL-1RAPL have been reported (8-10), and the homomeric
TIR interfaces observed in the crystals have been described.
However, the functional relevance of these homomeric interac-
tions remains obscure because the formation of a homomeric
dimer in these TIR domains has not been observed in solution
(9, 10). Based on crystal structures and mutational data, several
structural models have been proposed for heteromeric TIR-TIR
interactions, which commonly suggest the importance of the
so-called BB loop in these interactions (11, 12).

The present study describes the solution structure of MyD88-TIR
using NMR spectroscopy. The isolated domain was shown to exist
as a monomer in solution state on the basis of size-exclusion
chromatography, although full-length MyD88 forms a dimer, which
appears to be mediated via homomeric interactions within its death
domain. By combining in vitro mutational binding experiments with
an NF-«B reporter system in mammalian cells, 2 surface sites were
identified as binding interfaces for the TIR domain of the sorting
adaptor Mal, one of which includes a critical residue for MyD88
function, whose mutation causes the pyogenic bacterial infections
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Fig. 1.
representative ribbon drawing of the NMR structure of MyD88, generated
with MOLMOL 2K.2. The notation of the secondary structures (BA-BE, aA-aC,
and aE) is based on TLR TIR domains. (B and C) A superimposed representation
of MyD88-TIR (sky blue) and the crystal structure of the TIR domain of TLR2
(orange). Although the B-sheet cores are similar (rmsd = 0.90 A), there are
differences in some regions.

Solution structure of the TIR domain of human MyD88. (A) A

(13). Furthermore, the in vitro binding experiments demonstrated
that MyD88-TIR does not directly bind to the cytosolic TIR domain
of TLR4, while Mal-TIR does. The distal location of the Mal
binding sites on the MyD88-TIR surface suggests that the TIR
domain of MyD88 simultaneously interacts with 2 Mal-TIR mol-
ecules, which may provide a highly efficient scaffold for signal
transduction.

Results

Structure Determination of the TIR Domain of MyD88. Based on se-
quence comparison between TIR domains, a region was selected
that comprised residues 148-296 of human MyD88 and was used
for structure determination by solution NMR spectroscopy (see
Fig. S1). In the buffer used for structural studies, MyD88-TIR
resided in a monomeric state, as assumed from size-exclusion
chromatography. However, the death domain including internal
domain (DD +ID) of MyD88 existed in a dimeric state (see Fig. S2).
Therefore, the reported MyD88 dimerization was likely mediated
by DD+ID but not by the TIR domain (14). The TIR domain
structure of human MyD88 (residues 157-296), which presented the
lowest overall energies in the 20 final structures generated by
calculations, is shown in Fig. 14. Statistics for the final 20 conform-
ers are summarized in Table S1, which shows that the rmsd for the
coordinates of backbone heavy atoms (N, Ce, and C’) of residues
157-185, 188-194, and 203-295 is 0.45 A. The N-terminal 9 residues
(148-156) displayed random coil propensity, which was character-
ized by the lack of medium-to-long range NOESY cross-peaks for
the region. Hence, these residues were omitted from the figure and
statistics for clarity.

Previous studies have indicated that 3 short, sequence motifs,
called box 1-3 motifs, which are (F/Y)DA, RDXXPG, and FW,
respectively, are conserved between TIR domains (see Fig. S1)
(15). Of these, the box 2 motif, which resides in the so-called BB
loop region, has been suggested to be important for TIR-TIR
interactions and specificities (8, 16). In the calculated conformers of
MyD88-TIR, a section of the BB loop, namely residues 194208,

Ohnishi et al.

was not well converged. With the exception of Gly-201, Val-204,
and Ser-206, the backbone amide resonances of these residues were
not identified in 2D 'H-15N hetero-nuclear single quantum coher-
ence (HSQC) spectra, although resonances of some side chain
protons were observed and assigned in HCCH-TOCSY and 3D
13C-edited NOESY spectra. This region appeared to not form a
single, definite structure, as judged from observations of a relatively
few number of long-range NOEs. A {'H}-'5N heteronuclear NOE
experiment showed that some main-chain amide groups in the BB
loop region, namely Gly-201, Val-204, and Ser-206, displayed NOE
values of 0.67, 0.55, and 0.67, respectively, which were less than the
average value for residues 157-297 (0.76 = 0.09). These results
implied that the BB loop was mobile in solution. The presumed
conformational flexibility in the BB loop region might exert broad-
ening effects due to chemical exchange, which results in absence of
the backbone amide resonances of residues 195-200, 202, and 203.
In addition, the turn region comprising residues 185-188, which
follows helix aA, was poorly defined as the main chain amide
resonances of Thr-185, Asp-186, Tyr-187, and Arg-188 could not be
identified in the HSQC spectrum.

During the preparation of this manuscript, Rossi et al. released
the solution structure of the TIR domain of human MyD88 in the
Protein Data Bank (PDB ID: 2JS7). The overall folding was
identical to our findings, despite minor differences. However, a
detailed comparison of these 2 structures would not be appropriate,
because of substantial differences in solution conditions, such as
organic additives and pH. The structure of Rossi et al. was
determined in a buffer containing 5% acetonitrile at pH 5.0, while
the present structure determination was performed in a buffer at
pH 6, with no organic solvent.

Structural Description of the TIR Domain of MyD88, and Comparison with
Other TIR Domains. The MyD88 TIR domain structure (residues
157-296) comprised a central 5-stranded parallel B-sheet (BA—BE)
surrounded by 4 a-helices (eA-aC and oE) (Fig. 14). As predicted,
the global fold was similar to what was observed in previously
determined crystal structures of TIR domains of receptors TLR1,
TLR2, TLR10, and IL-1RAPL (PDB codes: 1FYV, 1FYW, 2J67,
and 1T3G, respectively). Of the known structures, the MyD88 TIR
domain exhibited highest sequence similarity to TLR2. Fig. 1 B and
C show superimposed representations of the TIR domain structures
from MyD88 and TLR2. While the pB-sheet cores displayed high
structural similarity, as indicated by an rmsd value for backbone N,
Ca, and C of 0.90 A, several regions displayed notable conforma-
tional differences. The largest structural discrepancy was observed
in the region from the BB loop (Ser-194-Ala-208 of the MyD88 TIR
domain) to aB (Fig. 1C). The BB loop was exposed to solvent in
MyD88 and TLR2, but the direction in which the loops orient was
markedly different. This was mainly due to a structural difference
in the C-terminal region of the BB loop (residues 205-208), which
precedes oB of MyD88. These residues adopted an extended
conformation in MyD88, whereas corresponding residues are in-
volved in an o-helix (aB) in TLR2. Therefore, aB of MyD88 was
much shorter than TLR2. Another major conformational differ-
ence was the lack of an a-helix in the region between strands D
and BE (residues 257-273) of the MyD88 TIR domain (see Fig. S1).
This region adopted an extended and a short helical coil confor-
mation in MyD88, but the corresponding residues formed an
a-helix (D) in TLR2 (positions 266270 in MyD88 numbering).

Cell-Based Functional Assays of the MyD88 TIR Domain in TLR4 Signaling
Pathways. To explore residues that are important for function of the
MyD88 TIR domain, we performed mutational analysis of the
domain, using dominant negative effects of ectopically expressed
isolated TIR domain (17). For the assay, a luciferase reporter
system for NF-«B activation was constructed in HEK293 cells,
where MyD88-TIR or mutants harboring single amino acid substi-
tutions of surface residues, was ectopically expressed. Expression of

PNAS | June 23,2009 | vol. 106 | no.25 | 10261
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Fig. 2.  Functional sites for signaling and binding sites for Mal. (4) The NF-«xB reporter gene assay of MD2 cotransfected with LPS-induced (1.0 ug/ml)

293-hTLR4A-HA cells. Inthese graphs, each column indicates relative luciferase activity of stimulated cells over nonstimulated cells. Color code: black bars indicate
asignificant increased NF-«B activity, compared with the wild-type group. The statistical significance of differences in luciferase activities between wild type and
mutants was analyzed using the Dunnett's multiple comparison test. Statistical significance was assumed to be P < 0.05. (B) Results of the functional assays of
LPS/TLR4 signaling presented on the 3D structure of the TIR domain of MyD88. The results of the functional assays are mapped onto the molecular surface of
the MyD88 TIR domain. The amino acid residues judged to be significant by the luciferase assay are shown in red, while nonsignificant residues are shown in
light brown. The conserved motifs of boxes 1-3 (FDA of box1, VLPG of box2, FW of box3) are shown in blue. (C) Assay of binding of Mal TIR domain and MyD88
TIR domain wild type or mutants. Alanine substitutions in Site Il (R196A) or Site Il (R288A) in MyD88 resulted in reduced interaction with Mal. The double alanine
substituted mutant of Site Il and Site Il caused complete abolition of the interaction with Mal. (D) Cysteine substitution in R196 also caused reduced interaction
with Mal. () Plots of relative integrated area of NMR signals, which were derived from NMR titration data, in a function of added volume of Mal-TIR into SN
MyD88-TIR sample. The best-fit lines to the data, assuming a simple 1:1 complex model, are also shown. Apparent dissociation constants calculated are also
indicated with standard errors (see Fig. S3). The black box, red circle, blue triangle, and green triangle indicate the dissociation curves of wild-type, R196A, R288A,

and R196A-R288A, respectively.

MyD88-TIR, which lacked the N-terminal death domain and thus
was supposedly unable to transmit signals, suppressed LPS-induced
luciferase expression. This effect was presumably due to inhibition
of signaling pathways by competitive binding of the isolated TIR
domain to signaling components that interact with endogenous
MyD88. When a TIR mutant harboring a substitution of a func-
tionally important residue is expressed, such suppression is allevi-
ated, which leads to higher LPS-induced luciferase activity than
observed with a TIR domain harboring the wild-type sequence. It
should be noted that the dominant negative effect of ectopically
expressed TIR domain has been used for functional analysis of
some key residues of MyD88-TIR in IL-1 signaling (11).

Results from luciferase assays of mutant-expressing cells upon
LPS stimulation are shown in Fig. 24. LPS addition to HEK293 cells
expressing MD2 and TLR4 resulted in an approximately 3-fold
increase in reporter activity, which was consistent with a previous
report (18). Alanine substitution of 5 residues, Arg-196, Asp-197,
Arg-217, Lys-282, or Arg-288 resulted in significantly reduced
inhibitory effects in LPS-induced luciferase activity. Interestingly,

10262 | www.pnas.org/cgi/doi/10.1073/pnas.0812956106

these 5 residues are closely associated with the box 1, 2, and 3 motifs,
which are highly conserved across TIR domains (see Fig. S1).
Arg-196 and Asp-197 are located within the box 2 motif. The side
chains of Lys-282 and Arg-288 form a continuous protein surface
with box 3 forming residues, and Arg-217 is located distant in the
sequence, but proximal in space to the box 1 motif (Fig. 2B). Hence,
we designated the sites that these residues form as Site II, Site III,
and Site I, respectively.

Binding Sites of MyD88-TIR for Mal. Because Site I, Site II, and Site III
of the MyD88 TIR domain are important for TLR4-mediated
cellular responses following LPS stimulation, the involvement of
these sites was examined in direct binding to the TIR domain of Mal
(Mal-TTR), the sorting adaptor in MyD88-dependent TLR4 path-
ways (19). The effect of alanine substitution of Arg-196, Arg-217,
or Arg-288 (which forms Site II, Site I, and Site III of the MyD88
TIR domain, respectively) on interactions with Mal-TIR was ana-
lyzed by GST pull-down assay. Mal-TIR was pulled down by
wild-type MyD88-TIR. However, substitution of either Arg-196 or

Ohnishi et al.
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Arg-288 resulted in moderate, but significant, decreases in MyD88-
TIR affinity for Mal-TIR. The MyD88-TIR affinity of the Arg-196
and Arg-288 double-substituted mutant for Mal-TIR was com-
pletely abolished (Fig. 2C). In contrast, the Arg-217 mutation had
no significant effect. The results, therefore, suggested that Site II
and Site III, but not Site I, contributed to the interface with
Mal-TIR. In addition, Arg-196 substitution by cysteine, which was
detected in MyD88 deficiency patients (13), also caused reduced
interaction with Mal (Fig. 2D). The effect of alanine substitution of
those arginine residues on interactions with Mal-TIR was also
examined by observing 2D 'H-N correlation NMR spectra of
I5N-labeled MyDS88-TIR and its derivative in the absence or
presence of various concentrations of nonlabeled Mal-TIR. The
15N-labeled MyD88-TIR signals uniformly decreased upon titration
of Mal-TIR (see Fig. S3). Signal attenuation was presumably due to
increased apparent molecular weight upon complexation or chem-
ical exchange (Fig. 2E). A MyD88-TIR mutation of either Arg-196
or Arg-288 caused moderate effects. However, double mutations of
these residues resulted in large effects on signal attenuation,
suggesting that signal attenuation was due to interactions between
TIR domains of MyD88 and Mal. The apparent dissociation
constants were estimated from the signal attenuation of wild-type
and mutant MyD88 as previously described (Fig. 2E) (20). These
results indicated that contributions from Site II and Site III to the
interaction were comparable to each other. It should be noted that
the effect of tested alanine substitution on the structure of the TIR
domain was minor and only limited to the region close to the
mutational sites, as judged from the 2D spectra of those mutants.
Thus, these substitutions do not affect the opposite functional
surface. Therefore, allosteric effect was neglected in interpreting
the data.

The Function of Site | in TLR4 Signaling. Site I could serve as an
interaction site with cytoplasmic TIR domain of TLR4 (TLR4-
TIR), as previously suggested (6). However, an interaction between
TIR domains of MyD88 and TLR4 was not detected (Fig. 34). The
GST pull-down experiment in the present study further demon-
strated that the DD of IRAK4 exhibited no detectable binding
activity to MyD88-TIR, but rather bound to MyD88 that lacked the
TIR domain (Fig. 3B). This indicated that Site I was not involved
in interactions with the downstream effector IRAK4, although
results from a previous study showed that a small region of TIR,
which included box 1 motif, ID, and DD of MyD88, interacts with
IRAK4 (21).

Discussion

The TIR domain is typically composed of 135-160 aa residues, with
sequence conservation ranging from 20 to 30%. While the hydro-
phobic core residues are conserved, the surface exposed residues
vary greatly between TIR domains. Consequently, the distribution
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of surface electrostatic potential differs significantly between TIR
domains (22), possibly underlying the differences in binding spec-
ificity. For TIR domains of membranous receptors, 4 structures
from TLR1, TLR2, TLR10, and IL-1RAPL have been reported
(8-10). When comparing these, the BB loop of MyD88 displayed
the largest structural difference (Fig. 1C). The BB loop region has
been proposed to be important for interactions between TIR
domains. Thus, structural deviation of the BB loop, and differences
in surface electrostatic potential, might reflect specificities
of TIR-TIR interactions. It should be noted that the isolated
MyD88-TIR domain existed as a monomer in solution state, while
some TIR domains have been reported to form a dimer in crystal
structure (9, 10). On the other hand, full-length MyD88 is known
to form a dimer, which seems to be mediated via homomeric
interactions between the death domains (see Fig. S2).

The present study identified 3 functional surface sites (Sites I-IIT)
of MyD88-TIR that were important for the LPS-activated TLR4-
signaling pathway. Two of these sites, Sites II and III, served as
binding sites for Mal-TIR (Fig. 2 C and E). Results from the GST
pull-down and NMR titration experiments suggested that these 2
sites equally contributed to interactions between MyD88-TIR and
Mal-TIR. The Site II-forming residues Arg-196 and Asp-197 were
located in the BB loop, and were highly conserved across TIR
domains (see Fig. S1). Another Mal binding site, Site III, which was
formed by 2 basic residues, Lys-282 and Arg-288, flanks the box 3
comprised of FW motif, creating a positively charged surface patch.
Because basic amino acids were conserved at positions 282 and 288
(see Fig. S1), this positively charged patch appeared to be common
in TIR domains. The present data revealed that Arg-217 in Site I
played a crucial role in the TLR4-mediated cellular response to LPS
stimulation but was not involved in direct binding to Mal-TIR (Fig.
2C). In the GST pull-down experiments, direct interaction of
MyD88-TIR with either the TIR domain of TLR4 or the death
domain of IRAK4 was not observed (Fig. 3). This was consistent
with previous observations that MyD88 does not directly bind to the
cytosolic domain of TLR4 (23). Therefore, Site I is unlikely involved
in MyD88 interaction with any of the known possible binding
partners, such as Mal, TLR4, and IRAK4, but might serve as a
contact surface with a yet unidentified MyD88 binding protein or
specific membrane portion. The functional role of Site I in TLR4
signaling remains to be clarified in further studies.

The 2 Mal binding sites of MyD88-TIR, Sites II and III, are
distantly located from each other and are on opposite molecular
surfaces. Thus, it is impossible to assume that one Mal-TIR can
make simultaneous contact with both MyD88-TIR sites. In addi-
tion, contributions from Site II and Site III to the interaction were
shown to be comparable to each other. Thus, assuming 2 Mal-TIR
molecules would bind to one MyD88-TIR molecule, we constructed
a complex model between MyD88-TIR and Mal-TIR using a
molecular docking method similar to previous studies (12, 24). The
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Fig.4. Structural model of signaling complexformed by MyD88 and Mal. The
Mal binding sites, Sites Il and Ill residues, are shown in red, and noncritical
residues for signaling and Site | residue are shown in light blue. The positions
of the previously reported functional residues (P125, 5180, and E190) are
shown as orange spheres, and the phosphorylation sites in Mal for signaling,
Tyr-86, Tyr 109, and Tyr-159, are shown as yellow spheres.

model indicated that Sites IT and III residues are well situated at the
interface centers of each Mal-TIR. In addition, all noncritical
residues, including Arg-217 (Site I), avoided the interfaces, which
supported validity of this model (Fig. 4). Previous reports have
shown that P125H mutation or S180L polymorphism of Mal causes
decreased interactions between Mal and TLR4 or TLR2, respec-
tively, but has no effect on interactions between Mal and MyD88
(25, 26). Moreover, the TR AF-6 binding site on Mal was shown to
include Glu-190 (27). These 3 Mal residues were not included in the
Mal-MyD88 complex model interfaces (Fig. 4). Therefore, the
model suggested that MyD88-TIR binding might not interfere with
interactions between Mal-TIR and TLR4, TLR2, or TRAF-6.
Recently, Tyr-86 phosphorylation of Mal was shown to negatively
regulate interactions with MyD88 (28). In addition, Tyr-86 muta-
tion, not Tyr-106 or Tyr-159, significantly altered affinity of Mal to
MyD88. These observations were consistent with the present
complex model, in which Tyr-86, not others, was at the molecular
interface (Fig. 4). Moreover, the model predicted that Tyr-86
phosphorylation might perturb MyD88 interface steric comple-
mentarity of Mal and result in an electrostatic repulsion to the
acidic surface of MyD88-TIR that Mal binds to.

Recently, one of the Site IT residues, Arg-196, has just been found
to be mutated to cysteine in the new primary immuno-deficiency
(MyD88 deficiency) patients (13). This mutation did not cause
destabilization of the MyD88 protein, but showed a significant
decrease of the direct binding ability between MyD88-TIR and
Mal-TIR (Fig. 2D). Patients with the MyD88 deficiency were highly
susceptible to Gram-positive bacteria, while they showed normal
resistance to other kinds of pathogens, such as Gram-negative
bacteria and viruses. The phenotypes suggest that TLR2 signaling
is more critical than other self-defense systems in early life (3)
because the other innate immune signaling pathways have a kind of
redundancy, acting as alternative signaling pathways; i.e., TLR2 and
TLR4 signaling needs MyD88 and Mal to signal, but TLR4 has
other MyD88-independent pathways with TRIF (5). It suggests that
the Gram-positive bacterial recognition system is much more
dependent on TLR2/MyD88/Mal signaling. The loss of interaction
between MyD88 and Mal caused by the mutation would be a critical
molecular mechanism for MyD88 deficiency patients.

It is of special interest that the TIR domain of Mal, and not
MyDS88, directly interacted with the TIR domain of TLR4 (Fig. 34)
as described in the previous predicted docking model (29). This
observation raises the possibility that Mal-TIR might simulta-
neously bind to the TIR domains of TLR4 and MyD88, and thereby
mediate association as previously predicted (5). Because Mal has
been shown to be dispensable for TLR4 signaling when MyD88 is
artificially fused to a PIP2 targeting domain (6) there is the

10264 | www.pnas.org/cgi/doi/10.1073/pnas.0812956106

possibility that weak interactions between TIR domains of MyD88
and TLR4 mediates signal transduction. Alternatively, an uniden-
tified alternate Mal-independent pathway could contribute to sig-
naling as previously discussed (30). Previous mutation analysis
suggests that Mal Pro-125 contributes a binding interface with
TLR4 (26). This residue was located distal to the putative MyD88
interface in the present MyD88:Mal complex model and was
therefore consistent with the hypothesis that Mal-TIR mediates
TIR-TIR interactions between TLR4 and MyD88.

Conclusion

Structure determination combined with functional assays of human
MyD88-TIR revealed that 3 sites, which are related to conserved
boxes 1-3 of the domain, were important for the LPS/TLR4
pathway. Two of these sites were located at opposite surfaces of the
molecule and were shown to mediate direct interaction with
Mal-TIR. Thus, the 2 independent binding sites served by MyD88-
TIR might contribute to formation of higher order TIR-TIR
complexes, which may result in amplification of TLR signal acti-
vation. Identification of the key residue in MyD88, which is a direct
interacting residue for Mal, is of the clinical significance because
one of these residues was shown to be critical for the primary
immunodeficiency syndrome. Distribution of the 3 functional sites
dispersed on the molecular surface of MyD88-TIR suggested that
MyD88 provided multiple interaction surfaces to protein factors
that form the signal initiation complex at the cytosolic TLR4
domain. Knowledge of the sites revealed in this study will facilitate
further identification of factors and mechanisms used in TLR
signaling pathways.

Materials and Methods

Sample Preparation. The portion of the human MyD88 gene encoding the TIR
domain (amino acid residues 148-296) was cloned into the vector pGEX-5X-3 (GE
Healthcare). This vector was transformed into Escherichia coli BL-21 (DE3) (No-
vagen). The TIR domain of MyD88, which was expressed as a GST (GST) fusion
protein, was first purified by glutathione Sepharose 4B FF (GE Healthcare) affinity
chromatography, and the GST-tag was removed by digestion with Factor Xa (GE
Healthcare). Subsequently, the TIR domain was purified by gel filtration
(Sephacryl $-100 HR 26/60 column; GE Healthcare) and cation-exchange chroma-
tography (Mono-S column; GE Healthcare). Using the purification protocol, '5N-
labeled, and 13C, "*N-doubly-labeled monomeric TIR domain of MyD88 wild-type
proteins were prepared. The protein sample buffer was replaced by 20 mM
potassium phosphate buffer (pH 6.0) containing 0.1 mM EDTA and 10 mM DTT.
The final protein sample concentration for typical NMR experiments was approx-
imately 0.3 mM.

NMR Spectroscopy. All NMR spectra were recorded at 25 °C on a Bruker DRX500
or DRX800 spectrometer equipped with a cryogenic probe. For assignment of
backbone and side chain H, 13C, and "N resonances, a series of triple-resonance
experiments were conducted (31). Distance restraints for structure calculations
were obtained from 3D '*N-edited NOESY and 3D '3C-edited NOESY experi-
ments, with a mixing time of 150 msec. NMR spectra were processed with
NMRPipe software (32) and analyzed using Sparky (33). The pulse sequence used
to obtain 2D {H}-'°N steady-state NOE spectra has been previously described (34).
The {H}-'5N NOE values were determined from ratios of peak intensities with or
without a 3 sec "H-saturation applied before each scan: NOE = lgt/lynsat.

Structure Calculation. Automated NOESY cross-peak assignment and iterative
structure calculation were performed using CYANA version 2.1 (35). The obtained
assignment of NOESY cross-peaks was manually validated, and the final structure
calculation was performed using CNS version 1.1 (36). Surface electrostatic po-
tentials were calculated using MOLMOL 2K.2 (37).

Cell Culture. Human embryonic kidney (HEK) 293-hTLR4A-HA cells were pur-
chased from Invivogen. These cells were cultured in Dulbecco’s modified Eagle’s
medium (high glucose-containing DMEM, Invitrogen) supplemented with 10%
heat-inactivated FBS (Sigma), penicillin (100 U/ml), and streptomycin (100 pg/ml).
All cells were incubated at 37 °C in a humidified atmosphere of 5% CO,.

Vector Preparations. A cDNA encoding the TIR domain (amino acid residues
148-296) that was tagged at the N terminus with a myc-epitope was cloned into
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the plasmid vector pcDNA3.1+ (Invitrogen). Mutants of the MyD88 TIR domain
were generated using the GeneEditor in vitro Site-Directed Mutagenesis System
(Promega). Mutants of each of 25 charged polar amino acid residues (Asp, Glu,
Arg, Lys, and His) substituted by alanine were generated. Mutants with poor
expression were not included to avoid possible misinterpretation of the loss of
dominant negative inhibitory effect. The MD2 construct was also cloned into
pcDNA3.1+. A pGL3-Basic Vector (Promega) containing 4 kB binding sites, which
was used in the NF-«B luciferase reporter assay, and a Renilla luciferase reporter
vector used as an internal control in the assay were gifts from Drs. Sewon Ki and
Tetsuro Kokubo (Yokohama City University, Yokohama, Japan).

NF-«<B Reporter Gene Activity. 293-hTLR4A-HA cells were transfected with
pcDNA3.1+ control vector or pcDNA3.1+ myc-MyD88 TIR domain (wild type or
mutant), pcDNA3.1+ MD2, NF-«B luciferase reporter vector, and Renilla luciferase
reporter vector, using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer's instructions. After transfection, the cells were stimulated with LPS 0127 (1.0
ug/ml, Sigma) and incubated for 6 hours. Luciferase reporter gene activity was
analyzed using the Dual-Luciferase Reporter Assay System (Promega). The inhibitory
effect of each TIR mutant expression was assessed in at least 3 independent experi-
ments. The statistical significance of differences in luciferase activities between wild
type and mutants in the NF-«B reporter assays was analyzed using Dunnett’s multiple
comparison test. Statistical significance was assumed to be P < 0.05.

GST Pull-Down Assay. The TIR domain of MyD88 wild type and mutants (R196A,
R196C, R217A, R288A, and R196A-R288A) was purified as GST-fusion proteins.
These expression vectors were generated by subcloning the pcDNA3.1+myc-
tagged MyD88 TIR domain into pGEX 5X-1(GE Healthcare). The DD +ID of MyD88
(amino acid residues 18-141) and TLR4-TIR were also purified as GST-fusion
proteins. The GST-fusion proteins were purified by glutathione Sepharose 4B FF
(GE Healthcare) affinity chromatography. The TIR domain of human Mal, as well
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as the DD of IRAK4, was purified using a modified previously reported method
(22, 38). These purified proteins were incubated with Glutathione Sepharose 48
(GE Healthcare) for 3 hours. After 4 wash steps with wash buffer (20 mM
potassium phosphate buffer (pH6.0), 100 MM KCl, 0.1 mMEDTA, 10mM DTT, and
0.5% Triton X-100), the resin was analyzed by SDS polyacrylamide gel electro-
phoresis and Coomassie Brilliant Blue staining.

NMR Titration. One 15-ul aliquot of 100 uM nonlabeled Mal-TIR was added to 150
ul of 20 uM '5N-labeled MyD88-TIR or its alanine substituted mutants up to 1.5
molar equivalent of SN MyD88-TIR. At each titration point, 1D 'H-{'>N} and 2D
TH-15N SOFAST-HMQC spectra were measured. Quantification of NMR signal
attenuation in the titration experiments, and evaluation of apparent dissociation
constant (K42°P) for the interaction, are described in S/ Materials and Methods.

Docking Studies Between MyD88 and Mal. Structure modeling of the TIR domain of
Mal was performed using the MyD88-TIR structure as a template on molecular
operating environment (MOE) software (39, 40). The docking simulation was per-
formed on AutoDock without any specific restraints between the molecules as
previously reported (24, 41, 42). (See detailed method of the docking study in S/
Materials and Methods.)
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Detection of T lymphocytes with a second-site mutation in skin lesions of atypical
X-linked severe combined immunodeficiency mimicking Omenn syndrome
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X-linked severe combined immunodefi-
ciency (XSCID) is caused by mutations of
the common gamma chain (yc) and usu-
ally characterized by the absence of
T and natural killer (NK) cells. Here, we
report an atypical case of XSCID present-
ing with autologous T and NK cells and
Omenn syndrome-like manifestations.
The patient carried a splice-site mutation

(IVS1+5G>A) that caused most of the
mRNA to be incorrectly spliced but pro-
duced normally spliced transcript in
lesser amount, leading to residual yc
expression and development of T and NK
cells. The skin biopsy specimen showed
massive infiltration of revertant T cells.
Those T cells were found to have a second-
site mutation and result in complete resto-

ration of correct splicing. These findings
suggest that the clinical spectrum of XS-
CID is quite broad and includes atypical
cases mimicking Omenn syndrome, and
highlight the importance of revertant mo-
saicism as a possible cause for variable
phenotypic expression. (Blood. 2008;112:
1872-1875)

Introduction

Omenn syndrome (OS) is a peculiar immunodeficiency character-
ized by erythroderma, lymphadenopathy, hepatosplenomegaly.
eosinophilia, hypogammaglobulinemia, elevated serum IgE, and
activated/oligoclonal T cells.!* The genes responsible for OS
include RAGI. RAG2. Artemis, RMRP, and IL7RA>* Clinical
manifestations resembling OS were demonstrated in cases of
severe combined immunodeficiency (SCID) with maternal T-cell
engraftment and of atypical DiGeorge syndrome.>!” In addition,
we have recently reported an X-linked SCID (XSCID) patient with
massive skin infiltration of natural killer (NK) cells, resulting in
0S-like manifestations.!! Here, we describe another case of XSCID
mimicking OS. The patient carried a splice site mutation that
allowed development of peripheral T and NK cells, and showed
revertant T-cell mosaicism caused by a second-site mutation
predominately in the skin. Both of these findings may have
contributed to his phenotypic variation of XSCID.

were detectable at 3.8% and 3.2%, restrictively. The level of soluble interleukin-2
receptor was markedly elevated at 10895 kIU/L. He had a normal thymus
shadow. A skin biopsy exhibited massive lymphocytic infiltration and mild
spongiosis (Figure 1C.D). His maternal half-brother died of interstitial pneumo-
nia atinfancy.

Cellular and molecular studies

Cell isolation, fluorescence-activated cell sorting (FACS) analysis for the
common gamma chain (yc) and T-cel] receptor (TCR) repertoire. spectratyping,
microsatellite analysis, and mutation analysis of -yc were performed as described
elsewhere.!"1% The purity of the sorted CD4' T.CD8 ' T,CD19' B, and CD36'
NK cells was 98.1%, 99.3%. 86.4%. and 98.3%, respectively. T-cell and B-cell
lines from the patient were established by transformation with Herpes virus
saimiri and Epstein-Barr virus, respectively. Approval for the study was
obtained from the Human Research Committee of Kanazawa University
Graduate School of Medical Science, and informed consent was obtained
in accordance with the Declaration of Helsinki.

Methods

Patient

A 5-month-old Japanese boy from nonconsanguineous parents was hospital-
ized because of failure to thrive, protracted diarrhea. and hypoproteinemia.
He developed generalized erythematous rash and alopecia at 1 month
of age (Figure 1A.B), followed by persistent cough, fever, hepatospleno-
megaly, and lymphadenopathy. Laboratory studies revealed leukocytosis
(60.0 X 10%L) with eosinophilia, liver dysfunction, and a low level of
serum immunoglobulin G (1gG: 0.17 g/L). Serum IgE levels were
significantly elevated at 1300 kIU/L. [Immunophenotypic analysis of lym-
phocytes showed an increased percentage of CD3™ T cells (93.1%). the
majority expressing the activation markers CD45RO and HLA-DR. The ratio of
CD4™ to CD8* T cells was 1.1. The patient’s CD20* B and CD36™ NK cells

Results and discussion

The patient’s clinical findings were reminiscent of OS. However,
he showed neither mutation in the RAG genes (data not shown) nor
severely restricted TCR repertoire (Figure 1E,F). Microsatellite
analysis ruled out maternal T-cell engraftment (Figure 1G). Be-
cause of possible X-linked inheritance in this family and our
previous experience,!! we assessed yc expression. FACS analysis
clearly demonstrated defective yc expression on his lymphocytes
and lymphocyte subpopulations, leading to the diagnosis of XSCID
(Figure |H). The patient had a G to A substitution at the fifth
nucleotide of intron | of the /L2RG (IVS1+5G>A) that was
previously listed in the TL2RG database (http://research.nhgri.

Submitted April 2, 2008; accepted May 28, 2008. Prepublished online as Blood
First Edition paper, June 16, 2008; DOI 10.1182/blood-2008-04-149708.

The publication costs of this article were defrayed in part by page charge

1872

payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2008 by The American Society of Hematology

BLOOD, 1 SEPTEMBER 2008 * VOLUME 112, NUMBER 5

- 189 -



From www.bloodjournal.org at KYUSHU U
BLOOD, 1 SEPTEMBER 2008 - VOLUME 112, NUMBER 5

NIV on March 1, 2011.
SECOND-SITE MUTATION IN ATYPICAL XSCID

1873

Figure 1. Skin lesions, skin biopsy specimen, T-cell receptor
repertoire, microsatellite markers, and yc expression. (A) Alopecia.
(B) Generalized scaling erythraderma. (C) Hematoxylin and eosin,
original magnification x40. (D) Hematoxylin and eosin, original magnifi-
cation x100. Micrographs were acquired using an Olympus BX51
microscope (Olympus, Melviille, NY) fitted with 10< eyepieces, Olympus
UPlanApo 4%/0.10 numeric aperture and 10%/0.40 numeric aperture
objectives, a CoolSNAP cf CCD camera (Photometrics, Tucson, AZ),
and Openlab image acquisition software version 3.1 (Improvision,
Waltham, MA). Images were processed in Photoshop CS2 (Adobe
Systemns, San Jose, CA). (E) Expression profile of TCR variable B (VB)
subfamilies. Peripheral blood samples were stained with monoclonal
antibodies (mAbs) for individual TCR VB together with anti-CD4 and

anti-CD8 mAbs. The percentage of each TCR VB expression within
CD4* or CD8™ T cells was analyzed by FACS. Error bars represent SD.
{F) CDR3 spectratyping. Each TCR VB fragment was amplified from
cDNA with one of the VB-specific primers. The size distribution of PCR
products was determined by an automated sequencer and GeneScan
software. (G) Microsatellite analysis. Two different markers were ampli-
fied with FAM-labeled specific primers and subjected to GeneScan
analysis. HO-1 indicates heme oxygenase-1. (H) Analysis of vc expres-
sion. Shown are the results of yc expression on lymphocytes and
lymphocyte subsets. Solid peaks indicate control Ab: open peaks
represent anti-CD132 mAb.
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nih.gov/apps/scid/I[L2RGbase.shtml), and that caused most of the
mRNA to be incorrectly spliced but produced, in lesser amount,
normally spliced wild-type transcript (Figure 2A-D). When we

Molecuiar size Fluorescence intensity

analyzed such sequences in subcloned RT-PCR products obtained
from his peripheral blood mononuclear cells, the wild-type se-
quence was detected in 15% of 20 clones. Accordingly, his
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Figure 2. Characterization of inherited IL2RG gene
mutation, second-site suppressor mutation, and
skin-infiltrating lymphocytes. (A) The /L2RG gene
was amplified from DNA extracted from normal, the
patient's, and the mother's peripheral blood mono-
nuclear cells (PBMCs). Direct sequence was performed
using an automated sequencer. Bars show the locations
of the mutation. (B) RT-PCR analysis for IL2RG mRNA
using PBMCs obtained from normal control (lane 1) and
the patient (lane 2). Lane M contains a 100-bp molecu-
lar size marker. (C) Direct sequence analysis of IL2RG
¢DNA using PBMCs from normal control and the pa-
tient. (D) Schematic representation of effect of the
inherited splice-site mutation. (E) Analysis of yc expres-
sion. Shown are the results of yc expression on B-cell
and T-cell lines, and cloned T cells #3-4 and #3-1
established from the patient. (F) Direct sequence analy-
sis of /.2RG gene using DNA obtained from the clone
#3-1. Abar shows the locations of the inherited mutation
and an arrow highlights the second-site mutation.
(G) Direct sequence analysis of IL2RG cDNA from the
clone #3-1. (H) Direct sequencing analysis of /L2RG

G et

CD56

34, o

gene using DNA obtained from the patient’s primary
CD4* and CD8 Tcells and CD19~ B cells, and his

skin. {I) GeneScan analysis of IL2RG cDNA amplified

—
i s,ﬁ‘\.

H exon 1 | intron 1 I

4L x.‘&kl?tcp 44707600 TECRLGUGE TR TC )
193 By m

Clone
#3-1

CD4

CD4

CDs

CDs

CD19
CD19

Skin Skin

lymphocytes showed the residual yc protein that likely permitted

T- and NK-cell development to occur. Similar results were obtained
from the study in another case of atypical XSCID with poorly
functioning peripheral T cells.'®

The presence of circulating T cells offered us a unique
opportunity to establish T-cell lines from XSCID. Unexpectedly,
FACS analysis showed a significant fraction of cells with normal
v expression among his T-cell lines (Figure 2E). Therefore,
sequence analysis was performed using the cloned T-cell lines.
We found the IVS1+5G>Ain DNA from the yc-defective clone
(#3-4), whereas DNA from the +yc-expressing clone (#3-1)
showed coexistence of the [VS1+5G>A and a second-site
mutation (IVS1+29G>A), which was located at position +1 of
the cryptic 5" splice site (Figure 2F). Analysis of 100 normal
chromosomes demonstrated the absence of the IVS1+5G>A
and the TVS1+29G>A. The IVSI+29G>A was found to
suppress the effect of the IVST1+5G>A and result in complete
restoration of correct splicing that was consistent with the
restored yc expression on the cell surface (Figure 2G). To
determine whether the IVS1+29G>A was present in vivo,
direct sequencing was performed with his various DNA samples.
A peak of the IVSI+29G>A was only detectable in his skin
specimen, but was absent among circulating CD4* and CD8*
T and CDI19* B cells (Figure 2H). When we analyzed the
sequence in subcloned PCR products obtained from the skin, the
IVS1+29G>A was detected in 12.9% of 31 clones. RT-PCR and
GeneScan analysis demonstrated that a peak of the normal-sized
transeript but not the mutated one was evident in the skin. Because

CD16

TCR VB2 from the clone #3-1, the primary lymphocytes including

CD4' andCD8 T cells and CD19 B cells, and the skin
of the patient. A peak of the size of approximately 454
nucleotides represents wild-type mRNA and a second
peak of approximately 482 nucleotides is generated by
aberrant splicing. {J) FACS analysis of skin-infiltrating
lymphocytes. The percentage of cells gated in each
region is shown. (K} Immunohistochemical staining of
the skin biopsy specimen. The samples were stained
with anti-CD8 mAb.

IL2RG mRNA is expressed only in hematopoietic cells, these findings
suggest that the majority of skin-infiltrating lymphocytes carry the
IVSI +29G>A, thus indicating revertant cells (Figure 2I).

Although revertant yc expression would confer selective
advantage in vivo to T- and NK-cell progenitors.'” we could not
detect the ye-expressing T cells in his circulation. This lack of in
vivo selective advantage is in contrast to a previously described
XSCID patient with revertant T-cell mosaicism in whom a
reasonably diversified TCR repertoire was generated trom a
single T-cell progenitor, resulting in a mild clinical course.'$1
The reasons underlying these findings are presently unclear. Tt is
possible that the substantial numbers ot activated peripheral
T cells with defective yc expression that were not seen in the
previous case'” might have competed with the revertants,
reduced the abilities of selective advantage of yc expression,
and provided insufficient time for the reversion to reach the
detection threshold in our patient. On the other hand, selective
proliferation of revertant CD8™ T cells with TCR VB2 in the
skin (Figure 2J.K) may be due to a clonal expansion in response
to infections or autoantigens and be involved in pathogenesis of
his skin lesions. However, his complicated condition including
the presence of autologous yc-defective T and NK cells in the
peripheral blood and the expansion of revertant yc-expressing
T cells in the skin does not allow us to draw clear conclusion
about which aspects are responsible for the development of OS
phenotype. Because recent studies in OS patients and murine
models have indicated that impaired immune tolerance and
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defective immune regulation play important roles in the patho-
physiology of 0S,>* the highly elevated numbers of activated,
ve-defective T cells with a moderate restricted TCR repertoire
may have more contributed to the OS phenotype in our patient.
If this is the case, it is possible that any SCID diseases having a
profound but incomplete block in T-cell development could
result in OS.

In summary, our studies indicate that the clinical spectrum of
XSCID is broad and includes immunodeficient patients mimicking
OS. In addition, the detection of the revertant T cells caused by the
second-site suppressor mutation makes our case a second example
of genetic reversion in XSCID and highlights the importance. of
somatic revertant mosaicism as a possible cause for atypical
clinical presentations.
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Role of the NOD2 Genotype in the Clinical Phenotype
of Blau Syndrome and Early-Onset Sarcoidosis

Tkuo Okafuji,' Ryuta Nishikomori,' Nobuo Kanazawa,”? Naotomo Kambe,® Akihiro Fujisawa,’
Shin Yamazaki,' Megumu Saito,’ Takakazu Yoshioka,' Tomoki Kawai,' Hidemasa Sakai,’
Hideaki Tanizaki," Toshio Heike,' Yoshiki Miyachi,! and Tatsutoshi Nakahata®

Objective. Blau syndrome and its sporadic coun-
terpart, early-onset sarcoidosis (EOS), share a pheno-
type featuring the symptom triad of skin rash, arthritis,
and uveitis. This systemic inflammatory granulomatosis
is associated with mutations in the NOD2 gene, The aim
of this study was to describe the clinical manifestations
of Blau syndrome/EQS in Japanese patients and to
determine whether the NOD2 genotype and its associ-
ated basal NF-kB activity predict the Blau syndrome/
EOS clinical phenotype.

Methods. Twenty Japanese patients with Blau
syndrome/EQOS and NOD2 mutations were recruited.
Mutated NOD2 was categorized based on its basal
NF-kB activity, which was defined as the ratio of NF-«B
activity without a NOD2 ligand, muramyldipeptide, to
NF-kB activity with muramyldipeptide.

Results. All 9 mutations, including E383G, a novel
mutation that was identified in 20 patients with Blau
syndrome/EQOS, were detected in the centrally located
NOD region and were associated with ligand-
independent NF-«B activation. The median age of the
patients at disease onset was 14 months, although in 2
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patients in Blan syndrome families (with mutations
R334W and E383G, respectively) the age at onset was 5
years or older. Most patients with Blau syndrome/EQS
had the triad of skin, joint, and ocular symptoms, the
onset of which was in this order. Clinical manifestations
varied even among familial cases and patients with the
same mutations. There was no clear relationship be-
tween the clinical phenotype and basal NF-kB activity
due to mutated NOD2. However, when attention was
focused on the 2 most frequent mutations, R334W and
R334Q, R334W tended to cause more obvious visual
impairment.

Conclusion. NOD2 genotyping may help predict
disease progression in patients with Blan syndrome/
EOS.

Sarcoidosis is a systemic inflammatory disease
with unknown etiology, but it can be clinically charac-
terized by swelling of the bilateral hilar lymph nodes and
histologically defined by the presence of noncaseating
epithelioid cell granulomas. A special subtype called
early-onset sarcoidosis (EOS; MIM no. 609464) occurs
in children younger than 4 years of age and is charac-
terized by a distinct triad of skin, joint, and eye disorders
without apparent pulmonary involvement (1). An
autosomal-dominant disease with clinical manifestations
similar to those of EOS has been recognized as Blau
syndrome (MIM no. 186580) (2,3). The gene responsible
for Blau syndrome has been mapped close to the inflam-
matory bowel disease 1 (/BDI) locus by linkage analysis
(4), and later the nucleotide-binding oligomerization
domain 2 gene (NOD2) was identified by Miceli-Richard
et al to be responsible for Blau syndrome (5). In the
study by Miceli-Richard et al, 2 European patients with
EOS had no mutation in NOD2; therefore, it remained
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controversial whether Blau syndrome and EOS have the
same etiology.

In 2004, we encountered a 27-year-old Japanese
man with multiple lichenoid papules. He was almost
blind, exhibited camptodactyly, and had a continuous
low-grade fever. This case of sporadic systemic granulo-
matosis with clinical features of EOS showed the same
NOD?2 mutation, the arginine-to-tryptophan substitution
at amino acid 334 (R334W), as that detected in Blan
syndrome (6). Therefore, we expanded this report (6)
and retrospectively examined cases of EOS in Japan and
observed that 9 of 10 patients with EOS had NOD2
mutations (7). Until recently, other investigators have
also confirmed that Blau syndrome and EOS are clini-
cally and genetically identical across various ethnic
groups (8-10).

NOD?2 activates NF-«B after recognizing a signal
from a bacterial cell wall component, muramyldipeptide,
in the cytoplasm of monocytes, and thus can work as an
intracellular sensor of bacteria (11,12). NOD2 has a
tripartite domain structure consisting of 2 amino-
terminal domains (termed caspase activation and re-
cruitment domains) that are composed of protein—
protein interaction cassettes, 1 centrally located NOD,
and carboxy-terminal leucine-rich repeats (LRRs) (13).
Using assays of NF-«B activity, an impaired ligand-
dependent response was demonstrated for 3 Crohn’s
disease—associated mutations located in NOD2 LRRs
(14,15), whereas enhanced ligand-independent NF-«B
activity was demonstrated for NOD2 alleles associated
with Blau syndrome and EOS (5,7,16). However, it
remains unknown how increased basal NF-kB activity
derived from gain-of-function mutations in NOD2 af-
fects the pathogenesis of Blau syndrome/EOS and
whether a genotype—phenotype correlation exists be-
tween the clinical manifestations or onset of Blau
syndrome/EOS and NOD2 mutations.

Because Blau syndrome/EOS is so rare, very few
reports are in the literature. Therefore, it was worth-
while to conduct a nationwide survey limited to patients
with a specific ethnic background, such as Japanese
patients. In this study, we precisely documented the
clinical manifestations in a cohort of Japanese patients
with Blau syndrome/EOS and NOD2 mutations, includ-
ing 9 previously reported cases (7), and explored the
genotype—phenotype correlation to the basal NF-«B
activity associated with each mutation, especially focus-
ing on the correlation of visual impairment with the most
frequent mutations, R334W and R334Q.

PATIENTS AND METHODS

Patients and clinical information. Among patients
with clinically diagnosed Blau syndrome/EOS, the 20 patients
with NOD2 mutations were included in this study (7,17-20).
None of these mutations were identical to the reported
single-nucleotide polymorphisms (SNPs) of NOD2, nor were
they detected in 100 Japanese healthy volunteers. Clinical
information and patient histories were collected from medical
records and by direct interviews of the patients and their
attending physicians. The presence of each symptom was
established as follows: a) persistent or repeated transient skin
lesions without definite cause were determined, b) persistent
or repeated transient arthritis without definite cause was
determined, c) uveitis was diagnosed by an ophthalmologist,
and d) remittent or intermittent fever without definite cause
was determined under close examination at the time of hospi-
tal admission. The age at disease onset was defined as the age
of the patient when any of the above-mentioned symptoms
appeared.

Clinical evaluation was performed primarily when in-
dividual symptoms first appeared that were hardly affected by
treatment or disease duration. The severity of visual impair-
ment was assessed in accordance with the World Health
Organization definition (21). Briefly, moderate visual impair-
ment was defined as visual acuity between 6/18 and 3/60, and
severe visual impairment was defined as acuity of 3/60 or less
in the better eye with best correction, as previously described
(9). Written informed consent was obtained from the patients
and their families, and the study protocol was in accordance
with the guidelines of the Institutional Review Board of Kyoto
University Hospital.

Genetics analysis. Genomic DNA was extracted from
the peripheral blood of the patients, and sequencing of all
exons and exon-intron junctions of NOD2 was performed as
previously described (7). .

Generation of NOD2 mutants and NF-«B luciferase
assay. Expression plasmids of NOD2 and its mutants were
subcloned into the p3xFLAG-CMV vector, as previously de-
scribed (7). Blau syndrome/EOS-associated mutants were
generated using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA), as described previously (7). The
ability of each construct to induce NF-«B activity was assessed
by dual luciferase reporter assay in HEK 293 human embry-
onic kidney cells, as previously described (7).

Other analyses. We determined the age at the time of
this survey, the age at onset of each symptom, and the NOD2
genotype for all patients as well as the distribution of age at
disease onset. Next, we analyzed the relationship between age
at disease/symptom onset and basal NF-«B activity due to
mutated NOD?2. Basal NF-«B activity was defined as the ratio
of NF-«kB reporter activity without muramyldipeptide to
NF-«B reporter activity with muramyldipeptide, as determined
using the in vitro NF-«B luciferase assay described above. The
activity was arbitrarily categorized as low (<0.3), moderate
(0.3-0.5), and high (>0.5). Finally, we analyzed the relation-
ship between visual impairment (normal, moderate, severe)
and basal NF-«B activity (low, moderate, high) due to individ-
ual mutated NOD2 genes, particularly the 2 most frequent
mutations, R334W and R334Q. We did not perform statistical
analysis because of the limited number of patients.
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Table 1. Demographic and clinical characteristics of the patients with Blau syndrome/early-onset sarcoidosis*

Fever Skin rash Arthritis Uveitis
. Visual acuity

Patient/ Age at Age at Age at Age at

age/sex  Genotype onset Type onset Type onset Type onset Type oD oS Ref.
1/15/Ff E38G 2yr3mo Int 8mo LP/SE/EN 3yr Poly 1lyr A/P 20/50 20/67
2/48/Ft E383G Syr Per 5yr LP/SE/EN 11yr Poly 1lyr A/P HM Null
3/36/F H496L - - 1y LP/SE 3yr Poly Syr A/P  20/20 20720 7
4/16/M R334Q 1yr8mo Int 6mo LP/SE lyr8mo Poly 1yri0dmo A/P 20/22 20/22
5/19/M R334Q 2yr7mo Per lyr4mo LP/SE/EN 10 mo Poly 5yt A/P 20/50 20720 17
6/8/F R334Q - - - - 3yr Poly - - 2020 20/20
7/8/M T605P - - 7mo LP/SE lyr6mo Poly 3yr3mo AP 20/25 20/50 7
8/18/F D382E - - 3yr4mo LPSE 4 yr Poly S5yrdmo A/P 2020 20/25 7,18
9/13/M R334W 8 mo Per 1yr3mo LP/SE/EN 8 mo Poly 1lyr8mo A/P 20/29 20/33
10/32/M R334W  2yr CInt 2yr LP/SE lyr3mo Poly 6yr A/P Blind, 20yr Blind, 20yr 6,7
1121/F R334W 2yrlmo Per 2yrlmo LP/SE 6 yr Poly 4yr AP 20/670 20/330 7,19
12/33M R334W - - 2w LP/SE - - 13 yr A/P 20/29 20/20 7
13/31/F R334W - - 2yr6mo LP/SE 8yr Poly 3yr6mo A/P 20/100 20/200 7
14/10/Ff  R334W  1lyr Per 1yr LP/SE 1yr Poly 2yr A/P  20/40 Null
15/46/Ff  R334W - -  4dyr LP/SE 8yr Poly 3yr A/P Blind, 28 yr Blind, 28 yr
16/16/Mt  R334W - 6yr SE lyr Oligo 6yr AP 20/13 2013 20
1718/Ff  R334W - - 12yr SE 8yr Oligo 12yr AP 20/40 20/25 20
18/8/M M5SI3T 2yrl0mo Int 2yr8mo SE 2yt9mo Poly 2yrllmo A 20/17 20/17 7
19/15/F N670K 1yr8mo Int 5mo LP/SE/EN 1yr8mo Poly 3yr A/P 20/200 207200 7
20/7M C495Y 1y Int 1yr LP/SE 1yr Poly - 20120 20/20

* Patient 5 also had left ventricular dysfunction and pulmonary hemorrhage due to bronchial granuloma. Patient 10 also had interstitial pneumonia.
Patient 11 also had hepatosplenomegaly and parotid swelling. Patient 18 also had renal calcification. OD = right eye; OS = left eye; yr = years; mo =
months; Int = intermittent; LP = multiple lichenoid papules; SE = scaly erythematous plaques; EN = erythema nodosum-like lesion; Poly =

polyarticular; A = anterior; P = posterior; Per = persistent; HM = hand motion; Oligo = oligoarticular.

+ Familial case.

RESULTS

Genotype and basal NF-xB activity. The study
population comprised 9 male patients and 11 female
patients, with a median age of 17 years (range 7-48
years) and a median disease duration of 15 years (range
5-43 years). Fourteen of these 20 cases were sporadic
(EOS), and 6 were familial (Blau syndrome). The famil-
ial cases were in 3 unrelated families; 2 families (patients
14 and 15 and patients 16 and 17, respectively) had Blau
syndrome/EOS symptoms in 2 generations, and 1 family
(patients 1 and 2) had Blau syndrome/EOS symptoms in
3 generations. The most frequent heterozygous muta-
tion of NOD2 was R334W (1000C>T), which was
recognized in 2 familial and 5 sporadic cases (total of 9
cases), followed by R334Q (1001G>A) in 3 sporadic
cases, and E383G (1148A>G, a novel amino acid sub-
stitution) in 2 familial cases (in 1 family). H496L
(1487A>T), T605P (1813A>C), D382E (1146C>G),
MS13T (1538T>C), N670K (2010C>A), and C495Y
(1484G>A) were detected in 1 sporadic case each
(Table 1).

Nine mutations were identified in the centrally
located NOD region (Figure 1a) and were associated
with increased basal NF-«B activity in the absence of

muramyldipeptide (Figure 1b), which is consistent with
the finding of a previous study on Blau syndrome/EOS—
associated NOD2 mutations (16). We also confirmed
that 100 healthy control subjects and their genotyped
asymptomatic relatives did not have these amino acid
substitutions. Therefore, we concluded that these NOD2
mutations (amino acid substitutions) detected in pa-
tients with Blau syndrome/EOS were not SNPs but
rather were disease-causing mutations.

Disease onset. The defining characteristic of EOS
is its onset in children younger than age 4 years (1). In
the present study, despite the median age at disease
onset of 14 months, the first clinical symptoms devel-
oped at age 5 years or older in 2 patients (patients 2 and
17, who were members of different Blau syndrome
families) with the E383G mutation and the R334W
mutation, respectively (Table 2). In patient 2, skin rash
developed at age 5 years; in patient 17, arthritis devel-
oped at age 8 years (Table 1).

The earliest presenting symptom was skin rash in
13 patients (65%), arthritis in 8 patients (40%), and
ocular symptoms in 1 patient (patient 15, who had
familial Blau syndrome with the R334W mutation)
(Table 1). Approximately 95%, 95%, and 90% of pa-
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Figure 1. Biologic effects of NOD2 mutants discovered in patients with Blau
syndrome/early-onset sarcoidosis (EOS). a, Schematic presentation of NOD-2
protein. Numbers indicate the positions of mutated amino acid residues identified in
our cohort. b, Increased basal NF-kB activity due to different mutated NOD2 genes
in patients with Blau syndrome/EOS. HEK 293T cells were cotransfected with a
NOD2 mutant together with the NF-«B reporter plasmid and internal control
plasmid, and NF-«B reporter activity was measured after 12 hours of incubation with
or without muramyldipeptide (MDP; 5 ug/ml). Mock vector and wild-type (WT)
NOD?2 were used as controls. Bars show the mean and SD of normalized data (mock
without muramyldipeptide = 1) from triplicate cultures. Results are representative
of 3 independent experiments. ¢, Basal NF-«B activity due to mutated NOD2 in
patients with Blau syndrome/EOS. Bars show the mean and SD results from 3
independent experiments. CARD = caspase activation and recruitment domain;
LRRs = leucine-rich repeats.
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tients, respectively, had skin, joint, and ocular symptoms.
Consistent with the previous report (1), a triad of skin,
joint, and ocular symptoms developed (in this order) in
many patients with Blau syndrome/EOS. The median
-age at-onset of rash, arthritis, and uveitis was 24 months,
33 months, and 4.5 years, respectively (Table 2).

The triad of symptoms. All except 1 patient
(patient 6 [with the R334Q mutation]) had skin mani-
festations. Consistent with a previous report (22), the
most frequent skin symptom was scaly erythematous
plaques with multiple lichenoid papules. Several patients
(patients 1 and 2 with the E383G mutation, patient 5
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Table 2. Age of the patients at the onset of disease and symptoms*
Symptom onset )

Disease
Age, onset Fever Rash Arthritis Uveitis
years (@=20) (@=11) ®@=19) @=19) (n=18)
0 6 (30) 1(9) 4(21) 2(11) 00
1 5(25) 4(36) 5(26) 7@37) 2(11)
2 4(20) 5(45) 5(26) 1(5) 2(11)
3 3(15) 0 (0) 1(5) 3(16) 4(22)
4 0(0) 0(0) 0(0) 1(5) 1(6)
=5 2(10) 1(9) 4(21) 5(26) 8(44)

* Values are the number (%). The median age at disease onset was 1
year 2 months; the median age at onset of fever and rash was 2 years;
the median age at onset of arthritis was 2 years 9 months; the median
age at onset of uveitis was 4 years 6 months.

with the R334Q mutation, patient 9 with the R334W
mutation, and patient 19 with the N670K mutation) had
erythema nodosum-like lesions on their lower limbs in
addition to solid lichenoid eruptions. Notably, 3 patients
(patients 16 and 17 with the R334W mutation and
patient 18 with the M513T mutation) showed only scaly
erythematous plaques without lichenoid papules (Table 1).

All except 1 patient (patient 12 with the R334W
mutation) had joint lesions (polyarticular arthritis in 17
patients and oligoarticular arthritis in 2 [patients 16 and
17]) (Table 1). Both patients with oligoarticular arthritis,
who had familial Blau syndrome with the R334W muta-
tion, had camptodactyly without obvious synovial cysts.
Camptodactyly with synovial cysts is frequently de-
scribed as a typical joint sign in patients with Blau
syndrome/EOS (10). A consequence of arthritis was the
use of a wheelchair for daily mobility in 2 patients
(patient 5 with the R334Q mutation and patient 10 with
the R334W mutation).

All except 2 patients (patient 6 with the R334Q
mutation who also lacked skin eruptions and patient 20
with the C495Y mutation) had ocular lesions. The
lesions were bilateral, although visual acuity was asym-
metric, as in previous studies (22,23). Moreover, 17
(89%) of all 18 patients with ocular lesions had panuve-
itis, while only 1 patient (patient 18 with mutation
MS513T) had anterior uveitis, which demonstrated the
predominance of panuveitis over anterior uveitis. Ocular
symptoms were the last of the triad to develop in 15 of
the 18 patients and the first to develop in only 1 patient
(patient 15 with mutation R334W).

Clinical features other than the triad of symp-
toms. It is noteworthy that 11 patients (55%) experi-
enced fever at a median age of 24 months, almost
simultaneously with skin and/or joint symptoms (Table
1). Five patients had persistent fever reaching 38-40°C,
and 6 patients had intermittent fever. In particular, in 1
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patient (patient 9 with mutation R334W) the disease
developed with intermittent fever (which then became
persistent fever over the next 6 months) and finger joint
swelling. In only 1 previous report (10), fever is men-
tioned as a clinical symptom of Blau syndrome/EOS,
although there are some case reports in which fever was
present at disease onset (24).

Four patients had involvement of organs other
than the skin, joints, and eyes (Table 1). Two patients
had pulmonary lesions (interstitial pneumonitis in pa-
tient 10 with the R334W mutation and bronchial gran-
uloma in patient 5 with the R334Q mutation). Bilateral
hilar lymph nodes, which are identified by chest radiog-
raphy and/or computed tomographic scanning, were not
observed in any patient. Patient 11 with the R334W
mutation exhibited hepatosplenomegaly and parotid swell-
ing (19), and patient 18 with the M513T mutation exhibited
renal calcification. No cases of large-vessel vasculitis were
observed in this cohort, even though vasculitis has been
reported in patients with EOS (25-27).

Triggering factors. BCG vaccination was associ-
ated with the onset of disease (i.e., development of
multiple papules on the extremities) in 2 patients, al-
though no apparent infection or vaccination was clearly
documented in other patients of our cohort. In 1 patient
(patient 7 with mutation T605P) who had papules on the
extremities, the spread of papules was from the site of
BCG vaccination. In the other patient (patient 1 with
mutation E383G), Gianotti disease was initially diag-
nosed, but a close review of her medical history later
indicated that her multiple papules were a symptom of
Blau syndrome/EOS.

Relationship between the onset of disease/
symptoms and basal NF-xB activity due to mutated
NOD2. Because disease duration and treatment varied
among patients, we focused on the onset of disease and
of each clinical symptom (i.e., fever, rash, arthritis, and
uveitis). We evaluated the relationship between age at
the onset of disease/symptoms and basal NF-«B activity
due to mutated NOD2 (defined as the ratio of NF-«xB
activity without a NOD2 ligand, muramyldipeptide, to
NF-«B activity with muramyldipeptide for each mutated
NOD2). The calculated basal NF-«B activity ranged
from 0.23 to 0.79 (mean 0.42) for mutated NOD2 and
was 0.05 for wild-type NOD2 (Figure 1c).

Because the number of patients with each NOD2
mutation was limited, we arbitrarily categorized basal
NF-«B activity as low (<0.3), moderate (0.3-0.5), and
high (>0.5). According to these criteria, mutations
E383G and H496L were associated with low activity;
mutations R334Q, T605P, D382E, R334W, and M513T
were associated with moderate activity; and mutations
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Figure 2. Relationship between age at disease or symptom onset and basal NF-«B activity due to mutated NOD2. Among the
9 patients without fever, 8 had moderate and 1 had low basal NF-xB activity. One patient without rash had moderate basal
NF-«B activity, and 1 patient without arthritis had moderate basal NF-«B activity. Of 2 patients without uveitis, 1 had high and

the other had moderate basal NF-«B activity.

N670K and C495Y were associated with high basal
NF-«B activity. Our limited number of patients was
insufficient to detect a correlation between the defined
basal NF-«B activity and the onset of disease, fever,
rash, arthritis, and uveitis (Figure 2). Notably, the age at
onset of symptoms varied markedly between patients
with the same R334W mutation, even in familial cases
(Table 1).

Relationship between visual impairment and
basal NF-«B activity due to mutated NOD2. The most
relevant morbidity associated with Blau syndrome/EOS
is ocular involvement, which is usually refractory to

Table 3. Correlation between visual impairment and basal NF-«B
activity™®

Disease duration,
median (range)

Visual impairment

Normal Moderate  Severe years
Basal NF-xB
activity
Low 0 1 35 (15-43)
Moderate 11 2 2 15 (5-43)
High 1 1 0 10.5 (6-15)

conventional treatment. Thus, we next explored the
relationship between visual impairment and basal
NF-«B activity. There was no clear correlation when the
analysis included all recruited patients (Table 3). When
we focused on the most frequent genotypes R334Q and
R334W, between-genotype differences in visual impair-
ment were observed (Table 4). Basal NF-«B activity was
higher in patients with the R334W mutation than in
those with the R334Q mutation (Figure 1c). None of the

'3 patients with the R334Q mutation had visual impair-

ments, while 4 of 9 patients with the R334W mutation

Table 4. Correlation between visual impairment and the 2 most
frequent genotypes™

Disease duration,
median (range)

Visual impairment

Normal Moderate Severe years
Present study
R334Q 3 0 0 15 (5-19)
R334W 5 2 2 19 (9-43)
Previous study (9)
R334Q 0 0 12 (3-26)
R334W 8 2 1 16 (5-44)

* Except where indicated otherwise, values are the number of patients.

* Except where indicated otherwise, values are the number of patients.
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had visual impairments. This result suggests that patients
with the R334W mutation were more likely to have
visual impairments than were those with the R334Q
mutation (Table 4).

DISCUSSION

Blau syndrome/EOS is a rare systemic granulo-
matosis that has been associated with NOD2. In this
study, patients with Blau syndrome/EOS and NOD2
mutations were retrospectively recruited nationwide in
Japan, to determine whether the NOD2 genotype and its
functional abnormality predict the Blau syndrome/EOS
clinical phenotype. This study is the first to investigate
the correlation between the NOD2 genotype and its
functional abnormality and the Blau syndrome/EOS
clinical phenotype. Our findings suggest that NOD2
genotyping may help predict disease progression in
patients with Blau syndrome/EOS, although the clinical
severity of Blau syndrome/EOS was not clearly associ-
ated with basal NF-«B activity due to mutated NOD2
among the limited number of patients we studied.

' The classic Blau syndrome/EOS symptom triad is

skin rash, arthritis, and uveitis. Corresponding clinical
manifestations include widespread erythematous pap-
ules, polyarthritis with boggy synovial swellings, and
panuveitis (1,9,10,23), which were also identified in the
present study. Rose et al described 2 patients who also
had 1 episode of erythema nodosum-like lesions during
the course of the disease (9). In our cohort, 5 patients
had erythema nodosum-like lesions, suggesting that this
should be recognized as one of the skin manifestations
associated with Blau syndrome/EOS.

In the current study, 55% of the patients had
fever, which always accompanied at least 1 symptom of
the classic triad. Arostegui et al also reported that 50%
of their cohort had recurrent or persistent fever (10).
These findings suggest that fever is one of the important
symptoms of Blau syndrome/EOS and is the reason why
Blau syndrome/EOS is misdiagnosed as systemic-onset
juvenile idiopathic arthritis (JIA). In fact, patient 11 in
our study (who had the R334W mutation) experienced
persistent fever reaching 40°C and received aggressive
immunosuppressive therapy, because systemic-onset JIA
was initially diagnosed. This case alerts us to the possi-
bility that patients with Blau syndrome/EOS can some-
times have fever, and that Blau syndrome/EOS can
resemble systemic-onset JIA.

Bilateral hilar lymph nodes, which are often seen
in adult sarcoidosis, are not observed in Blau syndrome/
EOS, but this does not mean that pulmonary lesions do
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not occur in patients with Blau syndrome/EOS. In fact, 2
patients (patient 5 [with the R334Q mutation] and
patient 10 [with the R334W mutation]) had pulmonary
lesions; in particular, patient 10 had the first reported
case of sporadic EOS in association with the NOD2
mutation (6). Another case of Blau syndrome/EOS with
pulmonary lesions and interstitial pneumonitis, but not
bilateral hilar lymph nodes, has also been reported (28).
These findings suggest the importance of following up
patients with Blau syndrome/EOS to check for not only
the classic triad of symptoms but also other abnormali-
ties, including pulmonary lesions.

Blau syndrome/EOS, which usually occurs in
children younger than age 4 years, developed at 5 years
and 8 years, respectively, in 2 patients in the present
study (patient 2 [with the E383G mutation] and patient
17 [with the R334W mutation]). Because both of these
patients had a family history of skin rash/arthritis/uveitis,
they had been closely monitored by their parents as well
as by their physicians. Therefore, it is unlikely that any
symptoms that occurred when the patients were younger
than 4 years of age were overlooked in these 2 cases. In
the literature, there is 1 case of Blau syndrome in which
skin rash, persistent fever, and camptodactyly started to
develop at age 18 years (10). These findings indicate that
the onset of Blau syndrome/EOS can be at age 5 years or
older, and that disease onset in a patient younger than 4
years should not be considered requisite for a diagnosis
of Blau syndrome/EOS.

In our cohort, the age at disease/symptom onset,
organ involvement, and severity of Blau syndrome/EOS
varied substantially even within affected families and
between individuals with the same NOD2 mutation (e.g.,
R334W). In other genetic disorders, identical mutations
have been associated with phenotypic variation in unre-
lated individuals, within a family, and even in monozy-
gotic twins (29). Phenotypic variation in Blau syndrome/
EOS has been reported in monozygotic twins; therefore,
nongenetic factors such as environmental conditions
and/or infectious agents might be involved in phenotypic
variation (24). Interestingly, in 2 of our cases, BCG
vaccination was an obvious triggering factor. In addition,

- aprevious report noted that cutaneous lesions first arose

after BCG vaccination in a patient with Blau syndrome/
EOS (30). The BCG vaccine contains muramyldipep-
tide, a ligand for NOD-2 protein (11,12), which is
interesting from a pathophysiologic point of view. How-
ever, BCG vaccination did not always cause the onset of
disease in patients with Blau syndrome/EQOS, because
most patients in our cohort were vaccinated with BCG
according to the immunization protocol used in areas of
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Japan where the risk for tuberculosis was high. An
unknown endogenous ligand for NOD-2 could influence
disease onset and/or progression, similar to uric acid as
an endogenous cryopyrin/NLRP3 ligand (31). The po-
tential roles of endogenous ligands, pathogen-associated
molecular patterns, and/or danger-associated molecular
patterns in disease pathogenesis remain to be elucidated.

Although increased basal NF-«B activity due to
mutated NOD?2 has been proposed as an etiology of Blau
syndrome/EOS, how such activity causes the character-
istic symptoms remains unclear. We hypothesized that if
increased basal NF-«B activity is the key to the patho-
physiology of this disease, it should be related to disease
severity or disease progression. Unfortunately, there was
no clear correlation between basal NF-«B activity and
the onset of disease/symptoms. However, patients with
mutated NOD2 and low basal NF-«B activity tended to
experience complications, e.g., arthritis and uveitis, at a
later age. This finding raises the possibility that basal
NF-«B activity may affect disease progression rather
than disease onset. Given that NOD-2 protein signals
through MAPK/ERK as well as the NF-«xB pathway
(32), the possibility cannot be excluded that the MAPK/
ERK activation potential of each NOD2 genotype might
also be correlated with disease severity or progression.

From the perspective of quality of life, the ocular
manifestations of Blau syndrome/EOS require the clos-
est attention (33). In a previous study, one-third of
patients with Blau syndrome/EOS and NOD2 mutations
had a poor or extremely poor visual outcome, and the
progression of visual field loss was independent of the
particular NOD2 mutant and was not associated with
disease duration (9). In our cohort, however, patients
with the R334W mutation experienced more visual
impairment than did patients with the R334Q mutation,
although 4 patients with the R334W mutation were from
2 families (patients 14 and 15 and patients 16 and 17,
respectively). Therefore, familial genetic and environ-
mental factors could easily influence the phenotype.
Thus, in order not to favor our hypothesis, we excluded
patients 15 and 17 from the analysis, and the trend was
still evident. This observation was consistent with the
findings of Rose et al (9), although those investigators
did not address this issue. These findings suggest that
NOD2 genotyping could help predict the course of
eye disease in patients with Blau syndrome/EOS, espe-
cially those with the R334Q mutation or the R334W
mutation.

The relationship between visual impairment and
basal NF-«B activity also remains a matter for discus-
sion. Our data showed that visual impairments were

more severe in patients with the R334W mutation than
in those with the R334Q mutation, which seems to be
consistent with the hypothesis that higher basal NF-xB
activity causes more severe disease or more disease
progression. However, no ocular symptoms have devel-
oped during the 6 years since disease onset in patient 20
(with the C495Y mutation and the highest basal NF-«B
activity in our cohort), although ocular symptoms devel-
oped in another patient with the same genotype (10).
Also, in patient 2, who had the E383G mutation and the
lowest basal NF-«B activity, severe visual impairment
occurred when she was in her late twenties. These
findings contradict our hypothesis that NOD2 genotypes
with higher basal NF-«B activity are associated with
severe disease. However, Blau syndrome/EOS was
promptly diagnosed in patient 20 with the C495Y muta-
tion, who luckily was under the care of the same
pediatric rheumatologist who treated patient 19 (who
had the N670K mutation) and was treated with systemic
steroid therapy. Patient 2 (who had the E383G muta-
tion) subsequently received inappropriate immunosup-
pressive therapy, because the patient refused steroid
treatment. Furthermore, patient 10 (with the R334W
mutation), who had no obvious systemic inflammatory
findings and did not receive systemic steroid therapy,
became blind at 20 years of age. These findings raise the
possibility that the extent of visual impairment could be
modified by therapy.

Finally, we were not able to prove a link between
the clinical severity of Blau syndrome/EOS and basal
NF-«B activity in the whole cohort, possibly because of
the restricted number of patients and because of the
differences in treatment among patients. Therefore, a
prospective study involving a sufficient number of pa-
tients to allow analysis of each genotype-phenotype
correlation would be required to test our hypothesis.
Given that there is no standard treatment protocol for
Blau syndrome/EOS, some predictors of disease pro-
gression, especially progression of visual impairment,
would have great benefit for clinicians. We observed a
difference in the development of visual impairment only
between patients with the R334W mutation and those
with the R334Q mutation, which provides a clue that
predicts the development of visual impairment in pa-
tients with the R334W and R334Q mutations. We also
believe that understanding the mechanisms of how
NOD2 acts in disease pathogenesis should help in dis-
covering therapeutic targets for the treatment of Blau
syndrome/EOS.
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