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Table IV Multiple additional mutations detected in subclones of the
IL2RG gene

Subclones Mutations

Wild type TT CCTCT T CCT Wild type
T CCAACC

Inherited TTCCTCTTCCT T c¢.284-15A>G

mutation CCAGCC

No.1 TT CCTCT T CCT c.284-15A>T
T CCATCC

No.2 TT CCTCT T CCT ¢.284-15A>C
T CCACCC

No.3 TT CCTCT T CAT ¢.284-15A>G, ¢.284-21C>A
T CCAGCC

No.4 TT AGAGTGG ¢.284-15A>G, ¢.284-29 284-
CCTCT T CCT 28insAGAGTGG
T CCAGCC

No.5 TT CCTC ¢.284-24_284-14delllins
CACCCGCCAAC CACCCGCCAA

No.6 TT CCTCT CAGCC  ¢.284-23 284-18delTCCTTC

reversions found in the patient’s T cells must have occurred
before or around the CD4ISP stage. Differences were ob-
served in reversion genotypes between the TCRxf3+ cells
and TCRyd&+ cells. TCRyd+ cells had only one of the
second-site reversions found in TCR«f+ cells in addition
to a true-back reversion (No.3 in Table V). The identifica-
tion of fewer reversions in the patient’s TCRyd+ compared
to TCRx3+ cells may reflect the greater abundance of
TCRap+ cells, increasing the likelihood of the stochastic
occurrence of additional reversions [18]. Although no
reversions in the patient’s B cells or monocytes were
observed, it is possible that the reversions occurred in
the progenitor at the stage before commitment to T cells
and may reflect the unique nature of T cell proliferation
and expansion [19].

Reversion mosaicism has previously been reported in
SCID-X1 patients with JL2RG mutations, but it was accom-
panied by reduced T cell number and low proliferative
response to mitogens [2, 3]. The paradoxical nature of the
patient’s cellular immunity, a history of uneventful varicella

infection, and the occurrence of widespread warts with very
few naive T cells prompted an evaluation of his T cell
function. The TCR V{f repertoire analysis of CD4+ and
CD8+ T cells revealed comparable diversity to the normal
controls (data not shown). CDR3 spectratyping analysis
revealed the patient CD4+ T cells had as much variety as
the normal controls, but his CD8+ T cells displayed restrict-
ed diversity (Fig. 3a). To evaluate the antigen-specific re-
sponse of the patient’s T cells, response to VZV was
measured. The DTH reaction to subcutaneous VZV antigen
and the IFN-y production from VZV antigen-stimulated
PBMCs measured by an ELISPOT assay were compara-
ble to those of normal controls (Table I and Fig. 3b).
These data suggested that the patient maintained normal
cellular immune responses in vivo as well as having
normal in vitro IFN-y production ability against VZV
antigen. Multiple reversions from intronic mutations
could provide a sufficient number of normally function-
ing T cells and may improve the clinical phenotype
compared to previously reported cases with single rever-
sions. However, the number of TRECs in the patient’s
PBMCs (<10 copies/ng DNA) suggested a low level of
recent thymic output, and the restricted diversity of TCRs
observed in the patient’s CD8+ cells might reflect the
exhaustion of the T cell reservoir. To gain further insight,
the long-term immunologic status of the patient was
evaluated prospectively for 5 years. Absolute counts of
CD4+ and CD8+ T cells as well as mitogen-induced T
cell proliferation responses were measured every 2—
5 months (Fig. 4). Unexpectedly, the number of both
CD4+ and CD8+ T cells and mitogen-induced T cell
proliferation responses were stable and the patient
remained healthy over this period. In recent years, the
effector memory subset of CD8+ T cells (CD8+/CD45RA+/
CCR7-) has been taken as a marker of cell exhaustion or
replicative senescence [20]. However, the majority of CD8+
T cells of the patient were memory CD&+ T cells (CD8+/
CD45RA-/CCR7+) and the population of effector memory
CD8+ T cells was very small (Table II). These data

Table V Clonal analysis of somatic mosaicism of the IL2RG gene in various cell lineages

No.2

No.3 No.4 No.5 No.6

Wild type Inherited mutation  No.1
TCRap+ 21 % (7/33) 12 % (4/33) 9 % (3/33)
TCRyd+ 2 % (1/42) 2 % (1/42) 0 % (0/42)
CD3+ 5 % (2/39) 5 % (2/39) 26 % (10/39)
CD4+ 32 % (25/79) 3 % (2/79) 13 % (10/79)
CD8+ 10 % (7/73) 4 % (3/73) 21 % (15/73)
CD14+ 0 % (0/33) 100 % (33/33) 0 % (0/33)
CD19+ 0 % (0/30) 100 % (30/30) 0 % (0/30)

12 % (4/33)
0 % (0/42)
13 % (5/39)
19 % (15/79)
19 % (14/73)
0 % (0/33)
0 % (0/30)

21 % (7/33)
95 % (40/42)
38 % (15/39)
16 % (13/79)
25 % (18/73)
0 % (0/33)
0 % (0/30)

9 % (3/33)
0 % (0/42)
3 % (1/39)
3 % (2/79)
8 % (6/73)
0 % (0/33)
0 % (0/30)

6 % (2/33)
0 % (0/42)
10 % (4/39)
3 % (2/79)
12 % (9/73)
0 % (0/33)
0 % (0/30)

9 % (3/33)
0 % (0/42)
0 % (0/39)

13 % (10/79)
1 % (1/73)
0 % (0/33)
0 % (0/30)

Data represent the percentages of each additional mutant subclone in each lineage. The ratio indicates the number of each mutant clone in various
cell lineages as compared to the total number of clones analyzed, based on subcloning and sequencing analysis
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Fig. 3 Functional evaluation of T cells at 9 years old. a CDR3
spectratyping of the TCRV chain. Each TCRVf3 fragment was am-
plified from cDNA with one of 24V 3-specific primers (each V{3 chain
is indicated). The size distribution of the PCR products was determined

by an automated sequencer and GeneScan software. The CDR3 size
distribution in CD4+ and CD8+ T cells from the patient is shown. b

demonstrated that the patient maintained a certain level of T
cell immunity for over a decade, despite the fact that the
supply of fresh T cells from the thymus was limited and the
patient suffered from generalized warts. Further follow up is
required to determine if the patient can continue to maintain
long-term T cell immunity.

A
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Patient Control

[0 PBMC 3.0x 105 cells
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B PBMC 0.3x 105 cells

Elispot analysis of IFN~y production as a measure of T cell function.
(LEFT) Varicella-specific immune response to varicella zoster (VZV)
antigen /n vitro. Patient and control (from a healthy with a previous
history of varicella infection) PBMCs (0.3-3x10%) were stimulated
with inactivated VZV antigen or (RIGHT) PHA. Data are shown as
mean + SD

In conclusion, this study indicates that it is critical to
determine the NK cell number to avoid overlooking rever-
sion mosaicism of SCID-X1. In addition, it has been shown
that a number of /L2RG gene reversions can restore T cell
functions and maintain T cell immunity against viral infec-
tion for at least 14 years.
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Fig. 4 Long term evaluation of T cell number and mitogen-induced
proliferative response. a Absolute counts (per pl) of total lymphocytes
(lym), CD3+ cells, CD4+ cells and CD8+ cells were measured for

4 years. b T cell proliferation in response to PHA (solid line) and Con
A (dotted line). Healthy control values for PHA range from 20,500 to
56,800 cpm and for Con A from 20,500 to 65,700 cpm
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Abstract. Aims: To further elucidate
the clinical relevance of T-cell abnormali-
ties in minimal change nephrotic syndrome
(MCNS), and to predict the consequences of
MCNS, we studied T-cell receptor (TCR) di-
versity by analyzing CDR3 size distribution
and the frequency of VP repertoire usage.
Methods: Participants comprised 36 pediat-
ric patients with MCNS. 18 were frequent
relapsers (FRs) and/or steroid-dependent
(SD) and 18 were non-frequent relapsers
(NFRs). Serial changes in TCR VB reper-
toires were analyzed for these two groups
of patients. Frequencies of Vf repertoire us-
age were determined by flow cytometry, and
TCR CDR3 length distribution was analyzed
by GeneScan. Results: In NFRs, abnormali-
ties in the distribution of VJ repertoires were
few in both CD4* and CD8&* T cells. In FRs/
SD patients, patterns were normal in CD4*
T cells, while selected VP repertoires were
significantly increased in CD8* T cells in
some patients. Furthermore, TCR diversity
was significantly reduced in CD8* T cells
in FRs/SD patients, as shown by marked
skewing of CDR3 size distributions. Of note
was the finding that some FRs/SD patients
showed improvements in the initially abnor-
mal TCR diversity with improvement in clin-
ical symptoms, eventually becoming NFRs.
Conclusion: Analysis of TCR diversity may
delineate the subgroup of FRs/SD patients
and provide a rationale for early intervention
with immunosuppressive therapy for these
patients.

Introduction

Minimal change nephrotic syndrome
(MCNS) in childhood is characterized by
heavy proteinuria and generalized edema.
Therapy for MCNS has been well estab-
lished through numerous clinical studies
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and mainly consists of oral steroids [1, 2]. In
cases of frequently relapsing and/or steroid-
dependent MCNS, additional immunosup-
pressive drugs such as cyclophosphamide
or cyclosporine have been approved. Better
treatment could be provided if such patients
could be differentiated from non-frequent re-
lapsers (NFRs) at disease onset.

Previous studies have suggested that T
cells play a major role in the pathogenesis
of MCNS [3, 4, 5]. Some evidence suggests
that this syndrome may represent a primary
T-cell disorder that leads to glomerular podo-
cyte dysfunction [6, 7]. Patients requiring
prolonged steroid therapy or immunosup-
pressive agents might thus be anticipated
to show abnormalities in T-cell function.
We investigated distortions in T-cell recep-
tor (TCR) diversity by analyzing CDR3 size
distribution and VP gene usage frequency,
to further elucidate the clinical relevance
of T-cell abnormality in the pathogenesis
of MCNS. We also examined whether our
results could be used to predict the steroid-
responsiveness of MCNS patients.

Materials and methods

Patients and controls

We enrolled 36 MCNS patients (21
males, 15 females; mean age 9.4 years;
range, 1 — 21 years) from the Department
of Pediatrics at Kanazawa University Hos-
pital, or its affiliated hospitals, between
2000 and 2009. 20 healthy adults were en-
rolled as normal controls for analysis of the
VB repertoire, and 6 healthy children (age
range 0 — 11 years) were enrolled as con-
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trols for the analysis of CDR3 size distribu-
tions. Approval for this study was obtained
from the Human Research Committee of
Kanazawa University Graduate School of
Medical Science, and informed consent to
participate in this study was obtained from
each patient and/or their parents accord-
ing to the Declaration of Helsinki. MCNS
patients were classified clinically as fol-
lows. NFRs (n = 18) responded to steroids
and the frequency of relapse was less than
twice during the first 6 months. Frequent
relapsers (FRs) (n = 13) were defined as
showing an initial response to steroids,
with a subsequent steroid-free period > 2
weeks, followed by > 2 relapses within 6
months. Steroid-dependent (SD) patients
(n = 5) were defined as showing initial
steroid-induced remission with relapses
during tapering of corticosteroids, or < 2
weeks after steroid withdrawal. Relapse
was diagnosed when proteinuria of more
than 2+ (by dipstick) or 100 mg/dl contin-
ued for 3 consecutive days.

Cell preparation

Peripheral blood mononuclear cells
(PBMCs) from patients and normal controls
were isolated from heparinized venous blood
samples by density gradient centrifugation
over Ficoll (Histopaque; Sigma, St. Louis,
MO, USA) and T-cells were separated using
the E rosette method [8, 9]. Subsequently,
T cells and their subsets (CD4, CD8) were
selected using Dynabeads M-450 CD4, CD8
(Dynal AS, Oslo, Norway) [8, 9].

RNA extraction and cDNA
synthesis

Total cellular RNA was isolated using
TRIZOL reagent in accordance with the in-
structions from the manufacturer (Gibco
BRL, Bethesda, MD, USA), and first-strand
cDNA was generated from 2 pg of total RNA
with random hexamers and RAV-2 reverse
transcriptase (TaKaRa Bio, Shiga, Tokyo,
Japan). The concentration of RNA was mea-
sured using a GeneQuant pro RNA/DNA
Calculator (Amersham Pharmacia Biotech,
Cambridge, UK) [10].
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Determination of V3 repertoires

TCR VB repertoire distribution was ana-
lyzed using 3-color flow cytometry. After
red blood cell (RBC) lysis and washing in
phosphate-buffered saline (PBS), samples
were incubated with appropriate phycoery-
thrin (PE)-conjugated monoclonal antibod-
ies with specificity for TCR VB (Coulter
Immunotech, Marseille, France) for 30 min
on ice, followed by fluorescein isothiocya-
nate (FITC)-conjugated anti-CD8 antibody
(Becton, Dickinson and Co., San Diego,
CA, USA) and R-PE-Cy5 (PC5)-conjugated
anti-CD4 antibody (DAKO, Glostrup, Den-
mark) for 15 min. After washing in PBS,
3-color analysis was performed with the
FACSCalibur instrument (Becton Dickinson
Biosciences, Franklin Lakes, NJ, USA). We
analyzed the TCR Vp repertoire distribution
in normal controls (n = 20) (Figure 1A) and
calculated means =+ standard deviation.

Determination of CDR3 size
distribution

CDR3 spectratyping was performed as
previously described [8, 9]. Briefly, cDNA
was polymerase chain reaction (PCR)-am-
plified through 35 cycles (94 °C for 1 min,
55 °C for 1 min, and 72 °C for 1 min) with a
primer specific for 24 different V subfami-
lies (VBs 1 —20 [11] and VBs 21 — 24 [12])
and a fluorescent BC primer (Figure 2A)
[11]. Fluorescent PCR products were mixed
with formamide and a size standard (Gen-
eScan-500 TAMRA; Applied Biosystems,
Foster City, CA, USA). After denaturation
for 2 min at 90 °C, products were analyzed
using an automated 310 DNA sequencer
(Applied Biosystems) and the data were
analyzed with GeneScan software (Applied
Biosystems). Overall complexity within a
VB subfamily was determined by counting
the number of discrete peaks and determin-
ing their relative sizes on the spectratype
histogram, as described elsewhere [13]. Va-
riety in a VP repertoire appears as multiple
peaks (Gaussian distribution) (Figure 2B),
while a repertoire lacking variety shows few
peaks (skewed distribution) (Figure 2C).
CDR3 size spectratyping of VB subfamilies
in normal controls is shown in Figure 1B.
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Figure 2. Spectratyping of CDR3 size. Primer for
24 different VB subfamilies and a fluorescent BC
primer (A). Variety in a V8 repertoire results in mul-
tiple peaks, representing a Gaussian distribution
(B). A repertoire lacking variety shows few peaks,
representing a skewed distribution (C).

We used a complexity scoring system
[13] to facilitate interpretation: complexity

score (CS) = (sum of all peak heights/sum -

of major peak heights) x (number of major
peaks). Major peaks were defined as those
with amplitude > 10% of the sum of all peak
heights on the spectratype histogram. CDR3
size analysis revealed multiple peaks with a
Gaussian distribution in normal controls.

Three-dimensional graphic
display of TCR diversity through
a combination of CDR3 size
analysis and VJ5 repertoire
distribution

Qualitative alterations in TCR VP reper-
toires obtained by CDR3 spectratyping were
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VB repertoires, CDR3 sizes, and 3-dimensional analysis of TCR diversity in normal controis.
These figures show normal patterns of quantitative analysis, qualitative analysis, and a combination of both.

combined with quantitative analyses of spe-
cific VP* CD4* and CD8* T cells for each VB
subfamily and plotted as landscape columns,
as previously described [14, 15, 16].

Statistical analysis

The Mann-Whitney U-test was used for
analysis of unpaired samples. Correlations
were tested using the Spearman rank analy-
sis test. Values of p < 0.05 were considered
statistically significant.

Results

Distribution of V[ repertoires in
different groups of MCNS
patients

We analyzed Vf repertoire distribu-
tions in MCNS patients and the 20 normal
controls. Representative profiles from each
group are shown in Figure 3. Among NFRs,
abnormalities in VP repertoire distribution
were infrequent in both CD4* and CD8*
T cells. In some FRs/SD patients, selected
VB repertoires were significantly increased
in CD8* T cells (asterisks), but this ten-
dency was much less pronounced in CD4+*
T cells. Increased VP repertoires were of
various types, and increases characteristic
of MCNS were not found. While we were
able to compare each group visually in
this analysis, objective comparison of each
group was difficult.
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Figure 4. CDRS size distributions on CD8+ T cells of typical cases in different groups of MCNS patients:
A: normal control; B: NFR; C: FR; D: SD. In FRs/SD patients, CDR3 size distributions showed an oligoclo-
nal or monoclonal pattern in many VB subfamilies of CD8+ T cells. Mean CS values for FR (4.92) and SD
(4.38) patients were low in comparison with normal control (5.27) and NFR (5.32) patients. Numerical

values in parentheses represent mean CS value for each group.

Distribution of CDR3 sizes in
different groups of MCNS
patients

Among NFRs, CDR3 size distributions of
all VP subfamilies in CD8" T cells showed nor-
mal patterns (Gaussian distribution). Mean CS
values were high in normal controls (5.27) and
NFRs (5.32). In representative FRs/SD patients,
CDR3 size distributions showed an oligoclonal
or monoclonal pattern in many Vf subfami-
lies. As a result, mean CS values were low in
FR (4.92) and SD (4.38) patients (Figure 4). No
such tendency was observed in CD4* T cells.
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To compare CS values between CD4" T
cells and CD8* T cells, CS values for each
VP subfamily were plotted. Representative
plotted profiles from each group are shown in
Figure 5. In NFRs, CDR3 size distributions
showed normal patterns and all CS values
were within the range of 5.0 — 6.0. In con-
trast, CDR3 size distributions showed oligo-
clonal or monoclonal patterns and CS values
varied greatly between individual FRs/SD
patients. In particular, CS values were < 4.0
in many VP subfamilies among FRs/SD pa-
tients. Such findings were more apparent in
CD8* T cells than in CD4* T cells.
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Figure 6. Mean CS values for all patients. A sig-
nificant difference in mean CS values was appar-
ent between normal controls or NFRs and FRs/
SD patients. The value of -2 standard deviations is
shown in a line. Control, n = 6 (CD4* T cells, n = 6;
CD8* T cells, n = 5); NFR, n = 18 (CD4* T cells, n =
14; CD8* T cells, n = 18); FR, n = 13 (CD4* T cells,
n=12;, CD8" Tcells, n=13); SD, n=5 (CD4* T
cells, n = 5; CD8* T cells, n = 5).

To further emphasize CS distribution
characteristics, mean CS values in CD4* and
CD8* T cells from all patients are presented
in Figure 6. In CD4* T cells, mean CS val-
ues were 5.14 + 0.06 in normal controls, 5.26
+ 0.21 in NFRs, and 5.13 + 0.31 in FRs/SD
patients. These differences were not statisti-
cally significant. In CD8" T cells, mean CS
values were 5.25 + 0.15 in normal controls,
5.42 +0.33 in NFRs, and 4.90 + 0.44 in FRs/
SD patients. The difference between mean

— 122 —

CS values in normal controls/NFRs and FRs/
SD patients was statistically significant. In
the FR/SD group, mean CS values in CD8*
T cells were below —2 standard deviations or
< 4.95 in approximately half of all patients.
In other words, a MCNS patient is expected
to be FRs/SD at a sensitivity of 56% and
specificity of 77%, when the mean CS value
in CD8* T cells is < 4.95. Mean CS values
in CD8* T cells might thus be applicable for
objective prediction of the clinical course.

Effect of short-term steroid
therapy on TCR diversity

We examined whether short-term steroid
therapy itself could have a direct effect on
TCR diversity. A representative example
is shown in Figure 7. Both TCR VP reper-
toires and CDR3 size distributions in CD8*
T cells showed similar patterns after 2 weeks
of steroid therapy and remained stable after
8 weeks when the patient was in remission
without steroids.

Improvement in TCR diversity
with clinical response to therapy

Figure 8 shows results for a FR who un-
derwent repeated analyses over the course of
3 years after disease onset. The patient was
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Figure 7. Effect of short-term steroid therapy on CD8* TCR diversity. Short-term steroid therapy did not
result in significant distortion of the TCR repertoire or CDR3 size distribution. CS values were 4.69 at on-
set, 4.57 at remission with steroid and 4.92 at remission without steroid.

initially a FR and the mean CS value was very
low (4.02) at onset. After 3 years of therapy,
and with improved clinical symptoms, mean
CS value had improved to 4.92. Representa-
tive CDR3 size distribution profiles are shown
for selected TCR V repertoires.

Combined qualitative and
quantitative analyses of TCR
repertoires in MCNS patients

An improved visual representation is
achieved by combining the results of TCR
VB repertoire distribution and CDR3 size
distribution analyses, allowing analysis of
sequential changes in TCR diversity. In nor-
mal controls and NFRs, all VB repertoires in
CD8* T cells showed a Gaussian distribu-
tion. In FRs/SD patients, however, selected
VB repertoires in CD8* T cells were marked-
ly increased and CDR3 size analysis showed
an oligoclonal and/or monoclonal pattern.
These findings were emphasized to a greater
degree in the 3-dimensional views and the
expansion of oligoclonal CD8* T cells was
more readily appreciated (Figure 9). These
expanded oligoclonal and/or monoclonal
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CD8+ T cells appeared to be involved in the
degree of intractability of MCNS. However,
we were unable to confirm the specific clone
for MCNS.

Discussion

MCNS is the most frequently encoun-
tered glomerular disease in childhood, and
is characterized by massive proteinuria, hy-
poalbuminemia, hyperlipidemia, and edema.
As the name implies, minimal structural ab-
normality is detectable under light microsco-
py, but the characteristic finding of podocyte
fusion involving glomerular epithelial cells
is seen under electron microscopy. Steroids
are generally effective in a large proportion
of patients with MCNS, with ~ 90% of pe-
diatric patients with MCNS responding to
steroid therapy, and ~ 40% of those respond-
ers remaining disease-free without relapses
[1, 2]. However, 20% of pediatric patients
with MCNS are FRs, and 30% are SD [1, 2].
In such FRs/SD patients, the side effects of
long-term steroid therapy become an impor-
tant problem. Various effective immunosup-
pressive agents including cyclosporine have
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Figure 9. Three-dimensional analysis of CD8* TCR repertoires in each group of MCNS patients. In FRs/
SD patients, selected VB repertoires in CD8" T cells were markedly increased and CDR3 size analysis

showed oligoclonal and/or monoclonal patterns.

recently been used in the treatment of MCNS
[7]. However, oral steroids are the drugs of
choice for initial treatment of MCNS in most
cases, and immunosuppressive agents are
rarely used from the start of therapy. Cyclo-
sporine can be selected as an alternative if
response to steroids is absent or insufficient.
Various side effects of long-term steroid ther-
apy are usually apparent when cyclosporine
is started. For this reason, the ability to pre-
dict steroid-responsiveness before starting
initial therapy for MCNS patients would be
advantageous. If this were possible, immu-
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nosuppressive agents such as cyclosporine
could be used for FRs/SD patients from the
early stages of the disease. Early introduc-
tion of immunosuppressive therapy for se-
lected patients might successfully minimize
adverse effects of steroids and improve the
prognosis of MCNS.

In 1974, Shalhoub [3] proposed that cer-
tain circulating lymphokines might act as
toxic agents affecting the glomerular filtration
barrier in MCNS, and that the disease was an
immune-mediated disorder caused by a single
mechanism. Since then, a number of studies
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have shown various immunological abnor-
malities in this disease. Activated CD4* T
cells were found to be upregulated during
the active stages of the disease, producing
increased levels of interleukin-2. Moreover,
the CD4*/CD8" ratio was observed to be in-
verted, suggesting increased cytotoxic T-cell
recruitment during the active stage. Such find-
ings strongly suggested that T cells play a ma-
jor role in the pathogenesis of MCNS [4, 5].

TCR diversity has recently been analyzed
in various illnesses such as collagen-vascular
diseases, immunodeficiency disorders, and
lymphoid malignancies [17, 18, 19, 20, 21,
22]. One report provided strong evidence for
direct involvement of CD8" T cells in the
complicated course of idiopathic nephrotic
syndrome [21]. Another report conversely
demonstrated that the recurrence of idiopath-
ic nephrotic syndrome after transplantation
does not involve TCR activation or specific
clonal expansion of T cells [22]. Few addi-
tional studies have elucidated the role of T
cells in the pathogenesis of nephrotic syn-
drome. The present study compared TCR di-
versity profiles by analyzing the distributions
of CDR3 sizes and VP repertoires in three
different clinical groups of pediatric MCNS
patients. In NFRs, abnormalities in VJ rep-
ertoire distribution were rare in both CD4*
and CD8" T cells. In many FRs/SD patients,
TCR diversity was significantly reduced in
CD8* T cells, as shown by the distortion of
VP repertoire distributions and the skew-
ing of CDR3 size distributions. Skewing of
CDR3 size distributions was more marked
than the distortion of Vf repertoire distribu-
tions in CD8* T cells from these patients. The
results suggest that the appearance of small
numbers of oligoclonal CD8" T cells may
precede the massive expansion of clones that
become detectable by flow cytometry as rep-
resenting a sizable fraction of TCR VJ sub-
families. The 3-dimensional landscape view
of TCR diversity allows better visualization
of the subtle changes in these parameters
and provides fast and easy recognition of
skewed TCR patterns. Based on the above-
mentioned results, TCR diversity of CD8* T
cells was recognized to have been lost in in-
tractable MCNS. However, in this study we
were unable to determine whether the loss of
TCR diversity in CD8" T cells was part of
the etiology of MCNS or a simple result.
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Significant improvement in CD8* T-
cell TCR diversity was observed in select-
ed FRs who showed gradual improvements
in their clinical course. Furthermore,
short-term steroid therapy may not induce
skewing of TCR diversity, as profiles did
not change significantly in one of the pa-
tients. These findings indicate that the sig-
nificant skewing of TCR diversity is not a
result of steroid therapy. While we did not
perform investigations for other immuno-
suppressive drugs, the results seem likely
to be similar in the short term. Skewing
of TCR diversity may directly reflect the
pathogenic role played by the expanding
oligoclonal T cells in pediatric MCNS. In
this regard, TCR diversity in CD8" T cells,
particularly in the form of mean CS val-
ues in CD8" T cells, may serve as a good
clinical parameter, and analysis of TCR
diversity may allow delineation of the
subgroup of patients most likely to benefit
from early intervention with immunosup-
pressive therapy. If immunosuppressive
therapy could be introduced early for those
patients, both clinical response and quality
of life might be markedly improved.

Further investigation is necessary to
confirm our hypothesis. We do not know
whether our findings apply only to pediatric
patients or whether they also hold true for
adult patients. Indeed, whether the analy-
sis of TCR structure is truly useful for the
prediction of disease outcome remains un-
clear. To answer these questions, prospec-
tive studies are currently being planned to
compare clinical responses and outcomes
in patients with the results of TCR diver-
sity analyses. Furthermore, this study was
unable to examine TCR diversity profiles
in patients with steroid-resistant nephrotic
syndrome. We thus hope to add similar ex-
aminations of TCR diversity for patients
with steroid-resistant nephrotic syndrome
in future investigations.
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Introduction

Toll-like receptors (TLRs) are representative innate immune
receptors that recognize pathogen-associated molecular patterns
(PAMPs). MyD88, a cytosolic adaptor protein, 1s involved in the
signaling pathways initiated by all of the reported TLRs with the
exception of TLR3 [1]. Usually, PAMPs first bind to the
extracellular domain of the T'LRs, and the cytosolic region of
TLRs then interact with MyD88, which allows the signal to be
transmitted to the downstream kinase Interleukin (IL) -1 receptor
associated kinase 4 (IRAK4). The resulting activation of IRAK4
eventually leads to the activation of the transcription factors NI-
kB and AP-1 via conserved phosphorylation cascades [2]. MyD88
is composed of two functional domains: an N-terminal death
domain (DD) and a C-terminal Toll/Interleukin-1 receptor
homology (TIR) domain [3]. The DD is a protein interaction
module that is involved in a variety of cellular events. Similar to
the DD, the TIR domain also mediates protein-protein interac-
tions via homotypic TIR-TIR interactions. In contrast to the DD,
the TIR domain is almost exclusively found in the TLR related
cytosolic adaptors or in the cytosolic regions of the TLRs, IL-1 and
IL-18 receptors. Homotypic interactions of these protein in-
teraction modules play a pivotal role in transmitting the signals
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downstream from the TLR; the TIR of MyD88 interacts with the
TIR of the TLRs, and the DD of MyD88 interacts with the DD of
IRAK4, which forms a large protein complex called the
Myddosome [4].

TLR4 signaling, the best characterized signaling pathway
among a dozen of known TLR pathways, is activated by
lipopolysaccharide (LPS) from gram-negative bacteria, and the
pathway plays a major role in endotoxin shock. Two modes of the
signaling have been described: the MyD88-dependent and
MyD88-independent pathways. In the MyD88-dependent TLR#4
signal transduction pathway, another TIR domain-containing
adaptor protein, Mal (also called TIRAP), plays an important role.
Mal binds MyD88 via a homotypic TIR interaction and then
associates with the plasma membrane using its PIP2-binding
domain. Thus, Mal has been suggested to serve as a “sorting
adaptor” that recruits the “signaling adaptor”, MyD88, to the
membrane region where the activated TLR4 resides [5]. Mal is
not an essental factor for the signaling because signal transduction
can occur even without Mal [6,7], but Mal can substantally
[acilitate the signaling. A pair of TIR domain-containing adaptors,
TIR domain-containing adaptor inducing IFN-f (TRIF) and
TRIF-related adaptor molecule (TRAM), is known to play
important roles in the MyD88-independent TLR4-signaling
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pathway in which TRIF and TRAM function as the signaling and
the sorting adaptors, respectively. This pathway transmits signals
from TLR4 at early endosomes alter the LPS-induced internal-
ization of TLR4 [8,9]. TRAM is known to deliver TRIF to the
endosomes via a specific region of the plasma membrane by using
its myristoylation site and polybasic region [10]. These findings
indicate that the specific combinations of the sorting and the
signaling TIR-containing adaptors define the specific signal
transduction pathways.

MyD88 is also involved in acquired immune responses because
it mediates the signals from the inflammatory cytokines IL-1 and
IL-18; ligand-activated IL-1/IL-18 receptors that subsequently
interact with MyD88 o trigger downstream protein kinase
cascades that eventually activate the transcription factors NI'-xB
and AP-1 in a similar manner to TLR signaling. Although the
intracellular signaling pathway is similar to the MyD88-dependent
TLR4 pathway, the sorting-adaptor Mal is not involved [11]. As
mentioned above, TLR4 signaling is facilitated either by Mal
(MyD88-dependent pathway) or TRAM (MyD88-independent
pathway) in a pathway-dependent manner. The former mainly
localizes in PIP2 rich plasma membrane regions, while the latter is
found not only in the plasma membrane but also in the
internalized early endosomes that dispatch the signals. Thus,
different sorting adaptors recruit MyD88 to different membrane
regions and create distinct types of signal initiation complexes. In
contrast to TLR signals, IL-1/IL-18 signaling has not thus far
been thought to require such sorting adaptors. Interestingly,
Kagan et al. reported that an engineered MyD88 that is endowed
with PIP2 binding ability could rescue the LPS-TLR# signaling in
mouse embryonic fibroblast (MEL) cells from MyD88 and Mal
double knockout mice, although it failed to rescue IL-1 signaling in
the cells [5]. This observation suggests that TLR4 and IL-1R are
located in distinct regions of the plasma membrane, which then
raises the hypothesis that unidentified sorting adaptors selectively
bring MyD88 to the appropriate membrane region to form signal
initiation complexes with activated IL-1 and IL-18 receptors.

In this study, we sought the sorting adaptor for IL-18 signaling
and discovered that TRAM is responsible for this [unction.
TRAM was demonstrated to directly interact with MyD88 in i
vitro binding experiments in which a homotypic TIR-TIR
interaction plays a vital role. The eflorts to identify the interacting
sites in the MyD88-TIR interaction revealed that two surface sites
of MyD88-TIR are direct interfaces with TRAM-TIR. Interest-
ingly, these interaction sites overlap with the sites for Mal binding
[12]. Furthermore, cellular assays demonstrated the [unctional
involvement of TRAM in the IL-18 signal transduction, and
TRAM changed the localization of MyD88§ from the cytosol to the
membranous regions. These new findings strongly suggest that
TRAM is the membrane-sorting adaptor for MyD88 in IL-18
signaling and plays a critical role in transmitting the signal. Thus,
the mechanism of signal initiation is more conserved between the
MyD88-dependent TLR4 pathway and IL-18 signaling than
previously thought.

Results

Binding of TRAM to MyD88

Iive TIR containing adaptor proteins have been previously
identified: MyD88, Mal, TRIF, TRAM and SARM. Mal and
TRAM were reported to be the sorting adaptors for MyD88 and
TRIF, respectively [13]. Because a model structure of the TIR
domain of TRAM represents a substandally large negatively
charged surface area (Figure S1), while the TIR domain of MyD88
is covered by positive charge, we expected some interaction
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Interaction of MyD88 with TRAM

between these two adaptor molecules. We thus further hypothe-
sized that TRAM also functions as the sorting adaptor for MyD88
m the IL-18 signaling pathway. To test these ideas, we first
examined the direct interaction between MyD88 and TRAM. As
both of the adaptors contain the TIR domain, which mediates the
protein-protein interaction generally via homomeric or hetero-
meric TIR-TIR interactions, the direct interaction between the
MyD88-TIR and the TRAM-TIR was examined with a GST-pull
down assay. The results indicated that the wild-type MyD88-TIR
directly bound the TRAM-TIR with a higher affinity than Mal,
while the interaction between MyD88-TIR and TLRI-TIR,
which had been shown not to bind the MyD88-TIR [14], was not
detected in this method (Figure 1A). We then examined the
interaction between MyD88 and TRAM in cells using a co-
immunoprecipitation analysis. When Myc-MyD88 and FLAG-
TRAM were co-expressed in HEK293 cells, the Myc-MyD88
constitutively associated with the FLAG-TRAM (Figure 2), which
is consistent with our GST-pull down assay. Strikingly, upon
stimulation of the cells with 1L-18, the MyD88-TRAM complex
gradually dissociated over a 30- to 120-minute time course. The
HEK293 cells inherently express IL-18Ra (formerly called IL-
1Rrp), which is a necessary component for IL-18 signaling, but
lack IL-18R (formerly called IL-1AcPL). Thus, we additionally
co-expressed IL-18RP in the cells for this experiment.

Binding of TRAM to IL-18 Receptors

For the activation of IL-18 signaling, the heterodimerization of
two IL-18 receptors, IL-18Ra and IL-18R B, has been shown to be
required [15]. These receptors belong to the IL-1 receptor
superfamily and are thus structurally homologous to one another.
The extracellular region contains immunoglobulin (Ig)-like chains,
while the cytosolic region has a TIR domain that interacts with the
TIR domain of MyD88. To test the interaction of TRAM with
these 1L-18 receptors, we performed GST pull-down assays using
the TIR domains of the [L-18 receptors and TRAM. The results
showed that the TIR domains {rom both IL-18Ra and IL-18Rf
directly bound the TRAM-TIR (Figure 1B).

Involvement of TRAM in IL-18 Signaling

Alfter obtaining the evidence that TRAM interacts with MyD88
both @ ovito and in cells, we then examined the possible
involvement of TRAM in IL-18 signaling. We knocked-down
the endogenous TRAM expression in HEK293 cells using siRNA
techniques and then performed NI-kB reporter assays for the IL-
18 signal transduction in the cells. The shRNA for the TRAM
expressing vector was generated based on the previously reported
target sequence [16]. When the expression of TRAM was
knocked-down (Figure 3A), NF-kB activity alter IL.-18 stimulation
was markedly decreased relative to the negative control experi-
ments that used scrambled shRNA (Iigure 3B). This result
indicates that the knock-down of TRAM expression actually
impaired the IL-18 signal transduction. We conlirmed the knock-
down effect of this shRNA sequence [or TRAM via the LPS-
stimulated activation of IFN-B promoter, which is presumably due
to the suppression of the MyD88-independent TLR4 pathway
mediated by TRAM and TRIF (Figure 3C). The eflect was similar
when compared to the results obtained from a dominant negative
form of TRAM (C117H). TRAM (C117H) showed an almost
complete shutdown of the LPS/TLR4/1FN-8 signaling in the cells
(Figure 3D) and the decrease of the enhancement of NF-xB
activity induced by IL-18 (Figure 3E). To further confirm the
involvement of TRAM in the IL-18 signaling pathway, we
evaluated the cytokine production from helper type 1 differenti-
ated T (Thl) cells isolated from TRAM-deficient mice and
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MyD88-deficient mice. IL-18 did not produce IFN-y from not
only MyD88-deficient Thl cells but also TRAM-deficient Thl
cells, significantly. And, IL-18 alone or 1L-18 and IL-12 co-
stimulated TRAM-deficient Thl cells produced significantly lower
IFN-v levels than those of wild-type Thl cells (I'igure 4).

IL-18 Modulates MyD88-TRAM Subcomplex in Human
Cells

Next, we further mvestigated whether MyD88 actually inter-
acted with TRAM in human HEK293T cells by live cell
fluoroimaging. When we transiently transfected a DsRed-TRAM
construct into HEK293T cells, the protein localized to the plasma
membrane region, which was consistent with a previous report
[10] (Figure 5A). In contrast, GFP-MyD88 was dominantly found
as foci in the cytosol in the cells expressing the protein; this has also
been shown by others [17] (Figure 5B). Strikingly, when

@ PLoS ONE | www.plosone.org

HEK293T cells were co-transfected with expression plasmids for
GFP-MyD88 and DsRed-TRAM, MyD88 proteins moderately
co-localized with TRAM in the membrane regions (I'igure 5C).
These data strongly suggest that this transient interaction between
the two proteins dramatically altered the localization of GFP-
MyD88 [rom the cytosol to the membranes. Thus, TRAM both
bound and endowed MyD88 with membrane targeting properties
as has been previously demonstrated for Mal [5].

Identification of Important Amino Acid Residues of the
MyD88-TIR in IL-18 Signaling

Having established that MyD88 and TRAM directly interact
and that the interaction is critical in IL-18 signaling, we next
carried out experiments to identify the amino acid residues of
MyD88 that are important in this interaction. A cell-based
reporter assay system was utilized to examine various mutations in
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the MyD88-TIR as previously reported [12]. The results are
shown in Figure 6A. An alanine substitution of any one of eight
residues (Argl96, Aspl97, Lys214, Arg217, Lys238, Arg269,
Lys282 or Arg288) caused significantly reduced dominant negative
inhibitory eflects on IL-18 signaling indicating that these residues
are involved in the signal transduction. These eight residues are
mapped on the protein structure of the MyD88-TIR (PDB code:
225v) (Figure 6B). In our previous experiments for LPS/TLR4
signaling using the same lucilerase reporter system, three discrete
functional sites were found on the surface of the MyD88-TIR,
which we designated Site I, Site 1L, and Site III (Iigure 6B) [12].
Five out of the eight residues, Argl96 (Site II), Asp197 (Site II),
Arg217 (Site I), Lys282 (Site III) or Arg288 (Site III) were
previously found to be important in the LPS/TLR4 signaling. We
then examined the direct binding of the representative mutants of
each functional sites of MyD88-TIR to the TRAM-TIR using
GST pull-down assays (Figure 6C). The results indicate that the
binding between the MyD88-TIR and TRAM-TIR is dependent
on Sites II and III because the alanine substitution of either
Argl96 or Arg288 resulted in decreased binding. Furthermore, the
interaction between the MyD88-TIR and TRAM-TIR was
completely abrogated when both Argl96 and Arg288 were
mutated. Additionally, co-immunoprecipitation assay also showed
the reduction of interaction between MyD88 R196A-R288A
mutant and TRAM (Figure 6D). In contrast, a Site I mutant,
R217A, did not show a significant decrease in binding aflinity.
Overall, these interactions are very similar to those observed
between the MyD88-TIR and Mal-TIR [12], indicating that
TRAM and Mal share the same binding sites on MyD88-TIR.

Discussion

Involvement of TRAM in the IL-18 Pathway
Mal has been reported to function as the sorting adaptor in the
-TLR4 signaling that brings MyD88 to the plasma membrane to

@ PL0S ONE | www.plosone.org

mediate the interactions between TLR4 and MyD88 [5]. Because
the IL-1 and IL-18 receptors also form signal initiation complexes
that contain MyD88, presumably at distinct membrane regions
from TLR4, the existence of currenty unidentified sorting
adaptors that recruit MyD88 to specific membrane regions and
mediate the interactions between MyD88 and the [L-1/IL-18
receptors has been hypothesized [5]. Although several reports
have been published to date, the involvement of TRAM in IL-1
signaling remains controversial [16,18,19,20]. Using TRAM-
deficient mice, Yamamoto ef al. showed that TRAM is not
involved in IL-1 signaling. Despite the homology between IL-1
and [L-18, the relationship between TRAM and 1L-18 had not yet
been elucidated. In this study, we sought the sorting adaptor that
acts in 1L-18 signaling and found that TRAM fulfils this role. It
was proposed that the electric potential is important for the
specific interactions between the TIR domain proteins [21].
According to the electric surface potentials of the TIR domain
structures, the TRAM-TIR and Mal-TIR both have a largely
acidic surface patch, while the MyD88-TIR has a largely basic
surface patch (Figure S1). Therefore we hypothesized that TRAM
interacts with MyD88 and works as the sorting adaptor that
recruits MyD88 in IL-18 signaling. In fact, TRAM has already
been reported as the sorting adaptor in the MyD88-independent
TLR4 pathway in which TRAM recruits TRIF to specific
membrane regions [10,22]. Nonetheless, in this work we obtained
multiple results that indicate that TRAM functions as the sorting
acaptor for IL-18 signals as we initially hypothesized. Iirst,
TRAM bhound to MyD88 i witro and in cells (Figure 1A, 2, and
5C). Second, the intracellular TIR domains of IL-18 receptors also
bound o TRAM-TIR (Figure 1B). Finally, the shRNA knock-
down of TRAM expression and knock-out of TRAM caused
a significant decrease in the cellular response to IL-18 stimulation
(Ingure 3 and 4). These findings strongly suggest that TRAM
functions as the sorting adaptor for MyD88 in IL-18 signaling. On
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the other hand, recent reports have shown that TRAM is
associated not only with TLR4 but also with the TLR2 and
TLRS5 signaling pathways [23,24]. These findings suggest that the
conventionally accepted definition of the functions of the TIR
domain-containing adaptor proteins in the TLR and IL-1/18
signaling pathways should be reconsidered.

Time Dependent Change of the Interaction between
MyD88 and TRAM

A particularly interesting feature we observed in this study was
that the complex between Myc-MyD88 and FLAG-TRAM
expressed in HEK293T cells decreased after IL-18 stimulation
in a time-dependent manner (Figure 2). This observation suggests
that either the rearrangement of the signal initiation complexes or

. PLoS ONE | www.plosone.org

the degradation of the components in the complexes is triggered
by the activation of the 1L-18 signaling. A similar rearrangement
of the signal initiation complex has also been observed for the
TLR4 pathway in a previous report; upon activation of TLR4 by
LPS, TLR#4 associated with MyD88 instantly, and the association
was lost within 15 min [25]. Thus, such transient interactions
between the receptors and adaptors and the subsequent loss of the
interaction may be common to both the TLR and the 1L-18
pathways especially because they utilize many of the same
intracellular components. For the TLR4 complex, phosphoryla-
ton of TLR4 and Mal has been suggested to be involved in the
rearrangements [25,26]. TRAM has been shown to be phosphor-
ylated by Protein kinase C-& (PKC-¢) upon stimulation by LPS,
and the phosphorylation has been implicated in regulating the
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myristoylation state and thus the membrane targeting [10,27].
The membrane targeting of another myristoylated protein,
MARCKS, has been shown to be regulated by phosphorylation;
MARCKS is released from the plasma membrane upon the PKC
mediated phosphorylation of a serine near its myristoylation site
[28]. Similar to these examples, TRAM might be phosphorylated
in the IL-18-induced dissociation of the MyD88-TRAM complex
(Figure 2), although the mechanism underlying the dissociation
and its relevance to signal regulation remain to be elucidated.

The TRAM Interaction Sites of MyD88 are Similar to that
for Mal

According to our previous study [12], Sites L, II, and III on the
MyD88-TIR are [unctionally important in TLR4 signaling. These
sites also were recognized to be important in IL-18 signaling
(Figure 6A and 6B). We further demonstrated that Sites IT and III
act as the TRAM binding sites of the MyD88 TIR domain
(Figure 6C), which overlap with the Mal binding sites [12]. The
two sites are distantly located from each other on opposite
molecular surfaces of the protein. Because of the molecular size of
the TIR domain, it is unlikely that both sites present a simultaneous
binding interface for a single TRAM-TIR to form a 1:1 complex.
It is more likely that each of these sites constitutes a distinct
interface for a different TRAM molecule in different binding
modes. Consistent with this hypothesis, a mutation of either
Argl96 or Arg288 leads to only moderate losses in the binding to
the TRAM-TIR in contrast to the fact that simultaneous

Figure 5. The localization of the MyD88 and TRAM complex in cells. (A-C) The localizations of the DsRed-TRAM (Red) and/or GFP-MyD88
(Green) in HEK293T cells. DAPI stained nuclei of HEK293T cells are shown in blue. Complexes of the DsRed fusion protein and GFP fusion protein are

shown in yellow.
doi:10.1371/journal.pone.0038423.9g005
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mutations at both residues leads to a total loss ol binding
(Figure 6C and 6D). With this dual binding mode via Sites I and
I, TRAM would be more efficient at recruiting MyD88 to
membrane regions. It should be noted that this dual binding mode
was also found in the binding between the MyD88-TIR and Mal-
TIR [12], which implies that this sort of multiple binding mode is
common to the TIR-containing adaptor proteins.

Additionally, in human, the deficiencies of TIR domain
containing adaptors, MyD88 and TRIF, have been recently
reported [29,30]. These deficiencies were categorized into the
innate immune defects. One of the mutations of MyD88, R196C,
is known to cause the severe pyogenic bacteria infection due to the
loss of interaction between TLR2, Mal and MyD88 [12].
According to the above-mentioned results, Argl96 is one of the
binding sites of MyD88 to TRAM. Therefore, the substitution of
Argl96 may abrogate not only an initial signaling of TLR
mediated by the interaction between Mal and MyD88 but also
a secondary enhancement of immune responses mediated by IL-
18 induced interaction between TRAM and MyD88 in T cells or
NK cells for etiology of human MyD88 deficiency syndrome.

@ PLoS ONE | www.plosone.org

In summary, we have established an unexpected connection
between TRAM and 1L-18 signaling, which is mediated by a direct
TIR-TIR interaction between MyD88 and TRAM, and we
proposed that TRAM is the sorting adaptor for IL-18 signaling.
Based on the results obtained in this study, we present a schematic
model for signal initiation from activated 1L-18 (Figure S2) that is
similar to the model for the LPS/TLR4 system.

Materials and Methods

Vector Preparations

The following recombinant protein expression cassettes were
subcloned into pGEX4T-1, pGEX5X-1 or pGEX5X-3 (GE
Healthcare, Buckinghamshire, England): IL-18, IL-1B, MyD88-
TIR (amino acid residues 148-296), TRAM-TIR (66-235),
TLRI-TIR (625-786), IL-18Ra-TIR (374-541), and IL-18RpB-
TIR (407-599). A ¢cDNA encoding the MyD88 TIR domain
tagged at the N-terminus with a Myc-epitope was cloned into the
plasmid vector pcDNAS3.1+ (Invitrogen, California, USA). IL-
18RP and TRAM constructs tagged at the C-terminus with an
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AUlL- or FLAG-epitope, respectively, were also cloned into
pcDNA3.1+. Mutants of TRAM and the TIR domain of
MyD88 were generated using the GeneLditor in vitro Site-Directed
Mutagenesis System (Promega, Wisconsin, USA). A pGL3-Basic
Vector (Promega) containing four kB binding sites, which was
used in the NF-kB luciferase reporter assay, and a Renilla
luciferase reporter vector used as an internal control in the assay
were gifts from Dr. Sewon Ki and Dr. Tetsuro Kokubo
(Yokohama City University). An IFN-B promoter region sequence
containing pGL4-Luc (Promega) was generated. A pAcGFP-C1-
MyD88 (GFP-MyD88) and a pDsRed-Monomer-N1-TRAM
(DsRed-TRAM) were also generated (Takara Bio, Shiga, Japan).

Protein Expression and GST Pull Down Assay

The TIR domain of the MyD88 wild type and mutants (R196A,
R217A, R288A, and R196A-R288A) and the IL-18 receptors (Ro
and R) were purified as GST (glutathione S-transferase) fusion
proteins according to methods previously described (1). The TIR
domain of human TRAM and TLRI was also obtained by
a similar procedure as previously described for the MyD88-TIR.
These purified proteins were incubated with Glutathione Sephar-
ose 4B (GLE Healthcare) for three hours at 4°C, and then these
resins were washed four times with wash buller (20 mM potassium
phosphate buffer (pH 6.0), 100 mM KCI, 0.1 mM EDTA,
10 mM DTT, and 0.5% Triton X100), and then analyzed by
SDS polyacrylamide gel electrophoresis with Coomassie Brilliant
Blue staining. Experiments were performed in triplicate. The
mature form of human IL-18 and IL-1B were prepared using
E.Coli expression system according to previously reported
methods [15].

Cell Culture

HEK?293-hTLR4-MD2-CD14 cells were purchased [rom In-
vivogen (California, USA), respectively. HEK293 cells were
cultured in Dulbecco’s Modified Eagle Medium (high glucose-
containing D-MEM, Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum (SIGMA-ALDRICH, Missouri,
USA), penicillin (100 U/mL) and streptomycin (100 pg/mL). All
cells were incubated at 37°C in a humidified atmosphere of 5%
CO2. The splenic pan T cells were isolated using Pan T Cell
Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany)
from the spleen of TRAM-deficient mice, MyD88-deficient mice
and background mice (G57BL/6) supplied by Oriental Bio Service
(Kyoto, Japan). The purified splenic T cells were incubated with or
without 2 ng/ml recombinant murine IL-12 (p70) (PEPRO-
TECH, New Jersey, USA) on BIOCOAT anti-mouse CD3 'T-
cell activation plates (BD Biosciences, Massachusetts, USA) in
order (o be differentiated into Thl cells. After 4 days of culture, T
cells were washed and restimulated with 20 ng/ml recombinant
murine IL-18 (MBL, Nagoya, Japan) and/or 2 ng/ml recombi-
nant murine IL-12 (p70) on anti-mouse CD3 T-cell activation
plates for 24 hours. All animal experiments were carried out in
accordance with the NIH Guide for Care and Use of Laboratory
Animals. These cells were cultured in RPMI1640 media
(Invitrogen) supplemented with 10% heat-inactivated fetal bovine
serum, penicillin (100 U/mL) and streptomycin (100 pg/mL).

Co-immunoprecipitation Analysis

HEK?293T cells in 100 mm plates were transfected with 5.0 pg
of pcDNA3.1+ IL-18Rf, 5.0 ug of pcDNA3.1+ Myc-tagged
MyD88 ([ull-length) wild or RI96A-R288A mutant and/or
5.0 ug of pcDNAS3.1+ FLAG-tagged TRAM (full-length) using
Lipofectamine 2000 (Invitrogen). After 18 hours, the culture media
were replaced. After 24 more hours, the cells were incubated with
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or without [1-18 (10 ng/mL). These cells were washed with cold
PBS and harvested with cell lysis bulfer (Tris-HCI buller (pH 7.5)
with 10 mM NaCl, 10 mM EDTA, 0.5% Triton-X100, a protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), and
a phosphatase inhibitor cocktail (PIERCE, Illinois, USA). The
soluble cell lysates including 1000 yg protein were incubated with
5 Ug of anti-Myc antibody (Invitrogen) or ant-FLAG M2
monoclonal antibody (SIGMA-ALDRICH) for 60 minutes;
50 Wl of MuliMACS Protein G MicroBeads (Miltenyi Biotec)
that had been equilibrated with cell lysis buffer for 30 minutes at
4°C was then added to the lysates. After incubation, the immune
complexes were applied to the magnetic columns. The protein
complex samples were then solubilized with 1x Laemmli sample
buffer after four washes with wash buffer. The samples were
analyzed by western blots using an anti-Myc antibody and an anti-
FLAG M2 monoclonal antibody.

Knock-down with shRNA or Dominant Negative Mutant

of TRAM

The shRNA expression vector psiRNA-h7SKgz-Scr (used as
a negative control because it contained a scrambled sequence) and
psiRNA-TICAM-2 were purchased from Invivogen. For the
reporter gene assays, HEK293T or HEK293-hTLR4-MD2-
CD14 cells were seeded at a density of 2.0x10° cells/mL per
well in a 96-well plate. These cells were transfected with or without
pcDNA3. 1+ [L-18RB-AU1, NF-«B luciferase reporter vector, and
Renilla luciferase reporter vector with either the psiRNA-h7SKgz-
Scr or psiRNA-TICAM-2, pcDNA3.1+ TRAM-FLAG wild or
C117H mutant vector using Lipofectamine 2000. After 18 hours,
the culture media were replaced with fresh medium, and after an
additional 24-hour incubation, the culture media were replaced
with fresh medium containing recombinant human 1L-18 (2.0, 5.0,
50.0 or 10.0 ng/mL) or LPSO127: B8, which is derived from £.
Coli strain (100 ng/mL) (SIGMA-ALDRICH), incubated for 6
hours. The luciferase reporter gene activities were analyzed using
a Dual-Luciferase Reporter Assay System (Promega). The
statistical significance of the diflerences in the luciferase activities
was determined using Dunnett’s multiple comparison test. The
statistical significance was assigned to be £<0.05.

RT-PCR

Total RNA from cells seeded in six-well plates was isolated with
ISOGEN (Nippon Gene, Toyama, Japan) according to the
manulacturer’s instructions. Reverse transcription was performed
with a 1st Strand cDNA Synthesis Kit (Roche Diagnostics)
according to the manufacturer’s instructions. The cDNA obtained
was used in PCR with Taq DNA polymerase (Toyobo, Osaka,
Japan) to determine the relative amount of TRAM mRNA.

ELISA

Culture supernatants in test tubes were centrifuged to remove
the cells and then stored at —80°C until analysis. The IFN-y
concentrations were measured using a Mouse IFN-y Quantikine
ELISA Kit (R&D Systems, Minnesota, USA). The statistical
significance of the diflerences in the cytokine productions between
the wild type cells and the TRAM or MyD88 delicient cells was
determined using two-way ANOVA with Bonferroni’s multiple
comparison test. The statistical significance was assigned to be

P<0.05.

Confocal Microscopy
For direct immunofluorescence, HEK293T cells co-translected
GFP-MyD88 and DsRed-TRAM were washed in phosphate-

June 2012 | Volume 7 | Issue 6 | 38423

— 134 —



