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iPSCs can be differentiated into the affected cell types or tissues,
allowing direct functional assays to be performed that are associ-
ated with the pathology. Second, because the disease-causing
potential of some mutations is dependent on the genetic back-
grounds of the patients,?8 it may be better to obtain both mutant and
wild-type clones from a single mosaic patient to more accurately
assess the impact of the mutation(s).

Considering that a mutation of NLRP3 in 10% of the cells is
sufficient to cause a distinct disease phenotype, somatic mutations
of various genes at an even rarer frequency may also affect the
biologic characteristics of a person. Because the presence of the
NLRP3 mutation did not affect the efficacy of reprogramming to
the iPSCs, we may be able to obtain both mutant and wild-type
iPSC clones from CINCA syndrome patients who carry NLRP3
mutant cells at a lower percentage. In some discases, such as
Fanconi anemia, however, mutant cells may be resistant to
reprogramming.**40 Even though there are some possible limita-
tions, establishing both mutant and wild-type iPSC clones is a
promising approach to dissect the extent and role of somatic
mosaicism. :

We demonstrated that several inhibitors that are considered to
be effective against CINCA syndrome actually attenuated the
disease-relevant phenotype of iPSC-derived macrophages. Before
a successful drug screening using iPSC-derived somatic cells can
be developed, several limitations need to be overcome, such as the
heterogeneity of differentiation and difficulties associated with
purification.'$ In this report, we used an efficient and robust
differentiation protocol and obtained plenty of macrophages free
from the clonal variations.

In conclusion, we elucidated the pathologic roles of both mutant
and wild-type cells in mosaic CINCA syndrome patients. After
obtaining iPSC-derived macrophages in large quantity and with
high purity, we showed they are applicable for drug screening. The
iPSC-based approach may help to illuminate the pathogenesis of
various diseases that are caused by somatic mosaicism, and
facilitate drug discovery for the treatment of NLRP3-related
inflammatory diseases.
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Introduction

The immune system is one of the most dynamic and complex
systems in biological systems. As is well known, the very basic
function of the immune system is the discrimination between
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the self and non-self. Thus, the immune system is highly criti-
cal in guarding an organism from the invasion of various path-
ogenic agents as well as tumor cells. However, when immune
cells behave abnormally, it could cause serious autoimmune
diseases, because the immune system misrecognizes the self
as a foreign enemy. To achieve such highly sophisticated func-
tions, the immune system is composed of a large number and
variety of cells dynamically regulated in space, time, and cell
population. Because the number of immune cells in the human
body is in the order of trillions, the complexity of the immune
system may be as high as, or even higher than that of human
society. Human sociology is an old multidisciplinary science,
and its approaches are well developed. Thus, when attempting
to tackle immune diseases, we must be prepared to examine
the “sociology of the immune cells.” There are various similar-
ities between societies of human and immune cells from a
sociological ~viewpoint; for example, modern human
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Long-Range immune
Cell Interactions

Short-Range Immune \
Cell Interactions

inflammation

In the immune system, short- and long-range interac-
tions among cells play key roles in a variety of
immune events. The short-range interactions are crit-
ical in a cell-cell recognition phase, which is fol-
lowed by activation and effector phases. In the latter
phases, the long-range interactions mediated by
cytokines evoke a variety of cell functions such as
macrophage activation, B- and T-cell activation,
inflammation, and chemotaxis. Cell illustrations

shown here were prepared with a PPT-Toolkit-Immu-
nology from Motifolio (MD).
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communication systems remind us of cytokine signaling among
immune cells. When considering immune cell sociology, we
should carefully estimate (i) the variability of single cells in
time and population and (ii) the social behavior of cells result-
ing from reciprocal interactions. Now that a wealth of infor-
mation regarding cellular and molecular “parts” of immune
systems has been amassed, it is time to start seriously consid-
ering how to approach the exciting concept of “immune cell
sociology.”

In general, the complexity of the system emerges from a
variety of interactions among the constituents of the system. It
is well known that cell-cell interactions play a pivotal role in
the homeostasis of the immune system. Cell-cell interactions
are classified into two groups, namely, short- and long-range
interactions. A representative example of the short-range
interactions is mediated by physical contact between cells via
surface molecules (Fig. 1). In contrast, a majority of long-
range - interactions among cells are via humoral factors,
whereas other mechanisms such as membrane nanotube and
electric signals also work in some cases. In particular, cyto-
kines serve as a representative set of humoral factors in the
immune system, and they function as excellent mediators to
convey cellular signals to cells, including those that are dis-
tantly positioned, because of their extremely low biologically
effective concentration. The aim of this review is to outline
current technologies for monitoring secretion processes of

Shirasaki et al.
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cytokines from immune cells, even at the single-cell level, and
to raise a provocative discussion as to how the heterogeneity
of immune cells in terms of cytokine secretion could affect the
“social” behavior as a whole.

Cytokine Profiles of Immune Cells

Comprehensive analysis of secretory proteins, sometimes
called “secretome” analysis, has been recently achieved by
mass spectrometry (1). However, cytokine amounts are fre-
quently below the practical detection limit of the most
advanced proteome approaches based on mass spectrometry.
Thus, antibody-based assays remain the gold standard for
cytokine quantification. In addition, because an immunoassay
system with multiplexity higher than 20 has become commer-
cially available since the last decade, it is feasible to compre-
hensively monitor cytokine levels simultaneously. While these
cytokine profiles of immune cells under various culture condi-
tions must be informative when dealing with immune cell soci-
ology, unfortunately, these data are dispersed in the literature.
Thus, we performed cytokine profiling of immune cells by our-
selves and made the information available on RefDIC (http:/
refdic.rcai.riken.jp), a website originally constructed to provide
the research community with reference transcriptome/pro-
teome datasets of immune cells. It enables researchers to
browse cytokine profiles with mRNA profiles of cytokine and/or
cytokine receptor genes in a comparative manner on the same
platform (2). Figure 2 shows an example of clustering of cyto-
kine profiles of mouse immune cells under different culture
conditions (unpublished results). These data obtained by bulk
assays should be very informative to enable the understanding
of the state of a cell ensemble. However, it is unclear whether
the cell ensemble is composed of a homogeneous population at
this stage. To understand complex and dynamic behaviors of
the immune system, behaviors of individual cellular agents are
very critical from a sociological viewpoint. Although the analy-
sis of protein secretion from single cells used to be highly chal-
lenging in the past, the situation has changed drastically, as
described below.

Available Methods for Monitoring
Protein Secretion from Single Cells

Single-cell analysis is a very active field in technology develop-
ment (3), and many interesting methods have been developed.
For example, single-cell mass cytometry dramatically
increases the amounts of information obtained by a single ex-
perimental run than by conventional fluorescence-based
cytometry, greatly contributing to the understanding of signal
transduction systems (4). However, most of the methods are
designed for intracellular biomolecules. Single-cell mRNA
analysis has been used for estimating the expression of cyto-
kines and/or other secretory proteins. However, as the
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secretion of some cytokines—particularly proinflammatory
cytokines such as those without conventional signal sequen-
ces—cannot be estimated from their mRNA levels, cytokine
profiling should be done at the protein level. As for protein
secretion, several single-cell methods have been also reported.
Table 1 lists the methods reported in the relevant literature
(5-10). Each method has its own advantages and disadvan-
tages, as shown in Table 1. It is worth noting that all the
methods shown here detect the secreted molecules as a snap-
shot. What kind of new information can be obtained by single-
cell secretion assays? Figure 3 displays the typical data of sin-
gle-cell secretion rates obtained by the microengraving method
by our team (Shimura et al., manuscript in preparation). In
this case, a macrophage-like cell line (J774.1 cells) was treated
with lipopolysaccharide (LPS) and was monitored for the
secretion rate of interleukin-6 (IL-6) between 4 and 5 h after
the treatment. A conventional bulk assay of IL-6 demonstrated
that J774.1 cells started to secrete IL-6 2 h after the treatment
and kept increasing the secretion rate till 5 h. The data shown
in Fig. 3 revealed that the secretion of IL.-6 resulted from the

2 Clustering of cytokine profiles of immune cells. As an example, cytokine profiles measured with a mouse Bio-Plex cytokine

~ panel (Bio-Rad Laboratories, CA) are clustered and indicated as a heat map. Cytokine concentrations are median-normalized
among samples and expressed as log, values of those divided by the median value. While cytokine profiles allow us to cluster
- each immune cell type separately, they are considerably modulated by external conditions as well.

increase in the number of secreting cells and the amounts of
secreted IL-6 from each single cell. However, it should be
noted that about 40% of the cells did not secrete IL-6 above
the detection limit, even 4 h after the LPS stimulation, which
cannot be seen from the bulk data. Thus, while many new,
unaddressed questions arise from such data, it is evident that
the immune cells respond to an external stimulation differently
even in an ensemble of cloned, genetically identical cells. In
our data, although the secretion profile and the time course of
cytokine induction varied from cytokine to cytokine, none of
the cytokine profiles became normally distributed.

Real-Time Monitoring of Cytokine
Secretion from Single Immune Cells

As described above, the single-cell secretion assay revealed
large cell variability in the population context, which is critical
for a sociological viewpoint. However, the data are snapshots
of the cell ensemble and do not provide us with information on

///1/ " Single-cell secretion assay systems

Quantitativeness

Method

Throughput/assay

Recovery of cells Data type® Reference

Low

Quantitative ELISpot

~ 10° cells

Impossible Snapshot (5)

Immunospot array chip Low

>10% cells

Possible Snapshot (7).

Gel microdrop assay Medium

>10° cells

Possible Snapshot (9)

@ Secreted proteins are not detected simultaneously with the secretion process but are detected postreaction with the labeled detection
antibody.
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Population distribution of IL-6 secretion rates after LPS induction. (A) The principle of the microengraving method (8) is illus-
trated. In a closed microwell, cells are allowed to secrete proteins, which are captured by capture antibodies on a solid support.
After incubation for a specified time, the bound secreted proteins are quantified by fluorescence intensities from detection anti-
bodies on the solid support. (B) The population distribution of IL-6 secretion rates of J774.1 cells was obtained by the microen-

. graving method. The secretion rates shown here are calculated from the accumulated amounts of IL-6 secreted between 4 and

5 h after LPS stimulation.

cell dynamics. The single-cell dynamics along time is another
important property (11), and it also has great significance in
the field of immune cell sociology. While large cell-to-cell var-
" iations in cytokine secretion rate were observed on a snapshot
in the population context as described above, we cannot know
how stable such a biased distribution of cytokine secretion
rates is. Just in case the cell heterogeneity of cytokine secre-
tion rates can be averaged within a time range of cellular
events, it may not be so critical from a sociological viewpoint.
In this regard, we have already developed a real-time monitor-
ing system for antigen-antibody complexes in picoliter-scale
microwells (12) and have modified it for monitoring protein
secretion. In addition, we considered the following two points
in developing the real-time monitoring system: (i) intracellular
events can also be monitored, when necessary, in parallel with
the detection of secreted molecules and (ii) cells can be
retrieved at a specified timing. For these purposes, a new mi-
crowell device equipped with total internal reflection illumina-
tion was produced (13). While methodological details of this
method will be reported later (Shirasaki et al., manuscript in
preparation), this new system, for the first time, enables simul-
taneous monitoring of cytokine secretion and intracellular
events (anything seen on the same microscopy platform, such
as translocation of transcription factors, membrane intactness,
changes in Ca®* concentration, etc.) in real time, as well as

the analysis of mRNA/protein levels of a single cell at the time

of interest. In particular, it should be emphasized that the
monitoring of protein secretion is absolutely compatible with
bioimaging. ,

By using the real-time monitoring system, we can follow
the changes in cytokine secretion along time. Figure 4 shows a
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snapshot of the assay where the secretion of two cytokines (IL-
6 and CCL2) from M(/9 cells, a mast cell-like cell line, were
simultaneously monitored, indicating that secretion rates of
the two cytokines have a low correlation with each other.
Because these two cytokines are induced by treatment with a
phorbol ester, M(/9 cells respond differently to the external
signal in terms of IL-6 and CCL2 secretion. Because the low
correlation of secretion rates of multiple cytokines thought to
be under the same induction pathway is frequently observed,
it is very likely that cell heterogeneity in cytokine secretion
originates from stochasticity. Although it is not evident from
Fig. 4, our data indicated that the stochastic differences in
cytokine secretion at the single-cell level lasted for more than
8 h. As demonstrated in this example, it now becomes possible
to delineate cytokine secretion from single cells not only in a
population context but also with time.

How Does Heterogeneity of Cytokine
Secretion of Immune Cells Affect Our
View of Immune Cell Sociology?

In general, cell heterogeneity could originate from (i) stochas-
ticity, (ii) epigenetic factors, or (iii) genetic factors, while heter-
ogeneity in external conditions and cell cycle state may also
affect it to some extent. In experiments using a cloned cell
population, cell-to-cell variations are most likely to be derived
mainly from the stochasticity of multilayered processes, includ-
ing transcription, translation, and protein transfer. After a pio-
neering study by Ko (14), stochasticity in gene expression is
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the ratio of MFls varied widely from cell to cell.

being actively explored (15). It is widely accepted that tran-
scription/translation processes are stochastic at the single-cell
level, which is no surprise because these processes are gov-
erned by a relatively small number of molecules. In other
words, cell responses are intrinsically noisy. Thus, an impor-
tant and obvious question is how the immune system main-
tains homeostasis when using such noisy cells.

What kind of new insights can we get from these new lines
of information? From a viewpoint of immune cell sociology,
the cause of cell heterogeneity does not matter but its dynam-
ics does. We have vaguely assumed that such a stochastic
effect does not last long; however, our data, as well as those
reported by other groups, indicate that it takes relatively long
(hours to days) (16,17). Thus, when we consider immune
events responding within a short range of time (i.e., hours),
the cell-to-cell variations caused even by stochastic transcrip-
tion/translation cannot be neglected at all. An analytical
framework for linking stochastic dynamics to population distri-
bution was discussed by Friedman et al. (18), and the real sit-
uation was described as being more complex, thus necessitat-
ing experimental measurements to understand it at the single-
cell level.

Rand et al. (19) reported that the key steps of virus-
induced signal transduction, interferon (IFN)-beta expression,
and the induction of IFN-stimulated genes take place stochasti-
cally. According to the authors, the origin of stochasticity
seems to be cell-intrinsic noise in transcription and/or transla-
tion. Coherent, robust, antiviral protection in spite of multilay-
ered cellular stochasticity is explained to be achieved through
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7, Simultaneous measurements of secretion of IL-6 and CCL2 in real-time. Principle of real-time monitoring system of protein
7 secretion from a single cell. A microwell is fabricated with Cytop to enable us to detect protein secretion in real-time by total
- internal reflection illumination, as described (12). Fluorescent sandwich complexes of secreted protein and antibodies captured
on the solid support are quantified. The top of the microwell is open for the following two reasons: to keep cells healthy during
observation and to allow cell retrieval at the time specified. Detection of IL-6 and CCL2 secretion from MC/9 cells after treat-
ment with a phorbol ester. The secretion of IL-6 and CCL2 from single MC/9 cells 4 h after treatment with a phorbol ester is
illustrated. Each dot indicates medians of fluorescence intensity (MFI) of IL-6 and CCL2 signals form a single cell. As shown,

intercellular communication, which is likely to be a widely
used strategy by mammalian cells to cope with pervasive sto-
chastic signaling and gene expression. However, in this sce-
nario, cell-intrinsic noise is considered disadvantageous for
the cell society. Is this always the case? In fact, as long as we
consider events that protect cells from destruction, heteroge-
neity might be undesirable, because the number of cells pro-
tected becomes smaller than the coherent cell ensemble. How-
ever, if all the cells are subjected to extracellular attacks to
induce cell death, heterogeneity might have a positive mean-
ing, because at least a small fraction of cells might survive and
save the whole system. Because cytokines play a key role in
communication among immune cells, cell-to-cell variations in
cytokine secretion could be a strategy to make the “society”
flexible and tough in some cases. ‘

The other two reasons, epigenetic and genetic causes,
which may generate cell-to-cell variations, are equally or
more important than stochasticity from a viewpoint of immune
cell sociology. Epigenetic variations are actively explored in
their action and regulation at present and will offer us intrigu-
ing pieces of information on immune cell sociology. Epigenetic
differences frequently result in differences in cell types, which
offer a conceptual basis for each immune cell type in conven-
tional immune cell sociology. When epigenetically different
cells are functionally distinct, they are conventionally desig-
nated as different cell modules (i.e., helper T cells, B cells, NK
cells, etc.) in immune cell society. While it has been a rela-
tively macroscopic view, such heterogeneities have been
accounted for in immunology.
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Genetic variations may be practically more important than
stochasticity and genetic factors. A well-known example is
found in cancer, where a somatic mutation is first introduced
in a very limited number of cells, and the mutant cells are
killed, maintained, or expanded under the surveillance by the
immune system (20). This is really a matter of immune cell
sociology. Another interesting example is found in autoinflam-
matory disease, a type of primary immunodeficiency disease.
Chronic infantile neurological cutaneous and articular syn-
drome (CINCA), also known as neonatal-onset multisystem
inflammatory disease, is characterized by urticarial rash, neu-
rological manifestations, and arthropathy. This dominantly
inherited systemic autoinflammatory disease is provoked by
somatic mosaicism of gain-of-function NLRP3 mutations as
well as a heterozygous germline mutation (21). Furthermore,
we recently reported a reliable genetic diagnostic method
using massive, parallel DNA sequencing (22). The mutation of
NLRP3 activates the inflammasome and is considered to result
in the release of a large amount of IL-14. Thus, in the pres-
ence of even a small fraction of mutated cells, CINCA patients
might develop a fever. This may be a good example that a
small fraction of anomalously behaving cells leads the whole
body to a diseased state. Thus, somatic mutation-induced dis-
eases like the CINCA syndrome may serve as a good model to
explore how the homeostasis is interrupted or maintained in
the presence of such cellular heterogeneity. In this regard, it is
interesting to note that periodic fever is observed in CINCA
patients, because the oscillating biological events have been
actively studies by mathematical modeling for long time (23).

Now that it has become feasible to monitor secretory pro-
teins, as well as intracellular ones at the single-cell level, we
can delve into the details of immune cell society at the micro-
scopic level, that is, at the single-cell resolution, if we want.
Although such a microscopic analysis might not be always nec-
essary, it must be highly informative, particularly in those
cases where the whole system is affected by a small group of
heterogeneous immune cells. In such cases, the long-range
cellular interactions mediated by cytokines must play a key
role. We anticipate that it might unravel a new paradigm of
immune cell sociology.

Future Perspectives of the Cell-Cell
Interactome at the Single-Cell Level:
What are the Implications for Immune
Cell Sociology?

The term “cell sociology” was first used in the field of morpho-
genesis (24). In this review, the term is used for the demon-
stration of orderliness rather than the dynamic nature of the
biological system. Although the term “cell sociology” may be
~ considered an equivalent of “systems biology” in some con-
texts in this review, we intentionally use it to emphasize the
complexity and dynamics of the system. For instance, modern
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human society has become highly global and dynamié as a
consequence of people connecting and interacting via the
internet, which is analogous to the situation of the immune
system governed by long-range interactions with cytokines.
Similarly, the study of how proteins interact with each other
and are spatially arranged is designated as “molecular sociol-
0gy” (25), which also has the sole emphasis on the importance
of the complex interactions among common constituents of the
“society.” In this regard, short-range interactions mediated by
cell-cell contact may be analogous to face-to-face communica-
tions in human, which are observed even in primitive society.
The issue of how homeostasis is maintained with intrinsically
noisy agents is an interesting aspect to address, and it might
be analogous to the stabilization of the ‘human society, which
comprises considerably heterogeneous individuals from a
sociological viewpoint. In both cases, as far as long-range
interactions are functioning, individuality can be harnessed
such that the system as a whole responds to external pertur-
bations in a harmonious and robust manner.

In this context, to get a comprehensive understanding of
the immune system, we propose to take sociological
approaches in immunological studies. A good lesson to learn
from sociology is that it is a multidisciplinary and multiscale
science; many different approaches, ranging from micro level
to macro level, are eventually integrated to interpret a variety
of social events. In the case of immune cell sociology, regula-
tion of long-range interactions among immune cells must be a
critical issue, requiring an understanding at the micro level of
individual cell agents, as well as the macro level, where the
immune events are explained as a consequence of interactions
among immune cellular modules (.e., functional cellular
ensembles with particular cellular designations). While
immune cell sociology at the macro level has a long and suc-
cessful history and is already well developed, advances of sin-
gle-cell analysis technologies enable us to decipher the inter-
actome of immune cells at a deeper resolution. What is
expected is to integrate these multiscale data into a sociologi-
cal view of the immune system. Although still in infancy, inter-
actome analysis of immune cells at the single-cell level might
elucidate unexpected mechanisms underlying the maintenance
and destruction of immune homeostasis in the future, which
would enable us to develop a new way to tackle various
immune diseases.
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The derivation of induced pluripotent stem (iPS) cells from indi-
viduals of genetic disorders offers new opportunities for basic
research into these diseases and the development of therapeutic
compounds. Severe congenital neutropenia (SCN) is a serious
disorder characterized by severe neutropenia at birth. SCN is
associated with heterozygous mutations in the neutrophil elastase
[elastase, neutrophil-expressed (ELANE)] gene, but the mecha-
nisms that disrupt neutrophil development have not yet been clar-
ified because of the current lack of an appropriate disease model.
Here, we generated iPS cells from an individual with SCN (SCN-iPS
cells). Granulopoiesis from SCN-iPS cells revealed neutrophil mat-
uration arrest and little sensitivity to granulocyte-colony stimulat-
ing factor, reflecting a disease status of SCN. Molecular analysis of
the granulopoiesis from the SCN-iPS cells vs. control iPS cells
showed reduced expression of genes related to the wingless-type
mmtv integration site family, member 3a (Wnt3a)/B-catenin path-
way [e.g., lymphoid enhancer-binding factor 1], whereas Wnt3a
administration induced elevation lymphoid enhancer-binding factor
1-expression and the maturation of SCN-iPS cell-derived neutrophils.
These results indicate that SCN-iPS cells provide a useful disease
model for SCN, and the activation of the Wnt3a/g-catenin pathway
may offer a novel therapy for SCN with ELANE mutation.

apoptosis | unfolded protein response | SCN disease model

S evere congenital neutropenia (SCN) is a heterogeneous bone
marrow (BM) failure syndrome characterized by severe
neutropenia at birth, leading to recurrent infections by bacteria
or fungi (1). SCN patients reveal an arrest in neutrophil differ-
entiation in the BM at the promyelocyte or myelocyte stage (1),
as well as a propensity to develop myelodysplastic syndrome and
acute myeloid leukemia (2). Current treatment by high-dose
granulocyte-colony stimulating factor (G-CSF) administration
induces an increase in the number of mature neutrophils in the
peripheral blood of most SCN patients (3). Although this treat-
ment is curative for the severe infections, there is a concern that
high-dose G-CSF may increase the risk of hematologic malignancy
in these individuals (4).

Several genetic mutations have been identified in SCN patients.
Approximately 50% of autosomal-dominant SCN cases were
shown to have various heterozygous mutations in the gene encod-
ing neutrophil elastase [elastase, neutrophil-expressed (ELANE)]
(5, 6), a monomeric, 218-amino acid (25 kDa) chymotryptic serine
protease (7) that is synthesized during the early stages of primary
granule production in promyelocytes (8, 9). However, the mech-
anism(s) causing impaired neutrophil maturation in SCN patients
remains unclear due to the current lack of an appropriate
disease model.

www.pnas.org/cgi/doi/10.1073/pnas. 1217039110
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Results and Discussion

In the present study, we generated induced pluripotent stem

(iPS) cells from the BM cells obtained from an SCN patient with
a heterologous ELANE gene mutation (exon 5, 707 region,
C194X) (SCN-iPS cells) to provide the basis for an SCN disease
model. The patient who donated BM cells recurrently suffered
from severe infections without exogenous G-CSF administration,
but the G-CSF administration once a week prevented his repe-

ated infection. The SCN-iPS cells continued to show embryonic

stem cell morphology after >20 passages and also expressed
pluripotent markers (Fig. 814). The silencing of exogenous
genes and the capability to differentiate into three germ layers by
teratoma formation were confirmed for each of the three SCN-
iPS cell clones (Fig. S1 B and (). Furthermore, the same
ELANE gene mutation that was present in the patient persisted
in the SCN-iPS cells (Fig. S1D). The SCN-iPS cells, as well as
control iPS cells that were generated from healthy donors, had
the normal karyotype (Fig. $1£) (10, 11) and no mutations in the
mutation-sensitive region of the G-CSF receptor gene (12).

We first compared the hematopoietic differentiation from
SCN-iPS cells with that from control iPS cells that were gener-
ated from healthy donors. SCN-iPS and control iPS cells were
cocultured with a 15-Gy-irradiated murine stromal cell line (the

AGM-S3 cell line), as reported (13). After 12 d, the cocultured

cells were harvested, and the CD34% cells separated from these
cells (SCN-iPS~-CD34% and control iPS-CD34* cells, respec-
tively) were cultured in a hematopoietic colony assay by using
a cytokine mixture (Materials and Methods). The number and size
of the erythroid (E) and mixed- hneage (Mix) colonies derived
from SCN-iPS-CD34* cells (1 x 10* cells) were nearly identical
to those of the corresponding colonies derived from control iPS—
CD34* cells (E colonies: SCN-iPS cells, 11.0 + 3.0, and control
iPS cells, 11.4 + 3.9; Mix colonies: SCN-iPS cells, 25.1 + 7.2,
and control iPS cells, 17.4 + 4.0) (Fig. 1 B and C and Fig. 52 4
and B). However, the number of myeloid colonies derived from
SCN-iPS-CD34* vs. control iPS-CD34% cells was significantly
lower (SCN-iPS cells, 47.4 + 19.5; control iPS cells, 127.8 + 17.9;
P < 0.01), and the size of the colonies was also smaller (Fig. 1.4
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Fig. 1. Impaired neutrophil development from SCN-iPS cells. (4-C) A hematopoietic colony assay was performed by using 1 x 10% CD34" cells derived from
three SCN-iPS cell clones (SPN0101, SPN0102, and SPN0103) and three control iPS cell clones (controls 1, 2, and 3) in the presence of a cytokine mixture. .
Colonies were sorted as myeloid (A), erythroid (B), and mixed-lineage (Mix) (C). Data are shown as mean =+ SD. (D) Photographs of colonies (Left; 100x) and
cells in a GM colony (Right; 400x; May-Griinwald-Giemsa staining). (E) A hematopoietic colony assay with dose escalation of G-CSF was performed by using
1 % 10° CD34* cells derived from SCN-iPS and control iPS cells. Filled and open bars indicate small colonies consisting of <100 cells and large colonies consisting
of >100 cells, respectively. Data are shown as the average of three independent experiments. (F) Photographs of a small colony derived from SCN-iPS cells
(SPN0102) in the presence of 10 ng/mL G-CSF, large colonies derived from SCN-iPS cells in the presence of 1,000 ng/mL G-CSF, and large colonies derived from
control iPS cells (control 1) in the presence of 10 ng/mL G-CSF. (Scale bars, 200 pm.)

and D). In particular, only a few SCN-iPS cell-derived granulocyte ~ G-CSF used (1,000 ng/mL). Furthermore, large colonies consist-
(G) colonies—myeloid colonies consisting of only granulocytes—  ing of >100 cells derived from SCN-iPS cells were only found with
were detected (Fig. 14). SCN-iPS cell-derived granulocyte-  higher concentrations of G-CSF (Fig. 1F). Thus, granulopoiesis
macrophage (GM) colonies—myeloid colonies consisting of initiated from SCN-iPS cells was relatively insensitive to G-CSF,
macrophages/monocytes with/without granulocytes—contained a  reflecting the inadequate in vivo response of neutrophils to G-CSF
few immature myeloid cells in addition to macrophages/monocytes, in SCN patients (14, 15). Therefore, these results support the
whereas control iPS cell-derived GM colonies included a substantial ~ applicability of the SCN-iPS cells established herein as a disease
number of mature, segmented, and band neutrophils (Fig. 1D). - model for SCN.

We also found that Mix colonies derived from SCN-iPS cells, To examine -neutrophil development from SCN-iPS cells in
but not control iPS cells, contained immature myeloid cells and  more detail, SCN-iPS and control iPS-CD34% cells (1 x 10% cells
few mature neutrophils (Fig. $2 € and D). Next, we conducted  each) were cocultured in suspension with AGM-S3 cells in the
a hematopoietic colony assay using various concentrations of  presence of neutrophil differentiation medium ($7 Materials and
G-CSF alone instead of the cytokine mixture to examine the  Methods). The number of nonadherent cells derived from SCN-
G-CSF dose dependency of neutrophil differentiation from SCN-  iPS-CD34™ cells was lower than that from control iPS-CD34"*
iPS and control iPS-CD34™ cells. For all concentrations of G-CSF  cells on day 14 of culture (SCN-iPS cells, 9.77 x 10* + 1.65 x 10*
used (1-1,000 ng/mL), the SCN-iPS cell-derived myeloid colonies  cells; control iPS cells, 52.48 x 10* + 23.13 x 10* cells; P < 0.05)
were significantly lower in number and smaller in size than the - (Fig. 24). The proportion of mature neutrophils among the
control iPS cell-derived myeloid colonies (Fig. 1E). Myeloid col- nonadherent cells was also significantly lower for SCN-iPS cells
ony formation from control iPS cells reached a platean at ~1-10  relative to control iPS cells on day 14 (SPN-iPS cells, 15.53% +
ng/ml. G-CSF, whereas the number and size of those from SCN-  4.33%; control iPS cells, 71.285 + 3.30%; P < 0.05) (Fig. 2 B and
iPS cells gradually increased with increasing concentrations of (), indicating that myeloid cells derived from SCN-iPS cells
G-CSF. However, the values observed for SCN-iPS cells did not  revealed the maturation arrest in the neutrophil development.
reach those for the control iPS cells, even at the highest dose of ~ We then examined a possibility that the maturation arrest in SCN-
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Fig. 2. Analysis of impaired neutrophil development from SCN-iPS cells. (A) Total number of nonadherent cells in the suspension culture of 1 x 10* CD34*

cells derived from SCN-iPS and control iPS cells. Data are shown as mean «+ SD. *P < 0.01. (B) Photographs of nonadherent cells derived from SCN-iPS (SPN0103)
and control iPS cells (control 1) on day 14 of culture (400x; May-Griinwald-Giemsa staining; scale bars, 50 pm.) (C) Filled and open bars show the proportion of
mature neutrophils among the cells derived from SCN-iPS (filled bars) and control iPS (open bars) cells on day 14 of suspension culture. Data are shown as
mean + SD. *P < 0.05. (D) Flow cytometric analysis of annexin V expression on cultured cells from SCN-iPS cells (SPN0102) or control iP$ cells (control 1) on day 7.
(E) Sequential gRT-PCR analysis of the relative expression of ELANE mRNA [ELANE/hypoxanthine-guanine phosphoribosyltransferase (HPRT) expression]. Data
obtained from independent experiments using three SCN-iPS cell clones (SPN0101, SPN0102, and SPN0103) and three control iPS cell clones are shown as mean +
SD. **P < 0.01. (F and G) CD34* cells derived from SCN-iPS or control iPS cells were cultured in neutrophil differentiation medium (see text). On day 7, non-
adherent cells were collected and analyzed. (F) Representative gel showing spliced (S} and unspliced (US) XBP-1 bands on day 7. (G) gqRT-PCR analysis of the
relative mRNA expression (target/HPRT expression) of BiP on day 7. Data are shown as mean =+ SD. *p < 0.05; different from control 1). (H) gRT-PCR analysis
of the relative mRNA expression (target / HPRT expression) of (/EBP-a, CVEBP-B, (/EBP-¢, SPI1, and BCL2 genes in non-adherent cells derived from SCN-iPS cells
(filled bars, SPN0103) and control iPS cells (open bars, control 1) on day 2 of suspension culture. Data are shown as the mean =+ the s.d. (**P < 0.01, *P < 0.05).

iPS cell-derived myeloid cells might be caused by their apoptosis.
In flow cytometric analysis, SCN-iPS cell-derived myeloid cells
contained a significantly higher proportion of annexin V-positive
cells than control iPS-derived myeloid cells on day 7 of culture,
suggesting that the maturation arrest in myeloid cells derived from
SCN-iPS cells might be caused by their apoptosis (Fig. 2D).

We next examined ELANE mRNA expression levels in
nonadherent cells derived from SCN-iPS vs. control iPS cells
(Fig. 2E). ELANE expression was significantly lower in non-
adherent cells derived from SCN-iPS vs. control iPS cells on
days 2 and 4 of culture (P < 0.01), as reported (16, 17).
However, the former was a little higher than the latter on day 7
(P < 0.01). This result may be explained by the existence of
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SCN-iPS cell-derived myeloid cells arrested at an early stage
along the neutrophil differentiation pathway even on day 7 of
culture. We also examined the expression of proteinase 3 and
azurocidin, which comprise a family of closely related genes
encoding neutrophil granule proteins along with ELANE, and
found these genes were more highly expressed on day 4 (Fig. S3).

It has been reported that induction of the endoplasmic re-
ticulum stress (ER) response and the unfolded protein response
(UPR) has been advanced as a potential explanation for the
molecular pathogenesis of SCN (18, 19). Thus, we examined ac-
tivation of the UPR by X-box binding protein 1 (XBP-1) mRNA
splicing on day 7. As shown in Fig. 2F, SPN-iPS cells induced
XBP-1 mRNA splicing. We also found the up-regulation of BiP
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(also known as GRP78 or HSPAS) (Fig. 2G). These results sug-
gested that ER stress response and UPR might be involved in the
pathogenesis in SCN.

To examine further the differences in gene expression between
the two cell types, a microarray analysis was carried out by using
CD34* cells derived from SCN-iPS and control iPS cells (three
clones of each) in suspension culture on day 2. At this early time
point, differences in cell number and morphology were not yet
readily discernible between SCN-iPS and control iPS cells, as
shown in Fig. 24. However, the microarray analysis revealed
a differential expression of various genes between the two cell
types. Transcription factor genes, which were related to neu-
trophil development [e.g.,, CCAAT/enhancer-binding protein
(C/EBP)-a (20), C/EBP-f (21), C/EBP-¢ (22), and SPI1 (also
known as PU.1) (23)], were all down-regulated in SCN-iPS cells.
B-cell chronic lymphocytic leukemia/lymphoma 2, which regu-
lates cell death under ER stress through the core mitochondrial
apoptosis pathway (24), was also down-regulated (Fig. 34).
These findings were confirmed by quantitative reverse-tran-
scriptional PCR (qRT-PCR), as shown in Fig. 2H.

Notably, the down-regulation of the genes in SCN-iPS cells
related to and regulated by the wingless-type mmtv integration
site family, member 3a (Wnt3a)/p-catenin pathway [e.g., Wnt3a,
lymphoid enhance-binding factor (LEF)-1, BIRC5 (also known
as survivin), and cyclin D1] was also uncovered by microarray
analysis and qRT-PCR (Fig. 3 A-C and Fig. S4). Therefore, we

examined the effect of enhancement of Wnt3a/B-catenin signal-
ing by exogenous Wnt3a addition on the neutrophil development
of CD34"% cells derived from SCN-iPS and control iPS cells.
Although Wnt3a did not stimulate the survival, proliferation, and
differentiation of CD347 cells derived from both iPS cells in the
absence of cytokines stimulating myelopoiesis including G-CSF,
the addition of Wnt3a to the neutrophil differentiation medium
induced a dose-dependent increase in the percentage of mature
neutrophils among the cultured cells, as shown in Fig. 3 D and
E. Furthermore, when Wnt3a was added concurrently with
1,000ng/mL G-CSF, the proportion of mature neutrophils in-
creased more than it did with Wnt3a or 1,000 ng/mL G-CSF alone,
reaching a value comparable with that observed for control iPS
cells (Fig. 4 A4 and B).

The reduced expression of LEF-1 (as regulated by the Wnt3a/
B-catenin pathway) reportedly plays a critical role in the defective
maturation of neutrophils in SCN patients (25). Therefore, we
next examined LEF-1 mRNA expression in SCN-iPS-CD34*
cells cultured in the presence of Wnt3a, G-CSF (1,000 ng/mL),
or both. Wnt3a and G-CSF both enhanced LEF-1 mRNA ex-
pression, but the most significant increase was observed in the
presence of Wnt3a plus G-CSF. LEF-1 expression in SCN-iPS-
CD34™ cells in response to Wnt3a plus G-CSF was almost the
same as that in control iPS-CD34™" cells (Fig. 4C). These resuits
substantiate the importance of LEF-1 in neutrophil development
and the pathogenesis of SCN, as shown (25). Moreover the
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Fig. 3. Effects of Wnt3a on neutrophil development from SCN-iPS cells. (4) Heat map showing differential gene expression among SCN-iPS and control iPS
cells on day 2. Red, high gene expression; blue, low gene expression compared with gene expression in control 3. (B) gRT-PCR analysis of the relative mRNA
expression (target/HPRT expression) of Wnt3a on day 2. Filled and open bars indicate experiments using SCN-iPS cells (SPN0101, SPN0102, and SPN0103) and
control iPS cells (controls 1, 2, and 3), respectively. Data are shown as mean + SD. *P < 0.05. (C) qRT-PCR analysis of the relative expression (target/HPRT
expression) of genes regulated by the Wnt3a/p-catenin pathway (LEF-1, survivin, and cyclin D1) in SCN-iPS cells (filled bars, SPN0103) vs. control iPS cells (open
bars, control 1) on day 2 of suspension culture. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Proportion of mature neutrophils among the cells
derived from SCN-iPS cells (SPN0102) on day 14 of suspension culture with dose escalation of Wnt3a. Data are shown as mean + SD. **P < 0.01. (E) Pho-
tographs of nonadherent cells on day 7 of suspension culture with or without Wnt3a (500 ng/mL) (400x; May-Griinwald-Giemsa staining).
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Fig. 4. Effects of Wnt3a in combination with high-dose G-CSF. (A) Filled and open bars show the proportion of mature neutrophils among the cells derived
from SCN-iPS cells (SPN0101) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); 1,000 ng/mL G-CSF (GCSF 1,000 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a +
GCSF 1,000 ng/mL); and that from control iPS cells (controls 1 and 2) cultured in the neutrophil differentiation medium containing 10 ng/mL G-CSF, respectively.
Data are shown as mean = SD. **P < 0.01; *P < 0.05. {B) The proportion of mature neutrophils among the cells derived from three SCN-iPS cell clones (SPN0101,
SPN0102, and SPN0103) on day 14 of suspension culture in the presence of neutrophil differentiation medium containing 10 ng/mbL G-CSF (GCSF 10 ng/mL);
500 ng/mL Wnt3a and 10 ng/mL G-CSF (Wnt3a+GCSF 10 ng/mL); or 500 ng/mL Wnt3a and 1,000 ng/mL G-CSF (Wnt3a + GCSF 1,000 ng/mL). Data are shown
as mean + SD. **P < 0.01; *P < 0.05. (C) Filled and open bars show the relative expression (target/HPRT expression) of LEF-1 mRNA in SCN-iPS cells (SPN0101)
on day 2 of suspension culture in the presence of differentiation medium containing the same combinations of Wnt3a and G-CSF as shown in A and that from
control iPS cells (control 2), respectively. Data are shown as mean + SD. **P < 0.01; *P < 0.05. (D) Filled and open bars show the relative expression (target/HPRT
expression) of C(/EBP-«, BIRC5, or cyclin D1 mRNA in SCN-iPS cells (SPN0101) on day 2 of suspension culture in the presence of differentiation medium containing
the same combinations of Wnt3a and G-CSF as shown in A and that from control iPS cells (control 2), respectively. Data are shown as mean + SD. **p < 0.01;
*P < 0.05. (£) Total cell numbers of nonadherent cells in suspension cultures of 1 x 10* CD34* cells derived from control iPS cells (control 2; red broken line)
and SCN-iPS cells (SPNO101) in the presence of neutrophil differentiation medium (black line) and those from SCN-iPS cells in the presence of neutrophil
differentiation medium containing 500 ng/mL Wnt3a (yellow line) or 1,000 ng/mL G-CSF (black line). Data are shown as mean + SD. **P < 0.05.

administration of Wnt3a led to up-regulate C/EBP-q, cyclin D1,  of impaired neutrophils in the presence of G-CSF, but not the
and BIRCS/survivin in addition to LEF-1 in the presence of G-  proliferation of myeloid cells from SCN-iPS cells.

CSF (Fig. 4D). These results suggested that the up-regulation of Importantly, aside from providing new insights into the mech-
LEF-1 expression might promote granulopoiesis by increasing  anisms behind impaired neutrophil development in SCN patients,
the expressions of cyclin D1, BIRC5/survivin, and C/EBP- and  the present study demonstrates that agents activating the Wnt3a/
its binding to LEF-1 in accordance with the previous report (25).  P-catenin pathway are potential candidates for new drugs for SCN
Interestingly, Wnt3a did not stimulate the proliferation of mye-  with mutations in the ELANE gene. Because endogenous G-CSF
loid cells, whereas 1,000 ng/mL G-CSF did to a certain extent is readily increased in SCN patients (26), these activating agents
(Fig. 4E). Hence, Wnt3a was capable of stimulating the maturation — may be viable alternatives to exogenous G-CSF treatment.
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Materials and Methods
Additional information is available in Sf Materials and Methods.

Generation of Human iPS Cells. BM fibroblasts from a patient with SCN and
skin dermal fibroblasts from a healthy donor were acquired after obtaining
informed consent after getting the approval by the Ethics Committee of the
Institute of Medical Science, University of Tokyo, in accordance with the
Declaration of Helsinki. The SCN patient presented with a heterozygous
mutation in the ELANE gene in the 707 region of exon 5. SCN-iPS cells were
established from the SCN-BM fibroblasts by transfection with the pMX ret-
roviral vector, as described (10). This vector expressed the human tran-
scription factors OCT3/4, SOX2, KLF4, and ¢-MYC. Control iPS cell clones,
control 1 (TkDN4-M) and control 3 (201B7), were gifts from K. Eto and
S. Yamanaka (Kyoto University, Kyoto), respectively (10, 11). Control 2
(SPH0101) was newly generated from another healthy donor’s skin dermal
fibroblasts by using the same methods.

Hematopoietic Colony Assay. A’ hematopoietic colony assay was performed
in an aliquot of culture mixture, which contained 1.2% methylcellulose
(Shin-Etsu Chemical), 30% (vol/vol) FBS, 1% (vol/vol) deionized fraction V
BSA, 0.1 mM 2-mercaptoethanol (2-ME), a-minimum essential medium, and
a cytokine mixture consisting of 100 ng/mL human stem cell factor (hSCF)
(Wako), 100 ng/mL. fusion protein 6 [FP6; a fusion protein of interleukin (IL)-
6 and IL-6 receptor] {a gift from Tosoh), 10 ng/mL human IL-3 (hiL-3) (a gift
from Kirin Brewery), 10 ng/mL human thrombopoietin (hTPO) (a gift from
Kirin Brewery), 10 ng/mL human G-CSF (a gift from Chugai Pharmaceutical),
and 5 U/mL human erythropoietin (a gift from Kirin Brewery). For dose es-
calation experiments, various concentrations (0, 1, 10, 100, and 1,000 ng/mL)

.- Zeidler C, Germeshausen M, Klein C, Welte K (2009) Clinical implications of ELA2-,
HAX1-, and G-CSF-receptor (CSF3R) mutations in severe congenital neutropenia. Br /
Haematol 144(4):459-467.

. Freedman MH, et al. (2000) Myelodysplasia syndrome and acute myeloid leukemia in
patients with congenital neutropenia receiving G-CSF therapy. Blood 96(2):429-436.

. Dale DC, et al. {1993) A randomized controlled phase I trial of recombinant human
granulocyte colony-stimulating factor (filgrastim) for treatment of severe chronic
neutropenia. Blood 81(10):2496-2502.

. Rosenberg PS, et al.; Severe Chronic Neutropenia International Registry (2006) The
incidence of leukemia and mortality from sepsis in patients with severe congenital
neutropenia receiving long-term G-CSF therapy. Blood 107(12):4628-4635.
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. Pham CT (2006) Neutrophil serine proteases: Specific regulators of inflammation. Nat
Rev Immunol 6(7):541-550.
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ficient platelet generation from human induced pluripotent stem cells. J Exp Med
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. Takahashi K, et al. (2007) Induction of pluripotent stem cells from adult human fi-
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. Germeshausen M, Ballmaier M, Welte K (2007) Incidence of CSF3R mutations in severe
congenital neutropenia and relevance for leukemogenesis: Results of a long-term
survey. Blood 109(1):93-99.

. Ma F, et al. (2007) Novel method for efficient production of muitipotential hema-
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of G-CSF were used instead of the cytokine mixture described above.
Colony types were determined according to established criteria on day 14
of culture by in situ observations under an inverted microscope (IX70;
Olympus) (27).

Suspension Culture and Neutrophil Differentiation Assay. CD34" cells (1 x 10*
cells) were cocultured with irradiate confluent AGM-S3 cells in neutrophil
differentiation medium containing Iscove’s modified Dulbecco’s medium,
10% FBS, 3 mM L-glutamine, 1 x 107* M 2-ME, 1 x 10~* M nonessential amino
acids solution, 100 ng/mL hSCF, 100 ng/mL FP6, 10 ng/mL hit-3, 10 ng/mL
hTPO, and 10 or 1,000 ng/mL human G-CSF. Wnt3a (10, 100, or 500 ng/mL)
(R&D) was then added. The medium was replaced with an equivalent volume
of fresh medium every 4 d. Living, nonadherent cells were counted following
0.4% trypan biue staining. -

PCR primer. All primer sets used in this study are shown in Table 51.

Statistical Analysis. All data are presented as mean + SD. P < 0.05 was con-
sidered significant. Statistical analyses were performed by using Prism soft-
ware (GraphPad).
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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-xB 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. Celis
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 NEMOis
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-xB essential modulator (NEMO).5® NEMO is
necessary for the function of IkB kinase, which phosphorylates
and degrades [kB to activate NF-xkB.%"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 L7 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,>*!? hypogammaglobulinemia,'?
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.'? 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.!6 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).!7
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 |, 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
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Ectodermal
dysplasia

Mitogen-induced

Patient  Mutation proliferation Infections

UTIH(K.P.)

Sex chromosome

Complications Therapy chimerism

100% XY

100% XY

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 Calmette et Guerin; INH, isoniazid; RFP, rifampicin; IBD, inflammatory bowel disease; PSL, prednisolone; CyA, cyclosporine A;
MTX, methotrexate; UT!, 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 aviwn 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 105 CD34" cells/kg), which was matched at 5 of 8 loci:
mismatches occurred at | HLA-B and 1 HLA-C allele (according to
serology), and at 1 HLA-A, | HLA-B, and | 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
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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 [0%/L)
engraftment were examined on days 13 and 40, respectively. Although
CD197 cells (2042/ul., 94% donor chimerism), CD56™" cells (242/pL, 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-«B
activation in a NEMO reconstitution assay, as described in “Proliferation of
NEMO® ™ and 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: CDA4,
CD8, CD14, CD!15,CD19, CDS6, CD45RA (BD Biosciences/BD Pharmingen),
and CCR7 (R&D Systems Inc). Intracellular staining of human IFN-y, TNF-a,
and NEMO was performed as previously described.!® 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-CMYV 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 104 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.'’?! 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 3130x1 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 HI (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 NEMOMomal 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.!7 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"™maly and reduced (NEMO'O¥)
levels of NEMO expression, indicating the presence of reversion
mosaicism of the NEMO gene, and further analysis revealed that
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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
NEMO ol and NEMOY¥ 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 NEMOw™mal celig
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 1 A-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 NEMOY™ 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 NEMQvorma
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 szit/gai bacteremia.. At this time, the
absolute count of NEMO™™ T cells peaked, and NEMOY™ T cells
were at a minimum. He began to gain weight after anti-
Mycobacterium medication was initiated, although NEMQnomal
T cells started to decrease and NEMO©Y 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
NEMOY and NEMOmmal T cells were detected (Table 3). Overall,
as patient 2 grew older, NEMO"™4l 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¥ and NEMO™™al T cells in detail. Both
NEMO®wmal and NEMO©™ CD4* T cells carried a diverse
VB repertoire, but CD8* T cells had a skewed VB repertoire
regardless of NEMO expression level (Figure 1C). Surface marker
analysis tevealed that most of the NEMO™m T cells were
CD45RA"/CCR7~ and most of the NEMO™™ T cells were
CD45RAY/CCR7* (Figure 1D). The NEMO™™4 T cells produced
similar amounts of IFN-y and TNF-« as healthy control cells, while
the production of these cytokines were reduced in NEMOWY 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.
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Table 2. Surface marker analysis of peripheral mononuclear celis of patients 1 and 2
Healthy
Patient 1 Patient 2 controls

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 1106 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?>25 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
Mycobacterium 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"¥, whereas 10% of the patient’s CD8*
cells were NEMO"™™a! (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. Immunologic 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 NEMO™™d 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 NEMOnor™al cells in XL-EDA-ID carriers

The high frequency of somatic mosaicism in T cells of XIL-
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

B

Patient 1

Patient 2 (treated with IVIG)

Serum immunoglobulin levels, g/l (control)

1gA 1.36 (0.14-0.64)

1.88 (0.14-0.64) 3.93(0.22-1.44)

Age at analysis 2y

23 mo

2mo

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.
Slindicates stimulation index; and 1VIG, 2.5 g of monthly IV immune globulin infusion.



