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FIG 2. Time-to-event analysis by age at BCG vaccination and age at HSCT. A, Kaplan-Meier curves for the
time from vaccination to death caused by BCG-associated complications comparing early (<1 month of age,
dashed line) versus late (>1 month of age, solid line) vaccination (P < .0001). B, Kaplan-Meier curves for the
time from vaccination to death within 24 months of age before HSCT comparing early {<1 month of age,
dashed line) versus late (>1 month of age, solid line) vaccination (P = .01). C, Kaplan-Meier curves for
time from HSCT to death comparing early (<1 month of age, dashed line) versus late (>1 month of age, solid
line) vaccination (P = .96). D, Kaplan-Meier curves for the time from HSCT to death comparing early
(<3 months of age, dashed line) versus late (>3 months of age, solid line) transplantation (P = .33).

BCG-associated complications were detected either among
patients receiving matched related, matched unrelated,
mismatched related, or mismatched unrelated forms of HSCT
(P = .97). However, death caused by BCG-associated complica-
tions was still more frequent among patients receiving early
vaccination compared with those vaccinated later (P = .049).
Death caused by BCG-associated complications was also signif-
icantly more frequent among patients undergoing HSCT with
localized or disseminated BCG-associated complications versus
those with no manifestations (P = .006). When all-cause mortal-
ity was compared among patients receiving HSCT, no significant
difference was detected between patients receiving early versus

late BCG vaccination (P = .96), implying that after HSCT, the
age at BCG vaccination has no significant effect on survival rates
(Fig 2). Finally, although we did not find significant differences in
post-HSCT survival between early (<3 months) and late
(>3 months) HSCT (P = .33), the difference between these 2
groups within the first 12 months after transplantation was
statistically significant (P = .01, Fig 2).

Of 190 patients who underwent HSCT or another form of SCID
treatment, 55 (29%) had IRS (33 with disseminated disease, 14
with localized complications, and 8 with no manifestations). Most
patients (57%) presented with these manifestations within a
month of HSCT. IRS prevalence was also analyzed in different
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subsets of patients: those receiving antimycobacterial treatment
while BCG asymptomatic had significantly less of this compli-
cation (5/64) compared with either BCG-symptomatic
antimycobacterial-treated patients (33/81, P < .0001) or non-
treated patients (17/45, P = .0003).

DISCUSSION

The prevalence of BCG-associated complications in the gen-
eral population can vary widely depending on the reporting
country and the vaccine strain used. However, reports of 1 in
2,500 vaccinees presenting with localized BCG-associated com-
plications and 1 in 100,000 presenting with disseminated
complications represent a fair estimate of the prevalence of
such complications.'” When focused exclusively on patients
given a diagnosis of SCID, the prevalence of BCG-associated
complications has been estimated to be higher than in the general
population,'**” although a definitive effect has not previously
been established.

The cumulative experience of 28 centers in 17 countries from
Africa, the Americas, Asia, and Europe confirms that, as
expected, BCG-associated complications are more prevalent in
patients with SCID than in the general population. On the basis of
our observations, one in every 2 BCG-vaccinated patients with
SCID had BCG-associated manifestations, two thirds in the form
of disseminated complications (an approximate 33,000-fold
increased compared with the general population) and the other
third in the form of localized complications (an approximate 400-
fold increase). Our analysis found 2 individual variables to
significantly correlate with this increased prevalence of BCG-
associated complications: the total number of T cells at the time of
SCID diagnosis and the patient’s age at the time of BCG
vaccination. Although patients with SCID presenting with higher
T-cell numbers were underrepresented among those with BCG-
associated complications, these results should be cautiously
interpreted. Maternal T-cell engraftment was not systematically
evaluated in most of the patients surveyed, and patients presenting
with Omenn syndrome and oligoclonal T-cell expansion were not
excluded from the analysis. Furthermore, detailed information on
T-cell functional studies were not part of the original survey and
analysis. On the other hand, age at BCG vaccination appeared to
be a strong predictor for BCG-associated complications, with
patients vaccinated within the first month of life having a
substantially higher risk, which in turn was also associated with
an increased rate of death caused by vaccine-associated compli-
cations. Age at BCG vaccination was independent of other
variables, including BCG strain, vaccination route, or type of
SCID diagnosed. Less clear than the association between age of
vaccination and complications are the mechanism or mechanisms
underlying this finding. All patients with SCID, independent of
their underlying genetic defect, share a defective adaptive
immune response. Therefore the relative maturity of the innate
immune arm involved with controlling mycobacterial infections
could by hypothesized as a factor altering the balance toward
controlling or not controlling BCG.'*** Equally as relevant as
determining the biological mechanism to explain this variability
is developing a strategy to intervene and improve the clinical
outcome.

BCG vaccine has a worldwide coverage of 88% (http://apps.
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of these vaccines are applied at birth (htip://www.begatlas.org/).
Similar to other large SCID series published,'™'® the majority
of patients in our cohort (63%) were given diagnoses of SCID
within the first 6 months of life. Until safer and more efficient
forms of antituberculosis vaccines become available,'” delaying
BCG vaccination beyond 1 month of age is likely to have a favor-
able effect in this highly vulnerable population, as well as other
susceptible neonates (eg, HIV-positive infants)."® Moreover, de-
laying BCG vaccination would also benefit the clinical effect of
neonatal SCID screening, preventing application of an absolutely
contraindicated vaccine before establishing the diagnosis of
SCID. This issue will become increasingly relevant as countries
still encouraging early BCG vaccination start implementing
neonatal SCID screening.'”*"

However, 2 major drawbacks could be foreseen in delaying
BCG vaccination: the “missed opportunity” of vaccinating
patients after birth based on the concept that there will be an
associated decrease in coverage and the potential increased risk of
BCG-preventable diseases during the “unprotected” intervals.
WHO data (updated to July 12, 2012) demonstrated a BCG
coverage of 89.2% for countries encouraging at-birth vaccination
policies, values that are very similar to the 89% coverage in
the same countries for administration of the third dose of
diphtheria-pertussis-tetanus vaccine (DPT3) typically given at 6
months of age (hitp://apps. whoint/immunization_monitoring/en/
globalsummary/timeseries/tscoveragedtp3.htm). These data sug-
gest there would be little or no decrease in coverage by delaying
BCG vaccination. In addition, the incidence of BCG-preventable
mycobacterial diseases within the first 6 months of life is
extremely uncommon. Literature on pediatric tuberculous menin-
gitis, a BCG vaccine-preventable disease, shows that the mean
age of presentation for this life-threatening disease is 23 to 49
months, although a few cases have been described during the first
6 months of life, whereas the medians span from 12 to 24 months
of age.”'™*® The prospect of modifying BCG vaccination policies
will certainly warrant extensive discussions balancing the needs
of both the immunocompetent general population and highly
vulnerable immunodeficient patients.

As expected, the major intervention affecting survival in this
cohort of BCG-vaccinated patients with SCID was providing
immunologic reconstitution by means of HSCT. Interestingly, a
subset of patients who did not receive any antimycobacterial
treatment but underwent HSCT did not have any BCG-associated
complications or IRS (27/190). This outcome might suggest that
HSCT by itself could suffice as an anti-BCG treatment; however,
other variables could have potentially influenced these results,
including vaccine viability,”” SCID genotype (13 undefined
SCIDs, 7 MHC class II deficiency, 2 IL2RG, 1 JAK3, 1 Artemis
(DCLREIC),1 PNP,11IL7RA, and 1 Cernunnos (NHEJ! ), median
T-cell numbers, 250/uL; median age at HSCT, 7 months), higher
maturity of innate immunity, residual acquired immunity, or other
unidentified disease modifiers.

‘We observed that patients with SCID started on antimycobac-
terial therapy while BCG-asymptomatic had significantly fewer
BCG-associated complications before HSCT, as well as less IRS
after HSCT and decreased mortality caused by BCG-associated
complications. The rationale for this approach is to control an
infection involving the known inoculation of 37,500 to 3,200,000
live mycobacteria in a highly susceptible host.*” However, we
recognize that our data do not provide definitive proof of benefit
for pre-emptive antimycobacterial therapy because of
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confounding factors associated with this type of retrospective
study. Still, in the setting of commonly used prophylactic therapy
in patients with SCID (eg, immunoglobulin replacement and anti-
microbial agents), it seems entirely appropriate to consider early
initiation of antimycobacterial therapy at the time of SCID diag-
nosis. If this strategy is chosen, it is less clear which antimycobac-
terial scheme would be most effective.

In summary, our data strongly suggest that in patients with
SCID, early BCG vaccination and lower T-cell numbers at SCID
diagnosis increase the probability of having BCG-associated
complications. Furthermore, patients with SCID presenting with
BCG-associated complications are at increased risk of dying
because of this. Finally, the age at BCG vaccination had no
significant influence on survival rates in patients with SCID who
received HSCT.

We thank all the patients, their families, and the medical teams who took
and take care of our patients. We also thank the IT Department of the Hospital
Garrahan in Buenos Aires, Argentina, for generating a Web site for the survey,
and Dr Klaus Warnatz for his help and support with the logistics of the survey.
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Protein secretion, a key intercellular event for transducing cellular signals, is thought to be strictly regulated.
However, secretion dynamics at the single-cell level have not yet been clarified because intercellular
heterogeneity results in an averaging response from the bulk cell population. To address this issue, we
developed a novel assay platform for real-time imaging of protein secretion at single-cell resolution by a
sandwich immunoassay monitored by total internal reflection microscopy in sub-nanolitre-sized microwell
arrays. Real-time secretion imaging on the platform at 1-min time intervals allowed successful detection of
the heterogeneous onset time of nonclassical IL-1p secretion from monocytes after external stimulation. The
platform also helped in elucidating the chronological relationship between loss of membrane integrity and
IL-1p secretion. The study results indicate that this unique monitoring platform will serve as a new and
powerful tool for analysing protein secretion dynamics with simultaneous monitoring of intracellular events
by live-cell imaging.

any secreted proteins have been identified as important functional mediators of intercellular commun-
ication for the purpose of initiating various cellular processes, including differentiation and migration'>.
Cytokines in particular are one of the best studied classes of secreted proteins with broad effects on
immune responses”. For the proper functioning of the immune system, cytokine synthesis and secretion must be
tightly regulated, both spatially and temporally®. However, recent investigations using single-cell analysis have
shown that immune cells display highly heterogeneous levels of cytokine secretion, even in cells with apparently
similar phenotypes®. Therefore, the relationship between heterogeneous cytokine secretion at the single-cell level
and the maintenance of homeostasis of the immune system has become a primary subject of investigation in the
field of immunology. To address this issue, a methodology is required that enables delineation of spatiotemporal
heterogeneity of cytokine secretion at the single-cell level. We have particularly focused on cytokine induction
processes that occur in single cells induced by external stimulation, specifically with regard to (1) cellular
heterogeneity in protein secretion dynamics and (2) the chronological relationship between intracellular event(s)
and protein secretion. However, the technology available for monitoring protein secretion from single cells
remains in its infancy.

Several groups have reported population analysis of cytokine secretion from single cells by using antibody-
based immunoassay applications. Love et al. generated a secretion profile for a large collection of single cells by
using microengraving’ and succeeded in measuring the time course of cytokine secretion during T-lymphocyte
maturation every 2 h for a period spanning several hours®. While these methods are efficient for their high
throughput and/or the quantitative data generated, several challenges remain because of their inherent measure-
ment limitations. In these methods, the accumulated cytokine molecules situated on a solid surface are labelled
with a detection probe and are quantified after intensive wash steps, which are required to remove excess probe.
Although this wash step, known as bound/free (B/F) separation, determines the signal/noise ratio for detection,
this step also causes a lag between secretion and detection. Therefore, these methods cannot currently offer either
a time interval of shorter than a few hours nor simultaneous real-time monitoring of a second intracellular
variable (e.g. cell viability) over time.

Previously, our group and Salehi-Reyhani et al. respectively have successfully addressed this B/F separation
issue in fluorescence immunoassays (FIAs) by taking advantage of near-field excitation in total internal reflection
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fluorescence microscopy (TIREM)*'. In these studies, target pro-
teins in each single-cell lysate segmented by microwells were quan-
tified by detecting formation of immunocomplexes on the microwell
bottom. In the current study, we have developed a novel assay plat-
form for real-time monitoring of live single-cell cytokine secretion
(Fig. 1). Each single cell is deposited on a microfabricated-well array
(MWA) chip, which restricts cell migration as well as compartmen-
talizes the secretory signals from individual cells. The anti-cytokine
capture antibody immobilized on the microwell bottom immediately
captures the cytokine secreted from a cell, which enables TIREM-FIA
to function in situ. An MWA chip of the platform has an open
architecture at the top of each microwell to permit easy access for
stimulus delivery and to maintain culture conditions similar to those
of a bulk experiment.

We characterized our secretion assay platform usinga MWA chip
consisting of glass and polydimethylsiloxiane (PDMS) in a quant-
itative manner by model experiments, introducing minute amounts
of cytokine into microwells to mimic the milieu of cytokine secretion
from a single cell. The platform was applied to monitor cytokine
secretion from human peripheral blood monocytes at 1-min time
intervals. We examined the IL-1P secretion process while simulta-
neously observing membrane integrity to determine the intracellular
processes that occur at the time of cytokine secretion, since the
mechanism underlying the non-classical IL-1B secretion pathway
currently remains unclear.

Results

Characterization of an assay platform for real-time secretion
imaging in an MWA chip. In this study, we designed a real-time
single-cell imaging platform to monitor the secretion processes over
time. We fabricated a novel MWA chip consisting of a PDMS well

‘Botfom glass:

wall and a glass well bottom (see Supplementary Fig. Sla online).
An objective of numerical aperture 1.49 was used to avoid the stray

light due to the higher refractive index of PDMS (n = 142,
Sylgard®184, Dow Corning Co., http://wwwl.dowcorning.com/
DataFiles/090007c8803bb6al.pdf) than that of medium (n = 1.34
Supplementary Fig. S1b-d). To assess restriction of the horizontal
movement of secreted cytokine molecules by the microwell structure,
we compared the decrease of fluorescently labelled protein from an
observation area for TIRFM with and without microwell structures.
The microwell structure slowed the escape of fluorescent molecules
by about 20-fold (see Supplementary Fig. S2).

Next, to assess the functionality of time-resolved FIA (even in the
open MWA), we introduced a miniscule amount of cytokine into
microwells by using a microinjector to mimic cytokine secretion
from a single cell (Fig. 2a). Fluorescence signals began to increase
immediately after pulsed injection of IL-1f (time = 0; Fig. 2b, ¢) and
increased without apparent change in localization over time (Fig. 2b),
indicating that most of the injected IL-1B was instantly captured by
antibody on the MWA bottom before diffusion throughout the
microwell. From a separate experiment, we found that the fluor-
escence signals after the injection of pre-formed IL-1f-detection
antibody complexes increased 15 times faster than that after the
injection of IL-1p alone, suggesting that the released IL-1p rapidly
bound to the capture antibodies on the bottom surface of the MWA
chip (Fig. S3a, b). Therefore, binding of the detection antibody to
form sandwich immunocomplexes was likely the rate-limiting step
for the increase in the fluorescence signals under the experimental
conditions employed. Once the immunocomplex was formed, its
dissociation occurred very slowly (dissociation constant kog < 2 X
107¢ s7%, Fig. S3c).

The rising curves of the fluorescence signal obtained from IL-1§
injection were fitted with a single exponential, especially during

[r—

50 ym

Figure 1 | Concept of the real-time single cell secretion assay platform. The schematic illustrates the concept of the platform for the real-time single
cell secretion assay. The platform works with micro-fabricated well-array chip on a fully automated fluorescence microscopy. The platform maintains the
environment (temperature, concentration of CO,, and humidity) of the chip. The chip has an array of nanolitre-sized microwells with a glass bottom,
into which individual cells were introduced separately. The well has open-ended structure; therefore, culture medium was exchanged constantly during
the observation. The anti-cytokine capture antibody was immobilized on the well bottom, onto which secreted cytokine and fluorescently labelled
detection antibody were bound to form a sandwich immunocomplex. Near-field excitation by total internal reflection enabled selective detection of the
cytokine sandwich immunocomplex immediately following secretion without the requirement for wash steps.
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Figure 2 | Performance evaluation of time-resolved FIA in the MWA on
model experiments using a microinjector. (a) Schema of the model
experiment using pulsed injection of IL-1f via a microinjector. An increase
in fluorescence signal was observed after pulse injecting 100 ng/mL of
recombinant IL-18 into a microwell that was filled with the detection
medium containing 30 nM fluorescently labelled detection antibody.

(b) Representative images of developing fluorescence signals obtained
from time-resolved FIA after introducing recombinant IL-1 into the
microwell. Images were acquired once every second applying a 60-ms
exposure time. The time elapsed after the pulsed injection is shown on each
image. (c) Time course of the average intensity of the IL-18 signal in a
microwell. Each dot denotes a measured value and solid lines denote fitted
curves. Different colours denote different durations under a constant
pressure of injection (1,200 Pa): 4 s (black), 2 s (green), 0.5 s (blue), and
0.1 s (cyan). Curve fitting was performed for every dataset from 0 to 5 min
using the global parameter of time constant, 7, and local parameters of
maximum intensity, I, and consequently T was determined as 3 min.

5 min after injection, and the time constant was estimated to be
3 min (Fig. 2¢). Using this parameter, we evaluated the accuracy
for determination of the onset time by fitting a single exponential
to the dataset quantifying the fluorescence increase obtained within
an arbitrary time interval. The accuracy of computed onset time was
determined within 0.1 min when using a dataset with 1-min time
intervals (Fig. $4).

The increase in the amount of fluorescence signal depended upon
the quantity of IL-1f injected (Fig. 2c). However, the absolute
amount of secreted cytokine could not be determined because of
the difficulties in controlling the local concentration of cytokines
within an open-ended microwell to generate a standard curve.
Additionally, immobilized cytokine captured by antibody on the
MWA surface was considered to be part of the overall secreted cyto-
kine, while the non-immobilized fraction diffused into the medium.
The captured ratio would depend upon an uncontrollable variable,
such as the height of the cytokine release point (which determines the
probability of the cytokine encountering the capture antibody).
Therefore, the assay platform developed in this study was best suited
for detection of the onset of secretory molecule secretion from single
cells at high time resolution (probably less than 1 min) while also
providing semi-quantitative data on secreted molecules. In experi-
ments performed using microwells closed with sealing oil, the plat-
form could detect the signal from 2,000 molecules of IL-1B in a
microwell (Supplementary Fig. S5).

Real-time monitoring of IL-6 secretion from single living mono-
cytes within a 1-min time interval. As a proof-of-concept experiment,
we assessed the performance of our assay platform for time-resolved
observation using lipopolysaccharide (LPS)-stimulated human
peripheral blood monocytes by simultaneous detection of cytokine
secretion and live/dead signals. We confirmed that proinflammatory
cytokines were detected in the culture supernatant of 1 X 10° mono-
cytes stimulated with 1 pg/mL LPS (first priming; Supplementary
Fig. S6). Among the detectable cytokines, we selected interleukin 6
(IL-6) as a typical cytokine, known to be released using classical
pathways involving ER/Golgi trafficking'!.

First, we examined the reactivity and viability of monocytes in the
MWA from snapshot measurements of 2,500 microwells after LPS
stimulation for 4 h. Of the 584 cells observed from 2,500 microwells,
23 cells displayed the IL-6 signal (4%). Calcein (+)/SYTOX (—)
living cells accounted for 60% of the total cells, but 91% of IL-6~
positive cells. Next, 40 microwells were scanned for 4 h for real-time
IL-6 secretion imaging at 1-min time intervals. After three independ-
ent experiments, we could analyse 71 single cells, including 56 living
cells; 7 individual cells were observed to secrete IL-6 (representative
images are displayed in Fig. 3a and Supplementary movie 1). IL-6
signals increased gradually for over 1 h after stimulation (Fig. 3b)
without change in the SYTOX signal (Fig. 3b), as observed in the
displayed dead cell (Fig. 3c). All the remaining IL-6-secreting cells
continued to survive during the observation period. These results
demonstrated that the single-cell secretion assay platform enabled
us to monitor physiological secretion of IL-6 from live monocytes.

Simultaneous imaging of extracellular IL-1f secretion and plasma
membrane integrity. The mechanism underlying IL-1B secretion
remains poorly understood, although it is known that IL-1p is a
key mediator of inflammation'**. Several researchers have pro-
posed various mechanisms for IL-1f secretion'™'; however, many
details remain to be validated due to a lack of techniques for moni-
toring real-time secretion processes of IL-1P at single-cell resolution.
Therefore, we monitored IL-1 secretion from individual monocytes
athigh temporal resolution in parallel with observation of the cellular
physiological states at the time of secretion.

In this study, monocytes were costimulated with both LPS and
adenosine triphosphate (ATP), because IL-1p release from mono-
cytes is known to require a second signal (i.e. ATP) to activate the
intracellular inflammasome in addition to priming with pathogen-
associated molecular stimuli (i.e. LPS)""~**. Glycine was added to the
culture medium during stimulation because glycine blocks cytolytic
release of pro-IL-1B without affecting the secretion of mature IL-1§
(Supplementary Fig. $6)'#2%2!,

Before real-time monitoring, we analysed IL-1B secretion and the
live/dead state by snapshot secretion measurements of single cells
with calcein/SYTOX staining (Fig. 4a) in 2,500 microwells at 4 h
after LPS/ATP stimulation (Supplementary Fig. S7). This snapshot
measurement demonstrated that approximately 30% of single mono-
cytes secreted IL-1p. Interestingly, 99% of these IL-1[B-secreting cells
lost the calcein signal and were stained with SYTOX. When lower
LPS concentration (10 ng/mL) was tested, both the number of IL-1-
secreting cells and the amount of secreted IL-1p per monocytes were
decreased while the percentage of dead cells was only slightly affected
(Supplementary Table S1). The concomitant disappearance of cal-
cein and the increase in SYTOX signal reflect the compromised
status of the cell membrane. Therefore, these results suggested some
degree of association between IL-1p secretion and the loss of cell
membrane integrity, exhibiting a sharp contrast with IL-6 secretion
from LPS-stimulated monocytes (in which the vast majority of IL-6
secreting cells remained calcein-positive).

We then performed real-time secretion imaging of IL-1p from
monocytes, focusing on whether IL-1p secretion was preceded or
followed by a loss of cellular membrane integrity. The experiments
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Figure 3 | Time-resolved monitoring of IL-6 secretion after a classical secretion pathway. Calcein-charged human peripheral blood monocytes were
introduced into the MWA chip. Signals of SYTOX, calcein and IL-6 secretion were observed with 1-min time intervals after administration of 1 pg/mL of
LPS. (a) Representative images of multichannel microscopy. Morphological features of a human monocyte were monitored under diascopic illumination
(DIA). The fluorescence signal of SYTOX-stained nuclei was magenta (SYTOX), that of calcein-stained cell bodies was green (Calcein), and that of
secreted IL-6 was yellow (CF660R anti IL-6 Ab). Merged images of these three fluorescence signals are also displayed (Merged). Each image was generated
at the described time point. Scale bar, 50 pm. Although cells floated soon after LPS stimulation, cells began to adhere to the microwell bottomat1.5 h
after LPS stimulation, with some exhibiting the IL-6 signal at 4 h after LPS stimulation. Although the fluorescence intensity of calcein per pixel was
apparently decreased due to the cell deformation, it was distinct from a sharp drop of calcein signal observed for dead cells like in the bottom-right well.
The cells that underwent cell death showed elevation of the SYTOX signal. (b), (c) Time course of the average intensity of IL-6 and SYTOX signals within
microwells shown in Figure 3a: the top right (b) or the bottom right (¢) microwell. (b) The IL-6 secretion signal gradually increased from 80 min after LPS
stimulation without any change in SYTOX signal. (c) Typical example of a dead cell. Only the SYTOX signal was increased.

were performed twice, measuring 54 individual monocytes, 20 of
which secreted detectable quantities of IL-1P. While all of these cells
were calcein-positive before ATP stimulation, they lost their calcein
signal and subsequently stained with SYTOX, consistent with the
aforementioned snapshot observations (Supplementary movie 2
and Fig. 4b). Disappearance of the calcein signal occurred rapidly
and was completed within a few minutes. By contrast, the observed
increases in SYTOX signalling consisted of two phases: the first
occurred gradually upon ATP stimulation and the second occurred
abruptly at various moments following ATP stimulation. These two
phases suggest that cell membrane permeability for SYTOX influx
was altered through multiple stages.

Surprisingly, IL-1p secretion appeared to coincide with calcein
disappearance and the second SYTOX influx (Supplementary movie
2 and Fig. 4c). The increase in the signal of IL-1p secretion occurred
as a concave-down function, suggesting IL-1f3 was secreted in a burst
release pattern (Supplementary Fig. $8). To evaluate the association
between these events, the transition times were determined by curve

fitting of the equation (1), (2), or (3) to the mean fluorescence intens-
ities over time and were compared with one another (Supplementary
Fig. 89). Although the response times after ATP stimulation were
quite heterogeneous among cells, the transition time of calcein dis-
appearance, SYTOX influx, and IL-1P release were quite similar in
most cells (Fig. 5a and b). By focusing on the timeline of these events,
lag times between SYTOX influx or IL-1p release and calcein dis-
appearance were calculated. The SYTOX influx and the calcein dis-
appearance (both resulting from membrane imperfections) occurred
simultaneously or nearly simultaneously, and SYTOX influx was
only slightly delayed following calcein disappearance (mean,
0.2 min; Fig. 5¢). By contrast, IL-1 release occurred several minutes
following calcein disappearance (mean, 2.0 min, except for 2 out-
liers; Fig. 5d), and its lag times were more variable than those of
SYTOX influx. Two outliers exhibited extremely long delays (44.5
and 105.9 min) in IL-1P release after calcein disappearance. These
results indicated that burst release of IL-1f was preceded by loss of
cell membrane integrity.
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Figure 4 | Time-resolved monitoring of IL-1 secretion on the PDMS
MWA chip. (a) Schematic of simultaneous monitoring of IL-1P secretion
and cell membrane integrity using calcein and SYTOX staining. SYTOX
influx and fluorescent calcein disappearance was observed due to
compromised plasma membrane integrity. (b) Representative images of
multichannel microscopy. Morphological features of a human monocyte
were monitored under diascopic illumination (DIA). The fluorescence
signal of SYTOX-stained nuclei was magenta (SYTOX), that of a calcein-
stained cell bodies was green (Calcein), and that of secreted IL-1§ was
yellow (CF660R anti IL-1B Ab). Merged images of these three fluorescence
signals are also displayed (Merged). Each image was obtained at the
described period. Scale bar, 20 pm. (c) Example of the signal time course
during time-resolved monitoring. Grey bands represent the period when
the monocytes were exposed to ATP. Arrows represent the transition time
of the respective signals.

Discussion

In this study, we have developed a novel assay platform for real-time
imaging of secretion at the single cell level at 1-min intervals.
The dynamics of cytokine secretion against external stimuli have

conventionally been investigated using a bulk population of cells
with the same phenotype, based on the premise that these cells always
display uniform responses. However, contrary to this premise, we
have observed a wide distribution of onset time for IL-1f release
triggered by ATP stimulation from individual human peripheral
blood monocytes. Temporal heterogeneities at the single cell level
have been demonstrated by many studies, but have been limited to
intracellular processes, e.g. intracellular calcium elevation®. Our
results indicated that extracellular reactions, such as protein secre-
tion, were also chronologically heterogeneous at the single cell level.
Furthermore, we successfully performed simultaneous measurement
of cell membrane integrity and IL-1p release, indicating that our
platform allowed for elucidation of the chronological relationship
between intracellular process and the extracellular reaction at the
single-cell level.

Imaging methods for secretion dynamics have been poorly
developed for two primary reasons: First, secreted molecules disperse
too rapidly in solution for efficient onsite monitoring. Second, a
molecule of interest must be tagged by sensing moieties, but the
tagging processes for molecular visualization are often accompanied
with greater risks of generating artifacts, including functional mod-
ifications. Indeed, this latter point is the most serious limitation of
live-cell imaging in general. The platform developed in this study
permitted us to bypass such issues by immobilizing and labelling
target molecules in the extracellular space. The detection strategy
offers an advantage in its non-invasive monitoring of the physio-
logical response of living cells, including clinical samples. A similar
methodology with a label-free technique based upon nanoplasmonic
imaging has been developed, although it is only applicable to up to
three cells per experiment®. Sandwich FIA-based assay is expected to
be a more sensitive and specific approach for small molecules like
cytokines than the plasmonic approach, since the plasmonic signal is
proportional to the molecular weight of the binding molecule.

Our platform uses MW As that effectively trap floating cells as well
as secreted cytokine molecules. This compartmentalization permit-
ted integration of independently isolated single cells within a small
area to increase the number of observable cells. More specifically,
observation of a large number of cells made it feasible to perform
statistical analyses on a small population of secreting monocytes. The
open architecture of this device is well suited for cell manipulation
using conventional tools, allowing for complex experimental arran-
gements. Additionally, the open architecture was beneficial for the
maintenance of cellular physiology, because prolonged isolation
within closed microwells may influence cellular conditions, e.g. oxy-
gen starvation™. In this work, MWA chips were fabricated with
PDMS, suitable for live cell imaging because of its biocompatibility>.
PDMS offers low cost and fast processing in fabrication of the MWA
chip. The only inconvenience was its higher refractive index than
that of water, requiring a higher critical angle of the incident light for
TIREM. We resolved the issue by using an objective lens of high
numerical aperture to achieve incidence angles greater than the crit-
ical angle for a glass/PDMS interface.

In our experiments, the rate of the apparent increase in the TIRF
signal was 15 times slower than that of the apparent capture rate of
the antigen onto the bottom surface of the MWA chip. This phe-
nomenon was observed probably because (1) the difference in the
local concentration of antibodies near the bottom surface and (2)
decrease of the unbound antigen by diffusion followed pseudo first-
order kinetics with a time constant of approximately 0.9 min
(Supplementary Fig. S2). The increase in the concentration of fluor-
escent detection antibody accelerates the rate of the apparent
increase in the TIRF signal while decreasing the detection sensitivity
because of elevated background.

The 2,000-molecule detection limit for IL-1f is as low as that
reported earlier®®. The average rate of IL-1f secretion from a single
monocyte calculated from bulk measurements (Supplementary
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Figure 5 | High concordance of the three transition times observed in individual single cells. (a), (b) Scatter plots of the signal transition times for
SYTOX or IL-1 versus calcein. Signal transition occurred virtually simultaneously between calcein, SYTOX, and IL-1P. Each circle represents 20
individual monocytes. (d) Histograms of the lag times of SYTOX or IL-1f signal transition after the calcein disappearance. The lag times of SYTOX were
distributed in a narrow range near 0, whereas those of IL-1p showed a wider distribution.

Fig. S6) was approximately 40 molecules/min if all the monocytes
continuously secreted IL-1f, implying that it takes more than 50 min
to detect IL-1B secretion using our assay system. However, we
observed sharp rise of IL-1p signals in some cells, which indicated
the massive IL-1PB secretion was in a transiently-released manner.
This shows the power of our real-time imaging system, which allows
the dynamic analysis with improved time resolution as well as ana-
lysis for temporal cell-to-cell variations in protein secretion. The
concave-down increase of the IL-1p secretion signal also suggested
a burst release, rather than continuous secretion of IL-1p. Use of the
time constant for association of detection antibody, obtained from
the results of a model experiment, enabled estimation of the onset
time of a massive burst release of IL-1P with a time resolution of
<1 min. The accuracy of onset time estimation was sufficient for
identifying the relationship of biophysical phenomena on a minute-
based time scale. Smaller time intervals of data acquisition improve
the accuracy of curve fitting within a predetermined time window of
5 min, but simultaneously reduce the number of observable micro-
wells during a single cycle of scanning. The nonequilibrium charac-
teristics of the antigen-antibody interaction in the open structure
made it difficult to establish a series of concentration standards,

but were considered an acceptable trade-off for long-term monitor-
ing of cellular activities.

In addition to previous studies'>'S, our snapshot measurement
of IL-1p secretion from monocytes stained with live/dead indica-
tors demonstrated that most of the IL-1P-secreting cells were
dead. These observations allow for several interpretations, because
the chronological relationship between IL-1P release and the
change in calcein/SYTOX staining remained unknown. However,
our real-time monitoring experiment showed that IL-1B release
always occurred after calcein/SYTOX transition. Since the moni-
tored cells were prepared in the presence of glycine', both the
calcein/SYTOX transition and IL-1P release were likely caused
by pore formation on the plasma membrane, and not by cytoly-
sis'®'7. Two phases of SYTOX influx were observed during and
after ATP administration to monocytes, suggesting multiple cell-
permeable processes, such as the ATP-dependent opening of a
P2X7 pore allowing for the passage of molecules of up to
900 Da in size'® and large pore formation mediated by caspase
1?°, Moreover, our analysis of high temporal resolution uncovered
a several-minute lag between calcein/SYTOX transition and IL-1B
release. This lag time suggested that the calcein/SYTOX-permeable
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cells require another process to release IL-1P, a process that
remains to be elucidated.

The cytokine secretion dynamics in monocytes described herein
implies that cell-cell communication via cytokines also varies widely
with regard to timing. Further studies are required to clarify the
manner in which heterogeneous cell-cell communication affects
the maintenance of homeostasis of the immune system under various
complex physiological situations, such as T-helper subset differenti-
ation” and the switch from acute resolving to chronic persistent
inflammation®. The establishment of the real-time secretion assay
platform described in this study opens the way to addressing these
issues through the monitoring of cytokine secretion dynamics in
parallel with intracellular events at single-cell resolution.

Methods

Reagents. The DuoSet ELISA Development System was purchased from R&D
Systems (Minneapolis, MN, USA), and the set of capture and detection antibodies
was used for sandwich immunoassays for human IL-1p (DY201). Human IL-6
monoclonal antibody (clone 6708; MAB206) and human IL-6 biotinylated affinity-
purified polyclonal antibody (BAF206) were also purchased from R&D Systems.
Adenosine 5'-triphosphate disodium salt hydrate (ATP, A7699) and
lipopolysaccharides from Escherichia coli 055:B5 (LPS, 14524) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), Lipidure BL802, a water-soluble polymer of 2-
methacryloyloxy ethyl phosphorylcholine, was purchased from NOF Corporation
(Tokyo, Japan). Calcein AM (C3099) and SYTOX Blue nucleic acid stain (S11348)
were purchased from Life Technologies (Carlsbad, CA, USA). CF660R streptavidin
was purchased from Biotium (29040; Hayward, CA, USA). Dimethyl pimelimidate-
2HCI (DMP, 21666) was purchased from Thermo Fisher Scientific (Rockford, IL,
USA). Foetal bovine serum (FBS, $1560) was purchased from Biowest (Nuaillé,
France).

Cell culture. The incubation of cells was performed in a CO, incubator at 37°Cin a
humidified atmosphere with 5% CO,, unless otherwise indicated. For the isolation of
human peripheral blood monocytes, 20 mL of venous blood was drawn from a
healthy donor after obtaining institutional approval of the ethical committee of the
Kyoto University Hospital, in accordance with Declaration of Helsinki. Monocytes
from different donors were used for different experiments. The cell fraction was
separated with Lymphoprep (Axis-Shield, Dundee, UK) according to the
manufacturer’s instructions. CD14* monocytes were sequentially purified by MACS
(Miltenyi Biotec, Bergisch Gladbach, Germany) with a negative selection reagent (i.e.
monocyte isolation kit IT) and a positive selection reagent (i.e. CD14 microbeads). The
isolated monocytes were incubated overnight in RPMI medium containing 10% FBS.

Optical arrangement. All measurements were performed with a completely
automated inverted microscope (ECLIPSE Ti-E; Nikon, Tokyo, Japan) equipped with
a high NA 60X objective lens (TIRF 60 X H; NA, 1.49; Nikon). The microscope was
customized to introduce external laser beams (635 nm; Radius 635-25; Coherent,
Santa Clara, CA, USA) at the indicated incident angle to actualize TIRF illumination.
The following sets of excitation (Ex) and emission (Em) filters and a dichroic mirror
(DM) were used with a high-pressure xenon lamp: for SYTOX, Ex = FF01-448/20-25,
Em = FF01-482/25-25, and DM = Di02-R442-25x36; and for calcein, Ex = FF02-
472/30-25, Em = FF01-520/35-25, and DM = FF495-Di03-25x36. The following Ex
and Em filters and DM were used with the 632 nm laser for the CF660R dye: Ex =
FF02-628/40-25, Em = FF01-692/40-25, and DM = FF660-Di02-25x36. These
optical filters were purchased from Semrock (Rochester, NY, USA). Each image was
projected on an EM-CCD camera (ImagEM C9100-13; Hamamatsu Photonics KX,
Sizuoka, Japan) through a 0.7X lens (C-0.7x DXM Relay Lens; Nikon). A stage-top
incubator (ONICS; Tokai Hit Co., Shizuoka, Japan) was used to control temperature,
humidity, and gas concentration.

MWA chips. MWA chips were prepared from PDMS and microscopic-grade
coverslips. The PDMS MWA chip was prepared as follows: A thin PDMS sheet,
consisting of a 50 X 50 array of 50-pum or 70-pum through-holes with 100-um centre-
to-centre spacing and 80-pm thickness, was purchased from Fluidware Technologies
(Saitama, Japan). The PDMS sheet and a glass slide were permanently bonded
together after the contact surfaces between them were plasma-treated (SEDE-PFA;
Meiwafosis, Tokyo, Japan). The bare glass surfaces that now functioned as the bottom
of the microwells after bonding were aminated with Vecatabond Reagent (SP-1800;
Vector Laboratories, Burlingame, CA, USA). The chip was mounted on a coverslip
holder (Attofluor cell chamber, A7819; Life Technologies) adjacent to another PDMS
block (Sylgard184; Dow Corning Toray, Tokyo, Japan) with an 8-mm diameter
through-hole that served as a reservoir well. The interstices between the PDMS-glass
chip and the PDMS block were filled with uncured PDMS. The integrated chip was
baked at 130°C for 3 h.

A 100-pL mixture of capture antibodies (100 pg/mL) and dimethyl pimelimidate-
2HCI (DMP; 7 mg/mL) was loaded onto the aminated glass surface to fix the capture
antibody. The surface was blocked with monoethanolamine (0.1 M, pH 8.2) and
Lipidure reagent (0.2% [w/v]), and stored at 4°C until use.

Preparation of detection medium, Detection antibody labelled with biotin was
coupled with CF-labelled streptavidin at 1:10 molar ratios at room temperature in
the dark for 3 h, Unoccupied sites on streptavidin were blocked with excess dPEG4-
biotin acid (10199; Quanta BioDesign, Ltd., Powell, OH, USA). Unconjugated
streptavidin and dPEG4-biotin were removed by ultrafiltration (Amicon Ultra-0.5,
100 kDa; Merck Millipare, Billerica, MA, USA), The detection media contained
prepared CF-labelled detection antibody (30 nM), BSA (2.5% [w/v]), and the
indicated combination of the following additives (with the final concentrations):
SYTOX (0.8 pM), glycine (5 mM), LPS (1 pg/mL}, and/or ATP (5 mM).

Handling and treatment of cells, Monocytes were stimulated with LPS for 3 h and
incubated with 0.4 uM Calcein AM for 15 min before IL-1p secretion analysis on a
PDMS MWA chip. The cells were washed with fresh medium and recovered from the
bottom of 96-well plates by gentle pipetting. Approximately 2,000 cells were
introduced into an MWA chip and allowed to settle by gravity for 10 min in a CO,
incubator. Next, the medium was replaced with the detection medium containing
SYTOX, glycine, and LPS. The cells were first monitored for 20 min before ATP
stimulation; after ATP administration, monitoring was resumed during the 10-min
incubation period. The medium was then replaced with fresh detection medium
containing SYTOX, glycine, and LPS. Measurements were then resumed and
continued for 4 h.

Time-resolved monitoring of cytokine secretion from stimulated monocytes. Ten
positions were selected in order to include as many single cell-containing microwells
as possible. Monocytes in the selected position of microwells were monitored at I-min
intervals by multichannel microscopy, i.e. DIA images, epifluorescence images for
calcein and SYTOX, and TIRF images for CF660R for cytokine secretion at controlled
temperature and gas concentrations. The MFIs of each microwell at each time point
were measured with the NIS Elements imaging software.

Transition time estimation of calcein, SYTOX and IL-1p signals obtained from
LPS/ATP stimulated monocytes. The transition time of calcein disappearance,
SYTOX influx, and IL-1p release were detected by data analysis software (Origin 8.6;
OriginLab Co., Northampton, MA, USA) by using the following equations:

(t)“{lw-t-ld-%mct , E<ty W
¢ Lo+ (I +meta) exp{ —(t—tq)/t}, t=tq
for calcein disappearance,
Lo +myt L t<ty
(1) = 2
) {I)ﬂ+m,t+1,,[1w exp{ ~(t—t0)/t}], t=to @
for SYTOX influx, and
Iig +m;jt , t<ty
Li{t) = 3
i {Im+m;t+1,»,[1—exp{—(t—tm)/r,«}], t= 1 @

for IL-1P release, where I(t) represents intensity, I, represents the background, m
represents intensity drift, I; represents amplitude, £, represents transition time, and ¢
represents the time constant of exponential decay for each fluorescence signal. The
subscripts ¢, 5, and i of each parameter indicate calcein, SYTOX, and IL-1f labelling,
respectively. The time constant of IL-1p (z;) was determined from a supplementary
experiment with recombinant IL-1f (Fig, 2). The IL-1 secretion dataset was fitted by
equation (3).

1. Gnecchi, M., Zhang, Z. P, Ni, A. G. & Dzau, V. J. Paracrine Mechanisms in Adult
Stem Cell Signaling and Therapy. Circ Res 103, 1204-1219 (2008).

2. Lander, A. D. How Cells Know Where They Are. Science 339, 923~927 (2013).

3. Stastna, M. & Van Eyk, J. E. Secreted proteins as a fundamental source for
biomarker discovery. Proteomics 12, 722-735 (2012).

4. Rothenberg, E. V. Cell lineage regulators in B and T cell development. Nat
Immunol 8, 441444 (2007).

5. Lacy, P. & Stow, J. L. Cytokine release from innate immune cells: association with
diverse membrane trafficking pathways. Blood 118, 9-18 (2011).

6. Ma,C.etal. A clinical microchip for evaluation of single immune cells reveals high
functional heterogeneity in phenotypically similar T cells. Nat Med 17, 738-743
(2011).

7. Love,J. C, Ronan, J. L., Grotenbreg, G. M., van der Veen, A. G. & Ploegh, H. L. A
microengraving method for rapid selection of single cells producing antigen-
specific antibodies. Nat Biotechnol 24, 703-707 (2006).

8. Han, Q,, Bagheri, N,, Bradshaw, E. M., Hafler, D. A,, Lauffenburger, D. A. & Love,
J. C. Polyfunctional responses by human T cells result from sequential release of
cytokines. P Natl Acad Sci USA 109, 1607-1612 (2012).

9. Sasuga, Y. et al. Single-cell chemical lysis method for analyses of intracellular
molecules using an array of picoliter-scale microwells. Anal Chem 80, 9141-9149
(2008).

10. Salehi-Reyhani, A. et al. A first step towards practical single cell proteomics: a
microfluidic antibody capture chip with TIRF detection. Lab Chip 11, 1256-1261
(2011).

11. Stanley, A. C. & Lacy, P. Pathways for Cytokine Secretion. Physiology 25,218-229
(2010).

CREPORTS | 4:4736 | DOI: 10.1038/srep04736

-158-



12. Dinarello, C. A. Biologic basis for interleukin-1 in disease. Blood 87, 2095-2147
(1996).

13. Fujisawa, A. et al. Disease-associated mutations in CIAS1 induce cathepsin B-
dependent rapid cell death of human THP-1 monocytic cells. Blood 109,
2903-2911 (2007).

14. Tanaka, T. et al. Induced pluripotent stem cells from CINCA syndrome patients as
a model for dissecting somatic mosaicism and drug discovery. Blood 120,
1299-1308 (2012).

15. Bergsbaken, T., Fink, S. L. & Cookson, B. T. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol 7, 99~109 (2009).

16. Eder, C. Mechanisms of interleukin-1beta release. Immunobiology 214, 543-553
(2009).

17. Lopez-Castejon, G. & Brough, D. Understanding the mechanism of IL-1beta
secretion. Cytokine Growth Factor Rev 22, 189-195 (2011).

18. Mariathasan, S. et al. Cryopyrin activates the inflammasome in response to toxins
and ATP. Nature 440, 228-232 (2006).

19. Ward, J. R. et al. Temporal Interleukin-1 beta Secretion from Primary Human
Peripheral Blood Monocytes by P2X7-independent and P2X7-dependent
Mechanisms. Journal of Biological Chemistry 285, 23145-23156 (2010).

20. Fink, S. L. & Cookson, B. T. Caspase-1-dependent pore formation during
pyroptosis leads to osmotic lysis of infected host macrophages. Cell Microbiol 8,
1812-1825 (2006).

21. Verhoef, P. A., Kertesy, S. B,, Estacion, M., Schilling, W. P. & Dubyak, G. R.
Maitotoxin induces biphasic interleukin-1beta secretion and membrane blebbing
in murine macrophages. Mol Pharmacol 66, 909-920 (2004).

22. Roy, S. S. & Hajnoczly, G. Calcium, mitochondria and apoptosis studied by
fluorescence measurements. Methods 46, 213-223 (2008).

23. Raphael, M. P,, Christodoulides, J. A., Delehanty, J. B., Long, J. P. & Byers, J. M.
Quantitative Imaging of Protein Secretions from Single Cells in Real Time.
Biophys ] 105, 602-608 (2013).

24. Molter, T. W. et al. A New Approach for Measuring Single-Cell Oxygen
Consumption Rates. IEEE Trans Autom Sci Eng 5, 3242 (2008).

25. Belanger, M. C. & Marois, Y. Hemocompatibility, biocompatibility, inflammatory
and in vivo studies of primary reference materials low-density polyethylene and
polydimethylsiloxane: A review. ] Biomed Mater Res 58, 467-477 (2001).

26. Ferrari, D. et al. The P2X(7) receptor: A key player in IL-1 processing and release.
Journal of Immunology 176, 3877-3883 (2006).

27.Zhy, J. F. & Paul, W. E. Heterogeneity and plasticity of T helper cells. Cell Res 20,
4-12 (2010).
28. Nathan, C. & Ding, A. H. Nonresolving Inflammation. Cell 140, 871-882 (2010).

Acknowledgments

‘We thank Katsuyuki Shiroguchi (RIKEN) and Hirotsugu Oda (Kyoto Univ.) for critical
reading of the manuscript. This work was partly supported by the Special Postdoctoral
Researchers Program of RIKEN, by a Grant-in-Aid for Young Scientists (B) (no. 23770189,
to Y.S.), a Grant-in-Aid for Scientific Basic Research (C) (no. 25440074, to Y.S.) and for
Scientific Basic Research (S) (no. 23226010, to S.S.) from MEXT, Japan.

Author contributions

Y.S., Y.H. and O.0. conceived the methods described; Y.S. and M.Y. set up the optical
instruments; AN.,J.M.and §.S. contributed to the technical development of the MWA chip;
Y.S. and N.S. prepared MWA chips; K.I, RN. and T.H. performed and supervised clinical
sample preparation; and Y.S. performed imaging experiments and analysis. The manuscript
was prepared by Y.S,, M.Y,, and O.0. after discussion with all the authors.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Shirasaki, Y. et al. Real-time single-cell imaging of protein
secretion. Sci. Rep. 4, 4736; DOI:10.1038/srep04736 (2014).

oo This work is licensed under a Creative Commons Attribution-NonCommercial-
MM NoDerivs 3.0 Unported License. The images in this artide are included in the
artide’s Creative Commons license, unless indicated otherwise in the image credit;

ifthe image is not included under the Creative Commons license, users will need to
obtain permission from thelicense holder in order to reproduce the image. To view

a copy of this license, visit http:/creativecommons.org/licenses/by-nc-nd/3.0/

PORTS | 4:4736 | DOI: 10.1038/srep04736

—-159~



Aicardi-Goutieres Syndrome
Is Caused by IFIHT Mutations

Hirotsugu Oda,'? Kenji Nakagawa,! Junya Abe,'* Tomonari Awaya,’ Masahide Funabiki,*
Atsushi Hijikata,® Ryuta Nishikomori,!* Makoto Funatsuka,® Yusei Ohshima,” Yuji Sugawara,?
Takahiro Yasumi,! Hiroki Kato,** Tsuyoshi Shirai,> Osamu Ohara,? !¢ Takashi Fujita,* and Toshio Heike!

Aicardi-Goutiéres syndrome (AGS) is a rare, genetically determined early-onset progressive encephalopathy. To date, mutations in six
genes have been identified as etiologic for AGS, Our Japanese nationwide AGS survey identified six AGS-affected individuals without
a molecular diagnosis; we performed whole-exome sequencing on three of these individuals. After removal of the common polymor-
phisms found in SNP databases, we were able to identify IFIH1 heterozygous missense mutations in all three. In vitro functional analysis
revealed that IFTH1 mutations increased type linterferon production, and the transcription of interferon-stimulated genes were elevated.
IFIH1 encodes MDAS, and mutant MDAS lacked ligand-specific responsiveness, similarly to the dominant Ifih1 mutation responsible for
the SLE mouse model that results in type I interferon overproduction. This study suggests that the IFIH1 mutations are responsible for

the AGS phenotype due to an excessive production of type I interferon.

Aicardi-Goutieres syndrome (AGS [MIM 225750]) is a rare,
genetically determined early-onset progressive encepha-
lopathy.' Individuals affected with AGS typically suffer
from progressive microcephaly associated with severe
neurological symptoms, such as hypotonia, dystonia, sei-
zures, spastic quadriplegia, and severe developmental
delay.” On brain imaging, AGS is characterized by basal
ganglia calcification, white matter abnormalities, and cere-
bral atrophy.®* Cerebrospinal fluid (CSF) analyses show
chronic lymphocytosis and elevated levels of IFN-o and
neopterin.* AGS-affected individuals are often misdiag-
nosed as having intrauterine infections, such as TORCH
syndrome, because of the similarities of these disorders,
particularly the intracranial calcifications.! In AGS, etio-
logical mutations have been reported in the following
six genes: TREXI (MIM 606609), which encodes a
DNA exonuclease; RNASEH2A (MIM 606034), RNASEH2B
(MIM 610326), and RNASEH2C (MIM 610330), which
together comprise the RNase H2 endonuclease complex;
SAMHD1 (MIM 606754), which encodes a deoxynucleo-
tide triphosphohydrolase; and ADARI (MIM 146920),
which encodes an adenosine deaminase.®” Although
more than 90% of AGS-affected individuals harbor etiolog-
ical mutations in one of these six genes, some AGS-affected
individuals presenting with the clinical characteristics of
AGS still lack a genetic diagnosis, suggesting the existence
of additional AGS-associated genes.’

We recently conducted a nationwide survey of AGS
in Japan and reported 14 AGS-affected individuals.'” We
have since recruited three other Japanese AGS-affected in-

dividuals, and among these 17 individuals, we have identi-
fied 11 individuals with etiologic mutations; namely,
TREX1 mutations in six, SAMHDI mutations in three,
and RNASEH2A and RNASEH2B mutations in one each.
Of the remaining six individuals without a molecular diag-
nosis, trio-based whole-exome sequencing was performed
in three whose parents also agreed to participate in
further genome-wide analyses (Figure 1A). Genomic DNA
from each individual and the parents was enriched for
protein-coding sequences, followed by massively parallel
sequencing. The extracted nonsynonymous or splice-site
variants were filtered to remove those with minor allele fre-
quencies (MAF) > 0.01 in dbSNP137. To detect de novo
variants, any variants observed in family members,
listed in Human Genetic Variation Database (HGVD), or
with MAF > 0.02 in our in-house exome database were
removed. To detect autosomal-recessive (AR), compound
heterozygous (CH), or X-linked (XL) variants, those
with MAF > 0.05 in our in-house database were removed
(Figure S1 available online). All samples were collected
with the written informed consents by parents, and the
study protocol was approved by the ethical committee of
Kyoto University Hospital in accordance with the Declara-
tion of Helsinki.

After common polymorphisms were removed, we identi-
fied a total of 40, 18, 89, and 22 candidate variants under
the de novo, AR, CH, and XL inheritance models, respec-
tively, that were present in at least one of the three indi-
viduals (Table $1). Among them, missense mutations
were identified in IFIHI1 (MIM 606951, RefSeq accession
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Figure 1. Pedigree Information for the AGS-Affected Individ-
uals and Details of the /FIH1 Mutations Identified

(A) The pedigrees of the three families indicating the AGS pro-
bands.

(B) Sanger sequencing chromatograms of the three IFIHI muta-
tions found in the AGS-affected individuals. The locations of these
mutations in the amino acid sequence of the MDAS protein are
shown in alignment with the conserved amino acid sequences
from several species. This alignment was obtained via ClustalW2.
The amino acids that are conserved with human are circled in red.
(C) The MDAS protein domain structure with the amino acid sub-
stitutions observed in these AGS-affected individuals.

number NM_022168.2), which encodes MDA5 (RefSeq
NP_071451.2). These missense mutations are ¢.1354G>A
(p.Ala452Thr) in AGS-1; c.1114C>T (p.Leu372Phe)
in AGS-2; and c.2336G>A (p.Arg779His) in AGS-3
(Figure 1B). None of the mutations are found in HGVD,
including the 1,208 Japanese samples, or our in-house
exome database of 312 Japanese individuals. Multiple-
sequence alignment by ClustalW2 revealed that each of
the amino acids affected by these mutations are conserved
among mammals (Figure 1B). The subsequent amino acid
alterations were all suggested to be disease causing in at least
one of the four function-prediction programs used (Table
1). None of the other genes identified in the de novo inher-
itance model, or any of the genes identified in the other
three inheritance models, were mutated in all three individ-
uals. The IFIH]I mutations identified were validated by
Sanger sequencing. The other coding exons of IFIHI were

also examined by Sanger sequencing, and no other muta-
tions were found.

MDAS is one of the cytosolic pattern recognition recep-
tors that recognizes double-stranded RNA (dsRNA).*
MDAS consists of N-terminal tandem CARD domains,
a central helicase domain, and a C-terminal domain
(Figure 1C). When bound to dsRNA, MDAS forms a closed,
C-shaped ring structure around the dsRNA stem and ex-
cludes the tandem CARD as well as creates filamentous
oligomer on dsRNA.'? It is hypothesized that the tan-
dem CARD interacts each other and activates MAVS on
the mitochondrial outer membrane. Oligomerization of
MAVS induces TBK1 activation, IRF3 phosphorylation,
and induction of type I interferon transcription, resulting
in the activation of a large number of interferon-stimu-
lated genes (ISGs).

The neurological findings of the individuals with
these IFIH1 mutations are typical of AGS (Tabie 52). They
were born with appropriate weights for their gestational
ages without any signs of intrauterine infection. However,
they all demonstrated severe developmental delay in early
infancy associated with progressive microcephaly. No
arthropathy, hearing loss, or ophthalmological problems
were observed. As for extraneural features, all three individ-
uals had at least one of the following autoimmune features:
positivity for autoantibodies, hyperimmunoglobulinemia,
hypocomplementemia, and thrombocytopenia. Notably,
none of the individuals with IFTHI mutations had chilblain
lesions, although all the five individuals with TREX1
mutations and two of the three individuals with SAMHD1
mutations in the Japanese AGS cohort showed chilblain
lesions.*? Individuals with SAMHDI mutations and IFIH1
mutations both show autoimmune features; however, chil-
blain lesions have been observed only in individuals with
SAMHD1 mutations.*

To predict the effects of the identified amino acid substi-
tutions on MDAS5, three-dimensional model structures of
MDAS mutants were generated from the crystal structure
of human MDAS-dsRNA complex'? (Protein Data Bank
[PDB] code 4gl2), using PyYMOL (Schroedinger) and MOE
(Chemical Computing Group) (¥igure SZA). The oligo-
meric model of MDAS was generated using the electron
microscopy imaging data of MDAS filament lacking
CARD domain'® (Electron Microscopic Data Bank
[EMDB] code 5444) (Figure $2B). The three amino acid sub-
stitutions in the AGS-affected individuals are all located
within the helicase domain (Figures 1C and S2A). Because
Ala452 directly contacts the dsRNA ribose 02’ atom, the
p-Ala452Thr substitution probably affects the binding af-
finity to dsRNA due to an atomic repulsion between the
side chain of Thr452 and the dsRNA O2' atom (Figures
$2C and $2D). Leu372 is located adjacent to the ATP bind-
ing pocket, and the p.Leu372Phe substitution could in-
crease the side chain volume of the binding pocket,
affecting its ATP hydrolysis activity (Figures S2E and S2F).
In our oligomeric model, Arg779 is located at the interface
between the two monomers, which is consistent with the
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Table 1. Functional Predictions of the IFIHT Variants

Individuals Nucleotide Change Amino Acid Change SIFT PolyPhen2 Mutation Taster PROVEAN
AGS-1 €.1354G>A p.Ala452Thr tolerated benign disease causing neutral
AGS-2 ¢.1114CT pleud72Phe toler;;eud probably damaging disease causing neutral
AGS-3 ¢.2336G»A p-Arg779His tolerated probably damaging disease causing deleterious

The potential functional effects of the IFIH] variants identified in the AGS-affected individuals were predicted via SIFT, PolyPhen2, Mutation Taster, and PROVEAN,

recent report showing that Lys777, close to Arg779, is in
close proximity to the adjacent monomer.'” Furthermore,
in our model, Arg779 is in close to Asp572 on the surface
of the adjacent monomer. We speculate that losing the
positive charge due to the p.Arg779His substitution would
possibly affect the electrostatic interaction between the
MDAS monomers (Figures 52G and S2H).

To connect the identified IFIHI mutations with the AGS
phenotype, we examined the type I interferon signature in
the individuals by performing quantitative RT-PCR (qRT-
PCR) of seven 15Gs.'* Peripheral blood mononuclear cells
(PBMCs) from the three AGS-affected individuals showed
upregulation of ISG transcription (Figure 2), confirming
the type I interferon signature in the individuals with
IFIH1 mutations.

To elucidate the disease-causing capability of the identi-
fied IFIH1 mutations, three FLAG-tagged IFIHI mutant
plasmids containing these mutations were constructed via
site-directed mutagenesis. These plasmids were transiently
expressed on human hepatoma cell line Huh7 and the
IFNBI promoter activity as well as endogenous expression
of IFIT1 (MIM 147690) was measured 48 hr after transfec-
tion.'® The three mutant plasmids activated the IFNBI pro-
moter in Huh7 cells more strongly than the wild MDAS
and nearby missense variants reported in dbSNP (Figures 3
and $3). The upregulation of endogenous [FIT1 was also
observed in the transfected cells (Figure 54), suggesting
that these AGS mutations enhance the intrinsic activation
function of MDAS. Recent genome-wide association studies
(GWASs) showed association of the IFIF1 with various auto-
immune diseases, such as systemic lupus erythematosus
(SLE), type I diabetes, psoriasis, and vitiligo.'"*? We exam-
ined IFNB1 promoter activity induced by the ¢.2836G>A
(p.Ala946Thr) polymorphism (151990760) identified in the
GWASs. Although the ¢.2836G>A polymorphism partially
activated the promoter activity, the induced activity was
lower than those of the AGS-derived mutants. In addition,
the dominantly inherited SLE mouse model in the ENU-
treated mouse colony is reported to have the Ifih1 mutation,
€.2461G>A (p.Gly821Ser).”® These observations suggest
that IFIHI has strong association with various autoimmune
diseases, especially SLE, which also has a type I interferon
signature.”® Because alteration of TREX1 has been reported
to cause AGS as well as SLE,*' it seems quite plausible for
IFIH1 to also be involved in both AGS and SLE. Interestingly,
allthe individuals identified with IFIHI mutations had auto-
antibodies, suggesting the contribution of IFIHI mutations
to autoimmune phenotypes.

To further delineate the functional consequences of the
three JFH1 mutations, we measured the ligand-specific Ifnb
mRNA induction by stimulating Ifih 1™ mouse embryonic
fibroblasts (MEFs) reconstituted with retrovirus expressing
the IFIH1 mutants by an MDAS-specific ligand, encephalo-
myocarditis virus (EMCV).** None of the MEF cells ex-
pressing the three mutant IFIHI responded to the EMCV,
which suggested that the MDAS5 variants lacked the
ligand-specific responsiveness. The response of the three
AGS mutants against the MDAS-specific EMCV was similar
to that of the p.Gly821Ser variant reported in the domi-
nantly inherited SLE mouse model with type I interferon
overproduction®” (Figures 4 and 55).

During the revision of this manuscript, Rice et al. identi-
fied nine individuals with IFIH1 mutations, including
the ¢.2336G>A mutation we identified, in a spectrum of
neuroimmunological features consistently associated with
enhanced type I interferon states including AGS.**
Although we agree that the IFIJH1 mutations cause constitu-
tive type I interferon activation, Rice et al. show that the
mutated MDAS proteins maintain ligand-induced respon-
siveness, which was not the case in our study. Because we
measured the ligand-specific responsiveness of MDAS in
different experimental conditions, further analysis remains
to be performed to reveal the biochemical mechanism of
interferon overproduction by the mutated MDAS.
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Figure 2. Quantitative RT-PCR of a Panel of Seven ISGs in
PBMCs Obtained from the /FIH1-Mutated Individuals and Healthy
Control Subject

gRT-PCR was performed as previously described.’® The relative
abundance of each transcript was normalized to the expression
level of B-actin. Tagman probes used were the same as previous
report,** except for ACTB (MIM 102630). Individual data were
shown relative to a single calibrator (control 1). The experiment
was performed in triplicate. Statistical significance was determined
by Mann-Whitney U test, *p < 0.05.
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Figure 3. The Effects of the Three MDAS Variants on /FNB1
Expression

Huh?7 cells were transfected with a reporter gene containing IFNBI
promoter (p-55C1B Luc), an empty vector (BOS), and expression
vectors for FLAG-tagged human wild-type IFIH1, ¢.2836G>A poly-
morphism (p.Ala946Thr) in the GWASs, and the identified IFIH1
mutants. Luciferase activity was measured 48 hr after transfection,
and the MDAS protein accumulation was examined by immuno-
blotting as previously described.’* FLAG indicates the accumula-
tion of FLAG-tagged MDAS. Each experiment was performed in
triplicate and data are mean + SEM. Shown is a representative
of two with consistent results. Statistical significance was deter-
mined by Student’s t test. *p < 0.05, **p < 0.01.

In conclusion, we identified mutations in IFIH] as a
cause of AGS. The individuals with the IFIHI mutations
showed encephalopathy typical of AGS as well as the
type I interferon signature with autoimmune phenotypes,
but lacked the chilblains. Further analysis remains to eluci-
date the mechanism of how the IFIH1 mutations identified
in AGS cause the type I interferon overproduction.

Supplemental Data

Supplemental Data include five figures and two tables and can be
found with this article online at hitp://dx.dol.org/10.1016/{.ajhg.
2014.06.007.
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Abstract

Familial hemophagocytic lymphohistiocytosis (FHL) is characterized by uncontrolled activation of T cells and

macrophages and hypercytokinemia. We have recently described a significant increase in a subpopulation of CD8* T
cells with downregulation of CDS during the acute phase of FHL type2 (FHL?Z; perforin deficiency), which declines after
successful treatment, with a concomitant reduction in serum cytokine level. This unusual subset of CD8* T cells,
however, has not been characterized in patients with other subtypes of FHL. Herein, we describe a patient with FHL3
(Muncl13-4 deficiency) carrying compound heterozygous mutations in the UNCI3D gene. He had high serum levels of
pro-inflammatory cytokines and significantly increased activated CD8* T cells with downregulation of CD5 during the
acute phase, similar to that found in FHL?2. This immunophenotypic feature may serve as a useful marker of immune

dysregulation in FHL3 in addition to FHL2.

Key words CD5, CD8* T cells, familial hemophagocytic lymphohistiocytosis, Munc13-4, UNC13D.

Hemophagocytic lymphohistiocytosis (HLH) is a systemic
hyper-inflammatory disorder characterized by immune dys-
regulation and overproduction of cytokines.' Inherited forms of
HLH include familial HLH (FHL), which is caused by genetic
defects related to the granule-dependent cytotoxic pathway, and
immunodeficiencies, such as X-linked lymphoproliferative syn-
drome. Mutations in the PRFI, UNCI3D, STXI11, and STXBP2
genes lead to FHL type 2 (FHLZ2; perforin deficiency), FHL3
(Muncl3-4 deficiency), FHILA (syntaxin-11 deficiency), and
FHLS5 (Munc18-2 deficiency), respectively.! Recent nationwide
surveys of FLH in Japan have indicated that the incidences of
FHL2, FHL3 and FHLS are 55%, 32% and 6%, respectively, and
that no patients with FHLA4 have been reported to date in Japan.”
Perforin is an effector molecule for cytotoxicity that is present in
cytolytic granules. Munc13-4, syntaxin-11 and Munc18-2 are
involved in the intracellular trafficking and exocytosis of
cytolytic granules.!

‘We have recently reported an increased subpopulation of acti-
vated CD8* T cells with downregulation of CDS expression in
patients with FHL2.? This unique immunophenotypic feature
may serve as a useful marker of dysregulated T-cell activation
and proliferation in FHL2:? Human CD5 is a membrane
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glycoprotein that belongs to the scavenger receptor cysteine-rich
family of receptors, and is involved in the modulation of antigen-
specific receptor-mediated activation and differentiation signals.*
It is expressed on the majority of circulating T cells and a small
proportion of B cells.* It has recently been reported that CD5 is
recruited and co-localized with CD3 at the immunological
synapse and inhibits T-cell receptor (TCR) signaling in T cells
without interfering with immunological synapse formation.” In
this report, we extended our previous observation® and investi-
gated a patient with FHL3 who had downregulation of CD5 on
activated CD8* T cells.

Case report

A 43-day-old Korean boy from non-consanguineous parents was
hospitalized because of fever and petechiae. His family history
was unremarkable. Due to a high copy number of cytomegalovi-
rus (CMV) DNA in the peripheral blood and high serum titer of
CMV IgM antibody, the patient was treated with CMV
hyperimmune globulin, but he developed HLH at 55 days of age.
His liver and spleen were palpable 4 cm and 6 cm below the
subcostal margin, respectively. Laboratory tests were as follows:
white blood cell count, 5260/uL; hemoglobin, 6.8 g/dL; and
platelet count, 33 x 10*/uL. The differential leukocyte count was
1% neutrophils, 94% lymphocytes, 4% atypical lymphocytes,
and 1% monocytes. Other abnormal findings included mild liver
dysfunction (aspartate aminotransferase, 74 TU/L), hypertrigly-
ceridemia (238 mg/dL), and hyperferritinemia (7259 ng/mL).
Profound hypercytokinemia was also noted: soluble interleukin
(IL)-2 receptor, 16 380 IU/mL (normal, 145-519); IL-6, 9 pg/mL
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(normal, <5); IL-18, 5600 pg/mL (normal, <500); tumor necrosis
factor (TNF)-0,, 40 pg/mL (normal, <10); soluble TNF receptor
type 1, 10 600 pg/mL (normal, 484-1407); soluble TNF receptor
type 2, 123 000 pg/mL (normal, 829-2262); and neopterin,
160 nmol/L (normal, 2-8). The natural killer cell (NK) activity
was defective (5%; normal, 18-40%).

Immunophenotypic analysis of the lymphocyte showed an
increased percentage of CD3" T cells (87.4%; normal, 72.3 %
7.9%), the majority of which (88.6%) expressed the activation
marker HLA-DR in the peripheral blood. The ratio of CD4* T
(18.4%; normal, 53.1 + 5.8%) to CD8" T cells (69.0%; normal,
17.3 £ 7.0%) was markedly inverted, and most of the CD4* and
CD8* T cells expressed CD45RO. The percentage of CD56* NK
cells was normal (6.5%). Flow cytometry for the TCR V3 reper-
toire indicated polyclonal proliferation in both CD4* and CD8§* T
cells (data not shown). Based on our previous study,” we inves-
tigated whether an unusual subset of activated CD8* T cells with
downregulation of CD35 expression was present in the patient. As
shown in Figure 1, CD4" T cells exhibited normal expression of
CD5. In contrast, a sizable proportion of CD5-negative cells were
detected among the activated CD8* T cells. These findings
prompted us to analyze perforin expression on flow cytometry in
order to assess the possibility of FHL2.? NK cells from the
patient, however, expressed perforin at a level similar to normal
controls (data not shown).

We then performed a granule release assay.® As shown in
Figure 2(a), the CD56" NK cells had diminished surface expres-
sion of CD107a relative to control NK cells after stimulation with
K562 human erythroleukemia cells, indicating impaired
lysosomal degranulation. Therefore, expression of Muncl3-4,
syntaxin-11, and Munc18-2 was evaluated in platelets on western
blot analysis.® We were able to clearly show that Munci13-4 was

CD4 CD8
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Fig.1 Expression of CD5 and HLA-DR on the CD4* and CD§* T
cells. Peripheral blood was obtained from a healthy adult volunteer
and the patient. The percentage of cells gated in each region is
shown.
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Fig.2 (a) Granule release assay. Peripheral blood mononuclear
cells from a control subject and the patient were co-cultured with
K562 cells for 2 h. Cells were stained with anti-CD?3, anti-CD56, and
anti-CD107a antibodies. The expression of CD107a in the CD3~
CD56" natural killer cells is shown. (b) Western blot analysis of
Munc13-4, Munc18-2 and syntaxin-11 done using platelet lysates.
Immunoblotting with anti-integrin oIlb is shown as a loading
control.

not detectable in the patient (Fig. 2b). To identify the mutations
responsible for FHL3, direct sequence analysis of the UNCI3D
gene was performed.® The patient was a compound heterozygote
bearing two different intronic mutations (Fig.3). One was a
splice site mutation, ¢.754-1G>C (IVS9-1G>C); the other was a
deep intronic mutation in intron 1, ¢.118-308C>T. Both muta-
tions have been commonly reported in Korean patients with
FHL3.

The patient was treated with the HLH-2004 treatment proto-
col, including dexamethasone, cyclosporine A and etoposide, as
well as plasmapheresis for 3 days and ganciclovir. After the
diagnosis of FHL3 was confirmed molecularly, he underwent
cord blood stem cell transplantation at the age of 4 months, and
is alive with no evidence of disease at the age of 11 months.
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Fig. 3 Analysis of UNCI3D mutations. Direct sequencing of the
UNCI3D gene was performed using an automated sequencer. Bar,
location of the mutations.

Discussion

Familial hemophagocytic lymphohistiocytosis is a rare
autosomal recessive disorder caused by genetic defects related to
granule-dependent cytotoxicity and is characterized by uncon-
trolled proliferation of activated macrophages and T cells with
overproduction of pro-inflammatory cytokines.! We have
recently described the downregulation of CD5 expression on
activated CD8* T cells during the acute phase of FHL2, which
may serve as a useful marker of dysregulated T-cell activation
and proliferation in FHL.2. The immunophenotypic features of T
cells in other subtypes of FHL, however, have not been fully
characterized. In addition, downregulation of CDS3 is likely a
general consequence of the dysregulated proliferation of CD8* T
cells. The appearance of such unique cells has been reported in
patients with Epstein—-Barr virus-HLH, allogeneic bone marrow
transplantation, HIV-1 infection, acute herpes virus infections
and peripheral T-cell neoplasm.® We, therefore, continue to inves-
tigate CD5 expression in children with a suspected diagnosis of
HLH.

In the present study, we describe a case of FHL3 that was
triggered by primary CMV infection. During the acute phase, the
patient had marked hypercytokinemia and proliferation of CD8*
T cells. More importantly, a significant increase in the
subpopulation of activated CD8* T cells with downregulation of
CDS5 expression was demonstrated in the patient. These findings
are similar to those of FHL2.3> While the mechanism underlying
downregulation of CD35 on activated CD8* T cells remains to be
elucidated, it is tempting to speculate that patients with any of the
FHL subtypes other than FHL.2 might also have downregulation

CDS5 downregulation in FHL3 607

of CD5 on activated CD8* T cells during the acute phase.
Because CD35-negative T cells have been shown to become
hyperresponsive to TCR stimulation in CD5-deficient mice,’
downregulation of CD5 might contribute to the uncontrolled
activation and proliferation of CD8* T cells in FHL. It is
unknown whether CD8* T cells from other HLH patients have
similar profiles during the acute phase. Further investigations are
required to address these issue.

Recently Murata et al. reported that Munc13-4, syntaxin-11,
and Munc18-2 were all abundantly expressed in platelets, indi-
cating the usefulness of platelet proteins for the screening of
FHL.® Indeed, the present patient was successfully screened for
FHL3-FHLS5 on western blot analysis of platelets after the
CD107a granule release assay. Genetic analysis is often labor-
intensive and time-consuming. In addition, a deep intronic muta-
tion similar to ¢.118-308C>T in the UNCI3D gene that has been
shown to selectively impair gene transcription and abolish
Munc13-4 expression could be a disease-causing mutation.'
Therefore, the present screening methods, as well as flow
cytometry detection of intraplatelet Munc-13-4 protein, represent
valuable tools for the identification of the FHL subtypes before
performing mutation analysis.

In conclusion, this is an additional example of downregulation
of CD5 on activated CD8* T cells, further supporting its potential
as a useful marker of dysregulated T-cell activation and prolif-
eration in FHL3 in addition to FHL?2.
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Coexistence of neuroblastoma detected on staging of Langerhans

cell histiocytosis
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Abstract

Langerhans cell histiocytosis (LCH) is a rare proliferative disease accompanied by the accumulation of pathological

Langerhans cells, which often spreads into multi-site and multi-organ systems. We here describe a girl with a history of
Kawasaki disease and cervical lymphadenopathy who presented with occipital LCH. Adrenal tumor was detected on
staging evaluation of LCH and was diagnosed as neuroblastoma on resection using laparoscopic surgery. Neither tumor
relapsed following chemotherapy for LCH and resection of neuroblastoma. Although LCH often spreads into multi-
organ lesions, invasive biopsy may be needed for tumors with atypical localization for LCH in consideration of the

synchronous occurrence of malignancies.

Key words Kawasaki disease, Langerhans cell histiocytosis, laparoscopy, lymphadenopathy, neuroblastoma.

Langerhans cell histiocytosis (LCH) is a rare proliferative disease
accompanied by the accumulation of pathological Langerhans
cells. Its clinical manifestations have been recognized as existing
along a spectrum that may involve a single site, multiple sites in
a single organ system, or multiple organ systems. Stratifying
patients based on their position on the spectrum has proven useful
in determining prognosis and planning suitable therapy.'

Neuroblastoma (NB) is the most common extracranial solid
tumor that occurs in childhood. NB is a disease of the
sympathicoadrenal lineage of the neural crest; therefore, it can
develop anywhere in the sympathetic nervous system, with a
predilection for the adrenal glands.”

We here present the case of a girl with co-occurrence of stage
1 NB detected on staging evaluation of LCH. Although LCH may
involve a multi-organ system, we need to consider the possibility
of the coexistence of malignancies in the staging of LCH.

Case report

A previously healthy girl was admitted to hospital for Kawasaki
disease (KD) at 18 months old. She was successfully treated with
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i.v. high-dose immunoglobulin with oral aspirin and recovered
without coronary complications. Abdominal ultrasonography
was not performed at that time. At 2 years 4 months old, she
presented with bilateral lymphadenopathy, which resolved
without therapy.

At 3 years old, she entered hospital for evaluation of an
occipital mass, which had presented 3 months before. Skull
X-ray indicated a 2 cm punched-out lesion. Cranial magnetic
resonance imaging showed an intracranial-extending soft-tissue
mass adjacent to the sagittal sinus (Fig. 1a), without invasion
into the central nervous system. Excisional biopsy specimen
confirmed the diagnosis of LCH on histological analysis includ-
ing S100 and CDla stains. Computed tomography (CT) to
define organ involvement showed a right adrenal tumor (2.5 cm
X 3.0 cm). The tumor presented isointensity with the liver on
T1-weighted imaging, high intensity on T2-weighted imaging,
and Gd enhancement (Fig. 1b). The tumor had high “Ga scin-
tigraphy activity and positive **"Tc HMDP uptake on bone scin-
tigraphy. Urinary homovanillic acid (HVA) was 3.27 mg/g Cr
(normal, 3.5-11.9 mg/g Cr); urinary vanillylmandelic acid
(VMA), 2.63 mg/g Cr (normal, 4.1-19.3 mg/g Cr); and serum
neuron-specific enolase, 15.73 ng/mL (normal, 0-10 ng/mL).

Because the localization of LCH uncharacteristically involved
the adrenal glands, the right adrenal tumor was resected using
laparoscopic surgery for additional diagnosis. The histological
diagnosis was NB, differentiating, according to International
Neuroblastoma Pathology Classification. The tumor sample

-168-



