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Table 1. Intracellular histamine content of ES-derved MCs

Histumine content
Cells (pw/eelll

Experiment |
Es-MC (Day 40) T.40 = 049
Experiment 2

Es-MC (Day 40) 7.58 + 0.59
Experiment 3

Es-MC (Day 50) 10.14 = 1.82*

Human CB-MC (Day 70) 857 x1.22
Experiment 4

Es-MC (Day 50) 1137x 1.59*

Human CB-MC (Day 70) 944 = 113

Five hundred ES-derived MCs (days 40 o 50) or human CB
CD34+ cell-derived MCs (day 70) were lysed and the cell
supernatant unalyzed by an ELISA histamine assay kit (VN = &)
*p < 0.01 as compared to human CB-MC (D70).
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Flgure 6. Prmate embryonic siem (ES)denved mast cells (MUs)
functionally responded 1o 1gE and substance P stimulation. (A): Disini-
bution and negative comrol of primate ES-derived MCs by Nuores-
cence-acuvated cell soring analysis, The upper panel shows SSC and
FSC disiribution of day 40 culiured primate ES-derived MC's, The lower
panel shows the isotope (allophycocyaning negative stuning. (B): When
stmulated with 4 pgiml IgE for 3 days, ES-derived MCs (day 40)
upregulated expression of the FeeRE by up 10 95.8%, (C): Net% B-Hex
release was measured afrer stmulation of the FoeR1 with mAb CRA-|
of exposure 1o 10 uM or 100 uM substance P. Human CB-derived MCs
(white boxes) showed degranulation after CRA-| reatment but not after
the exposure t0 substance P, whereas ES-derived MCs (black boves)
responded to tubstance P in a dose-dependent manner. (ID): Net%
histaming release. To amplify the response, ES-derived MCs were
pretreated with | wg/ml IgE overnight before stimulation with CRA-1
ES-derived MCs displayed a dose-dependent histaming release in re-
sponse 1o CRA-1, as well as 10 10 uM substance P. Abbreviations: APC,
allophycocyamin; FSC, torward scatter, B-Hex, B-hexosannmdase: SP,
substance P SSC. side scatter

at o low level (58.6%) but were highly upregulated (95.84% ) after
a 3-day exposure to 4 ug/ml IgE (Fig. 6A), similar to human and
mouse MCs [19]. In addition, ES-derived MCs responded 1o
stimulation with 10 M substance P by releasing f-hexosamim-
dase (Fig. 6B) and histamine (Fig, 6C). To test responses to
FeeRI sumulation, CRA- 1. which specifically binds the a-chain
of FeeRI was used. Human CH-derived MCs respond to CRA-1

Primae ES-Denved Funcuonally Nawre Mast Cells

. but did not respond 10 subsiance P (Fig. 6B), consistent
with previous reports (3, 20], In contrast 1o humin CB-denved
MCs, ES-denived MCx displayed dose-dependent degranulation
in response (o substance P osumulotion. Hecause ES-derived
MCs showed only marginal degronulation in direct exposure (o
CRA-1 in the B-hexosaminiduse release assuy (Fig, bB), they
were prefreated with | pe/ml 12E overmight to amplify the
response o stimulation with CRA-1 i the histamime release
assay, As a result, ES-derived MCs responded in a dose-depen-
dent manner w CRA-1 as well as w substance P, as measured by
hustamine release (Fig. 6C). These results indicate that primate
ES-derived MCs are functionally mature CT-MCs, not only
because of the characteristic protease expression but also be-
cause of ther ability 1o degranulate in response 1o pharmaco-
logical sumulation.

DISCUSSION

In our present study, prnmate ES-denved progemior cells. when
specifically induced (0 undergoe MC differentiation, generated
mature MCs within only 3 weeks. These ES-derived MCs con-
tained abundant, metachromatically stained granules and had
high intracellular histamine content. They strongly expressed
¢-Kit and other MC-specific markers. and their surface antigen
phenotype, ¢-Kit+/CD45+/CD31 +/CD203+/HLA-DR -, was
very similar to that of mature human MCs. Most interestingly,
the ES-derived MCs possessed a chymase/iryprase double-pos-
itve phenotype and also stuned positive for carboxypeptidase A
and cathepsin G (data not shown). They expressed FeeRI on the
surface, which was upreguluted wier [gE exposure. Moreover,
these ES-derived MCs responded o stimulation with 1gE and
substance P by releasing histamine. These resuls indicate that
primate ES-derived MCs have 1 CT-MC phenotype and are
functionally similar to ther human skin counterparts.

In fetal stages. murine MC precursors are highly concen-
trated in the yolk sac and fetal blood. suggesting there exists a
strong early embryomie wave of MC development [8. Y]. How-
ever, because of the impossibily of conducting experimental
manipulations on human embryos, lintle is known about human
MC development during the embryonic and fetal stages. Full
mturaton of CT-MCs is thought to be achieved only after MC
progenttors have nugrated into the peripheral tssues, Although
human CB-derived MCs give rise to tryptase/chymase douhle-
positive MCs in long-term cultares, generally more than 10
weeks i vitro, they stll cannot fully mimic the functions of
CT-MCs i human skin. such as undergoing degranulation upon
stimulation by substance P. Thus, the rapid mataration of pri-
mate ES-derived MCs in our present culture system suggests a
unique embryonic pathway in primates for the carly develop-
ment of CT-MCs. which may be independent of M-MC devel-
opment. We simulaneously cultured human CB CD34+ cells
under the same culture conditions as in secondary MC cultures
of ES-derived CS-like cells with an AGM-S1 feeder laver and
Tound thar they developed into MCs through u pathway in which
they cxpress tryptase (within 2 wecks) before they express
chymase (more than 6 weeks) (data not shown), These data
indicate that the primate ES-derived CT-MCs do not follow the
same developmental pathway in vitro that has been described
for MCs from human hematopoietic progenitors, as shown in
MCs denved from CB or BM [21-22] in which tryplase 15
always expressed carlier than chymase. Rather. the development
and maturation of MCs from ES-derived CS-hike cells, a highly
concentrated fraction of hematoporetic and  hemangioblastic
progenitors, may represént a unique route that s antrninsically
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controlled durmyg the early embryomic and fetal stages. Because
CT-MCs such as those located in human skin possess a longer
life span and higher potential for cell division than do M-MCs,
CT-MC precursors may migrate w0 skin or other peripheral
lissues al an carly stage during fetal development.

A combination of cytokmes, which included SCF, 1L-6, and
FL, was required to induce the optimal MC development from
primate ES cells (Fig. 4C). This cytokine requirement was
consistent with human MC development in viro from CB
Among the cytokings we examined. FL. seemed to expand the
carly hematopoietic pool but did not dircetly affect MC prolif-
cration, because neither FL alone nor FL in combination with
[IL-6 could support MC growth, whercas FL+SCF stimulated
formation of a few macrophages. FL was only effective in
stimulating MC growth in combination with SCF+IL-6. On the
other hand, stromal cell support of MC development has been
well documented [23-25], We found that proliferation and dif-
ferentiation of ES-derived MCs decreased after 3 weeks in
prmary cocultre if the AGM-S1 feeder layer became inade-
quate (Fig. 4A), ES-derived CS-like cells gave nse 1o only a few
MCs when replated in cultore dishes withowt AGM-51 cells or
on other stromal cells (data not shown). Notably, when day 40
ES-denved mature MCs (in secondury MC culture) were recul-
tured either with AGM-S1 or without a stromal cell layer, the
former cultures retained continuous growth while maintaining a
chymase-domi hemical phenotype. but the latter
cultures gradually decreased i cell numbers and both tryptase
and chymase expression was reduced (Fig, 48; data not shown),
These data suggest that AGM-S1 cells support both proliferation
and maturation of the primate ES-denved CT-MCs, although the
development of MCs from primate ES cells 15 not necessanly
AGM-S1 cell-dependent.

Through our experiments, we could not confirm the specific
progenior type from which the ES-derived MCs arose. Nor
could we deternune what phenotype a committed ES-derived
MC precursor possessed. Since a committed hematopoictic
stem/progenitor cell has not vet been found in muorine, human,
or nonhuman primate ES cells, and because of the limited
antibodies and genetic information specific for monkey ES cells
and their progeny, pinpointing an ES-derived MC precursor has
proven difficult. Although murine ES-derived functional MCs
have been reported [26], because of considerable heterogeneity

between rodent and human MCs. understanding of carly human
MC development using human and nonhuman pr
ts important. In this oewly extablished i vitro culture system,
large quantitics of mutere CT-MCx can be produced [rom pri-
mate ES cells in a relutively short time, Thus, our colture sysiem
will prowide an excellent ool 1o further investigale the mecha-
nisms thut control carly development of MCs in both bumun and
nonhumuan primates

cells

SUMMARY I

We have illustrated a novel culture system for efficient produc-
tion of CT-MCs with phenotvpic and functional maturity from
primate ES cells. The rapid mawration of ES-derived MCs
suggests a unique embryonic pathway in pnmates for carly
development of CT-MCs. which may be independent from the
developmental pathway of M-MCs. Our discovery should facil-
itate the further exploration of the unknown mechanisms that
control early development of MCs in both human and nonhu-
man primates.
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Disease-associated C/AS/ mutations induce monocyte death, revealing low-level
mosaicism in mutation-negative cryopyrin-associated periodic syndrome patients
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Cryopyrin-associated periodic syndrome
(CAPS) is a spectrum of systemic autoin-
flammatory disorders in which the major-
ity of patients have mutations in the cold-
induced autoinflammatory syndrome
(C1AS)1 gene. Despite having indisti

it ol D gy, Univ

mine whether there were latent mutamt
cells in “mutation-negative” patients, we
sought to identity mutation-associated
biologic phenotypes of patients’ mono-

sily of Tokyo, Tokyo, Japan

IL-1 therapy. By collecting dying mono-
cytes after lipopolysaccharide treatment,
we succeeded in enriching CIAS T-mutant
monocyles and identifying low-level

cytes. We found that lipopoly haride

ind

guishable clinical features, some patients
lack CIAS! mutations by conventional
nucleotide sequencing. We recently re-

lectively d necrosis-like cell
death in monocytes bearing CIAST muta-
tions, Monocyle death correlated with
CIAS1 up-regulation, was dependent on

ported a CAPS patient with mosaicism of
mutant CIAS1, and raised the possibility
that CIAS1 mutations were overlooked in

thepsin B, and was independent of

CIAST ici in 3 of 4 “mutation-
negative” CAPS patients. Our findings
reveal a novel effect of CIAST mutations
in promoting necrosis-like cell death, and
demonstrate that C/IAST mosaicism plays
an important role in mutation-negative

4 tiya™ tients, due to a
dent of di

caspase-1. Cell death was intrinsic to CAPS patients. (Blood. 2008;111:
CIAS1-mutated monocytes, was not medi-  2132-2141)
ated by the inflammatory milieu, and was

severity or anti- 2008 by The American Society of Hematology

low frequency of mosaicism. To deter- indep

Introduction

Cryopyrin-associated periodic syndrome (CAPS) is a spectrum
of hereditary periodic fever disorders, and is associated with
mutations in the cold-induced awtoinflammatary
(CIAS)I gene and its encoded protein, eryopyrin.! CAPS
consists of 3 phenotypically overlapping but relatively distinct
syndromes; lamilial cold autoinflammatory syndrome (FCAS),
Muckle-Wells syndrome (MWS), and chronie infunule neuro-

wvndrome

logic cutaneous and arucular (CINCA) syndrome, also known as
neonatal-onsel mulli-inflammatory  disease. These syndromes
are diagnosed mainly based upon chimeal manifestations. among
which an urticaria-like rash beginning in the neonatal or eurly
infantile period 15 common. While FCAS and MWS are
characterized by periodic attacks of vrtcarial rash, fever, and
arthralgia, patients with CINCA syndrome, the most severe
condition of CAPS. exhibit continuous discase activity, with
fever, urticarial rash, arthropathy, chronic meningitis. papill-
edema, growth and mental retardation, and hearing loss.'*
Recent genctic studies revepled that CAPS patients usually
carry heterozygous mulations in the CIAST coding region (mutation-
positive patients**). Although they exhibit no recogmizable difler-

ences e climical symptoms or in their response o treatment,
approximately half of CINCA syndrome patients lack detectable
mutations in CIAST, as assessed by conventionaul genonnic sequenc-
ing (mutation-negative patients,** '), indicating the existence of
genetic heterogeneity among CAPS patients. Recently, we reported
a patient with CINCA syndrome exhibiting mosaicism of a
disease-assoctated mutation of CIASTY. This case suggested that
some mutalion-negative CAPS patients might have mosicism of
the CIAS] mutation; however, the contnbution of CIAST mosa-
wism to disease 15 controversial. Aksentyevich et al clmmed that
CIAST mosaicism bs 4 rare event in mutation-negative patients,
based on their analysis of 14 patients in which CIAST mosaicism
was not idenuified, even with careful bidirecuonal sequencing '

Somatic mosaicism has been reported in a number of autosomal
dominant monogenic disorders.''" Diagnosis of mosaicism by
conventional genomic sequencing using the dideoxy termination
method is often difficult, because the overlapping chromatogram of
the mutant is casily missed when the frequency of a mutant allele is
less than 20% 10 30% " Heeroduplex-hased methods's"Y or
subcloning-based analysis of muwam alleles enable one 1w dewect
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BLOOD, 15 FEBRUARY 2008 « VOLUME 111, NUMBER 4 CIAST MOSAICISM IN CAPS PATIENTS 2133
Table 1. Clinical profiles and CIAS1 mutations identified in 11 p with cryopyrin d periodic syndrome
Central nervous system Skin Articular

Patient Age, Initial Site of Biclogics Mental Urticarial Reference

number Diagnosis  y* Sex i i i py  retardation  Meningilis rasht C
Mutaton- N4TTK

1 CINCA 2 Fomalo positive {14310 A) Nona 28)
Mutation G755R

2 CINCA 3 Femala positve  (2283G ) Anakinra - . . 128}
Mutaticn- MBEIT

3 CINCA 12 Male postive  (18857:-C) Nong 4 =
Mutanon- Ha2e60W

a1 CINCA 12 Mala positive (778C=>T) None +
Mutation- D303aN

5 CINCA 13 Male positive (907G>A) None = - + —
Mutation. Ya41H

6 CINCA 14 Malea postve  (1321C>T) Tochaumab - -

Y5700

7 CINCA 15 Male Mosaic  (1708A=G)  Anakinra§ = . - + -+ 2
Mutation- L264F

a8 CINCA 18 Female negative {780C=>T) None * ’ (30}
Mutation- G3078

] CINCA 11 Male nagative (919G >A) None - = - + - -
Mutation- ESBTK

10 MWS 27 Famuin negalive  (1609G=A) Mone Mot assessed (a1
Mutation-

1 CINCA 11 Male negative Unknown Nona - - + + = 32)

+ indicales presant.
*Age at examination
tObserved since neonatal penod

$Father has the same helerczygous mutation of CIAST
§Administration of anakinra began duning tha study panod

. nol presant: and — nol available

such low-level mosaicism; however, these methods are resource-
imtensive. and cannot distingush whether the detected mutation 1s
disease-causing or simply a nonfunctional single nucleotide poly-
morphism (SNP). An aliernauve approach involves the isolation of
mutant cells using functional analyses based on their charactensuc
hiologic features, and then determiming the DNA sequence ol the
isolated cells. In the current study, we set out to identify specific
hiologic feaures of CIAS7-muiant cells compared with nonmutated
cells, in an effort 1o specifically isolute CIAS-mutated cells from
mulation-negative patients,

CIAS] is expressed in peripheral blood polymorphonuciear
cells (PBMCs), acuvated T cells, chondrocytes, and most promi-
nently in monocytes.* The encoded protein, cryopynn, belongs to a
family of intracellular pattem recogmition receptors, which are
cructal in the control of immune responses, NF-kB activation, and
cell death (reviewed in Ting and Davis™ and Inohara et al®').
Cryopyrin assoctites with caspase- | and an adaptor protem called
apoplosis-associated speck-like protein containing a caspase recruit-
ment domain (CARD: ASC), forming o large protcin complex
called the infl yime. ** The infl convens biologi-
cally inactive prointerleukin (prolL)=1p to active 1L-18. a potent
proinflummutory cylokine. thereby g an infl wy re-
sponse. It is speculated that muant cryopyrin in CAPS patients
activates the inflammasome constitutively in a hgand-independent
manner. Indeed. enhanced producuon of [L-1f has been desenbed
in CAPS patients," """ 77% and is regarded as a primary cause of
thetr inflammatory symptoms. Discasc-associated CIAST muti-
ons induce ASC-dependent NF-kB  achivalion in some sys-
tems, 2220 and we recently reported that they alse induge necntic
cell death in the human monocytie cell line THP- 1. which s a novel
function of CIASLYT

In this study. we explored whether CIAS/-mutant cells have
specific biologic features, using monocytes from mutation-positive
patients, and found that CTAST-mutant monocytes rapidly under-
went necrosis-like cell death after treatment with lipopolysaccha-
ride (LPS) 1o induce CIAST expression. This unique phenotype of
CIAS T mutamt cells enahled us to differentiate CIAS F-mutated cells
und nonmutated cells in 3 of 4 mutation-negative CAPS pulients,
and we were able (o successfully demonstrate that these 3 patienis
had mutavons of CIAS| as latent mosaicism,

Methods
Patients

We recruited 11 Japanese CAPS patients, among whom 10 patients had
clinically diagnosed CINCA syndrome, and | was diagnosed with MWS.
All af the CINCA parients met previously described diagnostic criterin* 19
The MWS patient had recurrent episodes of inffammation that were not
riggered by cold. progressive deatness, and amyloidosis. Writien informed
consents were obtaned from the patients and their families, according 1 the
protocol of the institunonal review board of Kyoto University Hospital and
in accordance with the Declaranon of Helsinki. Derails of pajients e
described in Tuble |

Crude LPS (cLP'S) from Escherichia coli O127.B8, muramyl dipeptide
(MDP) and actinomycin D were purchased from Sigma-Aldnch (St Louis,
MO) Pure LPS (pLPS), Pam3CSK, Poly 1'C. recombinant flagellin,
single-strand RNA (s3-RNA) and CpG DNA {type C, ODN M362) were
trom InvivoGen (San Dicgo. CAY, Z-Tyr-Val- Ala- AsplOMe) CH;F (Y VAD-
k). [L-3-tranx-(propylearbamoyl) oxteane- 2varbomyl |-L-soleucyl- L
profine methy! ester (CANT4-Me), and MG-132 were obtained from FMD
(Darmstadt. Germany).
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Culture of primary human cells

PBMCs were obtmned from CAPS patients and healihy volunteers. CD 14
monoeyies and CDI4 cells were punfied by AutoMACS (Miltenyvi Biotec,
Gladbach, Gurmany). or soried asimg o FACSVantage System (B
Franklin Lakes, NJ). The purity of CDI4" monocytes purified by Au-
WoMACS and FACSVamage was more than 75% and 955, respectively.
PBMCs were cultured in RPMELG20 containing 109 fetal culfl serum at a
density of 10%mL with ¢cLPS, MDF, or Toll-hike receptor (TLR) ligands. In
some experiments, PAMCs were preincubated for 30 minutes with YVAD-
fmk (50 pM), CAOT4-Me (50 M), or MG-132 (5 pM) before cLPS
treatment,

Genetic analysis

Genomic DNA from PRMCs or whole blood was obtained as previously
described.'” To analyze the frequency of the CIAST-mutan allele, exon 3 or
the entire coding region of CIAS] was amplificd using high fidelity DNA
polymerase KOD plus (Toyoho, Osaka, Japan) and subcloned using a
TOPO TA cloning kil (Invitrogen, Curlshad, CA)'® Genomic DNA und
subclones were sequenced with an ART 3100 sequencer (Applied Biosys-
tems, Foster City, CA).

Real-time quantitative PCR

Total RNA was extracted from 1 10 2 % |0 monocytes using an RNeasy
Mini kit (Qiagen. Venlo, Netherlands). After DNase 1 digestion (Invitro-
gen) and first-strand cDNA synthesis with Sensiseript RT (Qiagen), the
products were subjected to real-time guantitutive polymerase chain
reaction (PCR) analysis of CIAS) and 188 rRNA (as an internal control)
using an ABI PRISM 7900HT (Applicd Biosystems). The following
prmers (200 nM) and probes (100 aM) were used: CTAS/, forward
SUGAGCCTCAACAAACGCTACACA-Y, reverse §-CTTGCCGATGGOC-
AGAAG-Y, probe  §'-FAM-CTGCGTCTCATCAAGGAGCACCGG-TAM-
RA-3'; 18s (RNA, lorward $-AGTCCCTGCCCTTTGTACACA-Y, reverse
S“GATCUGAGUGUCTCACTAAAC-T, probe §-FAM-CGUCCGTCOGCTA-
CTACCGATTGG-TAMRA-Y Exprossion of CIAS) was normialiacd w 188
RNA, cxpression is shown relative 1o CTAS/ expression in the absenee of LPS
stimulation, which was et equal 1 one

Allele-specific PCR

The PCR settings are described in Tuble §1 (available on the Blood website,
see the Supplemental Matenals link at the 1op ol the online anicle) and were
optimized 1o detect at least 0.6% of mutant alleles for each mutation. To
make dilution sencs, patient DNA was diluted with DNA from an individual
who was proved not 0 have laent mosaicism of CIASH (continmed
hy subcloning)

Flow cytometry

PHMCs were incubated with a FITC-conjugated anti-human CD14 mAb
(B0, then sored and analyzed using a FACScalibur System (HD). For
intracellular IL-13 staining, cells were fixed, permeabilized, washed with
Permfix and Cytoperm (BD), and incubated with a PE-conjugated anti

human IL- 13 mAb (BD). & a concentration of 0.5 pg/ml. Cells were also
incubated with propudium wodide (PL or 7-aminoactinomycin D (7-AAD.
purchased from BD) w identily nonviable cells. The expression ol
phosphatidylserine in the external laver of the plasma membrane was
evalumed wsing PE-conjugaled annexin-V (BD). In muanon-negative
patients {patients 7-11), LPS-stimulated CD14°/P1" cells and CD14~/P1~
cells were sorted using the FACSVantage System

Cell viability assay

Afler incubation with or without cLPS. punficd monocytes were contn
fuged onto glass slides and were subjected to Giemsa stuining. Cell viahility
was determined using a trypan blue exclusion assay.
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Plasmids and cell lines

Expression plasnids for CIAS! and ASC an the pEF-BOUS vector back-
ground have been descnbed previousty** CIAST mutants were generated
usting the QuikChange siesdinected mutagenesis kit (Stratagene, La Jolla,
CAL'Y The ahility of ¢ach construct to induce NF-xH activation was
assessed using a dual luciferase reporter assay in HEK293 cells os
previously described ' ¢DNAs encading carboxy-terminal green fluores-
cent protein (GFPHagged CIAST and GFP-tagged mutants of CIAS) were
subcloned into peDINASTO (Tovitrogen), belore being introduced into
human monocytic THP-1 cells using the Cell Line Nucleofecwor Kit V
(Amaxa Hiosystems. Cologne, Germany). Phorbol mynsiate acetaie
(10 ng/mL.) was added 10 improve gene expression and reduce spontaneous
cell death 27 Four hours after the inrroduction of plasmids, cell death in
GFP-positive THP-1 cells was measured by flow cytometry

Statistical analysis

Dty are represented as means plus or minus SD. Statistical analysis was
performed using the Students f test. P less than 05 wag considered 10 be
statistically sigmficant

Results
Patient profile

To explore whether mutation-negative CAPS patients were misdi-
agnosed due o CIAS! mosaicism and the low frequency of the
mutant allcle, we recruited 11 Japanese CAPS patients. Clinical
and genetic information for these patients is described in Table |
Among them, 6 CINCA syndrome patients (patients 1-6) were
confirmed as heterogygous lor CIAST mutabion by ondinary genomic
sequencing, and classified o5 mutation-positive patients, showing o
frequency of the mutant allele of approximately 50% (data not
shown). Patient 7 was previously diagnosed as a mosaic, n whom
the lrequency of the CIAST mutant allele in whole blood was
approximately 12%. reflecting that approximately 24% of blood
cells carried the CIAS!T mutation. Three CINCA syndrome
patients (patients 8-10) and | MWS patient (patient 11) had no
evidence of overlapping peaks in their sequencing histograms,
indicating that there were no point mutations m CJAST that would
correlate with amino acid substitutions, based on repeated bidiree-
tional genomic sequencing. These patients were calegorized as
mutation-negaive paucnts,

Spontaneous IL-1§ production in monocyles atl single-cell level

To find possible latent mosaicism in mutation-negative patients, we
sought @ method which enables mutant and normal cells from the
reponted moswic patient (o be disungwished at the single cell level.

e investigated intracellular IL-18 staiming as a candidate tech-
mique, because it is generally believed that enhanced production of
IL-1P is the underlying molecular cause of CAPS % To venfy
this, we first explored i vitro intracellular [L- 1B production from
CD14-positive penpheral monocytes by flow eytometry. Constitu-
tive IL- 1P up-regulation in monocyles was not detected in healthy
controls (n = 10}, but was observed in the confirmed mosaic
patient (patient 7) before stanting anakinm treatment (Figure 1),
However, we were unahle o resolve distinet high-producing
(1L 1"**) and low-producing (IL-18%*) subpopulations of CD14-
positive monoeytes. In addition, while we sorted out relatively
higher- and lower-intensity intrucellular 1L-1f fuorescence-
staining populations, the frequency of the CIAS! mutant allele
each population was almost comparable (data not shown), Further-
more, when patient 7 was treated with anakinra, spontaneous IL-18
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Figure 1. Intracellular IL-13 levels in PBMCs from CAPS patients. PEMCs from
healiny g (n = 10) positive patients (n = 8}, or a mosaic patient
(patiert 7) ware isolated and cultured in vitro for 24 hours. Flow cylometric analysis of
coa and IL=11 levels was perf; The ratio of CO14" IL-
1" monecytes (cells in the nght upper quadrant) in healthy conirols was 0.26%
{* 0.43%: mean = 5D} Data lrom sach of the indicaled patients and a repressnia-
tive healthy control are shown, Numbers in each quadranl arg Ihe percentages of
total celis

up-regulation was canceled: therefore, the staws of IL-1§ produc-
ton did not distinguish between monocytes with CIAST mutations
and those without. Two mutation-positive patients (patient 3 and 5)
showed spontancous up-regulation of intracellular 1L-1f 1n mono-

Figure 2. M ¥ from rapidly
undergo cell death when treated with LPS. (A) Real-time quanti-
latve reverse transcriplion (RT)PCR analysis of CIAS1 mBNA
Purified monocylas were incutated with cLPS (10 ng/mL) or pLPS
(10 ng/mL) for 1 hour, and were then subjected to quantilative
realtime AT-PCA analysis. Data ware normalized o 185 rANA
expression, and represent the means (© 50) of 4 mulation-positive
patients or 7 healthy controls NS statistically not significant
(B) Intraceliular IL-1¢ staning of PBMCs from CAPS patients
PBMCs trom mutation-posdive patients (n = 6) or healthy controls
i = 10} were moubated with cLPS {10 ng/mL) for 24 hours. Flow
cylometne analysis was parformed as descrbed for Figure 1,
Hepresentative resulte of sach patient, or the control haalhy
patianis, are shown, Numbsars in sach quadran are the parcentages
of wotal cells (C) Monocyle cell number decreases upon LPS
stimulation. PBMCs were incubated with or without cLPS (10 ng/mlL)
tor 24 hours, as descnbed m Figure 1. Data reprasent the number of
CD14-powtve ceflis in 10 000 PBMCs, compared with the preincuba
tion state, and represent the means (= SD) of the indicated number
of patients. (D) PBMCs from mutation-positive patisnts wore stamed
with FITC.conjugated anh-CD14, PE-conjugated ani-annexin
V. and 7-AAD, Samples were analyzed by How cytometry. gated to
select CO14-postive cells. and then analyzed tor cell viabilty Data
trom normal PBMCs that were treated with actinomycin D (AcD,
1 wg'mb) for 12 houts were used as a poesitive control for apoplohs
R b pabenis are shown
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|E}) Giemsa staiming of monocytes brom mutation-posilive patients
moubated for 2 hours With or without cLPS, Celts were obizerved by
inyerted microscopy using an Clympus BXS51 microscops (Ciym-
pus, Tokyo, Japan) equipped with @ 40085 NA objective lens, an
Olympus OF70 camera, and DP-comrofler version 1.1 soltware
[Chympus), Dala are represeniative ol 3 mutalion-posdive patients
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cytes upon culture of their PBMCy in vitro (Figure 1 this
correlated with elevared IL-1§ levels in culture supernatant (dats
not shown ). The Eamng mulation-positive paticnts particularly
thase whin recerved therapeutic hiologics such as unakinra or the
anti-1L-6R untibody tocihzumab (patients 2 and 6, respectively),
did not show evidence of up-regulation of intracellular IL-1[. The
status of intracellular 1L-1 therefore seemed w be affecied by
various factors, such as the teatment applied Two of the 4
mutation-negative patients (patients 10 and 11, data not shown)
also exhibited an up-regulation of intracellular IL- 1. These results
show that alterations i intracellular IL-1B levels were not helpful
n finding latent mosaicism in mutation-negative patients

Monocytes from CAPS patients rapidly undergo necrotic cell
death when treated with LPS

We recenily reported that overexpression of diseuse-associated
mutants of CIAS] caused rapid necrosis-like cell death in a human
monocytic cell line, THP-127 As CIAS/ is regulated by NF-kB.
which is up-regulated by treatment with LPS.'™ we next venfied
whether LPS-induced up-regulation of CIAS] could induce cell
death in CIAS)-mutated monocytes. Quantitative mRNA analysis
ol CIAS! in mutation-positive patients and in healthy controls
revealed that both cLPS and pLPS markedly enhanced CIAST
mRNA expression (Figure 2A). When stimulated with ¢LPS, the
number of monocytes from all of the CAPS patients carrying a
heterozyvzous CIAST mutation (patients 1-6) decreased signifi-
cantly, while in healthy controls, it did not (n = 10; Figure 28,C).
Although the magnitude of the decreuse in monocyle number
varied for each patient, this phenomenon was ohserved consis-
tently. regardless of the disease seventy. the level of spontaneous
IL- 13 production, or the therapeutic treatment regimen. Monocyte
cell number was reduced o equal levels belore and alter anokinra
treatment of patent 4, even though the clinical response to anakinra
wias excellent (data not shown), These resulis suggested that
monocytes with CIAST mutations undergo cell death when CIAST
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Figure 3. Etects of TLR ligands and various inhibitors on mone-
cyle cell death. (A) PBMCs from mutstion-positive patiants or haalthy
* controls were incubated for 24 hours with cLPS (10 ng/mL), MDP
(5 wp/mi), Pam3CSK (10 ug/ml), Poly I.C (25 ug/mL). pLPS
{10 ng/mL}. recombsnant flagelin (100 ng/mlL), single-stranded ANA
(s5ANA, 2 ug/ml), or CpG DNA (1 uM). The number of CO14" cells in
10 000 PEMCs was determuned, he ratio of CD14° ceils in stmulated
FPEMCs 10 those in lated PBMCs is p d. Data rep

tha means (= 50) of the indicated number of paiems or healthy controls
(n = 5}, {B) Aeaktime quantitativa AT-PCA analysis of CIAST mANA
Purified monocytes wera stimulated with TLA ligands or MDP, as
descobed lor (A} lor 1 hour, and were then subecied to quantitative
real-tima AT-PCR anal Data were lizad ta 185 rANA axpres-
sion. and represant the means (= 5D) of 4 mutanen-positive pabents of
7 healthy controla. (C, E} PBMCs from the ndicated number of
mutation-positive patients of haalthy controls (n = 4) ware incubated
with or without MG-132 (5 uM}, YVAD-Imk (50 uM), or CAD74-Me
(50 M) for 30 minutes batore the addition of cLPS. Tha calls wers than
incubated with or without cLPS (10 ng/mL) for 4 hours. The ratio ol
CD14* and 7-AAD" cells in 10 000 PBMCs relative to untreated cells is
shawn, data represent the means (= S0) (D, F) Real-time quanbtative
woP AT-PCA analysis of CIAS! mANA. Purified menocytes ware praincu-
bated with the indicated inhibitors for 30 minutes, as described tor (C and
E}, and ware then stimulalad with ¢LPS (10 ng/ml) for 1 hour, Thereafter,
cells ware collected and subjecied o quanttative real-tme HT-PCH analysis.
Diata wawn normaizod 10 185 rANA expression. Values represent the mamns
{* 80} of 4 mutation-possitive patients o 7 haalthy controls. *Pless than 05,
P less than 01, NS: not significan, compared with healthy controls by
Student Iest.
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expression is induced by LPS. To confirm these results,
cyltometnic analysis with P1 or 7-AAD stuming was performed. As
shown in Figure 2D, CDI4-positive monocytes from all of the
heterozygous CAPS patients rapidly underwent cell death when
treated with ¢cLPS, while CDI4-negative PBMCs did not (data not
shown). When annexin-V staining was also examined, we found no
evidence of a populution of eurly upoptotic cells, defined as being
annexin-V'/7-AAD" (lower nght graph in Figure 21D); rather, cells
became annexin-V/7T-AAD double-positive directly. implying that
they underwent necrosis, not typical apoprosis (Figure 2D). This
result was comparable with previous observations using THP-1
cells.”” Giemsa staining of cLPS-stimulated purified monocytes
showed evidence ol cellular debns from disrupied cells, bt Failed
1o detect typical apoptotic morphologic features, such as nuclear
condensation or apoptotic bodies, even at early tme points (1 or 2
hours) aler cLPS stimulation (Figure 2E). Both ¢LPS and pLPS
were equally effective in inducing monocyte death, excluding the
possibility that unknown matenals in cLPS were responsible for

the effect (see Figure 3JA). Thus, monocyies solated from CAPS

patients with CIAS!H muwations ramdly underwent a type of cell

death consistent with necrosis, rather than apoptosis, when treated
with LPS,

Ettect of TLR ligands on CIAS1 mutant monocytes

LIPS is a ligand of TLR4,7-* which is constututively expressed on
monoeytes * Because monocyles express several types of TLR,Y
we nvestigated whether other TLR hgands were also able 1o
induce cell death in CIASZ-mutant monocyies. As shown in Figure
A, while several TLR ligands mildly or moderately decreased the
number of monocytes from mutation-positive patients, none of
them were a8 potent as LPS. MDP. a bactenal compound that was
previously reported o be an acuvator of the cryopynn nflamma-
some.*! also mildly decreased monocyte number. Because some
TLRs. such as TLR3 (recepior for poly 1:C) and TLR9Y (receptor for
CpG DNA) are ot typically expressed on monocytes, ™ modifica-
uon of the cyiokine milicu by other penpheral blood cells may have
partly affected the faie of the mutant monocytes, Quantitative
mRNA analysis of CIAS/ in mutation-positive patients and in the
healthy controls revealed that the effects of Pam3CSK and flagellin
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on CIAS] expression were relatively mild, and the effects of poly
1.C. single-stranded RNA_ and CpG DNA were neghgible (Figure
3B 1L consistent with the finding thiat LPS ts the strongest inducer ol

cell death of CIAST mutant monocytes. Furthermore, to inhibit the
LPS-induced up-regulation of CIAST we pretreated monocyles
with MG-132, a broadly eflective proteasome inhibitor also known
as a NF-xH inhihitor. The effect of LPS on monocvte death (Figure
3C) and CIAST mRNA inducuon (Figure 30) was compleiely
abrogated. Although the possibility that MG-132 directly inhibits
monocyte death cannot be excluded, these results suggested that
the elfect of LPS and other TLR ligands in inducing monoeyie cell
death is associated with their ability 1o enhance CIAS/ expression

LPS-induced death of monocytes with CIAS1 mutations is

L T
psin B-dep

Caspase-1 15 a key downstream molecale of eryopynin in [L-13
processing, and forms part of the inflammasome, along with
cryopyrin and ASC =42 We recently reported that the rapid necrosis
of THP-1 cells induced by CIAS) disease-associated mutanis was
not mediated by a caspase-1-dependent pathway. but occurred in g
lysesomal cathepsin B-dependent manner.” To explore the comri-
hution of caspase-1 or cathepsin B in the LPS-induced cell death of
CIAS]-mutant human primary monocytes, we pretreated PBMCs
froom mutation-positive patients with a caspase- 1 inhibitor, YVAD-
fmk. or a cathepsin B-specific inhibitor, CA074-Me (Figure 3E).
YVAD-fmk was not effective in preventing monocyte cell death,
even al a concentration which substantially suppressed LPS-
induced IL-1P production (Figure 51). In contrast, CAO74-Me
effectively protected mutation-positive monocyles from LPS-
induced cell death, Neither YVAD-[mk nor CAOT74-Me affected the
up-regulation of CIAS! mRNA by LPS (Figure 3F). indicating that
the ellect of CAO74-Me was not at the level of CIAS] expression,
but that it inhibited a posttranscriptional pathway mediated by the
mutant form of cryopynn. Taken 1ogether, our findings implied a
novel function of mutated CIAST in inducing monocyte death in a
cuthepsin B-dependent, caspase- 1 -independent munner. The re-
sults also suggesied that LPS-induced death of monocytes carrying
diseasc-associated mutations of CIAS! is mediated by a similar
mechanism o that reported for the cell death of human monocytic
THP-1 cells induced by overexpression of mutated CIAS .

Selective induction of cell death of CIAS1-mulated monocyles

To confirm that the cell death of CIAST mutant monocytes was due
1o an intrinsic mechanism, rather than the result of modificauons of
the inflammatory milicu. we purified monocytes using magnetic
sorting, simulated them with LPS. and performed a trypan blue
exclusion assay. We observed rapid cell death of purified mono-
cyles upon cLPS stimulation, indicating that the monocytic death
observed in the previous experiments was not mediated by other
cells (Figure 4A). Giemsa staiming of the purified monocvies also
revealed features of necrosis-like cell death, as seen previously
(Figure 2E).

Because patient 7 had mutant and nonmutant cells in the same
milicu due to confirmed C/AS) mosaicism, we were interested in
whether LPS-induced cell death was selective [or monocytes
carrying the CIAS! mutation. The percentuge of CDI4-positive
monocytes [rom patient 7 tended 1w decrease slightly upon cLPS
stumulation. but the cell survival profile was more similar to normal
controls (Figure 4B). When the DN A of the monocytes from patient
7 was extracted and sequenced. there was an overlapping. small
peak on the sequencing chromatogram in unstimulated PRMCs,
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Figure 4. Selecti of ¥ from 1k

snd mosaic patients. (A] Trypan blue exclusion assay of purified monocytes.
Punfisd manocytes wers incubated with o without cLPS (10 ng‘mL) and dead ceils
were counted, Values represent the means (= S0) of 3 mutation-positive patents.
*Plass than .01 with LPS {-) ¢ (B} Representative intraceflular
IL-13 staining of PBM=s from patient 7 or healthy controls after incubabion with or
without cLPS [1J ng/ml) lor 24 hours. Numbers in sach rectangle ara the
percentages of tolal ceils. (C) PEMCs from pation! 7 were cullured with or without
¢LPS (10 ng/mL} for 24 hours. CD14-posibve and -negative cells ware sored. and
DNA was and saque for of CIAS1. C of tha
CIAST gene at nudeotide position 1709 (black or whilte amowhead) from each
population of cells are shown. Note that the overlapping “G” peak (black arrowhead)
disappearad from LPS-treated CD14-positive cells. The dala are representative of
3 1> s, (D) CIAST ted monocyles from & mosaic pationt
ware enriched in the dying cell population. Laft panel flow cytometry data of PBMCs
from patiemt 7 stimulated with ¢LPS for 2 hours. Fight panel: chromatograms of the
CIAST gene at position 1709 (arrowhead), and Irequency of the mutant allele as
determined by subcloning from each population. The data are representalive ol
3 independent expanments

indicating a mutation of the guamne (G) nucleotide at position
1708 (Figure 4C). In monocytes stimulated with ¢LPS, the
histogram peak corresponding to the mutated G disappeared, while
in unstimulited monocytes, or cLPS-sumulated. CDI14-negative
PBMCs, it did not (Figure 4C), These results suggested that cell
death was induced selectively in CTAS I-mutated monocytes. When
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€L PS for 2 hours {left panel), and chromatograms of the CIAST gena at positon 1899
from each of the populabons of cells (nght panel). Numbers in each rectangle are the
percentages of 1otal celis

we sored CDI4-positive/Pl-negauve cells and CD14-positive/Pl
positive cells from cLPS-stimulated PBMCs from patient 7 (Figure
4D) and performed genomic DNA sequencing of each cell popula-
tion, we found that CIAS/-mutated cells were ennched in the
Pl-positive population, and eliminated from the Pl-negative popu-
lation. Subcloning-based frequency analysis revealed successful
enrichment of the mutant G allele, from a frequency of 12.2% in
PBMCs 1o 41.9% in the PLpositive population of dying mono-
cytes, correlating with an cnrichment of mutated cells from
approximately 25% to more than 80%. The frequency of the mutant
allele in PLnegative monocytes that were not undergoing cell death
sigmificantly decreased, 10 4.9%, These resulls suggested that cell
death was induced exclusively in CIAS I-mutated monocytes. and
not in normal cells. even though both cell types were exposed 1o the
same extracellular milieu

Idantificati

of icism in 3 of 4 CIAS1 mutation-negative
CINCA patients

Based on the results from patient 7, we set out 1 idenufy CIAS]
moswcism in the remaining mutation-negative patients by enrich-
ing for P17, dying monocyies after cLPS stimulation. We stimu-
lated PBMCs from patients 8- 11 with cLPS. and while the decrease
in monocyle cell number was comparable with normal controls
(data nol shown), we were able to sort dving (P17 ) from viable
(P17) monocytes. Subsequent sequencing of the population of
monocyies undergoing cell death revealed an overlapping peuk on
the sequencing chromatogram, indicating  mosalcism, in 3 of
4 punients. The nucleotide substitutions were us follows (parenthe
ses indicate the comesponding amino acid change): 790C >
T (L264F) in pavem 8. 919G > A (G3075) i patent 9. and
1699G = A (ES6TK) n pauent 10 (Figure 3 and Figure §2)
Overlapping peaks were not obvious in either chromatogram from

Table 2. Frequency of mutant alleles d 1 in mutati g
patients
Patient 8 Patient 9 Patient 10
Bite of mutation TOOC>T (L264F)  D19G>A (GI0TS) 1699G>A [ESETK)
Frequency ol
mutant allele

Whole blood 2047 (4.3%) 247 (4.3%) 346 (6.5%)

cove P 7/36 (19.4%) V27 (11.1%) 7/46 {15.2%)

cD14 P 246 (4.3%) 1738 (2.6%) 3B (6.3%)
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unstimulated PBMCs or cLPS-stumulated. Pl-negative monocytes
Subcloning analysis of genomic DNA [rom whole blood revealed
that the mutant allele was ennched from 4.3% (2/47) o0 19.4%
(7/36) in patient ¥, 4.3% (2/47) to 11 1% (3/27) in patient 9, und
6.5% (3M6) w 15.2% (7/46) in patient 10 (Table 2} The mutations
and comresponding amino acid chunges i putienis 8, 9, and 10 have
nol been previously reporied as either mutations or SNPs, and were
not ohserved among 100 healthy Japanese donors (data not shown)
We confirmed the existence of latent mosaicism in these patients by
allele-specitic PCR. which can detect mutant alleles at a frequency
of 0.6% (Figure 6). We also analyred 100 healthy controls Lo
exclude the possibility of latent mosaicism among this population,
and found no evidence of mutant CIAST alleles (Figure 6 and data
not shown). Thus, by selectively inducing cell death with LPS. we
successiully diagnosed 3 CAPS patients who had been designated
mutation-negative by conventional sequencing, Patiemt 11 had a
phenotype that was marked by severe mental and developmenial
retardation. When we sumulated PBMCs from patient 11 with
¢LPS, there was very linde cell death of monocytes, and we could
not resolve overlapping peaks on the sequencing chromatogram of
the population of dying monocytes (data not shown), We generated
at least 54 subclones of the entire CIAST coding region from patient
11, and confirmed that this individual did not cary any mutations,
even us & mosaicism of CIASY

Di iated CIAS1 ind
and spontaneous NF-«B activation

cell death on THP-1

To evaluate whether the newly identified CIAST mutations of this
study were relevant to discase manifestation, we examined their
ability to rapudly induce necrotic cell death when transiently
expressed 1o human monocyuc THP-1 cells (Figure 7A). The
mutants identified in the mosaics (patients 7-10, YS7T0C, L264F,

Approomate frequency of mutant allele
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Figure 6. Aliele-specific PCR for mutant alieles delected in mosaic patients.
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and DNA lrom an individual who was proved nol to have laten] mosaicism of CIASY
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Figure 7. Effect of CIAS! mutation on the induclion of cell death and
ASC NF-xB acti (A1 10F THP-1 cefis were transfacted with 0.5 ug
of an axpression vecior for GFP-tagged CIAST wild-type (WT), CIAST SNP S106N,
or ong of fhe disease-assocated mutants of CIAST (R2Z60W, L264F D303N, G307S5,
Ya41H, N4TTK, ESETK, YS70C, MGE2T, and G755R), and incubaled with PMA
(10 ng/mL) lor 4 hours. The percentage of dead cells (7-AAD-positive) among the
population of GFP-positive cells is shown Data represent the means (* S0) of
thplicate determinations, and are representative of 3 mdependent expenments
{B) HEK203FT colls wera transtectad with 16 ng of an exprassion vector for CIAST, or
one of its mutants. in the presence or absence of 16 ng of an expression vector for
ASC. The induction of NF-xB is shown as lold-change compared with calls thal were
ranstected with a control vector without ASC (set equal 10 one), Values are the
means (+ SD) of tnplicate determinations, and data are ropreseniative of
2 independant axpanimaents.

G3078. and ESATK) had more potent effects than those of the
mutation-positive individuals. Transient coexpression of disease-
associated CIAST mutams and ASC in HEK293FT cells caused
enhanced NF-xB reponer acuvity. compared with the expression of
wild-type CIAS T, or CIAS1-SNP S196N, a discasc-unrcluted CIAS ]
variant (Figure 78).'? Note that NF-kB activation induced by the
mutams iwentified in mosaic patients was higher than that induced
by the mutants identified in mututon-positive patients (patient 1-b;
Figure 7B). These findings provided addinonal evidence that
mutations of CIAS/ that are found in hoth mutation-positive and
mosaic patients are functional and related o the development of
disease-related symptoms in CAPS patients

Discussion

In the current study, we demonstrated tha monecyles carrymg
Wiscuse-associated CIASY mutations rapidly undergo cell death
upon induction ol CIAST expression by LPS treatment. Selective
induction of monocyte cell death was independent ol the disease
seventy, level of IL< | 8 production, or therapeutic regimen. Subclon-
ing and analysis of ansient expression in cell lines indicated tha
the abiliny 1o induce cell death was speafic o disease-associated

CIAS I MOSAIGISM IN CAPS PATIENTS 2139

mutattons i CIAS . Consequently, we were able 1o use this distingt
hiologic characieristic W ennich lor monocyles Carrying CIAS]
mutations, We performed genetic analysis on 4 mutation-negative
CAPS paticnts and found CTAST mosacsm in 2 pauems. while in
the fourth we were able o exclude the presence of a mutation in the
CIAST coding region, These findings suggest that a majoriy ol
CIAST mutmion-n
tions of CTAST as a latent, low-level mosmcism.

Chur results indicated that a small number of monocytes carrying
CIAS ! mutabions are sufficient o evoke systemic inflammation in
CIAST mosaic patients. The guestion then anses of how such a
small number of mutant cells cause the severe nflamminory
responses observed in CAPS patients. As shown in Figure |, we
could not distinguish between CIAST-mutated and nonmutated
cells by imracellular IL-18 suaining of PBMCs i patient 7 (mosaic
patient), both mutated and nonmutated monocytes appeared o
have similar levels of TL-1f. In patients who were treated with the
TIL-1 receptor antagonist anakinea, not only was TL-13 signaling
blocked, but IL-1B production in peripheral blood monocytes was
also dramatically reduced (Figure 1) This finding indicates that
modification of the cytokine milicu due to the production of IL-1B
by CIASI-mutated cells, which possess constitutive IL- 18 produc-
ing activity, may cause up-regulation of TL-18 in nonmutated
monocytes, thereby leading to a sysiemic inflammatory condition.
In support of this hypothesis, the addition of 4 neutralizing
anti-1L-1f antibody (o cultures of PRMCs from patient 7 reduced
the levels of intracellular IL-1B. and addition of exogenous IL-18
1o contol, nonmutsted monocytes induced an up-regulation in
intracelular TL-1B {data not shown), In addition, we used transient
transfection expeniments 10 demonstrate that all of the CIAS/
mosaic mutants (YS70C, L264F, G307S, and ES6TK) have the
potential 1o induce ligher NF-wB activity compared with wild-1ype
CIAST (Figure 7): thus, in patents in vivo. these mutations could be
highly active. and sufficient 1o evoke severe systemic inflamma-
tion, ¢ven when present as a low-level mosaicism.

The chmeal sympioms of mosac patients appear (o be milder
than those of heterozygous patients, Patient 7 camed o CIAS/-
YS70C mutation, which is one of the most common CJAS/
mutations, and 1s associated with a very severe phenotype includ-
ing memtal retardation and epilepsy,"* ! Patiem 7 appeared to have
milder symptoms than other reported heterozygous patients carry-
g the same mutation of CIAST, showing neither mental retarda-
tion nor epilepsy, even at 15 years of age. Sumilarly, patient 8, who
had the CIASI-L264F mutation as mosaicism, exhibited a milder
phenotype than patents with the heterozygous L264F mutation.'!
Although the CIAS]-G307S mutation in patient 9 has not yet been
reporied, the symptoms of the patient also seemed o be milder than
that of a patiemt reported 10 have the G307V mutation.® The
relatively mild phenotypes in moesaic patients, despite the relatively
potent effects uf therr mutations on cellular sctivity (Figure 7), may
be atwibutable to the lower dose of acuve mutation. Further study
with more CAPS putients with CIAS] mosaicism and  more
accurate measurements of mosaicism frequency by real-tume PCR
could provade clearer view of the comrelation between the frequency

uve pavents have disease-associated muti-

ol mutant allele and disease seventy

The LPS-induced monocyie death thin we
observed remains o be elucidated, When monocytes are treated
with LPS. CIAS! mRNA is induced immediately, and its encoded
proten ervopynin can be detected within 30 to 60 minutes of
reatment, ' One simple possibility is that the accumulation of
LPS-induced mutam cryopynn in ihe cytosol mediates necrosis
This is supported by our recent observation that overexpression of o

mechamsm  of
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disease-associated mutant of CIAS? i THP-1 cells resulted in rapid
necrosis-like cell death in a cathepsin B=dependent manner?” The
cispase- | nhibitor YVAD-fmk failed 10 inbit LPS-induced
monocyle cell death, while it elfeetively suppressed LPS-induced
IL-1§ produchon. Nigencin. a potassium ionophore. induces not
only caspase-l-dependent 1L-1B/L-18 release but also rapid
necrosis in LPS-primed THP-1 cells*® Interestingly, as we ob-
served. the cathepsin B inhibitor CAO74-Me inhibited the migericin-
induced necrosis while the caspase-1 inhibitor YVAD-cmk did
not S This indicates that @ common pathway inducing cathepsin
B-dependent necrosis in monocyles exists. Cross-talk between the
LPS-TLR4 signaling pathway and the cryopynin inflammasome 1o
cause monocyle cell death is another possibality.

It was recemtly reported that the cytoplasmic receptor Ipal
recogmizes bacterial flagellin, and induces rapid necrosis of Sulmo-
nella-mlected mucrophages 547 Ithas been proposed that eryopyrin
functions as a pattem-recognition receptor™*® that mediates inflam-
mation; thus, it is possible that crvopyrin-induced rapid necrotic
cell death and subsequent release of vanious cellular components
facilitates local inlammation and prevents intracellular bacterial
proliferation. Addinonal experiments are needed to clanfy the
mechunism of monocyte cell death observed in CIAS/-mutant cells
in response o LPS,

While LPS-induced monocyte cell death seemed to be a specific
property of CIAS/ disease-associated mutant cells, the clinical and
physiologic relevance of this biologic activity is unknown. The
pnmary ctology of CAPS is considered to be excessive IL-1p
production by constitutively activated inflammasomes. Although
this hyputhesis is supported by the fact that the autvinflammatory
symptoms of the syndrome are successfully treated with 1L-13-
targeted therapy,'" " it remains unclear whether the unigue
articular and cantilage manifestations of CAPS can also be atnb-
uted to IL-1f overproduction. Histologic analysis of the growth
cartilage of CINCA syndrome patients revealed  necrosis and
disorgamzed prohiferation of chondrocytes, und focal caleification.
while filtration of inflammatory cells was oot described ™!
Feldmann et al speculated that the characteristic growth cantilage
burst and epiphyseal overgrowth observed among CINCA patients
might be due 10 dysreguluted apoptosis of chondrocyies, which
express a high amount of CTAS/.* One possibility is that certain
stimuli, probably other than LPS, cause destrucuve necrosis of
chondrocytes, rather thun apoptosis, resulting in a loss of regularnity
of growth cartiluge and subsequent bizarre joint destruction. We
observed that LPS induces monocyte cell death independently of
anti-IL-1f therapy status, thus, careful observauon of anakinra-
treated patients will provide a more precise understanding of the
mvolvement of mutant CIAST-medited  cell death i CAPS
symptoms

While the strategy we used in the current study was good at
detecting single nucleonde substitutions, we cannot exclude the
possibility that there were aother types of genctic abnormalitics
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present that were not detected. such as mis-splicing and noncoding
region mutations. However, it s also possible that mosaicism, with
an unequal distnbution of mutant cells. s prominent in nonhemato-
poietic cells or nssues, such as the skin or central nervous system.
An analysis of nonhematopotelic Ussues may therefore be neces-
sary before concluding that the CTAST mutation is not responsible
for the disease symptoms. Importantly, because diagnosis of CAPS
is primanly based on climcal symptoms, a reassessment of the
patients” histories und a physical re-evaluahion 1s necessary belure
reestublishing the disease enuty of CJAST-unreluted patients.

In summary, we found that monocytes beanng mututions m
CIAS] rapidly undergo necrosis-like cell death when treated with
LPS, enabling us to diagnose CfAS] mutation-negative patients as
CIAS] moswe patents. Our invesugation revealed that for a
majority of CAPS patients without detectable CIAS ! mutations by
ordinary penomic sequencing, disease development may be attrib-
utable (o low-level mosaicism. Not all CIAS] mutation-negalive
patients have CITAS! mosaicism, presenting the opporunity Lo
uncover genes other than CIAST as causative genes for CAPS. Our
findings also raise the possibility thut low-level mosaicism in other
hereditary autoinflammatory syndromes may play a role in discase
development. in the absence of detectable gene mutabions.
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Use of multiplex PCR and real-time PCR to detect
human herpes virus genome in ocular fluids of

patients with uveitis

S Sugita," N Shimizu,” K Watanabe,” M Mizukami.* T Morio,” Y Sugamoto,’

M Mochizuki'

ABSTRACT

Aim: To measure the genomic DNA of human herpes
viruses [HHV) in the ocular fluids and to analyse the
clinical relevance of HHY in uveitis

Methods: After informed consent was obtained, a total
of 111 ocular fluid samples (68 agueous humour and 43
vitreous fluid samples) were collected from 100 patients
with uveitis. The samples were assayed for HHV-DNA
{HHV1-8) by using twa different polymerase chain
reaction (PCR) assays, qualitative PCR (multiplex PCR) and
nuantitative PCR (real-time PCR.

Results: In all of the patients with acute retinal necrosis
[n = 16) that were tested, either the HSV1 [n = 2), HSVZ
[n= 3], or VAV [n = 11) genome was detected. In all
patients, high copy numbers of the viral DNA were also
noted, indicating the presence of viral replication. In
anather 10 patients with anterior uveitis wath inis atrophy,
the VZV genome was detected. When using multiplex
PCR, EBV-DNA was detected in 19 of 111 samples (17%).
However, real-time PCR analysis of EBV-DNA indicated
that there were only six of the 19 samples that had
significantly high copy numbers. The cytomegalovirus
{CMV) genome was detected in three patients with
anterior uvedtis of immunocompetent patients and in one
immunocompromised CMV retinitis patient. In addition,
one patient with severe unilateral panuveitis had a high
copy number of HHVE-DNA. There was no HHV7- or
HHVB-DNA detected in any of the samples.
Conclusions: A gualitative multiplex PCR is usetul in the
screening of viral infections, However, the clinical
relevance of the virus infection needs to be evaluated by
quantitative real-time FCR

Human herpes virus (HHV) affects vanous ocular
tissues and is known to cause anterior and/or
posterior uveitis, which is characterised by mut-
ton-fat keratic precipitates (KPs), ocular hyperten-
sion, iris atrophy, vitreous opacity, and necrotic
retinitis, Using polymerase chain reaction (PCR),
previous studies have demonstrated the presence of
genomie DNA for HHV in the aqueous humour
and vitreous fluids in patients with herpetic
uveitis, including herpetic keratouveitis, herpes
zoster ophthalmicus, zoster sine herpete, acute
retinal necrosis, and cytomegaloviius retinitis.!’
With recent advances in molecular biology, use of
real-time PCR now makes it possible for quantita
tive measurements of the viral load associated with
herpes virus diseases in the eye” " In addition,
multiplex qualitative 'CR has the advantage of
combining several different primer pairs in the
same amplification reaction with the net result of

producing different specific virus-amplicons n
ocular infectious discases.” Therefore, multiplex
PCR can be used to detect the presence of viruses
within samples

In this study, we collected ocular samples from
various uveitis patients and then tried to detect the
HHV genome when using combinations of two
PCR systems: (1) multiplex qualitative PCR and (2)
real-time quantitative PCR.

MATERIAL AND METHODS

Subjects
Samples of aqueous humour (n = 68) and vitreous
fluid (n=43) were collected from 100 partients
with uveitis and ocular lymphoma. Underlying
pathology comprised herpetic keratouveitis (n=7),
herpetic anterior  uveitis/iridocychtis  (n=16),
acute retinal necrosis (ARN; n = 16), cytomegalo-
virus (CMV) retnitis (n= 1), human T lympho-
tropic virus type 1 (HTLV-1) uveitis (n= 1), ocular
toxoplasmasis (n=2), sclentis (n=3), ocular
sarcoldosis n=7), Vogt-Koyanagi-Harada
(VKH) disease (n=12), Behget disease (n=2),
idiopathic uveitis (n=26) and intraocular lym-
phoma (n=12), At the time of sampling, uveitis
patients displayed active intraocular inflammation
An aliquot of 0.1 ml of the aqueous humour was
aspirated with a 30 G needle. In patients with
uveitis who were und:rgumg vitreous surgery,
non-diluted vitreous fluid samples were collected
from the patients during surgery (diagnostic pars-
plana vitrectomy). The samples used in this study
were collected between 1999 and 2007

Polymerase chain reaction
Cenomic DNA of HHV in the aqueous humour
and vitreous fluids was measured through the use
of two independent PCR assays: (1) a qualitative
multiplex PCR and (2} a quantitative real-time
PCR. The result analysis for the PCR is shown in
fig 1

DNA was extracted from samples using an E21
virus minikic (Qiagen, Valencia, CA) installed on a
Robotic workstation for automated purification of
nucleic acids (BioRobot E21, Qiagen). The multi-
plex PCR was designed to qualitatively measure
genomic DNA of eight human herpes viruses, that
is, herpes simplex virus type 1 (HSV-1), type 2
(HS5V-2), Varicella-zoster wvirus (VZV), Epstein-
Batr virus (EBV), cytomegalovirus (CMV), human
herpes virus type 6 (HHV6), type 7 (HHV7) and
tvpe B (HHV8). The PCR was performed using a

r J Ophhalmol 2008:92:978-932 dol 10.1136/bjo 2007 133967




Figure 1 Use of multipiex PCR and real.
time PCR for the analysis of human

[ovn empe e e

herpes virus family genomic DNA in
ocular fluids of patients with uveitis. We
performed independent PCR methods to
detect herpes viruses, using both a
qualitative multiplex PCR and a
quantitative real-time PCR. After DNA

extraction from each of the samples.
multiplex PCR was performed ta screen

from HHV1 10 HHVS using two
LightCycler capillaries, When a "positive”
result was observed, real-time PCR was
performed to measure the viral load,
When more than 50 copies/ube (5=10"

+ DNA was extracted from the sample using an E21 virus minikit

ml) were observed, the value was
considered to be significant. CMV,
cytomegalovirus; EBV, Epstein-Barr virus;
HHV, human herpes wvirus; HSV, herpes
simplex virus; VZV, Vancella-zoster virus.

LightCycler

I."'\‘-'-‘ .
capillary(i,@ Melting curve

Probe buffer

—_—

Centrifuge
—_—
PCR reaction buffer
—_—
PCR reaction

- Capillary’y, - HSV1, HSV2, VZV, CMV, HHVE
- Capillary(z - EBV, HHV7, HHV8

When "positive”

« Amplitaq gold and real-time PCR 7300 system (ABI}
* Cut-off > 50 copies/tube

LightCycler (Roche, Switzerland). Primers and probes of
HHV1-8 and the PCR conditions have been described pre-
viously " Specific primers for the wvirus were used wath
Accuprime Taq (Invittogen, Carlsbad, CA) Products were
subjected to 40 cycles of PCR amplificauion. Hybridisation
probes were then mixed with the PCR products. Subsequently,
real-time PCR was performed only for the human herpes virus,
with the genomie DNA detected by multplex PCR (fig 1). The
real-time PCR was performed using Amplitag Gold and the
Real-Time PCR 7300 system (ABl, Foster City, CA). The
sequence of the HHV1-8 primers and probes are shown in
table 1. The primers of the viruses and the PCR conditions have
been described in previous reports.” " Our research group has

8t o Cphthalmol 2008.92 975932 dod 10 113640 2007 133967

also previously reported the primers of the sequences for VZV.
All of the products obtained were subjected to 45 cycles of PCR
amplification. The value of viral copy number in the sample was
considered to be significant, when more than 50 copies/tube
(5=10°/ml) were observed

RESULTS

Qur (nitial PCR results indicated HHV positivity In the ocular
fluids of uveitis patients. As shown in table 2, muluplex PCR
detected seven patients with HSV1-DNA while real ime PCR
found that all seven of these patients also had a high H5V1 viral
load. In addition, HSV2-DNA was detected in three patients.
with all of these patients having a high viral load. In 29 patients,
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Table 1

Sequence for primers and probes in human herpes viruses (HHV) using real-time PCR

Herpes virus Sequence for primers and probes

Amplification

HEV1 and 2 HSV-F. CGCATCAAGACCACCTCCTC
HSV-R GLTCGCACCACGCGA
HSV1-P. JUE TGGCAACGCGGEECAAC-TAMRA
HSVZ-P: FAM.CGACGATGEGCCCCAG-TAMRA
Vv VZV-F. AACTTTTACATCCAGCCTGGEG

VZV.R GAAAACCCAAACCGTTCTCGAG

VEV-P, FAM-TGTCTTTCACGGAGGCAAACACGT-TAMRA
Eav EBV-F: CGGAAGLLCTCTGGACTTC

EBV-R: CCCTGTTTATCCGATGGAATG

EBV.P. FAM-TGTACACGCACGAGAAATGCGCC-TAMRA
cmv CMV-F: CATGAAGGTCTTTGCCCAGTAC

CMV-R: GGCCAAAGTGTAGGCTACAATAG

CMV-P: FAM-TGGCCCGTAGGTCATCCACACTAGE TAMRA
HHVE HHVE-F: GACAATCACATGCCTGGATAATG

HHVE-R: TGTAAGCGTGTGGTAATGTACTAA

HHVE-F: FAM-AGCAGCTGGCGAAAAGTGCTGTGE-TAMRA
HHV? HHV7.F: CGGAAGTCACTGGAGTAATGACAA

HHVT-R: CCAATCCTTCCGAAACCGAT

HHV?-P. FAM-CTCGCAGATTGCTTGTTGGCCATG-TAMRA
HHVE HHVE-F. CCTCTGGTCCCCATICATTG

HHVE-R: CGTTTCCGTCGTGGATGAG

HHVE-F- FAM-CCGGCGTCAGACATICTCACAACC-TAMRA

ORF29

IE-1

U6s-Ues

U3z

ORFES

The real-time herpes simplex wirus [HSV) PCR is a multiplexing PCR that can detect bath HSVT and HSV2 DNA in the same reaction. The optimised gB primer pairs ampldy both
HSV1 and 2 with equal efficiency, with the two type-specific probes labelled with different luorescent dyes. HSV1 probe is labelled with JOE at the 5'-end and with TAMRA at the

3'-end, H5V2 probe is labelled with FAM at the 5"-end and with TAMRA at the 3'-end.

CMV, cytomegalovirus; EBV, Epstein-Barr virus; V2V, Varicella-zoster virus.

VZV-DNA was detected, but only 21 patients (72%) had a high
viral load. EBV was detected in 19 patients, but only six out of
the 19 cases were positive (32%), CMV-DNA was detected in
six patients, with four out of the six cases (67%) found to be
positive by the real-time PCR. HHVA-DNA was detected in only
one patient by both of the PCR methods, There were no
patients for which HHV? and HHVE were detected Overall
there were 65 multiplex PCR positive patients and 42 real-time
PCR positive patients (table 2). Clinically. we decided that only
if HHV-DNA could be detected in a sample (aqueous humour
and/or vitreous] by both PCR methods would the patient then
be considered to be positive. If a patient was found to be
positive by only one of the PCR methods, for example, positive
by multiplex gualitative PCR and negative (<50 copies/tube)
by real-rime quantitative PCR, we did not take this as PCR-
positive (fig 1)

Table 2 Human herpes virus-PCR positivity in ocular fluids of 100
patients with uveitis

Herpes virus Multiplex PCR Realktime PCR
HSV1 1100 (%) 177 (100%)
HSV2 3100 (3%} 3 (100%)
Vv 29100 (29%) 21/29 (717%)
EBV 18/100 (19%) 6/19 (32%)
(%0 &/100 (5%) 46 167%)
HHVE 1/100 (1% 11 (100%)
HHVT 100 (0%)

HHVE 0/100 10°%) -
Total B5/100 (65%) 42/65 (65%)
Oualitat Itiplex PCR was perf d in order to screen for and detect human

herpes virus (HHV] genamic ONA, HHV1-HHVE. When the genormc DNA was
detected by the multiplex PCR {n = 65), reaktume PCR was then performed anly for the
HHY

CMV, cytomegalovirus, EBV, Epstein-Bart vitus; HSV, herpes simplex virus, V2V,
Vancella-zoster virus

930

Subsequently, we analysed the results for each the viruses,
from HHV1 to HHVE. The summary of the results is shown in
table 3 HSV1 was detected in two cases of keratouveitis, and in
three cases of anterior uveitis. These patients had mutton-fat
KPs, ocular hypertension and anterior chamber cells, HSV1 was
also detected in two cases of acute retinal necrosis (ARN), HSV2
was detected in three cases of ARN. VZV was detected in 10
cases of herpetic antenor uveinis and in 11 cases of ARN. During
the time after the initial onset of anterior uveitts, ins atrophy
developed in rthese patients. Higher viral load in the aqueous
humour was well correlated with tissue damage, such as iris
atrophy.' In addition, as we have reported previously, real-time
PCR of the ocular Huids from ARN patients (n = 16) indicated
high wviral loads of VZV (n= 11, 69%), HSVI (n=2, 12%), and
HSV2 (n=3, 19%)"

EBV was detected in only one case of wdiopathic uveitis. This
patient had acute anterior uveitis with hypopyon and was HLA-
B27 negative. Therefore, as previously reported, we diagnosed
EBV-related acute anterior uveitis © EBV was also detected in
two cases of VZV-associated antenor uveitis and in two cases of
VZV-ARN. This suggests that these patients have a high copy
number of VZV, as well as EBV in their ocular fluids, EBV was
also detected in one case of ocular B-cell lymphoma.

CMV was detected in a case of cytomegalovirus retinitis and
in  three CMV-associated uveitis
Representative results from the multiplex qualitative PCR can
be seen in fig 2. CMV-DNA was detected in the aqueous
humour, and quantitative real-time PCR revealed there were
25>10° copres/mL of CMV-DNA 1n the speamen. As we
previously reported, in the affected eye there were whitish
small-size mutton-fat KPs along with mild inflammation in the
anterior chamber.”” Dunng the 8 years this particular patient
was followed, he had been conswdered to have a case of Posner-
Schlossman syndrome. This patient had no retinitis. and
additionally he was not found to be immunocompromised

cases of anterior

8r J Ophthabrol 2008;92 926-932 doc 10.1136/bja 2007 133857
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Table 3 PCR results for each herpes virus genome in patients with
uveits

Herpes virus  Clinical diagnosis

PCR-positive* total no of patients

HSV1 Hirpitic kKeratlouveitis i
Herpetic anterior uveitis K1Y
Acute retinal necrosis N6
Others (1)
HEVZ Acute retinal necrosis ine
Others /a4
vav Herpetic amterior uveitis 1016
Acute retinal necrosis 11/15
Others (1]
EBV |diopathic uveitis 1/26
Herpetic anterior uveitis (VZV) U6
Acute retinal necrosis (V2V) 26
Intraocular lymphoma mna
Cthers 030
oMy Herpetic anterior uverms 16
Cytomegalowrus retinitis "n
Others 083
HHVE Idiopathic uveitis 1726
Others w74
HHVT - /100
HHvE - 0100

“Detection of HHV-ONA by both multiplex PCR and real-ume PCR

in the seven patients with keratouveitis, our PCR system detected HSV1-DNA in two
patients

CMV, cytomegalovirus, EBV, Epstein—Barr virus; HHV, human herpes virus, HSV,
herpes simplex wius, V2V, Vancella-zoster virus.

A high copy number of HHV6-DNA was derected in only one
patient with severe unilateral panuveitis. [n this patient,
multiple retinal exudates, vitreous opacity, along with a whitish
mass lesion were observed in the affected eve. We reported this
case as HHVG6-associated panuveitis'” In the current study,
HHV7- or HHVE-DNA was not detected in any of the patients
(table 3)

DISCUSSION
Human herpes viruses (HHV) can widely aftect the eye and be
expressed in ocular tissues or excreted in ocular fluids,
Previously, the diagnosis of intraocular HHV infection was
made by measuring local production of specific anti-virus
antibodies—for example, using the Coldmann-Witmer coeffi-
cient. Recently, diagnosis has also been performed through the
detection of the virus genome by PCR. Cell-free herpes virus
DNA has been detected in the aqueous humour and vitreous
fluids of patients with uveitis.' " In the current study, we
showed that intraccular HHV-DNA was detectable over a wide
range of HHV-associated uveitis when analysis was performed
using the two PCR methods. Thus, the current PCR system
may be a valuable rool in the diagnosis of infectious uveitis. In
addition, with the use of these examinations, this allows non-
herpetic uveitis patients to be excluded

When faced with a climical situation that suggests a
differential diagnosis of HHV1-8, the multiplex PCR assay
can provide a rapid and reliable diagnosis, even when only small
sample amounrs are available for examination in the ocular
microbiology laboratory. The majonity of the viruses associated
with eye diseases are related to the herpes virus group
Therefore, the last decade has seen several studies concluding
that herpes virus PCR-based laboratory investigations are
valuable tools in the diagnosis of viral diseases of the eye The
advantages of developing the multiplex PCR assay are obvious,

Br J Ophthalmo! 2008.92 928-932. dor:10.1136/bjo.2007 133967
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Figure 2 Results for a multiplex PCR in a patient with anterior uveitis.
At 58 C, a significant positive curve was seen, indicating the detection of
cytomegalovirus (CMV) genomic ONA in the agueous humour. The other
herpes viruses, such as herpes simplex virus (HSV) 1, HSV2, Varicella-
zoster virus, Epstein-Barr virus, human herpes virus (HHVE), HHV7 and
HHVB, were found to be negative in this particular sample. In addition,
CMV-DNA was not detected in the patient’s serum.

with several of them reported as being useful in the detection of
herpes viruses when various combinations are employed " " " In
the current study, we were able to rapidly screen for the
detection of the virus genome of all eight types of human herpes
viruses by using several different primer pairs. When positive
restlts were noted, we then used real-time quantitative PCR to
examine the viral load using different primer pairs. This allowed
us to confirm our positive results lhmugh the use of two PCR
combinations

It is important to discuss the significance of the high viral
load of HHV 1n these pauents. The finding of high viral loads in
the ocular fluids indicates that virus replication takes place in
the eye, suggesting a direct pathogenic role in intraocular
inflammation. In the current study, some patients had
previously been on systemic or topical corticosteroids over long
periods of times before we collected the ocular samples
Therefore, we have to constder that long-term usage of topical
and/or systemic steroids might be responsible for the creation of
a steroid reservoir that could lead to a localised immunosup-
pressed state, thereby resulting in HHV replication. In order to
be able to avoid the irreversible tissue damage and wvisual
impairment caused by the viral infection, early treatment with
anti-viral agents is clinically important, and this can be achieved
if there is a rapid and accurate diagnosis of the viral infection in
ocular tissues by PCR

In summary, the HHV family-DNA was detected by mulu-
plex PCR in the ocular fluids of patients with various types of
uveitis. Among the positive samples that were identified
through the use of qualitative PCR, many of these samples
showed significantly high copy numbers of HHV-DNA, when
examuned by real-time PCR. Howevet, it should be noted that

o
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levels of the viral load far some af the intraocular samples could
not be detected, for example, as was seen for the real-time PCR
measurement of EBV. Thus, a qualitative multiplex PCR might
be a wseful method for screening wiral infections. and
futthermore, quantitative real-time PCR might make it possible
to evaluate the clinical relevance of virus infections
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A New Humanized Mouse Model of Epstein-Barr
Virus Infection That Reproduces Persistent Infection,
Lymphoproliferative Disorder, and Cell-Mediated
and Humoral Immune Responses

Misako Yajima,'* Ken-Ichi Imadome,'* Atsuko Nakagawa’ Satoru Watanabe,’ Kazuo Terashima,*
Hiroyuki Nakamura,' Mamoru Ito,* Norio Shimizu,’ Mitsuo Honda,* Naoki Yamamoto,'* and Shigeyoshi Fujiwara’

Department of Infectious Diseases, National Research Institute for Child Health and Development, "Pathology Laboratory, Degartment of Clinical

Labaratory Medicine, National Center for Child Health and Development, ‘Department of Virclogy, Dwision of Medical Science, Medical Research
Institute, and ‘Departmant of Molecular Virology, Graduate School of Medicing, Tokyo Medical and Dental University, and *AiDS Research Center,
National Institute of Infectious Dhseases, Tokyo, and “Central Institute tor Expenmental Animals, Kawasaki, Japan

The functional human immune system, including T, B, and natural killer lymphocytes, is reconstituted in NOD/
Shi-scid/1L-2Ry™! (NOG) mice that receive hematopoietic stem cell transplants. Here, we show that these human-
ized mice can recapitulate key aspects of Epstein-Barr virus (EBV) infection in humans. Inoculation with
=1 % 10’ TDy, (50% transforming dose) of EBV caused B cell ymphoproliferative disorder, with histopatholog-
ical findings and latent EBV gene expression remarkably similar to that in immunocompromised patients. Inoc-
ulation with a low dose of virus (=1 X 10' TDs,), in contrast, resulted in apparently asymptomatic persistent
infection. Levels of activated CD8" T cells increased dramatically in the peripheral blood of infected mice, and
enzyme-linked i pot assay and flow cytometry demonstrated an EBV-specific T cell response. Immuno-
globulin M antibody specific to the EBV-encoded protein BFRF3 was detected in serum from infected mice. The
NOG mouse is the most comprehensive small-animal model of EBV infection described to date and should facil-
itate studies of the pathogenesis, prevention, and treatment of EBV infection.

Epstein-Barr virus (EBV) is a tumor virus associated
with a variety of malignancies, including Burkitt lym-
phoma, nasopharyngeal carcinoma, and Hodgkin
lymphoma [1]. It is also an etiological agent of infec-
tious mononucleosis (M), which is characterized by
transient proliferation of EBV-infected B lympho-
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blastoid cells and an excessive anti-EBV T cell re-
sponse, EBV has a unique ability to growth transform
human B lymphocytes in vitro and establish lympho

blastoid cell lines (LCLs) [2]. EBV-transformed lym

phoblasts express 6 nuclear proteins (Epstein-Barr
nuclear antigen [EBNA] 1,2, 3A, 3B, 3C, and LP) and
3 membrane proteins (latent membrane protein
[LMP] 1, 2A, and 2B), and this pattern of EBV gene
expression is termed latency 11, In contrast, Burkitt
lymphoma cells express only EBNAT consistently (la

tency 1), whereas Hodgkin lymphoma and nasopha

ryngeal carcinoma cells express EBNAI, LMP1, and
LMP2 (latency I1). In vivo, EBV-transformed cells are
effectively removed by virus-specific cytotoxic T cells,
and EBV infection in immunocompetent humans is
usually subclinical, except for IM caused by primary
infection during adelescence or adulthood. However,
in immunocompromised hosts, such as patients with
AIDS and transplant recipients, EBV-infected B lym

phoblasts can proliferate and cause lymphoprolifera-

tive disorder.

New Mowse Model of EBV Infection = JID 2008:198 (1 September) + 673




EBV infects only humans in nature and limited animal species
under experimental conditions. It can infect cotton-top tama-
rins and induce lymphomas, which have been used as a model of
EBV-associated lymphomas |3, 4], Nonhuman primates possess
their own lymphocryproviruses related 1o EBV, and research on
the use of these virus-host systems as models of EBV infection is
currently in progress |3, 6], Small-animal models of EBV have
also been developed, which are particularly useful when a large
number of animals are necessary. Scid mice that receive intra-
peritoneal transplants of EBV-transformed LCLs or peripheral
blood manonuclear cells (PBMCs) isolated from EBV-infected
persons develop lymphomas, which have been used as 4 model
of human lymphoproliferative disorder [7-9]. Recently, NOD/
scid mice transplanted with human hematopoietic stem cells
(HSCs) and reconstituted mainly with B lymphocytes were in-
fected with EBV, and the development of lymphoproliferative
disorder was described [ 10], The immune response to EBV was
not studied in these scid or NOD/scid mouse models. Very re-
cently, a functional human immune system could be reconsti-
tuted in highly immunodeficient mouse strains, and these so-
called humanized mice were shown able to mount an EBV-
specific T cell response [11, 12]. These studies were, however,
performed mainly using immunological standpoints and did
not provide detailed virological dara.

NOD/Shi-sctd/11-2Ry™" (referred to here as NOG) 15 a highly
immunodeficient mouse strain that was developed very recently
and that, after transplantation with cord blood HSCs, is able to
reconstitute most major components of the hematolymphoid
system, including T cells, B cells, NK cells, macrophages, and
dendritic cells [13-15]. Human T cells that develop in NOG
mice are functional in that they can be activated to display cyto-
toxic activity [ 15, 16]. These properties made NOG mice an ex-
cellent model of human virus infections targeting the immune
system, such as those with human T-lymphotropic virus=I and
HIV-1 [17-20]. Here, we provide evidence that humanized
NOG mice can reproduce various key aspects of human EBV
infection and propose that they may be a valuable tool for studies
of EBV infection.

METHODS

Preparation of humanized mice. NOG mice were obtained
from the Central Institute for Experimental Animals (Kawasaki,
Japan). Protocols for experiments with NOG mice were ap-
proved by the Instirutional Animal Care and Use Committee of
the National Institute of Infectious Diseases (NTID). Cord blood
was supplied by the Tokyo Cord Blood Bank after obtaining
informed consent. The use of human materials in this research
was approved by the institutional review boards of the National
Research Institute for Child Health and Development, the NI11,
the Tokyo Medical and Dental University, and the Tokyo Cord
Blood Bank. The isolation of human CD34* HSCs from cord

Table 1. Primers for reverse-transcription poly-
merase chain reaction to detect Epstein-Barr virus
|EBV) transcripts.

Transchpt, prmer Sequence [5'-+3')

EENAT

5 gatgageartigogagagctgaticigea

3 teetegiecatggtiatcac
EENAZ

5 agaggagatggtasgeggtic

3 tgacgggtticcaagactatce
LMP1

B cieIceTIctIcereeicnty

3 caggagagtgatcateagta
LMPZA

5 atgactcatctcascacata

3 catgttaggcaaattgcaaa
LMP2B ' '

5 cagtgtaatcigcacaaaga
ys'-. w X T _.-._.f.
EBER1

B ageacctacgetgecctaga

3 BaaaCAlQCOQaccaccage

B’ atigeacciigeegecaccilg )
BZLF1 (second)

3 cagaatcgeaticciccagega
BMHF‘ 5 '..":_.: T
El Clagccgtoctgiccaagige
3.‘. - — - - e i

BLLF1 )

5 gicagtacaccatccagagee

3 tiggtagacagecticglatg

5 gectectgeaccaccaacty

4 i Ty

NOTE. FBMNA Epstem-Barr nuclear antigen; EBER, EBY
sncoded small RNA LMP, laten! mambrang protain

blood by means of the MACS Direct CD34 Progenitor Cell [so-
lation Kit (Miltenyi Biotec), their intravenous injection
(1 X 10%to 1.2 % 10° cells/mouse) into 6-10-week-old female
NOG mice, and the characterization of the reconstitution of the
human hematoimmune system were done as described else-
where [18, 20]. NOG mice in which the human hematoimmune
system was reconstituted are referred here as humanized NOG
(hNOG) mice.

Experimental EBV infection, quantification of viral DNA,
and detection of viral mRNAs, Virus production by ERV-
infected Akata cells was simulated by brief treatment with anti-
1gG antibody (Dako), and culture fluid was used as inoculum
after filtration through a 0.45-pum membrane filter [21]. For vi-
rus titration, cord blood lymphocytes were plated at the density
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