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patients with IL-12p40 and IL-12Rp1 deficiencies,
which impair IFN-y immunity in all patients and
IL-17A/F immunity in some patients (4). We studied
seven patients from three unrelated consanguin-
eous families with this unusual combination of
infectious diseases but no known genetic disor-
der. A Palestinian child (Fig. 1A, Kindred A, pa-
tient P1; see also supplementary text) died at the
age of 6 years from disseminated BCG disease.
Two other children (P2 and P3) in Kindred A had
similar clinical presentations but survived and
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are now 7 and 4 years old, respectively. A 6-year-
old Chilean child (Fig. 1A, Kindred B, P4; see also
supplementary text) had disseminated BCG in-
fection at age 16 months. Finally, three siblings
from Saudi Arabia (Fig. 1A, Kindred C, P5, P6, and
P7; see also supplementary text), ages 9, 6, and 3
years, had mycobacterial diseases caused by
BCG in two children and by M. tuberculosis in
the third. Six of the seven patients also had
mucocutaneous candidiasis of varying severity
(table S1).

Bi-allelic RORC mutations

We combined whole-exome sequencing and
genome-wide linkage (GWL) analysis to search for
homozygous genetic lesions in the three probands
(P1, P4, and P6) (fig. S1). We identified a homozy-
gous C/T mutation in the RORC gene in P1, P2,
and P3, resulting in a missense Ser®®*—Leu®®
(S38L) substitution in the RORy isoform or a
S17L substitution in the RORyT isoform (Fig. 1, A
and B, and fig. S2). In P4, we identified a homo-
zygous RORC C/T mutation converting the Gln®2
(Q329) residue of RORy (or Q308 in RORyT) into
a stop codon (Fig. 1, A and B, and fig. S2). In P5,
P6, and P7, we identified a homozygous C/T mu-
tation converting the Q441 residue of RORy (or
Q420 in RORYT) into a stop codon (Fig. 1, A and
B, and fig. S2). In each kindred, all unaffected
family members were either heterozygous or
homozygous for the wild-type (WT) allele (Fig. 1A
and fig. S2). The familial segregation of these mu-
tant RORC alleles was therefore consistent with
an autosomal recessive (AR) pattern of inheri-
tance. There were no other genes mutated in the
three kindreds among the 173 genes on the 6.87-Mb
interval linked with disease (maximum LOD
score 6.35). The S17L mutation affects a strictly
conserved residue of the DNA binding domain of
RORyT (Fig. 1B) and is predicted to be damaging
by multiple software algorithms (5). The Q308X
and Q420X (X signifies a stop codon) nonsense
mutations are predicted to result in truncated
proteins lacking part of the ligand-binding domain
(Fig. 1B). The Q308X and Q420X alleles were not
found in the National Center for Biotechnology
Information, Ensembl, Exome Aggregation Con-
sortium (ExAC), and dbSNP databases; in our own
in-house database of more than 3000 exomes; or
in 1052 controls from 52 ethnic groups in the
CEPH-HGD panel, indicating that they were very
rare variants, possibly exclusive to these two
kindreds. There were no nonsense or frameshift
mutations affecting isoform 2 (RORyT) in these
databases. The S17L allele was found in one het-
erozygous individual of the EXAC database, in-
dicating that its frequency is less than 107°. We
therefore hypothesized that the bi-allelic RORC
mutations found in these three kindreds were
disease-causing.

Complete RORy and RORYT deficiency

In mice and humans, the RORy and RORyT iso-
forms are generated by transcription from differ-
ent start sites (6-10) (Fig. 1B). Both molecules
are transcription factors, but they have different

expression patferns in inbred mice: RORy is ubiqui-’
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tous, whereas RORyT is restricted to leukocytes
(10). RORyT plays an important role in T cell de-
velopment and function in mice (77, 12). Animals
lacking only RORyT apparently have the same
immunological phenotype as those lacking both
isoforms (10). We first assessed the effect of RORC
mutations by transiently expressing WT and mu-
tant RORyT and RORy in human embryonic kid-
ney 293T (HEK293T) cells in the presence and
absence of stimulation with phorbol 12-myristate
13-acetate (PMA) and ionomycin. We detected
both the WT and S17L RORyT proteins at the
expected molecular mass of 56 kD (Fig. 1C). The
Q308X and Q420X RORyT mutant proteins had
molecular weights consistent with truncation at
residues 308 and 420, respectively (Fig. 1C). Sim-
ilar results were obtained upon expression of RORy
(fig. S3). We then performed an electrophoretic mo-
bility shift assay (EMSA) to assess the ability of
the mutant RORyT and RORy isoforms to respec-
tively bind to RORE-2 and RORE-], the consensus
binding sites in the promoter of ILI74 (fig. S3).
The three mutations abolished DNA binding
of RORYT to RORE-2 (Fig. 1C) and of RORy to
RORE-1 (fig. S3), but not by disrupting the nu-
clear localization of the protein (fig. $3). Each
mutation resulted in the loss of ILI74 promoter
activation by RORyT (Fig. 1D) or RORy (fig. $4).
Thus, each mutant allele was associated with a
complete loss of function of the two encoded pro-
tein isoforms, identifying these patients as cases
of human AR complete RORy/RORyT deficiency
(hereafter referred to as RORyT deficiency).

Broad immunological phenotype

Mouse RORyT is expressed in lymphoid tissue
inducer (LTi) cells, type 3 innate lymphoid cells
(ILC3), type 1 natural killer T (NKT) cells, some
8 T cells, immature CD4"CD8" af thymocytes,
and IL-17A/F-producing CD4" off T cells [T helper
17 (Ty17) cells] (7, 11, 13-16). LTi, ILC3, type 1 NKT,
and Ty17 cells fail to develop in Rore™™ mice, and
CD4"CD8"* uf thymocytes have a reduced life
span (11, 14, 17). RORC™" patients displayed clin-
ical signs consistent with LTi deficiency, includ-
ing absence of palpable axillary and cervical lymph
nodes (despite visible tonsils), and had reduced
thymus size (Fig. 2A). As in Ror¢™™ mice, ILC3
were barely detectable in the patients’ blood (fig.
$5). In Ror¢™ ™ mice, the short life span of CD4*CD8*
af thymocytes results in an inability to use the
most 5’ segments of the T cell receptor (TCR) Vu
array (12), including those encoding the Vo chains
of mucosal associated invariant T (MAIT) (12)
and type 1 NKT cells (I8). High-throughput se-
quencing of the TRA/TRD and TRG loci revealed
that 5' Va gene segment use had decreased, whereas
V8 and Vy usage was normal in RORC™™ T cell
clonotypes (fig. S6). Further, these patients lacked
TRA clonotypes using 5’ Vo, and distal 3' Ju pair-
ings (fig. $6). In total RORC™™ T cell clonotypes,
the usage of Vy9 was elevated (fig. S6), consistent
with antigen-driven peripheral expansion of this
subset, perhaps driven by mycobacteria (19). Abol-
ished use of the Va segments TRAVIO (encoding
Va24) and TRAVI2 (encoding Va7.2) was con-
firmed by quantitative polymerase chain reaction
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(fig. S7) and resulteel in alack of both CD161Va7.2"
MAIT cells and Vs 24" VBIT* type 1 NKT cells (Fig.
2, B and C, and fig. S7). Some Va7.2" cells other
than MAIT cells have recently been shown fo rec-
ognize Mycobacterium-derived mycoly! lipids
(20); they were also missing in RORC™" patients.
Nevertheless, ROAZC”™ patients displayed only
mild CD4" and CD>8* o T cell lymphopenia, with
normal B and NK cell counts (Fig. 2D and table
$2). These patients did not, therefore, have T cell
deficiency [also kniown as “combined” immuno-
deficiency (CID)], consistent with their lack of
broad infectious and autoimmune phenotypes
(21). Finally, the frequencies of circulating yo T cells

were normal (table $2). Overall, these RORC™™
patients displayed the general immunological fea-
tures characteristic of Rorc”™ mice (11, 12, 14, 22, 23).
These studies also revealed that the development
of MAIT and other Vu7.2* T cells is critically
dependent on RORyT, which had been predicted
but not shown in mice. No infectious phenotype
can be unambiguously assigned to any of these
individual immunological anomalies.

Abolished production of IL-17A/F

Given the critical role of murine RORyT in gen-
erating IL-17A/F- and IL-22-producing lympho-
cytes [including ILC3, y3 T cells, and Ty17 cells

(11, 13, 24)] and the finding that patients with
compromised IL-17A/F immunity are susceptible
10 mucocutaneous candidiasis (7), we assessed the
development and function of IL-17A/F-producing
lymphocytes in the patients. Circulating ILC3 were
too few to assess their production of IL-17. CD3*
T cells from RORC™™ patients displayed a severe
impairment in the production of IL-17A, IL-17F,
and IL-22, at both the mRNA (fig. S8) and the
protein level (Fig. 3A), after polyclonal stimulation.
CD4" ap T cells are a major source of IL-17A/F (9).
Memory (CD45RA”) CD4* T cells from RORC™~
patients produced much less IL-17A, IL-17F, and
I1-22 than WT and heterozygous controls (Fig. 3B).
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Fig. 1. Identification of homozygous loss-of-function mutations affect-
ing the human RORyT protein. (A) Sanger sequencing results and familial
segregation of previously unidentified homozygous RORC mutations in three
unrelated consanguineous families, indicating an AR pattern of inheritance, with
complete clinical penetrance. P1, patient 1; P2, patient 2; etc. (B) Graphical
representation of the RORy and RORyT proteins, encoded by RORC isoforms
1 and 2, respectively. AF2, activation function 2 domain. Arrows indicate the
location of the sites affected by the RORC mutations found in the families.
DBD, DNA binding domain; LBD, ligand-binding domain. (C) HEK293T cells
were either mock-transfected or transfected with the indicated plasmids. After
24 hours, cells were either left untreated or stimulated with PMA and ionomycin.
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Whole-cell lysates were obtained and subjected to Western blotting (lower
panel), and nuclear lysates were subjected to EMSA with a *2P-labeled
RORE-2 probe derived from the IL17A promoter sequence (upper panel).
GAPDH, glyceraldenyde-3-phosphate dehydrogenase. (B) ILI7A reporter
plasmids, the pRL-SV40 vector, and WT or mutant RORC plasmid were used
to transfect HEK293T cells. After 24 hours, cells were stimulated with PMA
and ionomycin as in (C) and then subjected to luciferase assays. Exper-
iments were performed in triplicate, and IL17A promoter activity is expressed
as fold induction relative to mock-transfected cells. *P < 0.05 versus WT
controls; two-tailed Mann-Whitney tests with Bonferroni correction. Error bars
denote SEM.
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In contrast, the memory CD4" T cells from these
patients produced large amounts of IL-4, IL-5,
and IL-13 (fig. S8). In separate experiments, naive
(CD45RA*CCR7") CD4" T cells from RORC™™ pa-
tients cultured under Tyl17-polarizing conditions
secreted less IL-17A and IL-17F than cells from
healthy donors or heterozygous relatives (Fig.
3C). We next assessed the proliferation and cy-
tokine secretion of highly purified WT, heterozy-
gous, and RORC™~ CD4*CCR6" memory off T
cells (fig. S9), a population enriched in IL-17A/F~
secreting cells (Ty17 cells, which express CCR4),
as well as cells secreting IL-17A/F and TFN-y (herein
designated as Ty1* cells, which express CXCR3)
(25), after stimulation with C. albicans lysate. By
monitoring the incorporation of a radioactive
label, we found that CD4"CCR6" T cells from
RORC™~ patients had normal frequencies of
antigen-specific cells recognizing C. albicans (Fig.

3D). However, these cells {including both Ty17
and Tyl* cells, whose proportions were normal
(fig. 59)] secreted much lower amounts of IL-17A
and IL-22 than did control cells (Fig. 3E). IFN-y
was also reduced, but large amounts of IL-4 were
secreted, serving as a control (Fig. 3E). Finally,
Herpesvirus saimiri-transformed CD4" off T
cells from RORC™" patients showed abolished
induction of RORC (Fig. 4A) and ILI74 (Fig.
4B), but not JENG serving as a control (fig. S10).
The defect in JL174 induction could be rescued
by retroviral transduction with WT RORC (Fig. 4B).
Collectively, these data demonstrate a profound
diminution of IL-17A/F and IL-22 production by
all leukocytes tested in RORC™”™ patients. As CMC-
causing germline mutations have previously been
identified in ILI7F, ILI7RA, IL17RC, and ACTI
(1, 2, 26), we conclude that impaired IL-17A/F
immunity in RORC™" patients accounts for their

development of CMC. Human IL-17A/F-producing
ILC3, vd T cells, and af T cells, or any of their
subsets, may individually or collectively confer
protection against Candida.

Selective defect in IFN-y production

We then investigated the cellular mechanism un-
derlying the patients’ surprising susceptibility
to mycobacteria. The patients did not display
chronic granulomatous disease or severe CID,
which can underlie BCG disease (4). The CD3"
T cells (including both yd and op T cells) from
RORC™~ patients produced IFN-y normally, after
the stimulation of whole blood or peripheral blood
mononuclear cells (PBMCs) with PMA and ion-
omycin (fig. S10). Likewise, total CD4™ af T cells,
memory (CD45RA™) CD4™ T cells, naive CD4*
T cells cultured under Tyl-polarizing conditions,
and Herpesuvirus saimiri-transformed T cells from
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Fig. 2. RORC™~ patients display abnormal thymus size and TCRo. rearrange-
ment in line with their mild T cell lymphopenia with a complete absence
of MAIT and type 1 NKT cells. (A) Computed tomography (CT) scan of P4's
chest at the age of 16 months compared with a CT scan of a healthy control. P4’s
scan reveals right lung infiltrate and thymic hypoplasia. (B and C) PBMCs from
WT controls, heterozygous family members, or RORC™™ patients were analyzed
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family patients family patients

for MAIT (B) and type 1 NKT (C) cell frequencies by flow cytometry. Each plot is
representative of n = 3 experiments. (D) Cell counts were performed on fresh
blood samples from heterozygous family members (n = 4) and RORC™~
patients (n = 3). Dotted lines indicate the normal ranges for each lymphocyte
population per microliter of blood, based on the results for healthy individuals
tested at the Necker Hospital for Sick Children (Paris, France).
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the patients produced IFN-y normally (fig. S10).
Overall, and in contrast to the IL-17A/F defect,
RORyT deficiency does not impair IFN-y secretion
in conditions of polyclonal stimulation. We next
assessed Mycobac#erium-specific IFN-y responses
from whole blood (Fig. 5A) or PBMCs (Fig. 5B) of
RORC™" patients. heterozygous family members,
and healthy controls. The patients’ cells produced
very little IFN-y in response to treatment with
BCG plus IL-12 (Fig. 5, A and B). This defect was

as profound as that seen in patients with IL-12Rp1
deficiency (27). The production of IL-12p40 by
RORC™~ cells was normal (fig. S11). Impaired
IFN-y production may account for mycobacterial
diseases in RORC™~ patients. This IFN-y defect
was not secondary to excessive IL-4, IL-5, or IL-13
production (fig. S11) or to the IL-17A/F defect (fig.
S12). Many single-gene immunodeficiencies do

- not predispose to BCG disease despite impaired

or abolished development or function of various

off T cell subsets, including CD4* T cells (28),
CDS8™ T cells (29), type 1 NKT cells (30, 3I), and
MAIT cells (31). Even rare patients deficient in total
op T cell function [ZAP70™" (32), TRAC™™ (33)]
have not been reported to develop BCG disease.
Whole blood or PBMCs from such patients re-
sponded normally to treatment with BCG plus
IL-12, except for patients lacking all functional af§
T cells (fig. S12). As MAIT cells were shown to
respond to mycobacteria (34), we purified these
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Fig. 3. Cellular mechanisms of compromised IL-17 immunity and CMC in
RORC™~ patients. (A) Whole blood from healthy WT donors, heterozygous
family members, or RORC™" patients was activated by PMA and ionomycin in
the presence of brefeldin A, then assessed by intracellular flow cytometry for
the production of IL-17A and IL-22. (B) Naive and memory CD4* Tcells from WT
controls {(n = 7), heterozygous family members (n = 2), and RORC™" patients
(n = 3) were cultured with T cell activation and expansion (TAE) beads, and the
culture supernatants were then assessed for secretion of the cytokine
indicated (37). (C) Cytokine production by in vitro—differentiated CD4* T cells
from control donors and RORC™™ patients. Naive (CD45RA*CCR7*) CD4*
T cells were purified from the PBMCs of WT controls (n = 6) or RORC™™
patients (n = 3), then cultured in the presence of TAE beads alone or TAE beads
together with polarizing stimuli to induce the differentiation of Tyl- or Tul7-type
cells (37). After 5 days, culture supernatants were assessed for the secretion of
the cytokines indicated. (D) Sorted CCR6* memory CD4" T cells from WT con-
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trols, heterozygous family members, and RORC™" patients were initially poly-
clonally stimulated to generate T cell libraries, then cultured with autologous
irradiated B cells, with or without a 3-hour pulse with C. albicans lysate (5 ug/ml)
(37). Proliferation was assessed by evaluating radiolabel incorporation on day 4
and is expressed as Acpm values (cpm, counts per-minute) (37). Dotted lines
represent the cutoff values. The frequencies of specific T cells using the Pois-
son distribution were 315/10%, 631/108. and 874/10° in WT control, heterozy-
gous family member, and RORC™" patient, respectively. (E) Concentrations of
the indicated cytokines were measured in the supernatants from positive
cultures (Acpm values above the cut-off value) from experiments performed as
in (D) with cells from WT controls, heterozygous family members, and RORC™~
patients (n = 2 each). Number of wells: n = 45 1o 64 for WT controls, n =4 to 10
for heterozygous family members, and n = 14 to 23 for RORC™" patients. *P <
0.05 versus WT controls; in two-tailed Mann-Whitney tests with Bonferroni
correction. Error bars in (B). (C), and (E) indicate SEM.
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cells from WT donor PBMCs and added them to
PBMCs from RORC™" patients before BOG stinu-
lation. The lack of MAIT cells in RORC™™ patients
did not account for their impaired IFN-y produc-
tion (fig. S13). Overall, the absence of type 1 NKT
and MAIT cells, the mild T cell lymphopenia, and
the poor development of IL-17A/F T cells may
contribute marginally to mycobacterial suscepti-
bility but do not account for the low level of IFN-
v production by RORC™" leukocytes stimulated
with BCG and IL-12, and probably not for the
patients’ mycobacterial disease.

Impaired IFN-y production by v6 Tcells

We thus systematically characterized the conse-
quences of leukocyte population. depletions on
BCG-dependent IFN-y production by PBMCs in
healthy controls. We found no overt IFN-y defect
as a consequence of depleting NK cells, CD14*
cells, or CD4* or CD8* T cells. Depletion of off
T cells, y8 T cells, or both resulted in diminished
IFN-y production (fig. S14). To probe the kinetics
of this phenotype, a similar experiment was re-
peated and supernatant was assessed at 6, 12, 18,
24, and 48 hours poststimulation (fig. S14). The
effect of v3 T cell depletion was most apparent at
24 hours (fig. S14). We observed high expression
of RORCisoform 2 mRNA in both off and y3 T cells
of healthy donors (fig. S15), prompting further
analyses of y& T cell function. Flow cytometry
analyses revealed that the TCR™" 5 T cells from
RORC™" patients could not secrete IFN-y in re-
sponse to stimulation with PMA and ionomycin,
unlike TCR' v§ T cells (fig. S15). TCR V82* cells
have been reported as the predominant cells re-
sponding to human BCG vaccination (19). RORC™™~

Fig. 4. T cell lines from A
RORC~~ patients fail to
induce IL17A after mitogen

-
8
F—"

stimulation. (A) Herpesvirus <uf£ 102
saimiri-transformed T cells E by
from healthy donors (C1, C2, £X
C3) or RORC™" patients 22 10
(P2, P4) were cultured in the g g
presence (+) or absence (-) of .5_3

PMA and ionomycin, and then
total RNA was extracted and 0
used for quantitative reverse
transcription polymerase
chain reaction for total RORC.
T cell lines from RORC™"~
patients were transduced with
retrovirus encoding either a
tag only (empty vector) or
tagged WT RORC isoform 2.
(B) IL17A expression was
assessed in the same RNA
samples presented in (A).

n = 3 replicates; error bars
represent SEM.

102 ¢
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relative to 183 (*108)
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patients had normal frequencies of TCR V§2*
cells, but these cells were unable to secrete IFN-y
when stimulated with PMA and ionomycin (fig.
S15), suggesting a possible contribution of this y§
T cell subset defect to mycobacterial susceptibility
in RORC™™ patients. Overall, RORyT deficiency
diminishes the IFN-y-producing capacity of y8
T cells, which normally produce this cytokine in
response to Mycobacterium stimulation.

The patients’ CD4*CCR6" ap Tcells
produce little IFN-y in response
to BCG

Previous studies have demonstrated that the T-
bet- and RORyT-expressing, IFN-y and IL-17A/
F-producing CCR6"CXCR3" Ty;1* subset is strongly
enriched for Mycobacterium-responsive CD4" af
T cells, unlike the CCR6"CCR4™ Ty17 cells that
only express RORyT and produce IL-17A/F and
are enriched for Candida-responsive T cells (25).
We therefore purified memory (CD45RA™) uff
T cell subsets (fig. S9) and assessed their prolif-
eration and cytokine production in response to a
pool of BCG peptides. CD4"CCR6" af T cells
from RORC™~ patients had a normal or high fre-
quency of antigen-specific cells recognizing BCG
peptides, as demonstrated by the induction of
proliferation (Fig. 5C and fig. S16). However, al-
though CD4*CCR6™ T cells from RORC™™ patients
responded to mycobacterial antigens, they secreted
much less IFN-y than CD4"CCR6" o T cells from
normal donors (Fig. 5D). The normal proliferation
and cytokine production of other CD4" mem-
ory T cell subsets in response to Candida and
Mycobacterium (fig. S17) and to irrelevant viral
stimuli (fig. S18) indicate a selective RORyT-

mﬂ‘u

T

—— — — w— —— m——— o— o,

empty RORC
vector WT
LR SN T L N . S
Cz C3 P2 P4 P2 P4 P2 P4
empty RORC
vector WT
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dependent functional defect in Mycobacterium-
specific CD4"CCR6" af T cells. Although we did
not purify and test Ty1* cells, they were present
in normal proportions in the patients (fig. S9),
implying that they are functionally defective for
IFN-y production upon Mycobacterium stimula-
tion. Collectively, these data suggest that myco-
bacterial diseases in RORC™™ patients may result
from the poor production of IFN-y by v8 T cells,
CCR6"CXCR3"CD4" of Tyl* cells, or both in
response to mycobacteria. IFN-y treatment may
therefore be beneficial for RORC™" patients. This
combined defect probably also accounts for my-
cobacterial disease in severe combined immuno-
deficient patients, as patients with various forms
of CID are normally resistant to BCG (27, 33). Fi-
nally, the lack of MAIT and type 1 NKT cells, re-
duction in ILC3, and possibly the absence of
other lymphocytes not analyzed using blood sam-
ples (e.g.,, LTi) may aggravate the mycobacterial
phenotype of RORC™" patients.

Conclusion

Collectively, these data demonstrate that human
RORC plays a surprising dual role in host defense.
These findings are clinically, immunologically,
and genetically robust, as they were consistent
in seven patients from three ethnic groups, homo-
zygous for three different RORC mutations that
are loss-of-function for both isoforms. Although
the two infectious phenotypes are purely reces-
sive, some immunological phenotypes showed
codominant or dominant inheritance. The mild
T cell lymphopenia, small thymus, lack of pal-
pable axillary and cervical lymph nodes, and
absence of MAIT and type 1 NKT cells in RORC™”~
patients were consistent with the phenotype of
Rore¢™™ mice (table $3). Likewise, impaired IL-
17A/F immunity was predicted to account for
impaired protection against Candida albicans
(35), as Rorc is the master gene controlling Ty17
differentiation in inbred mice (11), and mutations
affecting human IL-17A/F immunity underlie iso-
lated CMC (7, 26, 36). The IL-17A/F defect there-
fore underties CMC in RORyT-deficient patients,
probably but not necessarily because of T cells, as
other cells can produce these cytokines in healthy
individuals. We expected these patients to be sus-
ceptible to candidiasis, but their susceptibility to
mycobacterial disease and its severity were un-
anticipated. This phenotype does not seem to be
human-specific, as we also found that mice de-
ficient for Rore (14) are susceptible to mycobac-
terial infection (fig. S19). Our data conclusively
demonstrate that human RORC plays an indis-
pensable role in the induction of IFN-y-dependent
antimycobacterial systemic immunity. The mech-
anism underlying disease in these patients prob-
ably involves an impairment of the induction of
TFN-y production by v T cells, CCR6"CXCR3*CD4"
of Til* cells, or both in response to mycobacteria.
Other mechanisms may also be at work. Human
RORC is essential not only for the development
of IL-17A/F-producing lymphocytes protecting the
mucocutaneous barriers against Candida but also

- for the activation of IFN-y-producing T cells and

for systemic protection against Mycobacterium.
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Fig. 5. Cellular mechanisms of impaired IFN-y immunity to Mycobacteri-
um in RORC™ patients. (A) Whole-blood samples from healthy controls
(n = 23). heterozygous family members (n = 4), or RORC™™ patients (n = 4)
were incubated for 48 hours under three different sets of activation conditions:
(iy medium alone, (ii) live M. bovis—BCG (BCG) at a multiplicity of infection of
20 BCG cells per leukocyte, and (jii) BCG plus 20 ng/ml 1L-12. The IFN-y levels
of cutture supernatants were determined by enzyme-linked immunosorbent
assay (ELISA). (B) Equal numbers of live PBMCs from healthy controls, WT
family members, heterozygous family members, or RORC™~ patients were
cultured in the presence of live BCG, BCG and IL-12, or PMA/ionomycin for
48 hours. IFN-y concentration in the culture supernatant was assessed by
ELISA. (C) Sorted CCR6" memory CD4™ T celis were polyclonally stimulated
with PHA in the presence of irradiated allogeneic feeder cells and IL-2 to

generate Tcell libraries, as in Fig. 3D. Library screening was performed 14 to
21 days after initial stimulation by culturing thoroughly washed T cells with
autologous irradiated B cells, with or without a 3-hour pulse with M. bovis—
BCG peptide pools. Proliferation was measured by radiolabel incorporation on
day 4 and is expressed as Acpm values. Each symbol illustrates one culture.
Dotted lines represent the cutoff value. The frequencies of specific T cells
calculated using the Poisson distribution were 467/10°, 749/108, and 875/10°
in WTcontrol, heterozygous family member, and RORC™ patient. respectively.
(D) The cytokines indicated were determined in the culture supernatants from
(C) for wells with Acpm values above the cutoff value. Number of wells: n = 45
to 64 for WT controls, n = 4 to 10 for heterozygous family members, andn=14
to 23 for RORC™~ patients. *P < 0.05 versus WT controls; in two-tailed Mann-
Whitney tests with Bonferroni correction. Error bars in (D) indicate SEM.
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TOPOLOGICAL MATTER

Discovery of a Weyl fermion
semimetal and topological Fermi arcs

Su-Yang Xu,»?* Ilya Belopolski,™ Nasser Alidoust,””* Madhab Neupane,">*

Guang Bian,' Chenglong Zhang,* Raman Sankar,” Guoging Chang,*” Zhujun Yuan,*
Chi-Cheng Lee,®” Shin-Ming Huang,%” Hao Zheng, Jie Ma,” Daniel 5. Sanchesz,’
BaoKai Wang,>"? Arun Bansil,” Fangcheng Chon,® Pavel P. Shibayev,»*® Hsin Lin, %7

Shuang Jia,»™ M, Zahid Hasan"}

A Weyl semimetal is a new state of matter that hosts Weyl fermions as emergent
quasiparticles and admits a topological classification that protects Fermi arc surface
states on the boundary of a bulk sample. This unusual electronic structure has deep
analogies with particle physics and leads to unique topological properties. We report the
experimental discovery of a Weyl semimetal, tantalum arsenide (TaAs). Using photoemission
spectroscopy, we directly observe Fermi arcs on the surface, as well as the Weyl fermion
cones and Weyl nodes in the bulk of TaAs single crystals. We find that Fermi arcs terminate
on the Weyl fermion nodes, consistent with their topological character. Our work opens the
field for the experimental study of Weyl fermions in physics and materials science.

eyl fermions have long been known in
quantum field theory, but have not been
observed as a fundamental particle in
nature (I-3). Recently, it was understood
that a Weyl fermion can emerge as a
quasiparticle in certain crystals, Weyl fermion
semimetals (-22). Despite being a gapless metal,
a Weyl semimetal is characterized by topological
invariants, broadening the classification of topo-
logical phases of matter beyond insulators. Specif-
ically, Weyl fermions at zero energy correspond
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to points of bulk band degeneracy, Weyl nodes,
which are associated with a chiral charge that
protects gapless surface states on the boundary
of a bulk sample. These surface states take the
form of Fermi arcs connecting the projection of
bulk Weyl ncdes in the surface Brillouin zone
(BZ) (6). A band structure like the Fermi arc sur-
face states would violate basic band theory in an
isolated two-dimensional (2D) system and can
only arise on the boundary of a 3D sample,
providing a dramatic example of the bulk-boundary
correspondence in a topological phase. In con-
trast to topological insulators where only the
surface states are interesting (21, 22), a Weyl
semimetal features unusual band structure in
the bulk and on the surface. The Weyl fermions
in the bulk are predicted to provide a condensed-
matter realization of the chiral anomaly, giving
rise to a negative magnetoresistance under paral-
lel electric and magnetic fields, unusual optical
conductivity, nonlocal transport, and local non-
conservation of ordinary current (5, 12-16). At
the same time, the Fermi arc surface states are
predicted to show unconventional quantum os-
cillations in magneto-iransport, as well as un-
usual quantum interference effects in tunneling
spectroscopy (17-19). The prospect of the real-
ization of these phenomena has inspired much
experimental and theoretical work (1-22).

Here we report the experimental realization of
a Weyl semimetal in a single crystalline material,
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tantalum arsenide (TaAs). Using the combina-
tion of the vacuum ultraviolet (low-photon-energy)
and soft x-ray (SX) angle-resolved photoemission
spectroscopy (ARPES), we systematically and dif-
ferentially study the surface and bulk electronic
structure of TaAs. Our ultraviolet (low-photon-
energy) ARPES measurements, which are highly
surface sensitive, demonstrate the existence of
the Fermi arc surface states, consistent with our
band calculations presented here. Moreover, our
SX-ARPES measurements, which are reasonably
bulk sensitive, reveal the 3D linearly dispersive
bulk Weyl cones and Weyl nodes. Furthermore,
by combining the low-photon-energy and SX-
ARPES data, we show that the locations of the
projected bulk Weyl nodes correspond to the
terminations of the Fermi arcs within our exper-
imental resolution. These systematic measure-
ments demonstrate TaAs as a Weyl semimetal.

The material system and
theoretical considerations

Tantalum arsenide is a semimetallic material
that crystallizes in a body-centered tetragonal
lattice system (Fig. 1A) (23). The lattice constants
are a@ = 3.437 A and ¢ = 11.656 A, and the space
group is T4ymd (#109, Cy,), as consistently re-
ported in previous structural studies (23-25).
The crystal consists of interpenetrating Ta and
As sublattices, where the two sublattices are
shifted by (§,%,8), 8~. Our diffraction data
match well with the lattice parameters and the
space group J4¢md (26). The scanning tunneling
microscopic (STM) topography (Fig. 1B) clearly
resolves the (001) square lattice without any ob-
vious defect. From the topography, we obtain a
lattice constant @ = 346 A. Flectrical transport
measurements on TaAs confirmed its semimetallic
transport properties and reported negative mag-
netoresistance, suggesting the anomalies due to
Weyl fermions (23).

We discuss the essential aspects of the theo-
retically calculated bulk band structure (9, 10)
that predicts TaAs as a Weyl semimetal candi-
date. Without spin-orbit coupling, calculations
(9, 10) show that the conduction and valence bands
interpenetrate (dip into) each other to form four 1D
line nodes (closed loops) located on the &, and %,
planes (shaded biue in Fig. 1, C and E). Upon the
inclusion of spin-orbit coupling, each line node
loop is gapped out and shrinks into six Weyl nodes
that are away from the %, = 0 and %, = 0 mirror
planes (Fig. 1E, small filled circles). In our calcu-
lation, in total there are 24 bulk Weyl cones (9, 10),
all of which are linearly dispersive and are associated
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A Novel In-Frame Deletion in the Leucine Zipper Domain of
C/EBPe Leads to Neutrophil-Specific Granule Deficiency

Taizo Wada,*' Tadayuki Akagi,”! Masahiro Muraoka,* Tomoko Toma,*
Kenzo Kaji," Kazunaga Agematsu,® H. Phillip Koeffler,™" Takashi Yolgota,T and
Akihiro Yachie*

Neutrophil-specific granule deficiency (SGD) is a rare autosomal recessive primary immunodeficiency characterized by neutrophil dysfunc-
tion, bilobed neutrophil nuclei and lack of neutrophil-specific granules. Defects in a myeloid-specific transcription factor, CCAAT/enhancer
binding protein-e (C/EBPg), have been identified in two cases in which homozygous frameshift mutations led to loss of the leucine zipper
domain. In this study, we report a 55-y-old woman affected with SGD caused by a novel homozygous 2-aa deletion (ARS) in the leucine
zipper domain of the C/EBPs gene. The patient showed characteristic neutrophil abnormalities and recurrent skin infections; however,
there was no history of deep organ infections. Biochemical analysis revealed that, in contrast to the two frameshift mutations, the ARS
mutant maintained normal cellular localization, DNA-binding activity, and dimerization, and all three mutants exhibited marked reduction
in transcriptional activity. The ARS mutant was defective in its association with Gatal and PU.1, as well as aberrant cooperative transcrip-
tional activation of eosinophil major basic protein. Thus, the ARS likely impairs protein-protein interaction with other transcription factors,
resulting in a loss of transcriptional activation. These results further support the importance of the leucine zipper domain of C/EBP¢ for its
essential function, and indicate that multiple molecular mechanisms lead to SGD. The Journal of Immunology, 2015, 195: 80-86.

eutrophil-specific granule deficiency (SGD) is a rare au- in elevated levels of C/EBPe (4). In this patient, the growth fac-
tosomal recessive primary immunodeficiency characterized tor independence 1 (Gfi-1) protein that represses transcription of

by either profound reduction or absence of neutrophil- C/EBPe was decreased, although the patient had no mutation of
specific granules and bilobed neutrophil nuclei (pseudo-Pelgar- the Gfi-1 gene. Taken together, these previous findings suggest
Huét anomaly) (1). It was previously called “lactoferrin deficiency.” that SGD is a genetically heterogeneous disease. Because of the
Patients with SGD exhibit increased susceptibility to bacterial in- extreme rarity of SGD, the full spectrum of clinical symptoms and
fections, especially affecting the skin, ears, lungs, and lymph nodes. cellular abnormalities of the disease is unclear.
The gene responsible for SGD is the CCAAT/enhancer binding C/EBPe is a member of the C/EBP family of widely expressed

protein-e (C/EBPe) gene. To date, two patients have been reported transcription factors that regulate proliferation, differentiation, and
who carry C/EBPe frameshift mutations that result in abrogated apoptosis in a variety of cell types (5, 6). The C/EBP family consists
protein expression (2, 3). In addition, another patient with SGD had of six members (C/EBPg, B, v, 8, &, and ), and cellular expression
a heterozygous missense mutation of the C/EBPe gene, but this of each C/EBP is tightly regulated. They bind to DNA through the
mutation was unlikely to have caused disease because it resulted highly conserved basic leucine zipper (bZIP) domain. C/EBPe is
restricted to granulocytes and is essential for their terminal differ-
entiation (6, 7). C/EBPe transcription primarily occurs at the mye-
#*Department of Pediatrics, Institute of Medical, Pharmaceutical and Health Sci- locyte—-metamyelocyte stage of differentiation and decreases in
ences, School of Medicine, Kanazawa University, Kanazawa 920-8641, Japan; polymorphonuclear neutrophils. The human C/EBPe gene produces

¥ f : ; :
Department of Stem Cell Biology, Institute of Medical, Pharmaceutical and Health . . .
Sciences, School of Medicine, Kanazawa University, Kanazawa 920-8640, Japan; four isoforms of 32, 30, 27, and 14 kDa that are functlonally dif-

*Dcparigment of Dermatology, Komatsu Municipal Hospital, Komatsu 923-0961, ferent; only the 32-kDa C/EBPe has full transactivating potential (8—
Japan; "Department of Infection and Host Defense, Shinshu University Graduate School 10 BPe is indispensable for expression of genes encodin
of Medicine, Matsumoto 390-8621, Japan; Division of Hematology and Oncology, ). C /E Sy pe . P b g
Cedars-Sinai Medical Center, University of California Los Angeles School of Med- - Proteins that reside in specific granules of neutrophils, such as lac-
icine, Los Angeles, CA 90048; and "Cancer Science Institute of Singapore, National toferrin and defensins. Many features of SGD are manifested by
University of Singapore, Singapore 117599, Singapore C/EBPe-deficient mice in which neutrophils are morphologically and
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binding protein-g; Gatal, GATA binding protein 1; MaBP, major basic protein; MBP, Fatients

maltose-binding protein; NGAL, neutrophil gelatinase-associated lipocalin; Prg2, pro-

teoglycan 2; SGD, neutrophil-specific granule deficiency; WT, wild-type. We studied two Japanese patients with SGD. Patient P1 is a 55-y-old woman

who has suffered since late infancy from recurrent skin infections that often
Copyright © 2015 by The American Association of Immunologists, Inc. 0022-1767/15/$25.00 required more than 2 mo to heal. After hospitalization because of severe
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otitis media at 54 y of age, she was referred to our hospital for suspec-
ted immunodeficiency. A history of parental consanguinity appeared likely.
However, her father had already died of a heart attack, and her mother refused
genetic analysis. Her elder brother had similar skin symptoms and died of
enterocolitis at 10 y of age. Another brother also died early after birth from
unspecified causes. Two children of patient P1 and her granddaughter were
healthy, and they did not want genetic testing. Clinical and genetic data of
patient P2 have already been published (3, 11). Patient P2 is now 40 y old.
Approval for the study was obtained from the Human Research Committee
of Kanazawa University Graduate School of Medical Science, and informed
consent was provided according to the Declaration of Helsinki.

Flow cytomerry and immunohistochemistry

For flow cytometric analysis, the following mAbs were used: FITC-
conjugated anti-CD16, anti-CD32 or CD66b and PE-conjugated anti-
CDI1b, anti-CD 14, anti-CD15 anti-CD16 or anti-CD64 (BD, San Diego,
CA); and FITC-conjugated anti-CD16b and PE-conjugated CD1 1¢ (Beckman
Coulter, Fullerton, CA). Analysis was performed on a FACSCalibur using
CellQuest software (BD Biosciences, Tokyo, Japan) (12). Cytospin prepa-
rations were made using whole leukocytes. For lactoferrin staining, cytospin
samples were stained with anti-lactoferrin mAb (Beckman Coulter), fol-
lowed by universal immuno-alkaline-phosphatase polymer (Simple Stain
AP; Nichirei Biosciences, Tokyo, Japan). The alkaline phosphatase activity
was visualized using Fast Red TR salt and Naphtol AS-MX phosphate
(Sigma-Aldrich. St. Louis, MO). For analysis of internal alkaline phospha-
tase and peroxidase activity, alkaline phosphatase substrate solution (BCIP/
NBT Substrate System; DAKO, Glostrup, Denmark) and a peroxidase stain-
ing kit (Muto Pure Chemicals, Tokyo, Japan) were used, respectively.

Mutation analysis

Peripheral blood or buccal mucosa samples, or both, were obtained from
patients, and DINA was extracted from the samples using a standard method.
Direct sequencing of the C/EBPe gene was performed as described pre-
viously (2).

Cell culture and RT-PCR

Human embryonic kidney (HEK) 293 and mouse NIH3T3 cells were cultured
in DMEM containing either 10% FBS or 10% calf serum, respectively. Total
RNA was extracted from transfected NIH3T3 cells with Sepasol-RNA I Super
G (Nacalai Tesque, Kyoto, Japan) and converted to cDNAs by ReverTraAce
(Toyobo, Tokyo, Japan). Expression of human C/EBPe and PU.1, and murine
cathelicidin B9/neutrophil granule protein, neutrophil gelatinase-associated
lipocalin (NGAL.)/ lipocalin 2, lactoferrin, proteoglycan 2 (Prg2)/eosinophil
granule eosinophil major basic protein (MaBP), GATA binding protein 1
(Gatal), and GAPDH was examined by RT-PCR. Primer sequences are re-
ported in Supplemental Table I. The number of amplification cycles was 20
for GAPDH; 25 for C/EBPg, PU.1, MaBP, and Gatal; 30 for B9 and NGAL;
and 35 for lactoferrin. The PCR cycle consisted of 94°C for 15 s, 60°C for
30s, and 72°C feor 30 s. For lactoferrin, the annealing temperature was 64°C.
All PCR reactions were completed with Taq polymerase (Ampliqon, Odense,
Denmark) except for C/EBPe (PrimeSTAR Max DNA Polymerase; Takara
Bio, Otsu, Japan).

Construction of plasmid, luciferase assay, and cellular
localization

Construction of mammalian expression vectors, including pCMV5-Flag
maltose-binding protein (MBP), pCAGIP-enhanced GFP, and pCAGIP-
Myec, was described previously (13, 14). Coding region of wild-type (WT)
human C/EBPe and its mutants, ARS, del5bp, and insA, were amplified by
PCR using specific primers (Supplemental Table I) and cloned into ex-
pression vectors. Murine Gatal and human PU.1 expression vectors were
described previously (15), and their coding regions were cloned into the
pCAGIP-Myc vector. The luciferase reporter plasmid containing the G-CSE
receptor promoter (pGCSFR-Luc) has been described previously (16). The
reporter plasmid, C/EBPe and C/EBPe mutant expression vectors (ARS,
del5bp, and insA), were transfected into HEK293 cells by Lipofectamine
2000 (Life Technologies, Grand Island, NY). To determine luciferase ac-
tivity, cell extracts were prepared 48 h after transfection, and luciferase ac-
tivity was measured with a luciferase assay kit (Promega, Madison, WI)
using an AB-2200 luminometer (ATTO, Tokyo, Japan). Protein concentra-
tion of each sample was measured by Protein Assay CBB solution (Nacalai
Tesque). Amounts of cell extracts used to obtain relative luciferase activities
were normalized to | wg total protein per sample. To observe cellular lo-
calization of C/EBPe and its mutants, GFP-tagged fusion protein expression
vectors were introduced into NIH3T3 cells. Nuclei were stained by Hoechst
33258 (Sigma). Signals were observed 48 h after transfection.
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Biotin-labeled DNA pull-down assay, MBP pull-down assay,
and Western blot analysis

Biotin-labeled DNA pull-down assay was performed as described previ-
ously (13, 17). Briefly, biotin-labeled oligonucleotides containing the human
lactoferrin gene C/EBPe binding site (5'-GGGTGTCTATTGGGCAACA-
GGGCGGG-3') were incubated with cell extracts from HEK293 cells
transfected with either pCAGIP-Myc-C/EBPe or its mutant counterparts
(ARS, del5bp, and insA) in the presence of streptavidin-agarose (Novagen,
Darmstadt, Germany). Twenty-five-fold nonlabeled oligonucleotides (either
WT or mutant nonbinding control) were added for the competition assays.
The beads were washed three times with a washing buffer, and the bound
proteins were eluted by boiling in 2X SDS sample buffer. Samples were then
examined by Western blot analysis as described below. MBP pull-down
assay was performed as described previously (13, 17). HEK293 cells were
cotransfected with pCAGIP-Myc-C/EBPe (WT or ARS) and pCMV5-Flag-
MBP-C/EBPe (WT or ARS). HEK293 cells were also cotransfected with
pCAGIP-Myc-Gatal and pCMVS5-Flag-MBP-C/EBPe or its mutant coun-
terparts, or with pCAGIP-Myc-PU.1 and pCMV5-Flag-MBP-C/EBPe or its
mutant counterparts. MBP-fused proteins were pulled down by amylose
resin, and the precipitates were analyzed by Western blot analysis. For
Western blot analysis, samples were subjected to SDS-PAGE and transferred
to a nitrocellulose membrane. The membrane was incubated with either
anti-Myc (sc-40; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-Flag
(F3165; Sigma-Aldrich) Abs followed by HRP-conjugated anti-mouse Ab
(Millipore, Billerica, MA). The blot was visualized using ECL reagents
(PerkinElmer, Waltham, MA) with an LAS-1000 image analyzer (Fuji Film,
Tokyo, Japan).

Results

Bilobed nucleus and lack of granules in neutrophils

Patient P1 exhibited an ulcerative skin abscess and numerous skin
scars (Fig. 1A, 1B). Her peripheral blood smear showed unique
bilobed nuclei and a lack of cytoplasmic granules in her neutrophils
(Fig. 1C). Absence of eosinophils, increased basophils with normal
cytoplasmic granularity, and monocytosis were also noted on
smears of the peripheral blood (data not shown). The immunohis-
tochemical analysis of her neutrophils clearly demonstrated the
presence of peroxidase, a primary granule protein, and the absence
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FIGURE 1. Patient characteristics. (A and B) Skin abscess with ulcer-
ation and scar. (C) Peripheral blood smears. Neutrophils from patients P1
and P2 have bilobed nuclei and lack cytoplasmic granules (May-Griine-
wald-Giemsa staining). Original magnification X400. (D) Immunohis-
tochemial analysis. Cytospin preparations of leukocytes stained with anti-
lactoferrin mAb. Cellular alkaline phosphatase and peroxidase activity
were also analyzed. Original magnification X400.
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of lactoferrin and alkaline phosphatase, both of which are normally
expressed in specific granules of normal neutrophils (Fig. 1D).
These characteristic features were similar to those of patient P2, the
second case of genetically defined SGD, who carries a homozygous
C/EBPe mutation, ¢.508_509insA (insA) (3).

Flow cytometric analysis of peripheral blood showed lower side
scatter of P1 neutrophils compared with normal controls (Fig. 2)
(18). More importantly, the majority of the patient’s neutrophils that
were defined on the basis of forward and side scatter expressed
a monocyte marker CD14, indicating aberrant development toward
the monocyte pathway. These cells did not express neutrophil
markers such as CD15, CD16b (FcyRIIIB), and CD66b. Although
CD64 (FcyRI) was not detected on her neutrophils and monocytes,
CDl11b, CDllc, and CD32 (FcyRIL) were detectable equally on
both cells (data not shown). Again, all these characteristic features
were similar to those of patient P2. Neutrophils from patient P2
showed more CD16 expression compared with P1.

2-aa deletion in bZIP and reduced transcriptional activity

Direct sequence analysis revealed that patient P1 had a homozygous
6-bp deletion in exon 2 of the C/EBPe gene (c.739_744delCGCAGC).
This novel mutation leads to a 2-aa deletion, p.Arg247_ Ser248del
(ARS), which is located in the bZIP domain (Fig. 3). The mutation
was present in DNA isolated from both the peripheral blood and
buccal mucosa, indicating a germline mutation, not a somatic one.
Analysis of 100 alleles of ethnically matched healthy controls dem-
onstrated the absence of the mutation in the general population.

To evaluate the transcriptional activation by the ARS mutant,
HEK?293 cells were cotransfected with a G-CSF receptor promoter
reporter construct and C/EBPe expression vectors. As shown in
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FIGURE 2. Characterization of granulocytes. Granulocytes were gated for
fluorescence analysis. The percentage of cells gated in each region is shown.
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Fig. 4A, WT C/EBPe presented robust reporter activity, whereas the
ARS mutant exhibited a significant decrease in activity, similar to the
previously reported mutants, insA and delSbp (¢.249_253delTGACC)
(2, 3), both of which were frameshift mutations with truncated pro-
teins. HEK 293 cells transfected with the ARS mutant expressed
levels of C/EBPe comparable to wild-type, as assessed with Western
blot analysis, indicating ARS does not cause instability in the mutated
C/EBPe protein (Fig. 4B). Increasing amounts of ARS had no neg-
ative effect on reporter activity of WT C/EBPe, indicating a lack of a
dominant-negative effect of ARS on transcriptional activity (Fig. 4C).
We also analyzed the ability of the C/EBPe mutant proteins to acti-
vate gene expression of secondary granule genes. As shown in
Fig. 4D, WT C/EBPe was able to induce expression of endogenous
B9, NGAL, and lactoferrin genes in transiently transfected NIH3T3
cells. In contrast, none of these genes was amplified from cells
transfected with either the ARS mutant or the insA and delSbp
mutants, consistent with loss of their capability to activate secondary
granule genes.

Unaltered cellular localization, DNA-binding, and
dimerization

To understand the mechanism by which the ARS mutation decreases
transcriptional activity, we first investigated the cellular localization
of WT and mutant C/EBPe proteins. GFP fluorescence was dif-
fusely detected within the cytoplasm of NIH3T3 cells transfected
with the control GFP vector, whereas WT and ARS mutant C/EBPe
tagged with GFP was found in the nucleus (Fig. 5). Consistent with
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FIGURE 3. Mutation analysis of C/EBPe gene. (A) C/EBPe gene exon 2
was amplified from DNA extracted from normal control, as well as pe-
ripheral blood and buccal mucosa of patient P1. Direct sequencing was
performed using an automated sequencer. A thick bar highlights the position
of the 6-bp deletion (ARS). (B) Predicted structures of mutated C/EBPe
molecules. The previously reported frameshift mutations, delSbp and insA,
produced frameshifts that result in incorrect amino acid sequence subsequent
to the mutations (shaded area) and premature termination.
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FIGURE 4. Transcriptional activity and induction of
endogenous expression of granule genes. (A) Lucifer-
ase reporter plasmid containing the G-CSF receptor
promoter (pPGCSFR-Luc) was transfected into HEK293
cells with either control empty (ev), WT, ARS, del5bp,
or insA C/EBPg expression vector. Luciferase activity
was measured 48 h after transfection. Bars represent
the means and SDs of triplicate assay. (B) Western blot
analysis of C/EEBPe was performed using lysates of
HEK293 cells transfected with ev, WT, ARS, delSbp
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the previous report (3), the insA mutant was localized in the cyto-
plasm and the nucleus; and a similar abnormal localization was
detected in the delSbp.

We next assessed the ability of the WT and mutant C/EBPe to
bind to C/EB Pe binding site at the S'"UTR of human lactoferrin
gene (19). The oligonucleotides containing the C/EBPe binding
site bound in vitro to C/EBPe from lysates of HEK293 cells
transfected with WT Myc-C/EBPe vector (Fig. 6A, top left blot).
Importantly, the ARS mutant showed DNA-binding ability com-
parable to the WT C/EBPe (Fig. 6A, fop right blot). Nonlabeled
oligonucleotides of the same sequence, but not those with a mu-
tated sequence, were able to compete with the biotinylated oli-
gonucleotides for sequence-specific binding of both the WT and
ARS mutant C/EBPe. In contrast, no product was precipitated
from lysates of cells transfected with the del5bp and the insA
mutants, indicating that no oligonucleotide binding took place
(Fig. 6A, bortom panels).

To assess further the functionality of the ARS mutant, we ex-
amined dimer formation in lysates of HEK293 cells cotransfected
with Myc-C/EBPe and Flag-MBP-C/EBPe vectors. The ARS
mutant was able to homodimerize or heterodimerize with WT C/
EBPe at levels comparable to WT C/EBPe (Fig. 6B and data not
shown). These results were consistent with the ability of the ARS
mutant to bind to DNA.

Aberrant association with Gatal and PU.]

To determine whether the ARS mutant properly interacts with
other proteins, cooperative transcriptional activation of MaBP was
analyzed in NIH3T3 cells. Consistent with the previous report
(15), MaBP gene expression was observed in cells transfected
with Gatal and PU.1 in addition to WT C/EBPe, and no products
were obtained from those without WT C/EBPe (Fig. 7A). Inter-
estingly, the ARS mutant, as well as the delSbp and the insA
mutants, failed to induce MaBP gene expression.

To assess further the ability of the C/EBPe mutants to bind to
Gatal as well as PU.1, the MBP pull-down assay was performed.
As expected, both Gatal and PU.1 were able to bind in vitro to
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C/EBPe in lysates of HEK293 cells transfected with the WT Flag-
MBP-C/EBPe vector, and no binding was observed in lysates of
cells transfected with the del5bp and the insA mutants (Fig. 7B,
7C). Some binding of the ARS mutant to Gatal or PU.1 was in-
dicated by the results, but the amounts of precipitated Gatal and
PU.1 were extremely low in lysates from HEK293 cells trans-
fected with the ARS mutant.

Discussion

C/EBPsz is essential for terminal differentiation of granulocytes.
Frameshift mutations of the C/EBPe gene have been identified in
two patients with SGD. In this study, we report on a 55-y-old
woman (P1) affected with SGD caused by a novel 2-aa deletion
mutation of the C/EBPe gene. This case represents a third case of
genetically defined SGD. The availability of blood samples from
the previous case (P2) offered us the unique opportunity to eval-
vate and compare phenotype of peripheral neutrophils in these
patients. In addition to the morphologic abnormalities typical for
SGD, we found characteristic surface phenotype in their neutrophils,

ev WT ARS insA

delSbp

GFP

Hoechst

Phase

FIGURE 5. Cellular localization. GFP-tagged to either control empty
(ev), WT (WT), ARS, del5bp or insA C/EBPe expression vectors were
transfected into NIH3T3 cells, and cells were analyzed by microscopy and
fluorescent microscopy 2 d after transfection. Nuclei were stained with
Hoechst stain. Scale bar, 20 wm.
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FIGURE 6. DNA binding activity and dimerization. (A) DNA binding activity of WT, ARS, del5bp, and insA C/EBPe. Biotin-labeled oligonucleotide
containing the C/EBPe-binding site of the lactoferrin gene was incubated with Myc-C/EBPe (WT, ARS, del5bp, or insA)-transfected HEK293 cell extracts
either with or without 25-fold nonlabeled WT or mutated nonbinding () oligonucleotide. Biotin-labeled oligonucleotides were pulled down by strepta-
vidin-agarose. The precipitates and cell lysates were analyzed by Western blot analysis with anti-Myc Ab. (B) Dimer formation of ARS. HEK293 cells were
transfected with Myc-C/EBPe-ARS together with either empty control vector (MBP-ev), Flag-MBP-C/EBPe-WT or -ARS. MBP-fused proteins were pulled
down by amylose resin, and the precipitates were analyzed by Western blot analysis with anti-Myc Ab. Expression of each protein was confirmed with anti-

Myc and anti-Flag Abs, respectively.

including the presence of monocyte markers such as CD14 and the whereas CD16b is a GPl-anchored receptor that is thought to be
absence of neutrophil markers such as CD15, CD16b, and CD66b. expressed exclusively by neutrophils. Because pan-CD16 but not
It is therefore difficult to distinguish neutrophils from monocytes CD16b was detected in a subset of the patient’s neutrophils, they
by surface markers in the patients. CD16 includes two isoforms, likely expressed CD16a. Neutrophils from patient P2 showed higher
CD16a (FcyRIIIA) and CD16b. CD16a is a transmembrane receptor levels of CD16 expression than those of patient P1 did, indicating
expressed by monocytes, natural killer cells and natural killer T cells, a larger subpopulation of CD16a"* neutrophils. Human monocytes

FIGURE 7. Cooperative transcriptional activa-
tion of eosinophil major basic protein (MaBP). (A)
Induction of Prg2/MaBP expression in NIH3T3 cell.
Expression vectors Gatal and PU.1 were transfected
into NIH3T3 cells either with or without C/EBPe
expression vectors (WT, ARS, del5bp, or insA).
Expression of endogenous Prg2/MaBP mRNA was
examined by RT-PCR. GAPDH was used as a load-
ing control. The numbers of PCR cycles were 20
for GAPDH, and 25 for C/EBPg Gatal, PU.1
and MaBP. (B and C) Protein interactions between
C/EBPe WT or mutants with either Gatal or PU.1.
HEK?293 cells were transfected with either Myc-
Gatal or Myc-PU.1 together with an empty control
vector (MBP-ev), Flag-MBP-C/EBPe-WT, -ARS,
-del5bp, or -insA. MBP-fused proteins were pulled
down by amylose resin, and the precipitates were
analyzed by Western blot analysis with anti-Myc Ab.
Expression of each protein was confirmed with anti-
Myc and anti-Flag Abs, respectively.
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are divided into two major subsets: CD14**CD16a” and CD14*
CD16a" cells. Various inflammatory conditions including infections
lead to an increased subpopulation of CD16a* monocytes (20, 21).
CD16 expression of neutrophils of patient P1 was associated with
infections (data not shown); therefore, CD16a expression on SGD
neutrophils may depend on inflammatory immune stimuli.

The reason why the patient’s neutrophils expressed monocyte
markers, including CD14 and CD16a, is presently unclear. Studies
of granulocytes from healthy volunteers who were given G-CSF
and from human embryonic stem cells treated with multiple
growth factors have demonstrated aberrant expression of CD14 on
mature granulocytes (22, 23). Although we did not measure any
soluble factors related to granulocytic differentiation in our

patients, defective myeloid differentiation in SGD could lead to

dysregulated secretion of growth factors resulting in aberrant
surface expression of neutrophil proteins. In vitro modeling of
neutrophil development in SGD using induced pluripotent stem
cells will be required to address these issues.

We carried out a comprehensive in vitro study to evaluate
transcriptional activity, cellular localization, DNA-binding activity,
dimerization and protein-interaction of the ARS mutant as well as
the two frameshift mutants. All three mutants exhibited marked
reduction in transcriptional activity. The ARS mutation is located
in the bZIP domain, which is highly conserved among the C/EBP
family members and has an important role in DNA binding and
dimerization (5). However, the ARS mutant maintained normal
cellular localization, DNA-binding activity, and dimerization, in
contrast to the frameshift mutations delSbp and insA, which de-
stroy the bZIP domain and thus are predicted to interfere with
dimerization and binding to DNA. No dominant-negative effect of
the ARS mutant may suggest that the single normal C/EBPe allele
is sufficient to maintain transcriptional activity, which is consistent
with the fact that the mother and two children of patient P1, who
are assumed to be heterozygous for the ARS mutation, remain in
good health. The association of C/EBPe with other transcription
factors has been demonstrated to be important for the regulation of
secondary granule gene expression in both neutrophils and eosi-
nophils (15). In fact, the ARS mutant was found to be defective in
association with Gatal and PU.1, as well as aberrant cooperative
transcriptional activation of eosinophil MaBP. Gatal is primarily

- associated with erythroid and megakaryocyte differentiation,
whereas PU.1 is more important for neutrophil differentiation.
These results are in line with the fact that eosinophils were not
detectable in patients P1 and P2. Taken together, our findings
suggest that the ARS mutation impairs protein-protein interaction
with Gatal and with PU.1, resulting in loss of cooperative tran-
scriptional activation.

A similar mutation has been described in a patient with acute
myeloid leukemia, in which an in-frame 3-bp deletion within the
leucine zipper domain of C/EBPa abrogated the transcriptional
activation function of C/EBPa on the G-CSF receptor promoter
(24). Like the ARS mutant, this mutant lacked a dominant-negative
effect, although its protein-protein interaction with other transcrip-
tion factors remained unexamined. Further investigation will be
necessary to assess whether the ARS mutant also exhibits defective
interaction with other transcription factors such as c-Myb, PML,
p300, E2F1, and Rb (9, 16, 25, 26). Because certain isoforms of
C/EBPe have been reported to inhibit the synergistic activities of
GATA1 and PU.1 (25), we also need to evaluate the isoforms of the
C/EBPe mutants other than the full-length, 32-kDa C/EBPe.

These characteristics of the ARS mutant, wherein modest as-
sociation with €atal and PU.1 is retained and nuclear localization
remains intact, may be associated with less severe clinical symp-
toms of patient Pl. To date, patient P1 has shown no deep organ
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infection, whereas the other patients exhibited more severe pre-
sentation of the disease. The first reported patient with the del5bp
mutation died of complications of pneumonia, and patient P2 suf-
fered from recurrent pneumonia, as well as lung abscess (2, 3). On
the other hand, recurrent bacterial skin abscess that persisted a few
months was observed in all patients with SGD, including patient P1
(27). Skin abscess smears from patient P1 showed that most infil-
trating cells were monocytes and macrophages, some of which
phagocytosed bacteria (data not shown). Monocytes from C/EBPe-
deficient mice exhibited impaired maturation and altered cytokine
expression, such as increased levels of TNF-a and LT, in response
to inflammation (28, 29). In addition, monocyte counts in C/EBPe-
deficient mice were higher than those of WT mice (30). Thus, im-
paired inflammatory response and killing of bacteria by SGD
patients’ monocytes can hinder the healing process, resulting in
unique skin ‘abscesses. Understanding which factors evoke an ab-
normal microenvironment at infectious sites will be necessary to
develop more effective therapeutic approaches for patients with SGD.

In summary, our studies identified a novel in-frame deletional
mutation in the bZIP domain of C/EBPe and demonstrated its
molecular pathogenesis leading to SGD. Comparative analysis of
the C/EBPe- mutations, including the previous frameshift muta-
tions, also clarifies the functional significance of these mutants.
Characterization of C/EBPe genetic defects and functional ab-
normalities will help to define the role of C/EBPe in human
myelopoiesis and innate immunity.
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Abstract

Background Recombination-activating gene (RAG) 1 and 2
deficiency is seen in patients with severe combined immuno-
deficiency (SCID) and Omenn syndrome. However, the spec-
trum of the disease has recently expanded to include a milder
phenotype.

Objective We analyzed a 4-year-old boy who was initially
given the diagnosis of selective immunoglobulin A defi-
ciency (SIgAD) based on immunoglobulin serum levels
without any opportunistic infections, rashes,
hepatosplenomegaly, autoimmunity or granulomas. The
patient was found to be infected with varicella zoster;
however, the clinical course was not serious. He produced
antiviral antibodies.

Methods We performed lymphocyte phenotyping, quantifica-
tion of T cell receptor excision circles (TRECs) and kappa
deleting recombination excision circles (KRECs), an analysis
of target sequences of RAG! and 2, a whole-genome SNP
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array, an in vitro V(D)J recombination assay, a spectratype
analysis of the CDR3 region and a flow cytometric analysis
of the bone marrow.

Results Lymphocyte phenotyping demonstrated that the ratio
of CD4+ to CD&+ T cells was inverted and the majority of
CDA4+T cells expressed CD45RO antigens in addition to the
almost complete lack of B cells. Furthermore, both TRECs
and KRECs were absent. Targeted DNA sequencing and
SNP array revealed that the patient carried a deletion of
RAG! and RAG2 genes on the paternally-derived chromo-
some 11, and two maternally-derived novel RAG1 missense
mutations (E455K, R764H). In vitro analysis of recombina-
tion activity showed that both RAG1 mutant proteins had low,
but residual function.

Conclusions The current case further expands the phenotypic
spectrum of mild presentations of RAG deficiency, and sug-
gests that TRECs and KRECs are useful markers for detecting
hidden severe, as well as mild, cases.
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Abbreviations
RAG Recombination-activating gene

SCID Severe combined immunodeficiency

SigAD Selective immunoglobulin A deficiency

TRECs T cell receptor excision circles

sjJKRECs  signal joint immunoglobulin kappa deleting re-
combination excision circles

¢jKRECs coding joint immunoglobulin kappa deleting re-
combination excision circles

PID Primary immunodeficiency

RAGD RAG deficiency

CVID Common variable immunodeficiency

BMT Bone marrow transplantation

LOH Loss of heterozygosity

GFP Green fluorescent protein

BM Bone marrow

TCR T cell receptor

FISH Fluorescence in situ hybridization

BAC Bacterial artificial chromosome

CID Combined immunodeficiency

\V/AY% Varicella zoster virus

EBMT The European Group for Blood and Marrow

' Transplantation
Introduction

Selective immunoglobulin A deficiency (SIgAD) is the most
common form of primary immunodeficiency (PID) in the
westemn world, affecting approximately 1/600 individuals, al-
though there is marked variability in prevalence among differ-
ent ethnic groups, with a lower frequency in Japanese (1/18,
000) and Chinese (1/4,000) patients, thus suggesting a genetic
basis for this disorder [1].

Complete RAG deficiency (RAGD) without a V(D)J re-
combination activity is associated with classical severe com-
bined immunodeficiency (SCID) and the absence of T and B
cells. Several clinical and immunological subtypes have been
described in patients with hypomorphic RAG mutations, in-
cluding Omenn syndrome (recombination activity of mutated
RAG proteins: <1.5 % of normal) [2—4], leaky SCID (recom-
bination activity 1.5-10 % of normal) [5], and RAGD with
autoimmunity and/or granuloma (recombination activity: 10—
60 % of normal) [6—10]. Engraftment of maternal T cells can
add to the variation in phenotype [11].

We recently performed real-time polymerase-chain-
reaction (PCR)-based quantification of TREC and signal joint
immunoglobulin KREC for mass screening of SCID [12] and
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B lymphocyte deficiency [13] in neonates and to classify com-
mon variable immunodeficiency (CVID) [14]. T cell receptor
excision circles (TRECs) and kappa deleting recombination
excision circles (KRECs) are associated with T and B cell
neogenesis, respectively.

In the present paper, we describe the case of a patient who
was initially given the diagnosis of SIgAD based on immuno-
globulin serum levels with absent TRECs and KRECs caused

by RAGI mutations.

Patient, Materials and Methods
Patient

The patient was the first child of healthy Japanese parents with
no consanguinity. At 4 years of age, he was hospitalized for
pneumonia. He had no history of rashes or hepatosplenomegaly.
Until that age, he had suffered from pneumonia once and otitis
media twice. In addition, he had received standard immuniza-
tions including VZV vaccine at 4 years of age. He developed
varicella 6 month after the first immunization, although the
clinical course was not serious while taking oral aciclovir. Intra-
cutaneous reactions to varicella was positive when tested at age
5, indicating that he had VZV specific T-cells at that time. He
was initially given the diagnosis of SIgAD based on immuno-
globulin serum levels at 4 years of age. (Table 1), and was found
to produce antiviral antibodies including anti-VZV.

Flow Cytometric Analysis

The patient’s peripheral blood mononuclear cells were ana-
lyzed using a FACSCalibur device (Becton Dickinson, USA).

Measurement of TRECs and KRECs

TRECs and KRECs quantification was performed using DNA
samples extracted from the patient’s peripheral blood, as pre-
viously reported [12, 13]. In the process of B-cell maturation,
immunoglobulin kappa deleting recombination excision cir-
cles (KRECs) are produced during k-deleting recombination
allelic exclusion and isotypic exclusion of the light chain.
Coding joint (cj) KRECs reside within the chromosome,
whereas signal joint (sj) KRECs are excised from genomic
DNA. ¢jJKREC levels remain the same after B-cell division,
whereas sjKREC levels decrease, because sjKRECs are not
replicated during cell division.

Sequence Analysis and Whole-Genome SNP Array
Peripheral blood mononuclear cells (PBMC) were isolated via

Ficoll-Hypaque gradient centrifugation. CD4" and CD8" T
cells and CD19" B cells were purified via positive selection
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Table1 Laboratory analysis, lymphocyte phenotyping and TRECs/KRECs at 4 years old and 6 years old (pre and post BMT). The intracutaneous reaction of varicella used a killed varicella, 5-10 mm of
redness is normal range who has cellular immunity to varicella zoster virus

White cell count

4 yearsold 6 years old 6 years old Normal range

Specific antibodies

4 years old Lymphocyte subgroup

4 years old 6 years old 6 years old

Pre Post Pre Post
HSCT HSCT HSCT HSCT
Leukocytes (cells/ul) 4,600 7,000 3800 5500-15,500 EBV-VCA-IgG CD3*(%lymphocyte) 415 46.9 63.6
Lymphocytes (cells/pd) 598 560 646 2,000-8,000 EBV-VCA-IgM CD4"(%CD3™) 37.1 313 359
Granulocytes (cells/ul) 2,116 4655 2812 1,500-8,500 EBV-EBNA CD8"(%CD3™) 375 56.1 59.2
Monocytes (cells/pl)y 230 420 114 500 CMV-IgG CD45RO*(%CD4"CD3+4) 98.0 94.1 88.2
Eosinophils (cells/ul) 1,564 1260 190 300 CMV-IgM HLADR(%CD4*CD3") 479 39.5 40.6
Immunoglobulin VZV-1gG CD45RATCD317(%CD47CD3™) 0.8 1.3 9.3
1gG(mg/dl) 896 1096 1002 565-1,395 VZV-IgM Treg CD127lo/- CD25"(%CD4'CD3") 9.4 6.5 4.1
TgA(mg/dl) <5 1 2 29-190 Measles-IgG CD19"(%lymphocyte) 1.2 5.5 1.9
IgM(mg/dl) 122 45 27 78-315 Measles-IgM CD277(%CD19%) 40.1 50.6 475
IgE(IU/ml) 4 n.d. n.d. 9.9-2200 IgM'TgD ™ (%CD27°CD19%) 23.7 15.2 4.7
IgG1(mg/dl) 637 n.d. n.d. 390.5-1,289.8 IgM gD (%CD27°CD19"%) 474 543 72.6
1gG2(mg/dl) 152 n.d. n.d. 106.4-381.9 NK(%lymphocyte) 40.3 20.5 19.0
IgG3(mg/dl) S n.d. n.d. 12.8-92.5 /6 T(%CD3™) 244 15.0 34
IgG4(mg/dl) 3.2 n.d. o.d. 2.7-66.3 TRECs/KRECs
T cell function TREC(copies /ugDNA) <100 <100 <100
PHA(cpm) 3430 n.d. n.d. 26,000-53,000 ¢jKREC(copies /ugDNA) <100 11400 7150
ConA(cpm) 2430 n.d. n.d. 20,000-48,000 sjKREC(copies /ugDNA) <100 <100 4850
Intracutaneous Redness n.d. n.d. Redness
reaction of varicella 10 mm <4 mm (-)
(++) 5-9 mm (+)
>10 mm (++)
>10 mm+

Induration (+++)
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from PBMCs using monoclonal antibody (mAb)-coated mag-
netic beads, according to the manufacturer’s instructions
{Miltenyi Biotec, Germany). DNA was extracted from blood
samples obtained from the patient and his father, mother,
brother and sister using standard methods. The RAGI and
RAG?2 genes were amplified in several segments from geno-
mic DNA using specific primers, as previously described.
Sequencing of the purified PCR products was performed
using the ABI Prism Big Dye Terminator Cycle sequencing
kit on an ABI 3100 automated sequencer (Applied
Biosystems, Foster, CA).

A copy number and loss of heterozygosity (LOH) analysis
in the patient was performed using a CytoScan HD Array
(Affymetrix, Santa Clara, California, USA), according to the
manufacturer’s protocol. The data were analyzed using the
Chromosome Analysis Suite software program, v1.2. 0.225
(Affymetrix).

Fluorescence in situ hybridization (FISH) analysis was per-
formed with bacterial artificial chromosome (BAC) clones,
RP11-72A10 (11p12) and GS-44H16 (11p15.5).

In Vitro V(D)J Recombination Assay

The recombinase activity of the E455K, R764H mutations
was explored using Abelson-immortalized murine Ragl™
“tg.Ep-bel2 pro-B cells with an intrachromosomal inverted
green fluorescent protein (GFP) cassette flanked by recombi-
nation signal sequences, as previously reported [15].

Flow Cytometric Analysis of the Bone Marrow (BM)

Heparinized samples of bone marrow were obtained from the
patient. Following Ficoll-Hypaque centrifugation, the resul-
tant mononuclear cells were fixed with 4 % paraformaldehyde
(Wako Pure Chemical Industries, Ltd, Osaka, Japan) in PBS
for 15 min at room temperature and then treated with 0.5 %
saponin (Sigma) in staining buffer for 15 min on ice and
thereafter was stained with PE-labeled anti-VpreB, PC5-
labeled anti-CD19 mAbs and FITC-labeled antihuman pH
chain Abs [16]. Then cells were analyzed using a FC500
(Beckman Coulter, K.K., Tokyo, Japan).

Assessment of T Cell Receptor (TCR) Diversity

The expression levels of the TCR V{3 families in the
CD4"CD3" cells and CD8"CD3" cells were detected using
the 1O Test Beta Mark (Beckman Coulter, Brea, California).
The TCRB repertoire was further investigated using CDR3
“spectratyping,” that is, with a quantitative analysis of CDR3s
of different sizes generated by the random insertion/deletion
of nucleotides during V(D)J rearrangement, as previously re-
ported [17]. A normal polyclonal repertoire results in a histo-
gram with a Gaussian-like distribution of CDR3 lengths,
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whereas abnormal patterns display one or more predominant
fragments outside the peak median length [17].

The study protocol was approved by the National
Defense Medical College Institutional Review Board,
and written informed consent was obtained from the
parents of the patient in accordance with the Declaration
of Helsinki.

Results

Lymphocyte Phenotyping, TCR Diversity and TRECs
and KRECs Analysis

Because of the unusual clinical history as a SIgAD, we per-
formed FACS and TRECs and KRECs analysis to define
immunological phenotype of the patient.
Immunophenotyping of the patient’s PBMCs showed a
low number of CD4"T cells. The percentage of CD4" and
CD8" T cells with a CD45RO" memory phenotype was
strongly increased compared with that of CD31" naive T
cells. The TCR repertoire was moderately oligoclonal for
CD4'CD3" and CD8'CD3" cells using flowcytometry
(Fig. 3a) and a spectratype analysis of the CDR3 region of
TCRVB (Fig. 3b). In addition, B cells were almost
completely absent at 4 years of age, although they were
detected at 6 years of age, when IgM memory and switched
memory B cells were also present (Table 1).

In addition, the levels of TRECs, ¢jKRECs and sjKRECs
were undetectable indicated that T cells and B cells neogenesis
were decreased or V(D)J recombination was impaired in the
patient (Table 1).

Sequence Analysis and Whole-Genome SNP Array

Based on the FACS and TRECs/KRECs analysis, he was
suspected of the combined immunodeficiency with develop-
mental defect of T and B cells. Thus we performed DNA
sequencing of RAGI and RAG2 and found two novel and
apparently homozygous missense mutations in RAGI
(E455K, R764H) in PBMCs, CD4" T cells, CD8" T cells

Fig. 1 RAGI mutations. a DNA sequencing identified two apparently B
homozygous missense mutations in RAG! (left:c.1363G>A,
right:c.2291G>A). Each cell subset of the patient was subjected to
sequencing, which revealed no evidence of reversion mosaicism. b The
SNP array analysis identified deletion of approximately 4 Mb extending
from 11p12 to 11p13(chr11:34,401,525-38,380,493;hg19). ¢ Non-
mosaic heterozygous deletion of the 11p region was confirmed on FISH
using BAC clones, RP11-72A10(11p12, blue dot with arrow) and GS-
44H16(11p15.5, red dof). d Schematic representation of chromosome
11p with the deletion and RAGI/RAG2 gene in the patient’s paternally
(P) and maternally (M) derived alleles. te/ telomere, cen centromere. e
Pedigree of the family
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