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Figure 1. Identification and characterization of NEMO revertant T cells in patient 2. (A) Intracellular expression of NEMO in various PBMC lineages from a healthy adult control and
patient 2 were evaluated by flow cytometry. For the patient, results of the analyses performed at 2 months and 23 months are shown. Solid lines indicate staining with the anti-NEMO mAb,
and dotted fines indicate the isotype control. (B) Time-course variations in the absolute count of NEMO™m™a! and NEMOY T cells in patient 2. M indicates age in months. (C) TCR-VS
repertoire analysis of the patient's CD4* and CD8* T cells. PBMCs from the patient and a healthy adult control were stained for the TCR-VB panel, CD4, CD8, and NEMO, and analyzed by
flow cytometry. (D) Phenotype analysis of T cells in patient 2. PBMCs from the patient and a control were stained for the expression of NEMO, CCR7, CD45RA, and CD4 or CD8. Data
shown were gated on NEMQOmm™al or NEMOPY CD4* or CD8* cells. (E-F) Cytokine production from NEMO™™a gand NEMO®* T cells. PBMCs from the patient and a control were
stimulated with PMA and ionomycin for 6 hours and stained for intraceflular (E) IFN-y or (F) TNF-a along with NEMO. Cells shown are gated on the CD3* population.

because of X-chromosome inactivation. This analysis assumes that  wild-type NEMO cDNA was observed in T cells from the mothers
the percentage of cDNA for wild-type NEMO reflects the percent-  of patients 1/2, 3, 8, and 10, although wild-type NEMO cDNA was
age of cells expressing wild-type NEMO. A high proportion of not predominant in T cells from the mother of patient 4 (Table 5).
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Figure 2. NF-xB transactivation by NEMO mutants from the XL-EDA-ID patients. NF-xB transactivation induced by NEMO mutants in the XL-EDA-ID patients. Mock
vectors and wild-type (wt) NEMO were used as controls. The NF-kB activation index of NEMO variants were calculated as (NF-xB activation by each NEMO variant — NF-xkB
activation of the mock vector)/(NF-kB activation by wild-type NEMO ~ NF-«B activation of the mock vector). The data shown are the mean = SD of triplicate wells and are
representative of 3 independent experiments with similar results.
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Figure 3. NEMO revertant T cells in patient 3. (A) Intracellular expression of NEMO
in CD8* cells from patient 3. (B) Sequencing chromatograms of DNA from
NEMOremal or NEMO'ew CD8* cells of patient 3. Arrows indicate the mutated base
position at ¢. 931.

Similarly, there was an apparent high proportion of wild-type
NEMO cDNA in monocytes and B cells from the mothers of
patients 1/2, 8, and 10 (Table 5). These findings suggested a general
selective advantage of NEMOm™a cells over NEMO©Y cells
in vivo, especially in T cells.

Proliferation capacity of NEMO""™ma! and NEMO'*¥ T cells

T-cell proliferation stimulated by mitogens such as PHA is usually
not reduced in XL-EDA-ID patients. However, the emergence of
NEMO®™al cells coincided with a reduction in mitogen-induced
proliferation in patient 2. To further determine the effect of
NEMOmal cells on mitogen-induced proliferation of peripheral
T cells, the proportions of T cells carrying the wild-type and
mutant were examined before and after PHA stimulation in
XL-EDA-ID patients and their mothers (Table 6). In patients 2, 4,
and 8, the percentage of the NEMO™™al cells decreased after PHA
stimulation, while NEMOmm™#! cells prevailed in patient 9. In the
mothers of patient 4 and 10, the percentage of NEMOmermal cells
increased after PHA stimulation, while the percentage of the
NEMOQremal cells decreased in the mother of patient 3. These
results indicated that the NEMO mutation does not directly affect
the mitogen-induced proliferation capacity of T cells and factors
other than the NEMO genotype determine the proliferation capacity
of NEMOremal and NEMO"@¥ T cells.

Discussion

Somatic reversion mosaicism has been described in several disor-
ders affecting the hematopoietic system, the liver, and the skin.23.26
Reports of somatic reversion cases have been particularly abundant
in patients with immunodeficiency diseases, including Wiskott-
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Aldrich syndrome (WAS)?” and SCID, which occur because of
mutations in the interleukin receptor common vy chain,?® CD3{,%
RAG-130, and ADA genes.3! Patients with somatic reversion
mosaicism may present with significantly milder clinical pheno-
types compared with nonrevertant patients with the same germline
mutation, although this is not always the case.?® One common
feature in most cases where the somatic reversion mosaicism has
been observed is a strong in vivo selective advantage of the
revertant cells that express the wild-type gene product. One of the
most intensively investigated diseases associated with somatic
reversion mosaicism is WAS.3234 A report showed that up to 11%
of WAS patients have presented with somatic reversion mosaicism.?

In our investigation, 9 of 10 XL-EDA-ID patients presented
with somatic mosaicism. Two of the 9 were cases of reversion from
a duplication mutation, while the others exhibited true back-
reversion from a substitution or insertion mutation. This finding
calls for caution when diagnosing XL-EDA-ID patients. Because
the existence of a NEMO pseudogene makes it difficult to perform
genetic analysis using genomic DNA, diagnosis of the disease is
often confirmed by sequencing analysis of NEMO cDNA, and the
presence of somatic mosaicism can cause misdiagnosis of XL-
EDA-ID patients either when NEMO®™2 cells make up the
majority of the patients” PBMCs or when the cDNA of the mutated
NEMO gene cannot be amplified by PCR.!7 In fact, mutated NEMO
cDNA could not be amplified from the PBMCs of patient 2 even
when NEMOro™al cells were absent (during early infancy), and
only wild-type NEMO cDNA was amplified after the appearance of
NEMOmmal cells (data not shown), probably because of the
instability of the mutated NEMO mRNA. Flow cytometric analysis
of intracellular NEMO protein is of help in identifying the
NEMO™ ¥ cells in some patients, but the technique is not applicable
when the NEMO mutation does not cause reduced expression of
NEMO protein. Thus, some cases of XL-EDA-ID patients with
reversion may be difficult to diagnose.

The high frequency of somatic mosaicism observed in XL-
EDA-ID patients indicates a strong in vivo selective advantage for
NEMOrmal cells, which express the wild-type gene product.
Patient 2 presented with a high mutant T-cell count at birth that
gradually decreased over time (Figure 1B). This finding indicates
that wild-type NEMO expression is critical for the survival of
certain cell lineages, including T cells, after birth. On the other
hand, no NEMO"™al monocytes and very few NEMOmo™al B cells
were detected in the recruited XL-EDA-ID patients (Table 4). This
specific feature is similar to other somatic reversion mosaicism
seen in primary immunodeficiency patients?6 and indicates that the
expression of NEMO is less critical for the survival of monocytes
or B cells compared with that of T cells. There is also an apparent

Table 4. Analysis of NEMO gene mosaicism in various cell lineages for each patient

Patient Mutation Age at analysis CD4, % (proportion) CD8, % (proportion) CD14, % (proportion) CD19, % (proportion)
1 Duplication oy 90 100 0 : - 40

2 Duplication 15 mo 45 66 0 4.0

3 . D31E 3y 2.4 ge 0 E 12 -
4 A169P 12y 0 (0/19) 24 (9/37) 0 (0/19) 0 (0/47)
5 CLeo7p 3y 0 (0/25) 0 (0/35) 0 (0/30) 0 (0/25)
6 R182P 4y 18 (5/28) 17 (9/52) 0 (0/27) 0 (0/33)
7 R175P 6y 0.4 (1/25) 39 (11/28) 0 (0/28) 0 (0/25)
8 Q348X 8y 38 (6/16) 47 (9/19) 0 (0/33) 0 (0/25)
9 R175P 15y 30 (9/30) 36 (12/33) 0/(0/23) o 0(0/14)
10 1167 ins C 9mo PBMC 9.3 (4/43)

For patients 1 to 3, data represent the percentages of NEMOn™a! cells in each lineage, as assessed by flow cytometry. For patients 4 to 10, the ratio indicates the number
of wild-type NEMO clones in various cell lineages as compared with the total number of clones analyzed, based on subcloning and sequencing analysis.
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concordance between the degree of the disruption of NEMO gene
and the proportion of reverted NEMO"™2 cells compared with
NEMO®¥ cells. The high proportion of reverted T cells seen in
patients 1 and 2 as well as in patient 8 was associated with a highly
disruptive mutation of the NEMO gene (ie, a duplication mutation
in patients 1 and 2, and a truncation mutation in patient §). In
addition, the highly selective X-chromosome inactivation observed
in the mothers of XL-EDA-ID patients indicated a strong selective
advantage for NEMO™™a cells over NEMO™©¥ cells. It is also
noteworthy that reverted T cells were not detected in patient 5, who
carried an L227P mutation that was not localized to either of the
functional domains in the NEMO protein. Other reported cases
with the same mutation presented with polysaccharide-specific
humoral immunodeficiency and autoinflammatory diseases, but
were spared complications such as cellular immunodeficiency and
susceptibility to Mycobacterium (similar to patient 5).%8 This may
reflect the fact that the L227P mutation in NEMO has less influence
on T-cell growth than NEMO mutations that occur in functional
domains, and suggests that reversion of the mutation has little
impact on T-cell survival. Although the number of cases in our
study is limited, it appears that the more disruptive NEMO
mutations favor the survival of NEMO™m™al cells after reversion
and X-chromosome inactivation.

Regarding the gradual decline in the number of NEMO-
deficient T cells, one candidate trigger could be infection. Because
the dominance of the memory phenotype and the skewed TCR
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Figure 4. NEMO reversion selectively occursin T cells
of XL-EDA-ID patients. Allele-specific PCR for NEMO
on CD3* or CD14* cells from (A) patient 4, (B) patient 5,
(C) patient 8, (D) patient 7, (E) patient 8, and (F) patient 9.
Numbers below each figure indicate the percentages of
wild-type NEMO cDNA mixed with each mutant. Primers
used in each PCR are shown on the left.

repertoire among CD8* T cells in NEMO®™2! cells were observed
in both patients 1 and 2 (Figure 1C and Mizukami et al'®),
continuous infection of pyogenic bacteria in patient 1 and
M szulgai in patient 2 could be a reason for the emergence of
NEMOrma! cefls and the elimination of NEMO"©¥ cells. The
decrease in NEMO®™a! cells and restoration of NEMOPY cells
after anti-mycobacterial therapy in patient 2 support this hypoth-
esis. In the case of patient 1, the predominance of NEMQromal
T cells with an effector/memory phenotype at diagnosis (Table 4 and
Mizukami et al'8) is likely to be the result of chronic infection, and it is
possible that NEMOYY cells were predominant during his early infancy.
Because some reports have indicated that TNF-a—induced programmed
cell death of several cell types, including a human T-cell line, was
enhanced by hypomorphic NEMO mutations,'>? and considering our
finding that the levels of TNF-a expressed in revertant T cells were
similar to levels in healthy control T cells in vitro (Figure 1F), TNF-a
produced from these cells in response to infection could be involved in
mutant T-cell elimination.

Unexpectedly, T-cell proliferation in patient 2 was equivalent to
that of normal controls at the age of 2 months and was reduced after
NEMOQOromal T cells increased (Figure 1B; Table 3). This finding
indicates that the NEMOM¥ T cells did not have intrinsically
impaired mitogen-induced proliferation. One reasonable explana-
tion for the reduced proliferation observed after the increase in
NEMOQmemal T cells is a reduction in the absolute number of T cells
(naive T cells in particular), probably because of the infection.

Table 5. Expression of mutant NEMO in various cell lineages for the mother of each XL-EDA-ID patient

Sample Mutation Analysis Subtype Mutant type, % (proportion)
Mother of patients 1and2 = Duplication . EACS oo s 0 ‘
Mother of patient 3 D311E FACS CD3 13
CD3~ 54
Subcloning CD3 22 (6/27)
CcD3- 55 (12/22)
Mother of patient 4 . Ale9P " Subcloning . cD3 52 (11/21)
: ' .CD14 - 58(11/19)
e . . CD19 42 (5/12)
Mother of patient 8 Q348X Subcloning CD3 0 (0/26)
CcD14 17 (3/18)
CcD19 0(0/18)
Mother of patient 10 - 1167insC - Subcloning CD3. 18 (7/39)
- ' . cD14 12(5/43)
CcD19 27 (12/44)

Data are shown as either the percentages of NEMO"™al celfls, as assessed by flow cytometry, or as the ratio of clones containing wild-type NEMO to the total number of

clones, as analyzed by subcloning and sequencing analysis.
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Table 6. Expression of mutant NEMO in CD3-positive cells and PHA blasts

Sample Mutations Analysis Subtype Mutant type, % (proportion)
Motherof patient3 . DBtIE - FACS . cp3 s V
 subcloni 4
Mother of patient 4 A169P Subcloning cD3 52k(/1 1/21)
PHA blast 18 (9/49)
Mptherof patient 8 Q348X Sub‘cloh‘i,ng“ e o eps . 0(0/26).
Mother of patient 10 1167insC Subcloning cD3 18 (7/39)
PHA blast 9 (4/43)
o L 0 PHAbest 93 ;
Patient 4 A169P Subcloning cb3 79 (19/24)
PHA blast 100 (37/37)
Patient8 . Qadsx Subcloning - . eps 56 (18/32)
S i - ~ PHAblas
Patient 9 R175P Subcloning ' CD3 -
PHA blast 0 (0/28)

PHA blasts were obtained by incubating PBMCs with PHA and soluble IL-2 for 7 days. Data are shown as either the percentages of NEMOnoma! cells, as assessed by flow
cytometry, or as the ratio of clones containing wild-type NEMO to the total number of clones, as analyzed by subcloning and sequencing analysis.

Therefore, to identify other mechanisms underlying reduced T-cell
proliferation, the impact of NEMO mutation on PHA-induced
T-cell proliferation was indirectly examined in vitro by comparing
the response of NEMOm ™l and NEMO™©¥ cells derived from
XL-EDA-ID patients and their mothers. After PHA stimulation and
proliferation, the proportion of NEMO! T cells increased in
patients 2, 4, and 8, while the opposite result was observed in
patient 9 and in the mother of patient 4 (Table 6). Although the
precise mechanism is unclear, a reduction in the proportion of
NEMOromal cells after PHA stimulation would reflect the lower
proliferative capacity of NEMO™ cells compared with that of
NEMO®¥ cells, which may be another explanation for the reduced
T-cell proliferation observed in patient 2 at 23 months of age when
NEMOromal T cells were dominant. In the reports on reversion
mosaicism of IL2RG gene mutations,?8-36 the restoration of T-cell
function and clinical symptoms varied among patients. Therefore,
other factors besides the genotype of the mutations, such as the
developmental stage where reversion occurred and the frequency
of reversion, affect the clinical impact of somatic mosaicism of
NEMO gene mutations.

In this study, the effect of somatic mosaicism of the NEMO gene
on clinical phenotype could not be fully evaluated. However,
cytokines produced by revertant T cells could influence the devel-
opment of clinical symptoms of XL-EDA-ID, such as inflamma-
tory bowel disease. In a mouse model, intestinal epithelial cell-
specific inhibition of NF-«B through the conditional ablation of
NEMO resulted in the development of chronic bowel inflammation
sensitized intestinal epithelial cells to TNF-a~induced apoptosis.’?
In this model, the first phase of intestinal inflammation was
initiated by epithelial cell death and was followed by a second
phase of TNF-a—induced intestinal inflammation, the latter being
dependent on T cells. Another report showed that HSCT in
XL-EDA-ID patients exacerbated the patients’ inflammatory bowel
disease.’® Indeed, in patient 4, the percentage of reverted T cells
was reduced after repeated administrations of anti-TNFa blocking
Ab, and the symptoms of inflammatory bowel disease improved.!$
Considering this evidence, somatic mosaicism in T cells might be
an important factor leading to inflammatory disease in XL-EDA-ID
patients with defective NF-«kB activation. However, our study did
not show a tight association between inflammatory bowel disease
and somatic mosaicism, and further investigation is needed to

determine whether the NEMO™L T cells play a role in inflamma-
tory processes in XL-EDA-ID.

In conclusion, this study has identified a high frequency of
somatic mosaicism in XL-EDA-ID patients, particularly in T cells,
and has revealed important insights into human T-cell immunobiol-
ogy in XL-EDA-ID. Although we could not demonstrate the
clinical impact of somatic mosaicism in XL-EDA-ID patients, our
findings suggest that care is required when making molecular
diagnoses of XL-EDA-ID, and might shed light on the mechanisms
underlying the variability in the clinical manifestation of XIL-
ED-ID and facilitate the search for appropriate treatments.
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Somatic mosaicism has been described
in several primary immunodeficiency dis~
eases and causes modified phenotypes
in affected patients. X-linked anhidrotic
ectodermal dysplasia with immunodefi-
ciency (XL-EDA-ID) is caused by hypomor-
phic mutations in the NF-«B essential
modulator (NEMO) gene and manifests
clinically in various ways. We have previ-

ously reported a case of XL-EDA-ID with
somatic mosaicism caused by a duplica-
tion mutation of the NEMO gene, but the
frequency of somatic mosaicism of NEMO
and its clinical impact on XL-EDA-ID is
not fully understood. In this study, so-
matic mosaicism of NEMO was evaluated
in XL-EDA-ID patients in Japan. Cells
expressing wild-type NEMO, most of

which were derived from the T-cell lin-
eage, were detected in 9 of 10 XL-EDA-ID
patients. These data indicate that the fre-
quency of somatic mosaicism of NEMO is
high in XL-ED-ID patients and that the
presence of somatic mosaicism of NEMO
could have an impact on the diagnosis
and treatment of XL-ED-ID patients.
(Blood. 2012;119(23):5458-5466)

Introduction

X-linked anhidrotic ectodermal dysplasia with immunodefi-
ciency (XL-EDA-ID) is a disease with clinical features includ-
ing hypohidrosis, delayed eruption of teeth, coarse hair, and
immunodeficiency associated with frequent bacterial infec-
tions.! The gene responsible for XL-EDA-ID has been identi-
fied as NF-kB essential modulator (NEMQO).5® NEMO is
necessary for the function of IkB kinase, which phosphorylates
and degrades IkB to activate NF-kB.%"10 Defects in NEMO cause
various abnormalities in signal transduction pathways involving
NF-«kB, and affect factors such as the IL-1 family protein
receptors, the TLRs, VEGFR-3, receptor activator of nuclear
factor kB (RANK), the ectodysplasin-A receptor, CD40, and the
TNF receptor 1.7 Whereas a complete loss of NEMO function in
humans is believed to cause embryonic lethality,!! NEMO
mutations in XL-EDA-ID patients are hypomorphic,? causing a
partial loss of NEMO functions.

In XL-EDA-ID, NEMO defects lead to diverse immunologic
features including susceptibility to pathogens, impaired Ab
response to polysaccharides,>*1? hypogammaglobulinemia,!3
hyper IgM syndrome,'# and impaired NK-cell activity,!> with a
large degree of variability in phenotypes among the patients. For
example, approximately one-tenth of XL-EDA-ID patients
exhibit reduced mitogen-induced proliferation of T lympho-
cytes.!2 Moreover, one-fourth suffer from inflammatory disor-

ders such as inflammatory bowel disease and rheumatoid
arthritis,!? although the inflammatory process usually relies on
NF-«B activation.!¢ One explanation for this clinical variability
is that the XL-EDA-ID phenotype is NEMO genotype-specific.
Although the XL-EDA-ID database reported by Hanson et al
succeeds to some extent in linking the specific clinical features
to NEMO genotype,? the penetrance of some clinical features is
not high and the mechanism accounting for this variability is
unknown.

Recently, we have reported a case of spontaneous reversion
mosaicism of the NEMO gene in XL-EDA-ID, which showed an
atypical phenotype involving decreased mitogen-induced T-cell
proliferation along with decreased CD4 T cells (patient 1).17
There have been no subsequent reports on somatic mosaicism in
XL-EDA-ID, and its prevalence and impact on the clinical
features of the disease is unknown. In this study, we describe the
younger brother of patient 1, who suffered from XL-EDA-ID
with the same mutation and somatic reversion mosaicism of
NEMO. Patient 2 showed intriguing laboratory findings in that
mitogen-induced T-cell proliferation varied in accordance with
the rate of detected reversion in the peripheral blood. These
2 cases led us to perform a nationwide study of XL-EDA-ID
patients in Japan that revealed a high incidence of somatic
mosaicism of NEMO.
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Table 1. Clinical and genetic features of XL-EDA-ID patients

FREQUENT MOSAICISM IN XL-EDA-ID PATIENTS =~ 5459

Ectodermal Mitogen-induced Sex chromosome
Patient  Mutation dysplasia proliferation Infections Complications Therapy chimerism
‘ . Chromcdrarrhea o
Failure to thnve
. ;kj:Small r 1
Lymphedema
" Failure to thrive LVIG, ST"EB’~ CAM 993"/°XY02%X
) Disseminated M.S. ) Rifabutin, SCT
Normal  Disseminated B.C.G. IVIGINH 100%XY
Sepsis (S.P.) RFP, SCT '
4 SmsREEPEO IR i S L
' Interstitial pneumonia CyA MTX |nf||xrmab
. === = o .  Rheumatoid arthritis ' - :
5 L227P + Normal Hecurrentpneumonla IBD ST, mesalazine Not done
.- . - Pyogenic coxitis - e Infliximab = . - L
Recurrent ofitis media }
6 L ; "ﬁJSZPV ,‘,,No\tkdone,, o Recurrent olms medra - : :lB‘D’;‘ - 8T, meks:alarz:iné, 998%XY02"/=X
k ' UT! Recurrent stomatitis k
e . L : Subeprdermalabscess - G L oo
7 R175P + Normal Recurrent sepsrs (S P.) IVIG 100% XY
8§ gmex g ‘Normal Disseminated B.C.G. iBD VIG, ST 100%XY
9  R175P + Normal Recurrent pneumonla IBD VIG ' 100% XY '
- . - _ Recurrentofitis media . S-aminosalicylicacid
o Kaposrvancelllform enjpnon . S : .
10 Sepsis and Enteritis (E.A) Failure to thrive IVIG, SCT Notdone
b SepS|s (C S Pyloric"s,‘teno's‘is‘,xcél‘(y)n‘pblyp‘s Caammbamn e L

UTI (K.P.) k

S.P. indicates Streptococcus pneumoniae; P.A., Pseudomonas aeruginosa; IVIG, intravascular immunoglobulin infusion; M.A.C., Mycobacterium avium complex; S.A.,
Staphylococcus aureus; E coli, Escherichia coli; ST, trimethoprim-sulfamethoxazole; M.S., Mycobacterium szulgai; AMK, amikacin; EB, ethambutol; CAM, clarithromycin; SCT,
stem cell transplantation; B.C.G., Bacille de Caimette et Guerin; INH, isoniazid; RFP, rifampicin; IBD, inflammatory bowel disease; PSL, prednisolone; CyA, cyclosporine A;
MTX, methotrexate; UTI, urinary tract infection; E.A., Enterobacter aerogenes; C.G., Candida glabrata; and K.P., Klebsiella pneumonia.

Methods

Informed consent

Informed consent was obtained from the patients and their families
following the Declaration of Helsinki according to the protocol of the
Internal Review Board of Kyoto University, which approved this study.

Patients

Patient 1 was an XL-EDA-ID patient with a duplication mutation of the
NEMO gene spanning intron 3 to exon 6. This patient has been reported
previously!” and died from an Aspergillus infection at the age of 4. Patient
2, born at term, was the younger brother of patient 1. This patient was also
diagnosed as XL-EDA-ID with the same duplication mutation as patient
1 by genetic study. He received trimethoprim-sulfamethoxazole prophy-
laxis and a monthly infusion of immunoglobulin from the age of 1 month.
The patient maintained good health and had a body weight of 7899g at
6 months when he started to fail to thrive. Except for poor weight gain,
patient 2 appeared active with a good appetite, negative C-reactive protein,
normal white blood cell counts, and no apparent symptoms. At 19 months
of age, Mycobacterium szulgai was detected by venous blood culture, and
the patient was treated with multidrug regimens including ethambutol,
rifabutin, and clarithromycin based on the treatment of systemic Mycobac-
terium avium complex infection. The patient responded well to the
treatment and his weight increased from 7830g to 9165g within a month
after the treatment was initiated. Patient 2 received an unrelated cord blood
cell transplantation at 26 months of age, containing 8.5 X 107 nucleated
cells/kg (4.4 X 10° CD34* cells/kg), which was matched at 5 of 8 loci:
mismatches occurred at 1 HLA-B and 1 HLA-C allele (according to
serology), and at 1 HLA-A, 1 HLA-B, and 1 HLA-C allele (according to
DNA typing). The preconditioning regimen consisted of fludarabine
(30 mg/m%d) on days —7 to —3, melphalan (70 mg/m?d) on days —6 to
—5, and rabbit anti-thymocyte globulin (2.5 mg/kg/d) on days —6 to —2. At

first, Tacrolimus (0.024 mg/kg/d) was used to prevent GVHD, but this was
switched to cyclosporin A (3 mg/kg/d) on day 9 because of drug-induced
encephalopathy. Neutrophil (> 0.5 X 10%L) and platelet (> 50 X 10%L)
engraftment were examined on days 13 and 40, respectively. Although
CD19* cells (2042/uL, 94% donor chimerism), CD56* cells (242/uL, 97%
donor chimerism), and monocytes (557/uL, 69% donor chimerism) were
successfully generated, CD3* cells were not detected in the peripheral
blood by day 54. The patient suffered from septic shock and died on day 60.
Patients 3 to 10 were XL-EDA-ID patients recruited nationwide in Japan.
Clinical details of patients 3, 4, and 10 have been reported previously.!8-20
These patients had clinical phenotypes characteristic of XL-EDA-ID such
as ectodermal dysplasia, innate and/or acquired immunity defects, and
susceptibility to pyogenic bacteria and Mycobacterium infection. Every
patient had a mutation in the NEMO gene that caused reduced NF-kB
activation in a NEMO reconstitution assay, as described in “Proliferation of
NEMOvomal gnd NEMO™ T cells.” Patient profiles are listed in Table 1.

Flow cytometric analysis

NEMO intracellular staining was performed as previously described.!” The cells
were stained for the following lineage markers before staining for NEMO: CD4,
CD8, CD14, CD15, CD19, CD56, CD45RA (BD Biosciences/BD Pharmingen),
and CCR7 (R&D Systems Inc). Intracellular staining of human IFN-y, TNF-o,
and NEMO was performed as previously described.'8 The stained cells were
collected using a FACSCalibur flow cytometer (BD Biosciences) and analyzed
using the FlowJo software (TreeStar).

Reporter assay

Wild-type and mutant NEMO cDNAs were generated from a healthy
volunteer and the recruited XL-EDA-ID patients by RT-PCR; the cDNAs
were subcloned into the p3XFLAG-CMV 14 vector (Sigma-Aldrich). NEMO
null rat fibroblast cells (kindly provided by Dr S. Yamaoka, Department of
Molecular Virology, Graduate School of Medicine, Tokyo Medical and
Dental University, Tokyo, Japan) were plated at a density of
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3 X 10* cells/well in a 24-well culture dish and were transfected with 40 ng
of NF-kB reporter plasmid (pNF-kB-Luc; BD Biosciences/BD Clontech),
2 ng of NEMO mutant expression construct, 10 ng of internal control for the
normalization of transfection efficiency (pRL-TK; Toyo Ink), and 148 ng of
mock vector using FuGENE HD Transfection Reagent (TOYO-B-Net)
according to the manufacturer’s protocol. Twelve hours after transfection,
the cells were stimulated with 15 ng/mL lipopolysaccharide (LPS; Sigma-
Aldrich) for 4 hours and the NF-kB activity was measured using the
PicaGene Dual SeaPansy assay kit (TOYO-B-Net). Experiments were
performed in triplicate and firefly luciferase activity was normalized to
Renilla luciferase activity.

Subcloning analysis of cDNA

Cell sorting of the various cell lineages was performed by FACSVantage
(BD Biosciences). The purity of each lineage was > 95%. The cDNA from
sorted cells was purified and reverse transcribed by Super Script III
(Invitrogen) with random hexamers and amplified by the proofreading PCR
enzyme KOD, as previously described.!”2! The PCR primers used were
NEMO2 (5'-AGAGACGAAGGAGCACAAAGCTGCCTTGAG-3’) and
NEMO3 (5’-ACTGCAGGGACAATGGTGGGTGCATCTGTC-3"). The
PCR products were subcloned using a TA cloning kit (Invitrogen) and
sequenced by ABI 3130xl Genetic analyzer (Applied Biosystems). To
determine whether additional mutations occurred in revertant subclones
that had wild-type sequence in the original mutation site, the entire coding
region of the NEMO gene was sequenced and an additional mutation was
considered present when the same mutation was detected in multiple
subclones.

Allele-specific PCR

The mRNA purified from sorted T cells and monocytes was reverse-
transcribed by SuperScript III (Invitrogen) with the gene-specific primer
NEMO?2 and amplified by the proofreading PCR enzyme KOD (Toyobo)
using the primers NEMO3 and NEMO 4 (5'-TGTGGACACGCAGT-
GAAACGTGGTCTGGAG-3"). The PCR products were used as templates
for allele-specific PCRs with Ex Taq polymerase (Takara Bio). Mutant and
wild-type NEMO DNA was generated from each NEMO expression
plasmid, mixed at graded ratios, and used as controls. PCR conditions and
primer sequences are listed in supplemental Table 1 (available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article).

Proliferation of NEMO"°™al and NEMO'*" T cells

To obtain PHA-induced T-cell blasts, PBMCs were stimulated with PHA
(1:100; Invitrogen) and cultured in RPMI 1640 supplemented with 5% FCS
and recombinant human IL-2 (50 IU/mL; kindly provided by Takeda
Pharmaceutical Company) at 37°C for 7 days. Subcloning analysis of the
cDNA obtained from the T-cell blasts was performed as described in
“Subcloning analysis of cDNA.”

Results

Reversion mosaicism of NEMO occurred in siblings with
similar immunologic phenotypes

We previously reported patient 1 with a duplication mutation of the
NEMO gene spanning intron 3 to exon 6, who was diagnosed as
XL-EDA-ID at 1year of age after suffering from recurrent
infections.!” At first, genetic diagnosis of the patient was difficult
because the expression of aberrant NEMO mRNA was masked by
the expression of normal NEMO mRNA by the revertant cells.
Flow cytometric analysis of intracellular NEMO expression re-
vealed cells with normal (NEMO™a) and reduced (NEMQO¥)
levels of NEMO expression, indicating the presence of reversion
mosaicism of the NEMO gene, and further analysis revealed that

BLOOD, 7 JUNE 2012 « VOLUME 119, NUMBER 23

the NEMO mutation was disease-causing. PCR across the mutated
region and sequencing of the PCR products revealed a duplication
extending from intron 3 to exon 6, which was confirmed by
Southern blot analysis. Additional copy number analysis of the
NEMO gene of patient 1 and his mother excluded the possibility of
a complex chromosomal aberration such as multiple duplication of
the NEMO gene (supplemental Figure 1). Furthermore, polymor-
phism analysis using variable number tandem repeats on
NEMOromal and NEMO™©Y cells from patient 1 revealed that these
cells were derived from the same origin (supplemental Table 2),
indicating that the NEMO gene mosaicism was less likely because
of amalgamation. The genomic analysis of the NEMO"m™2l cells
revealed a complete reversion of the NEMO gene with no
additional mutations. The clinical phenotype of patient 1 was
combined immunodeficiency with a reduced number of T cells and
mitogen-induced proliferation (Tables 2-3). We previously deter-
mined that reduced NEMO expression in the mutant T cells caused
impairment of T-cell development and mitogen-induced
proliferation.

Patient 2, the younger brother of patient 1, was diagnosed as
XL-EDA-ID with the same duplication mutation as his brother.
Flow cytometric analysis of intracellular NEMO expression per-
formed at diagnosis showed that most of his PBMCs had reduced
NEMO expression (Figure 1A). At 2 months of age, when most of
the T cells were NEMO™“¥, absolute counts of the patient’s T cells
and the mitogen-induced proliferation of the patient’s PBMCs were
comparable with those of the healthy controls (Figure 1A-B; Table
2). These findings indicated that the NEMO mutation had no effect
on T-cell development and mitogen-induced proliferation during
early infancy in patient 2.

NEMO®omal T cells gradually increased as patient 2 grew older,
while the absolute count of NEMO"¥ T cells decreased (Figure
1A-B). Accordingly, normal full-length NEMO cDNA, which had
been undetectable in cord blood, was detectable in the patient’s
peripheral blood at 12 months of age. However, while NEMQnrormal
T cells were increasing, mitogen-induced T-cell proliferation started
to decrease (Table 3), and the patient started to show poor weight
gain from 6 months of age. When patient 2 was 17 months old, a
blood culture revealed an M szulgai bacteremia. At this time, the
absolute count of NEMO"™al T cells peaked, and NEMO"¥ T cells
were at a minimum. He began to gain weight after anti-
Mycobacterium medication was initiated, although NEMQrormal
T cells started to decrease and NEMO©¥ T cells began to increase
(Figure 1B). When the patient was 23 months old, mitogen-induced
T-cell proliferation was still low and a roughly equal number of
NEMO"*¥ and NEMO"™a T cells were detected (Table 3). Overall,
as patient 2 grew older, NEMOQ™al T cells increased as the total
number of T cells and the mitogen-induced T-cell proliferation
decreased, similar to what had occurred in patient 1 at a similar age.

Various analyses were performed to compare the immunologic
phenotype of NEMO"®Y and NEMO"™al T cells in detail. Both
NEMOremal and NEMO© CD4* Tcells carried a diverse
VB repertoire, but CD8* T cells had a skewed VB repertoire
regardless of NEMO expression level (Figure 1C). Surface marker
analysis revealed that most of the NEMO™m™a T cells were
CD45RA~/CCR7~ and most of the NEMO™¥ T cells were
CD45RA*/CCR7™ (Figure 1D). The NEMO"™2! T cells produced
similar amounts of IFN-y and TNF-« as healthy control cells, while
the production of these cytokines were reduced in NEMO©™ T cells
(Figure 1E-F). Taken together, these data implied that the immuno-
logic phenotype of T cells from patient 2 converged with that of
patient 1 as patient 2 grew older.

— 100 —
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Table 2. Surface marker analysis of peripheral mononuclear cells of patients 1 and 2
Healthy
Patient 1 Patient 2 controls
Afge‘?t analysis . : ‘,2""“5 S 1 . -
cD3 2366 1014 2997 *+ 1751
ot 1583 e 683 + 874
783 547 1114 = 976
s = a0 161
74 574 343 £ 177
1336 105 14712890
307 266 497 = 189
CDB*CD45RA 178 783 297 1083 = 1078
CD8*CD45RO 361 21 250 385 + 442
CD4*CD25 80 421 e 99
cD19 1200 941 1543 1252 * 1145
€0 e ‘931 s +837
CD19+Sm-lgG 7 18 17 54+ 91
EhiglsmiIGRE i s A 18214
CD19+Sm-IgM 1171 910 1505 1057 = 881
cD16 912 176 24
cose 908 176 A

Surface markers expressed by XL-EDA-ID patients’ PBMCs are shown as absolute counts per microliter of peripheral blood. Healthy control values are based on children

aged 1 to 6 years and are shown as the mean + SD.
Sm indicates the surface membrane.

High incidence of somatic mosaicism of the NEMO gene in
XL-EDA-ID patients

It is worth noting that somatic reversion mosaicism of the NEMO
gene occurred in both of the 2 XL-EDA-ID siblings carrying a
duplication mutation. To determine whether a high frequency of
reversion is a specific event for this type of NEMO duplication
mutation®?? or if the reversion of the NEMO gene occurs
commonly in XL-EDA-ID patients, we recruited an additional
8 XL-EDA-ID patients from throughout Japan (Table 1) and
analyzed the presence of NEMO reversion. These patients had
various combinations of clinical phenotypes characteristic of
XL-EDA-ID such as ectodermal dysplasia, innate and acquired
immunity defects, and susceptibility to pyogenic bacteria and
Mpycobacterium infections. Every patient had a mutation of the
NEMO gene with reduced NF-«kB activation potential, as evaluated
in a NEMO reconstitution assay (Figure 2).

Among the 8 patients, only patient 3 had a large proportion of
NEMO¥ cells by flow cytometric analysis. The majority of patient
3’s PBMCs were NEMO®Y, whereas 10% of the patient’s CD8%
cells were NEMOre™al (Figure 3A). This patient was identified as
carrying the D311E mutation. Because missense mutations of the
NEMO gene often do not result in the reduced expression of
NEMO protein, subcloning and sequencing analysis was per-
formed on the NEMO cDNA isolated from the remaining patients,

Table 3. Inmunologic analysis of patients 1 and 2

and 6 of the 7 patients had normal NEMO subclones (Table 3).
Expansion of maternal cells after fetomaternal transfusion was ruled out
in these patients by FISH analysis with X and Y probes (Table 1).

Additional genetic analysis of the entire coding region of the
NEMO gene was performed on NEMOm™al cells from patient
3 and on reverted subclones from the other patients, except for
patient 10 who had already received stem cell transplantation. The
NEMO gene in these samples had reverted to wild-type with no
additional mutations (Figure 3B and data not shown). To specifi-
cally determine in which cell lineages the reversion occurred,
subcloning and sequencing analysis of cDNA in various cell
lineages was performed. This analysis revealed that all the rever-
tant cells were of the T-cell lineage and that no reversion occurred
in monocytes and very little occurred in B cells (Table 4).
Allele-specific PCR confirmed that reversion occurred in T cells
but not in monocytes (Figure 4).

Selective advantage of NEMO"ormal cells in XL-EDA-ID carriers

The high frequency of somatic mosaicism in T cells of XL-
EDA-ID patients indicated a strong selective advantage of wild-
type NEMO T cells over T cells carrying mutant NEMO. To
confirm this hypothesis, NEMO cDNA analysis was performed on
various cell lineages from the mothers of the patients who are
heterozygous for NEMO mutation and thus have mosaicism

Patient 1 Patient 2 (treated with IVIG)
Ageatanaysis,mo 9 9. o o o0
Serum immunoglobulin levels, g/L (control)
9G E . 10.63.(4.51-10.46) 8.44 (4.51-10.46) 10.37 (7.15-9.07)
IgA 1.36 (0.14-0.64) 1.88 (0.14-0.64) 3.93 (0.22-1.44)
IgM 0.4 (0.33-1.00) 0.17 (0.33:1.00) ©0.20(0.34-1.28)
Age at analysis 2y 2mo 23 mo

T-cell proliferation, Sl (control)

9.3 (206.9 + 142.5)

55.3(64.8+8.1) 7.2(89.4 % 31.2)

Control values of serum immunoglobulin levels are based on children aged either 7 to 9 months or 1 to 2 years and are shown as the mean = SD. The T-cell proliferation
assay was performed as described previously'? with at least three healthy adults as controls.
Sl indicates stimulation index; and IVIG, 2.5 g of monthly IV immune globulin infusion.
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Figure 1. Identification and characterization of NEMO revertant T cells in patient 2. (A) Intraceliular expression of NEMQ in various PBMC lineages from a healthy adult control and
patient 2 were evaluated by flow cytometry. For the patient, results of the analyses performed at 2 months and 23 months are shown. Solid lines indicate staining with the anti-NEMO mAb,
and dotted lines indicate the isotype control. (B) Time-course variations in the absolute count of NEMO"™al and NEMO™* T cells in patient 2. M indicates age in months. (C) TCR-VB
repertoire analysis of the patient's CD4* and CD8* T cells. PBMCs from the patient and a healthy adult control were stained for the TCR-VB panel, CD4, CD8, and NEMO, and analyzed by
flow cytometry. (D) Phenotype analysis of T cells in patient 2. PBMCs from the patient and a control were stained for the expression of NEMO, CCR7, CD45RA, and CD4 or CD8. Data
shown were gated on NEMOnom™al or NEMO'®% CD4* or CD8* cells. (E-F) Cytokine production from NEMOM™a! and NEMO T cells. PBMCs from the patient and a control were
stimulated with PMA and ionomycin for 6 hours and stained for intracellular (E) IFN-y or (F) TNF-o along with NEMO. Cells shown are gated on the CD3* population.

because of X-chromosome inactivation. This analysis assumes that ~ wild-type NEMO cDNA was observed in T cells from the mothers

the percentage of cDNA for wild-type NEMO reflects the percent-  of patients 1/2, 3, 8, and 10, although wild-type NEMO cDNA was
age of cells expressing wild-type NEMO. A high proportion of not predominant in T cells from the mother of patient 4 (Table 5).
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Figure 2. NF-«kB transactivation by NEMO mutants from the XL-EDA-ID patients. NF-«B transactivation induced by NEMO mutants in the XL-EDA-ID patients. Mock
vectors and wild-type (wt) NEMO were used as controls. The NF-«B activation index of NEMO variants were calculated as (NF-«B activation by each NEMO variant — NF-xB
activation of the mock vector)/(NF-«xB activation by wild-type NEMO — NF-«B activation of the mock vector). The data shown are the mean = SD of triplicate wells and are
- representative of 3 independent experiments with similar results.
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Figure 3. NEMOrevertant T cells in patient 3. (A) Intracellular expression of NEMO
in CD8* cells from patient 3. (B) Sequencing chromatograms of DNA from
NEMOnremal or NEMO'ow CD8™ cells of patient 3. Arrows indicate the mutated base
position at . 931.

Similarly, there was an apparent high proportion of wild-type
NEMO cDNA in monocytes and B cells from the mothers of
patients 1/2, 8, and 10 (Table 5). These findings suggested a general
selective advantage of NEMO™mal cells over NEMOYY cells
in vivo, especially in T cells.

Proliferation capacity of NEMO""mal and NEMO'!°¥ T cells

T-cell proliferation stimulated by mitogens such as PHA is usually
not reduced in XL-EDA-ID patients. However, the emergence of
NEMOm™al cells coincided with a reduction in mitogen-induced
proliferation in patient 2. To further determine the effect of
NEMOremal cells on mitogen-induced proliferation of peripheral
T cells, the proportions of T cells carrying the wild-type and
mutant were examined before and after PHA stimulation in
XL-EDA-ID patients and their mothers (Table 6). In patients 2, 4,
and 8, the percentage of the NEMO"™al cells decreased after PHA
stimulation, while NEMOomal cells prevailed in patient 9. In the
mothers of patient 4 and 10, the percentage of NEMOromal cellg
increased after PHA stimulation, while the percentage of the
NEMO™mal cells decreased in the mother of patient 3. These
results indicated that the NEMO mutation does not directly affect
the mitogen-induced proliferation capacity of T cells and factors
other than the NEMO genotype determine the proliferation capacity
of NEMOrormal agnd NEMO©¥ T cells.

Discussion

Somatic reversion mosaicism has been described in several disor-
ders affecting the hematopoietic system, the liver, and the skin.?3.26
Reports of somatic reversion cases have been particularly abundant
in patients with immunodeficiency diseases, including Wiskott-
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Aldrich syndrome (WAS)?” and SCID, which occur because of
mutations in the interleukin receptor common -y chain,?® CD3{,%
RAG-I*°, and ADA genes3! Patients with somatic reversion
mosaicism may present with significantly milder clinical pheno-
types compared with nonrevertant patients with the same germline
mutation, although this is not always the case.?® One common
feature in most cases where the somatic reversion mosaicism has
been observed is a strong in vivo selective advantage of the
revertant cells that express the wild-type gene product. One of the
most intensively investigated diseases associated with somatic
reversion mosaicism is WAS.3234 A report showed that up to 11%
of WAS patients have presented with somatic reversion mosaicism.3

In our investigation, 9 of 10 XL-EDA-ID patients presented
with somatic mosaicism. Two of the 9 were cases of reversion from
a duplication mutation, while the others exhibited true back-
reversion from a substitution or insertion mutation. This finding
calls for caution when diagnosing XL-EDA-ID patients. Because
the existence of a NEMO pseudogene makes it difficult to perform
genetic analysis using genomic DNA, diagnosis of the disease is
often confirmed by sequencing analysis of NEMO cDNA, and the
presence of somatic mosaicism can cause misdiagnosis of XL-
EDA-ID patients either when NEMO"™a cells make up the
majority of the patients’ PBMCs or when the cDNA of the mutated
NEMO gene cannot be amplified by PCR.17 In fact, mutated NEMO
cDNA could not be amplified from the PBMCs of patient 2 even
when NEMOmmal cells were absent (during early infancy), and
only wild-type NEMO cDNA was amplified after the appearance of
NEMOm™al cells (data not shown), probably because of the
instability of the mutated NEMO mRNA. Flow cytometric analysis
of intracellular NEMO protein is of help in identifying the
NEMO®Y cells in some patients, but the technique is not applicable
when the NEMO mutation does not cause reduced expression of
NEMO protein. Thus, some cases of XL-EDA-ID patients with
reversion may be difficult to diagnose.

The high frequency of somatic mosaicism observed in XL-
EDA-ID patients indicates a strong in vivo selective advantage for
NEMOremal cells, which express the wild-type gene product.
Patient 2 presented with a high mutant T-cell count at birth that
gradually decreased over time (Figure 1B). This finding indicates
that wild-type NEMO expression is critical for the survival of
certain cell lineages, including T cells, after birth. On the other
hand, no NEMO™™al monocytes and very few NEMOm™a! B cells
were detected in the recruited XL-EDA-ID patients (Table 4). This
specific feature is similar to other somatic reversion mosaicism
seen in primary immunodeficiency patients?® and indicates that the
expression of NEMO is less critical for the survival of monocytes
or B cells compared with that of T cells. There is also an apparent

Table 4. Analysis of NEMO gene mosaicism in various cell lineages for each patient

Patient Mutation Age at analysis CD4, % (proportion) CD8, % (proportion) CD14, % (proportion) CD19, % (proportion)
: ‘ 7 : Duplicatioh : g S v - g0 ' o o 100 S 5 ' : 40 :

2 Duplication 15 mo 45 66 0 4.0

3 . D3UE 3y 24 99 , 0 - 12

4 A169P 12y 0 (0/19) 24 (9/37) 0(0/19) 0 (0/47)

5 L227p 3y - 0(0/25) 0(0/38) 0:(0/30) - 0(0/25)
6 R182P 4y 18 (5/28) 17 (9/52) 0 (0/27) 0 (0/33)
7 Ri7SP ey 0.4 (1/25) 39 (11/28) . 0(0/28) 0.(0/25)
8 Q348X 8y 38 (6/16) 47 (9/19) 0 (0/33) 0 (0/25)

9 . R175P 15y 30(9/30) 36 (12/33) 0(0/23) 0(0M14)
10 1167 ins C 9 mo PBMC 9.3 (4/43)

For patients 1 to 3, data represent the percentages of NEMO™™a! cells in each lineage, as assessed by flow cytometry. For patients 4 to 10, the ratio indicates the number
of wild-type NEMO clones in various cell lineages as compared with the total number of clones analyzed, based on subcloning and sequencing analysis.
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concordance between the degree of the disruption of NEMO gene
and the proportion of reverted NEMO®™ cells compared with
NEMOPY cells. The high proportion of reverted T cells seen in
patients 1 and 2 as well as in patient 8§ was associated with a highly
disruptive mutation of the NEMO gene (ie, a duplication mutation
in patients 1 and 2, and a truncation mutation in patient 8). In
addition, the highly selective X-chromosome inactivation observed
in the mothers of XL-EDA-ID patients indicated a strong selective
advantage for NEMOm™al cells over NEMO™Y cells. It is also
noteworthy that reverted T cells were not detected in patient 5, who
carried an L227P mutation that was not localized to either of the
functional domains in the NEMO protein. Other reported cases
with the same mutation presented with polysaccharide-specific
humoral immunodeficiency and autoinflammatory diseases, but
were spared complications such as cellular immunodeficiency and
susceptibility to Mycobacterium (similar to patient 5).8 This may
reflect the fact that the L227P mutation in NEMO has less influence
on T-cell growth than NEMO mutations that occur in functional
domains, and suggests that reversion of the mutation has little
impact on T-cell survival. Although the number of cases in our
study is limited, it appears that the more disruptive NEMO
mutations favor the survival of NEMO"™a! cells after reversion
and X-chromosome inactivation.

Regarding the gradual decline in the number of NEMO-
deficient T cells, one candidate trigger could be infection. Because
the dominance of the memory phenotype and the skewed TCR

D37 G014 100%: 10%

©D3 CD14 100% 10% 4%
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Figure 4, NEMO reversion selectively occursin T cells
of XL-EDA-ID patients. Allele-specific PCR for NEMO
on CD3* or CD14* cells from (A) patient 4, (B) patient 5,
(C) patient 6, (D) patient 7, (E) patient 8, and (F) patient 9.
Numbers below each figure indicate the percentages of
wild-type NEMO cDNA mixed with each mutant. Primers
used in each PCR are shown on the left.

1% 01% 0%

01% 0%

CD3 CD14 100% 10% 1% 0.1% 0%

repertoire among CD8* T cells in NEMO®™al cells were observed
in both patients 1 and 2 (Figure 1C and Mizukami et al'8),
continuous infection of pyogenic bacteria in patient 1 and
M szulgai in patient 2 could be a reason for the emergence of
NEMOmm™al cells and the elimination of NEMO©¥ cells. The
decrease in NEMO"m™al cells and restoration of NEMO™®¥ cells
after anti-mycobacterial therapy in patient 2 support this hypoth-
esis. In the case of patient 1, the predominance of NEMQuormal
T cells with an effector/memory phenotype at diagnosis (Table 4 and
Mizukami et al'8) is likely to be the result of chronic infection, and it is
possible that NEMO'™¥ cells were predominant during his early infancy.
Because some reports have indicated that TNF-o—induced programmed
cell death of several cell types, including a human T-cell line, was
enhanced by hypomorphic NEMO mutations,'>* and considering our
finding that the levels of TNF-a expressed in revertant T cells were
similar to levels in healthy control T cells in vitro (Figure 1F), TNF-a
produced from these cells in response to infection could be involved in
mutant T-cell elimination.

Unexpectedly, T-cell proliferation in patient 2 was equivalent to
that of normal controls at the age of 2 months and was reduced after
NEMOrermal T cells increased (Figure 1B; Table 3). This finding
indicates that the NEMO™©¥ T cells did not have intrinsically
impaired mitogen-induced proliferation. One reasonable explana-
tion for the reduced proliferation observed after the increase in
NEMOrom™al T cells is a reduction in the absolute number of T cells
(naive T cells in particular), probably because of the infection.

Table 5. Expression of mutant NEMO in various cell lineages for the mother of each XL-EDA-ID patient

Sample Mutation Analysis Subtype Mutant type, % (proportion)
Mother of patients 1and 2  Duplication FACS - cD3 g
S - - cp1a g
‘ L cD19 s Saiiiio

Mother of patient 3 D311E FACS CD3 13
cb3- 54
Subcloning CD3 22 (6/27)
CcD3- 55 (12/22)
Mother of patient 4  A169P Subcloning cD3 52 (11/21)
: o CD14 58 (1 1/19)
; - cD19 42 (5/12)
Mother of patient 8 Q348X Subcloning CD3 0 (0/26)
cD14 17 (3/18)
cD19 0(0r18)
Mother of patient 10 1167insC ‘Subcloning cD3 18 7/39)’
. ' o cD14 12(5/43)
CD19 27.(12/44)

Data are shown as either the percentages of NEMOno™al cells, as assessed by flow cytometry, or as the ratio of clones containing wild-type NEMO to the total number of

clones, as analyzed by subcloning and sequencing analysis.
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Table 6. Expression of mutant NEMO in CD3-positive cells and PHA blasts

Analysis

Sample Mutations

| DbaE

Mother of patient 4 . A169P

Mothekof patierit 8 L Q348X \

beherofzéé{iéﬁi10 S | ﬁé%insb

VPafiean“ kkkl?upklig‘at‘ioh ‘ o .

‘P:‘a{i‘entid,‘ A169P | Subcloniné '
patient 8 e Q348X o ;Sgbc‘loning
lsaiiéﬁtg ‘ “SR‘1'75P j ‘ Subclonlng :

Subtype Mutant type, % (proportion)

812
52 (11/21)
18 (9/49)

18 (7/39) k
9(443)

‘cpa

79 (19/24)
PHA blast 100 (37/37)
HA blas 0 (16/16)
cD3 87 (34/39)
PHA blast 0 (0/28)

PHA blasts were obtained by incubating PBMCs with PHA and soluble [L-2 for 7 days. Data are shown as either the percentages of NEMOnmal cells, as assessed by flow
cytometry, or as the ratio of clones containing wild-type NEMO to the total number of clones, as analyzed by subcloning and sequencing analysis.

Therefore, to identify other mechanisms underlying reduced T-cell
proliferation, the impact of NEMO mutation on PHA-induced
T-cell proliferation was indirectly examined in vitro by comparing
the response of NEMO"™a and NEMO"© cells derived from
XL-EDA-ID patients and their mothers. After PHA stimulation and
proliferation, the proportion of NEMO"© T cells increased in
patients 2, 4, and 8, while the opposite result was observed in
patient 9 and in the mother of patient 4 (Table 6). Although the
precise mechanism is unclear, a reduction in the proportion of
NEMO™™a cells after PHA stimulation would reflect the lower
proliferative capacity of NEMO"™a! cells compared with that of
NEMOPY cells, which may be another explanation for the reduced
T-cell proliferation observed in patient 2 at 23 months of age when
NEMOrmal T cells were dominant. In the reports on reversion
mosaicism of IL2RG gene mutations,?®3¢ the restoration of T-cell
function and clinical symptoms varied among patients. Therefore,
other factors besides the genotype of the mutations, such as the
developmental stage where reversion occurred and the frequency
of reversion, affect the clinical impact of somatic mosaicism of
NEMO gene mutations.

In this study, the effect of somatic mosaicism of the NEMO gene
on clinical phenotype could not be fully evaluated. However,
cytokines produced by revertant T cells could influence the devel-
opment of clinical symptoms of XL-EDA-ID, such as inflamma-
tory bowel disease. In a mouse model, intestinal epithelial cell-
specific inhibition of NF-«B through the conditional ablation of
NEMO resulted in the development of chronic bowel inflammation
sensitized intestinal epithelial cells to TNF-oa~induced apoptosis.’
In this model, the first phase of intestinal inflammation was
initiated by epithelial cell death and was followed by a second
phase of TNF-a~induced intestinal inflammation, the latter being
dependent on T cells. Another report showed that HSCT in
XL-EDA-ID patients exacerbated the patients’ inflammatory bowel
disease.’® Indeed, in patient 4, the percentage of reverted T cells
was reduced after repeated administrations of anti-TNFa blocking
Ab, and the symptoms of inflammatory bowel disease improved.!8
Considering this evidence, somatic mosaicism in T cells might be
an important factor leading to inflammatory disease in XL-EDA-ID
patients with defective NF-«B activation. However, our study did
not show a tight association between inflammatory bowel disease
and somatic mosaicism, and further investigation is needed to

determine whether the NEMO®™al T ce]ls play a role in inflamma-
tory processes in XL-EDA-ID.

In conclusion, this study has identified a high frequency of
somatic mosaicism in XL-EDA-ID patients, particularly in T cells,
and has revealed important insights into human T-cell immunobiol-
ogy in XL-EDA-ID. Although we could not demonstrate the
clinical impact of somatic mosaicism in XL-EDA-ID patients, our
findings suggest that care is required when making molecular
diagnoses of XL-EDA-ID, and might shed light on the mechanisms
underlying the variability in the clinical manifestation of XL-
ED-ID and facilitate the search for appropriate treatments.
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Trib1 has been identified as a myeloid
oncogene in a murine leukemia model. Here
we identified a TRIB1 somatic mutation in a
human case of Down syndrome-related
acute megakaryocytic leukemia. The muta-
tion was observed at well-conserved argi-
nine 107 residue in the pseudokinase do-
main. This R107L mutation remained in

leukocytes of the remission stage in which
GATA1 mutation disappeared, suggesting
the TRIB1 mutation is an earlier genetic
event in leukemogenesis. The bone marrow
transfer experiment showed that acute my-
eloid leukemia development was acceler-
ated by transducing murine bone marrow
cells with the R107L mutant in which en-

hancement of ERK phosphorylation and
C/EBPa degradation by Trib1 expression
was even greater than in those expressing
wild-type. These results suggest that
TRIB1 may be a novel important onco-
gene for Down syndrome-related acute
megakaryocytic leukemia. (Blood. 2012;
119(11):2608-2611)

Introduction

The Down syndrome (DS) patients are predisposed to developing
myeloid leukemia, and those patients frequently exhibit GATAI
mutations.! However, it is proposed that the GATA] mutation is
important for transient leukemia in DS but not sufficient for
full-blown leukemia, suggesting that additional genetic alterations
are needed.! Therefore, it is important to search the subsequent
genetic changes for DS-related leukemia (ML-DS) to predict
malignant transformation and prognosis of the patients.

Tribl has been identified as a myeloid oncogene that
cooperates with Hoxa9 and Meisl in murine acute myeloid
leukemia (AML).2 As a member of the tribbles family of
proteins, TRIBI interacts with MEKI and enhances ERK
phosphorylation.?3 Moreover, TRIB1 promotes degradation of
C/EBP family transcription factors, including C/EBPa, an
important tumor suppressor for AML, and we observed that
degradation of C/EBPa by Tribl is mediated by its interaction
with MEK1.* Thus, TRIB1 plays an important role in the
development of AML by modulating both the RAS/MAPK
pathway and C/EBPa function together with Trib2 that has also
been identified as a myeloid-transforming gene.’ Potential
involvement of TRIBI in human leukemia has been reported in
cases of AML with 8q34 amplification in which both ¢-MYC and
TRIB] are included in the amplicon.® The enhancing effect of
TRIB1 on the MAPK signaling suggests that TRIB1 alterations
may be related to AML cases, which do not show any mutations
in the pathway members, such as FLT3, c-Kit, or Ras. In this
report, we identified a novel somatic mutation of TRIB/ in a case
of human acute megakaryocytic leukemia developed in DS
(DS-AMKL). Retrovirus-mediated gene transfer followed by
bone marrow transfer indicated that the mutation enhanced
leukemogenic activity and MAPK phosphorylation by TRIB1.

Methods

Patients

TRIBI mutations have been investigated in 12 cases of transient leukemia
(TL), 5 of DS-AMKL, and 4 cell lines of DS-AML. Peripheral blood
leukocytes of TL and bone marrow cells of DS-AMKL were used as sources
for the molecular analysis. This study was approved by the Ethics
Committee of Hirosaki University Graduate School of Medicine, and all
clinical samples were obtained with informed consent from the parents of
all patients, in accordance with the Declaration of Helsinki.

Patient 84 showed trisomy 21 and extensive leukocytosis at birth.
Hematologic findings revealed the white blood cell count to be 148 X 10°/L,
including 87% myeloblasts, a hemoglobin level of 19.4 g/dL, and a platelet
count of 259 X 10%/L. Patent ductus arteriosus and atrial septal defect have
been pointed out. Based on the hematologic data and the chromosomal
abnormality, the patient was diagnosed as DS-related TL. The hematologic
abnormality was then improved, but 8 months later 3% of 6.9 X 10°/L
white blood cells became myeloblasts (Figure 1A). A karyotype analysis of
bone marrow cells revealed 48, XY,+8,+21 in 3 of 20 cells. In addition,
GATAI mutation was detected at nt 113 from A to G, resulting in loss of the
first methionine.” He was diagnosed as AMKL at this time, and his disease
was in remission by subsequent chemotherapy.

PCR and sequencing

The entire coding region of human 7RIBI cDNA of patients’ samples was
amplified using Taq polymerase (Promega) and specific primer pairs (the
sequences of the primers are available on request). The genomic DNA
samples of patient 84 were also analyzed. The sequence analysis of GATAI
was performed as described previously.” After checking the PCR products
by agarose gel electrophoresis, the products were purified and directly
sequenced.
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Figure 1. TRI/B1 R107L mutation identified in A
DS-related leukemias. (A) Giemsa staining of the case
84 peripheral blood smear diagnosed as AMKL. The
image was acquired using a BX40 microscope equipped
with a 100X/1.30 NA oil objective (Olympus) and a
C-4040 digital camera (Olympus). (B) Fluorescent dye
sequencing chromatographs of TRIB1 genotyping by
direct sequencing of the case 84 using a cDNA sample as
a template. The vertical arrow indicates mixed G and
T signals at codon 107. (C) Fluorescent dye sequencing
chromatographs of TRIBT of peripheral blood leukocytes
(top) or nail (bottom) in the same case at the complete
remission stage. The red arrows indicate that the muta-
tion remains in leukocytes but not in nail. The reverse
strand sequences are shown. (D) GATA7 sequence. The C
start codon that was mutated in AMKL? is normal in the
peripheral blood leukocytes at the remission stage.
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Retroviral infection of murine bone marrow cells and bone
marrow transfer

Bone marrow cells were prepared from 8-week-old female C57B1/6J mice
5 days after injection of 150 mg/kg body weight of 5-fluorouracil (Kyowa
Hakko Kogyo). Retroviral infection of bone marrow cells and bone marrow
transfer experiments were performed as described.? Transduction efficien-
cies evaluated by flow cytometric techniques were comparable between
wild-type (WT; 5.3%) and R107L (3.4%). Animals were housed, observed
daily, and handled in accordance with the guidelines of the animal care
committee at Japanese Foundation for Cancer Research. All the diseased
mice were subjected to autopsy and analyzed morphologically, and the
blood was examined by flow cytometric techniques. The mice were
diagnosed as positive for AML according to the classification of the
Bethesda proposal.® The survival rate of each group was evaluated using the
Kaplan-Meier method, and differences between survival curves were
compared using the log-rank test.

Immunoblotting

Immunoblotting was performed using cell lysates in RIPA buffer as
described.* Anti-p44/42 ERK (Cell Signaling Technologies), anti—
phospho-p44/42 ERK (Cell Signaling Technologies), anti-C/EBPa
(Santa Cruz Biotechnology), anti-FLAG (Sigma-Aldrich), and anti-
GAPDH (Hy Test Ltd) antibodies were used.

Results and discussion

The important role of TRIB1 on the MAPK signaling suggests
that TRIBI alterations may occur in some AML cases, which do
not show overlapping mutations in the pathway members, such
as FLT3, KIT, or RAS. Therefore, we tried to search mutations
of TRIBI in cases of ML-DS and TL in which such mutations are
infrequent.® In a case of DS-AMKL (case 84), a nucleotide
change from guanine to thymine has been identified at 902 that
results in amino acid alteration from arginine 107 (R107) to
leucine (Figure 1B). The sequence changes were confirmed by
subcloning the PCR product into the TA-type plasmid vector
(data not shown). The nucleotide change was not observed in the

DNA sample derived from the nail of the same patient at all
(Figure 1C), indicating that this change is a somatic mutation.
Interestingly, the mutation was retained in the peripheral blood
sample in the complete remission stage in which the GATA1
mutation completely disappeared (Figure 1C-D). These results
indicate that the TRIBI mutation precedes the onset of TL and
the GATAI mutation, and suggest that TRIB/ mutation occurred
at the hematopoietic stem cell level and that the clone retaining
the TRIBI mutation survived after chemotherapy. In case 84,
there was no mutation for FLT3 exons 14, 15, and 20, PTPN1I
exons 3 and 13, KRAS exons 2, 3, and 5, and KIT exons 8§, 11,
and 17 by the high-resolution melt analysis (data not shown).

An additional mutation was found in a case of TL (case 109) at
the nucleotides 805 and 806 from GC to AT, which results in amino
acid conversion from alanine (A75) to isoleucine (supplemental
Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article). TRIBI expression in
DS-related and DS-unrelated leukemias was examined by real-time
quantitative RT-PCR (supplemental Figure 2).

R107 is located within a psuedokinase domain of TRIB1 that is
considered as a functionally core domain of TRIB family pro-
teins.!® Sequence comparison among 3 TRIB family proteins as
well as tribbles homologs in other organisms revealed that the
R107 is well conserved in mammalian TRIB1 and TRIB2,!0
suggesting that this arginine residue is evolutionary conserved and
may be related to an important function. On the other hand, A75 is
located outside of the pseudokinase domain, not conserved be-
tween human and mouse, or other tribbles homologs. Moreover,
the N-terminal domain containing A75 is dispensable for the
leukemogenic activity of Tribl.* Therefore, we tried to investi-
gate whether the R107L mutation could affect the leukemogenic
activity of TRIB].

R107L was introduced into the murine Trib! cDNA by site-
directed mutagenesis. Both WT and R107L cDNAs were subcloned
into the pMYs-IRES-GFP retroviral vector and were used for
retrovirus-mediated gene transfer followed by bone marrow trans-
fer according to the method previously described.! All the mice
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Figure 2. AML development by bone marrow transfer
using Trib1 WT and R107L. (A) Kaplan-Meier survival
curves are shown. The P value was calculated with the

log-rank test. (B) Immunoblot analysis of Trib7 WT AML

(Mac-1 56.2%, Gr-1 52.5%, CD34P, c-kit~, Sca-1~) and
R107L AML (Mac-1 41.4%, Gr-1 25.2%, Cd34", c-kit°,
Sca-1~) derived from bone marrow of recipient mice
(WT #T73 and R107L #7151 in supplemental Table 1).

Enhancement of ERK phosphorylation is more significant
in R107L. Relative values of ERK phosphorylation were
calculated by densitometric analysis. (C) Immunoblot
analysis for C/EBPa of the same AML samples as in
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transplanted with bone marrow cells expressing WT (n = 15) or
RI107L (n = 12) developed AML (Figure 2A). The mean survival
time was shorter in the recipients with R107L-expressing bone
marrow cells (110 days) than those with WT (136 days; Figure 2A).
The difference was significant (P = .0111, log-rank test). The
result indicates that the R107L mutation enhances the leukemo-
genic activity of TRIB1. These results also suggest that TRIBI
mutation might cooperate with GATA! mutation in the genesis of
DS-AMKL, and that trisomy 21, TRIBI, and GATAI mutations
occurred consecutively, which contributed to the multistep leuke-
mogenic process.

We have shown that TRIB! interacts with MEKI1 and
enhances phosphorylation of ERK.? The R107L mutant en-
hanced ERK phosphorylation more extensively than WT
(Figure 2B) in AML cells derived from bone marrow of recipient
mice, and more significant degradation of C/EBP« was induced
by the R107L mutant (Figure 2C). These findings might be
correlated to the enhanced leukemogenic activity of the mutant.
Both R107L and WT proteins could interact with MEK 1, having
the binding motif in their C-termini. The residue 107 is located
at subdomain II. of the pseudokinase domain.!! The mutation
may affect conformation of the domain and may promote the
MEKI1 function on ERK, although additional studies are re-
quired to address the possibility. A recent study demonstrates
that Tribl and Trib2 failed to show ERK phosphorylation in
32D cells.!? The different response to Tribl between primary
leukemic cells and the cell line might depend on the cellular
context and/or combination of additional mutations. The AML
phenotypes were somewhat varied in each case and Mac-1-
positive/Gr-1-negative AMLs were more remarkable in WT
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Duodenal follicular lymphoma lacks AID but
expresses BACH2 and has memory B-cell
characteristics
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We have reported previously that duodenal follicular lymphoma (FL) is distinct from nodal FL and showed more
resemblance to mucosa-associated lymphoid tissue lymphoma, and that FL frequently involved the duodenal
second portion. In the present study, we examined duodenal FLs and gastric/colonic FLs to clarify the
clinicopathological and immunological differences between the tumor types. We analyzed 8 samples of gastric
FL, 17 of duodenal ones, and 5 of colonic/rectal ones, and characterized them by immunohistochemistry,
immunogenotyping, and histology. Gastric and colonic FLs presented in submucosal to subserosal areas,
whereas duodenal ones presented in the mucosal to submucosal layers. Immunohistochemical analysis
revealed that duodenal FLs exhibited the following phenotypes: CD10 (+), B-cell lymphoma 2 (BCL-2) (+),
BCL-6 (+), activation-induced cytidine deaminase (AID) ( —), BACH2 (+), CD27 (+), MUM-1 (—), Blimp-1 (-),
and loose CD21 network (duodenal pattern). Gastric/colonic FLs exhibited the following phenotypes: CD10 (+),
BCL-2 (+), BCL-6 (+), AID (+), BACH2 (+), CD27 (- ), MUM-1 (-), Blimp-1 (—), and a dense CD21 network
(nodal pattern). Expression of AID and CD27 in lymphoma cells and the CD21 network pattern were
considerably different between duodenal FLs and gastric/colonic ones. Moreover, in situ hybridization revealed
that, in the duodenal FLs, BACH2 was expressed at the periphery of the tumor follicle and tumor villi. The
number of immunoglobulin heavy-chain variable domains VH4 and VH5 were higher in duodenal follicular
lymphomoas than in gastric FLs. The lymphoma cells of duodenal FLs are different from those of gastric/
colonic FLs, and duodenal FL is distinct even within the gastrointestinal tract. Somatic hypermutation in
immunoglobulin genes and CD27 expression are hallmarks of memory B cells. We suggest that duodenal FL

cells are in the memory B-cell stage, and require BACH2 instead of AID for ongoing mutation.
Modern Pathology (2013) 26, 22-31; doi:10.1038/modpathol.2012.127; published online 17 August 2012
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We have reported that duodenal follicular lympho-
ma (FL) is a distinct FL by virtue of lacking follicular
dendritic cells (FDC), activation-induced cytidine
deaminase (AID), and immunoglobulin variable hea-
vy-chain deviation.’? On the other hand, we have
also reported that duodenal FLs harbor t(14;18)(IGH-
BCL-2), exhibit ongoing somatic hypermutations, and
express CD10 and B-cell lymphoma 2 (BCL-2), which
are common features of nodal FL. However, the
proteins have roles in somatic hypermutation in
duodenal FL have not yet been identified.

Although the duodenal second portion is the most
frequent site of FL in the gastrointestinal tract,®* it
sometimes occurs primarily in the gastrointestinal
tract outside of the duodenum. Using double-balloon
and/or capsule endoscopy, FLs of the gastrointestinal
tract primarily involve the duodenum and frequently
spread to the small intestine,® Few FLs occur in the
stomach and colon, but the -clinicopathological
features of FL in such organs remain unclear.
AID has a key role in class switching and somatic
hypermutation in B cells,” and BACH2 also has a
role in these processes in B cells.® BACH2 and
Bcl-6 suppress Blimp-1, which is a key regulator
of plasma-cell differentiation.” We have previously
reported the lack of AID expression in duodenal
FLs, but the entity associated with somatic hyper-
mutation and ongoing mutation remains unknown.
Therefore, we focused on BACH2 expression,
especially in duodenal FLs, and sought to clarify
the differences between duodenal and other gastro-
intestinal FLs with special reference to the chara-
cteristics of FDC, the expression of AID and BACH2,
and stage of differentiation in lymphoma cells.

Materials and methods
Patients

Subjects included 8 patients with FL in the stomach,
5 with FL in the colon and rectum, and 17 with FL
in the duodenum, which were previously reported.!
We obtained three samples of reactive lymphoid
hyperplasia of the lymph node and three of the
duodenum for CD27 immunohistochemical control
specimens. Informed consent to use the samples was
obtained from all the patients.

Immunohistochemical Analysis

Immunohistochemical staining was performed on
sections from 10% buffered formalin-fixed and
paraffin-embedded tissues using heat-induced epi-
tope retrieval or trypsin-induced retrieval, an
avidin-biotin complex method, and an automated
immunostainer (Ventana Medical System, Tuscon,
AZ, USA), as previously described.® The antibody
panel used to assess these cases was as follows
(clone, dilution): CD20 (L26, 1:200), CD3 (PS-1,
1:50), CD10 (56C6, 1:50), CD5{4C7, 1:100), Bcl-2

Distinct characteristics of DFL
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(3.1, 1:200), CD23 (1B12, 1:100), CD27 (137B4, 1:50),
and Ki-67 (MIB-1, 1:5000) (Novocastra, Newcastle-
upon-Tyne, UK); CD21 (1F8, 1:20), MUM-1
(MUM1p, 1:50) (DAKO Cytomation, Denmark); Bcl-
6 (D-8, 1:100) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA); cyclin D1 (SP4, ready to use) (Nichirei,
Japan); AID (ZA001, 1:100) (Zymed, South San
Francisco, CA, USA); and Blimp-1 (3H2-E8, 1:200)
(Novus Biologicals, Littleton, CO, USA). Rabbit
polyclonal anti-human BACH2 antibody (F69-2)
was used as a primary antibody at a dilution of
1:500. Muto et al® recently reported that staining
with the anti-BACH2 antibody was severely
diminished in the spleens of BACH2-deficient
mice, verifying the specificity of the antibody. For
CD20, CD3, CD10, CD5, Cyclin D1, Bcl-2, Bcl-6, and
MUM-1 antigens, samples were scored as positive
when 30% or more of lymphoma cells were
positively stained. For AID expression in tumor
follicles, samples with 5% or more expressing cells
were scored as positive as previously described.® Ki-
67-positive cells were counted in tumor follicles.
CD21 expression patterns were classified as follows:
nodal {>30% positive cells); intermediate (5—-30%
positive cells); and duodenal (<5% positive cells
and FDC located at the periphery of tumor follicles).

Fluorescence In Situ Hybridization (FISH)

FISH for t(14;18)(q32;q21)/IGH-BCL-2 translocations
was performed using the LSI BCL-2 FISH DNA
fusion signal probe (Abbott Molecular, Wiesbaden,
Germany) according to the manufacturer’s instruc-
tions. We performed FISH directly on paraffin-
embedded tissue sections and detected the hybridi-
zation signal as previously described.®

In Situ Hybridization

In situ hybridization was performed on paraffin-
embedded tissue sections using a BACH2 RNA
probe, which was designed using a modified multi-
labeling method as previously described.*!

DNA Extraction and PCR

DNA was extracted from paraffin-embedded tissue
using the QIAmp DNA Micro Kit {Qiagen, Valencia,
CA, USA). The variable regions (CDR2 and FW3) and
VDJ region (CDR3) of the immunoglobulin heavy-
chain (IgVH) gene were amplified by semi-nested
PCR, using the primers of FR2, LJH, and VLJH as
described earlier.>'? Primers used were as follows:
5'-CCGGRAARRGTCTGGAGTGG-3', as upstream
consensus V region primer (FR2); 5-CTTACCTG
AGGAGACGGTGACC-3', as a consensus | region
primer (LJH); 5-GTGACCAGGTNCCTTGGCCCC-3/,
as a consensus ] region primer (VLJH). PCR products
were purified using the QIAquick PCR purification
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