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Table IV Most common related AEs during the entire SCIG treatment period (SCIG wash-in/wash-out and SCIG efficacy periods) by preferred term (AT)

Preferred term At least possibly related

At least possibly related and temporally associated events (72 h)

Number of patients (%) Number of events Number of patients (%)
(rate per infusion)

Number of events
(rate per infusion)

Total number of patients or infusions 25 584 25 584

Any preferred term 21 (84.0) 175 (0.300) 21 (84.0) 170 (0.291)
Local reactions® 20 (80.0) 160 (0.274) 20 (80.0) 156 (0.267)
Skin and subcutaneous tissue disorders 2 (8.0) 9 (0.015) 2 (8.0) 9 (0.015)
Gastrointestinal disorders 1 (4.0) 1 (0.002) 1 (4.0) 1 (0.002)
Investigations 1 (4.0) 1 (0.002) 0(0.0) 0 (0.000)
Vascular disorders 1 (4.0) 1 (0.002) 1 (4.0) 1 (0.002)
#Based on 16 MedDRA preferred terms

AE adverse event, ATall treated data set, SCIG subcutaneous immunoglobulin

was considered by the investigator unrelated to study drug. A Discussion

22-year-old male with XLLA experienced bacterial infection that
was reported as an SAE because of the necessity of hospitali-
zation. The patient was treated with antibacterials and the infec-
tion resolved after 15 days. This infection was not considered an
SBI, as it did not meet the pre-specified US FDA criteria. No
SAEs were reported during the IVIG treatment period.

There were no deaths or AEs resulting in discontinuation of
treatment in this study.

Local Reactions

Local tolerability of 85.4 % of SCIG infusions was assessed
by the patients as “very good” or “good”. In no case was the
local tolerability assessed as “poor”.

AEFEs of local reactions occurred in 20 patients (80.0 %),
with an overall rate of 0.277 events per infusion. Almost all
local reactions (97.5 %) were temporally associated with
SCIG infusion. The rate of local reactions decreased over time
from 0.389 events per infusion during the SCIG wash-in/
wash-out period to 0.163 events per infusion during the SCIG
efficacy period. The overall rate of local reactions related to
home-based infusions during the efficacy period was compa-
rable with that related to infusions at investigational site
(0.178 events per infusion versus 0.120 events per infusion,
respectively).

Vital Signs, Laboratory Parameters, and Viral Safety

No consistent or clinically relevant changes in vital signs were
reported in this study.
Median values and ranges of hematology, blood chemistry,
and urinalysis did not show any relevant changes over time.
Viral safety screening for HIV-1, HIV-2, HCV, and HBV
found no positive viral markers at either baseline or 12—17 weeks
following the final SCIG infusion.

@ Springer

Primary efficacy analysis of this study demonstrated that
IgPro20 administered by the subcutaneous route in uniform
weekly doses was an effective treatment in both adult and
pediatric Japanese patients with PID. A dose-equivalent
switch to SCIG 20 % was effective in maintaining total serum
IgG trough levels equal to or above those achieved on the
previous IVIG therapy (Fig. 3). The annualized rate of infection
during the SCIG efficacy period (2.98 infections/patient/year)
was in line with that observed in previous studies in Europe and
in the US (2.76-5.18 infections/patient/year), as were the num-
ber of days missed from school/work/daycare and days spent in
hospital [6, 7, 12]. The mean weekly dose of IgPro20 during
the SCIG efficacy period was lower in the Japanese population
than that seen in Europe and, in particular, the US [6, 7],
probably due to the specifics of local treatment practices
including limits on maximum dose allowed per patient.

This is the first prospective study of SCIG to incorporate a
mandatory IVIG treatment period into the trial design,
allowing for a more stringent comparison of SCIG and IVIG
treatments than previous IgPro20 studies. As all patients had
received at least 3 IVIG infusions at a stable dose before
enrolling in the study, their IgG levels were expected to be at
steady state by the end of the mandatory IVIG period. A 12-
week SCIG wash-in/wash-out period ensured that the IVIG
treatment did not affect serum IgG trough levels during the
steady state SCIG efficacy period. SCIG dose adjustments
during the wash-in/wash-out period were allowed, but were
unlikely to affect the outcome of the study, as the minimal
target serum IgG trough level (5.0 g/L) was lower than that
achieved during the IVIG treatment period (6.53 g/L).

The male/female imbalance in the patient demographics
can be explained by a large share of XL A patients in the study
population. Of interest, this subgroup included one well-
documented case of XLA in a female patient [17].
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Higher rates of antibiotic use in this study compared with
the same outcome in SCIG studies conducted outside Japan
are likely associated with generally higher administration of
antibiotics in Japan [18-20].

IgPro20 was well tolerated. No SAEs related to its
administration were reported during the study. One SAE
(bacterial infection; etiologic agent not identified) of moderate
severity reported during the SCIG efficacy period occurred
due to accidental infection and was considered unrelated to the
study drug. .

The overall incidence of AEs including local reactions
during the SCIG wash-in/wash-out and SCIG efficacy periods
(0.461 AEs per patient/year affecting 96 % of patients) was
comparable with the overall AE rates in other SCIG studies in
Europe and in the US (0.288-0.773 AEs per patient/year
affecting 98-100 % of patients) [6, 7]. Mild or moderate local
reactions (swelling, soreness, redness, and induration) are
generally expected when relatively large volumes of IgG are
infused by the subcutaneous route. The overall rates of local
reactions reported in this study were in line with previous
SCIG studies [6, 7, 11, 12].

Conclusions

Weekly SCIG treatment with Hizentra® was effective in pe-
diatric and adult Japanese patients with PID requiring 1gG
replacement therapy. The treatment was well tolerated and
demonstrated a highly favorable risk-benefit profile.
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Early progression of atherosclerosis in children with
chronic infantile neurological cutaneous and articular
syndrome
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Abstract

Objective. Chronic inflammation plays a key role in the development of atherosclerosis. Early progression
of atherosclerosis has been reported in patients with RA. Cryopyrin-associated periodic syndromes
(CAPS) are autosomal dominant autoinflammatory disorders caused by heterozygous NLRP3 gene muta-
tions. Chronic infantile neurological cutaneous and articular (CINCA) syndrome is the most severe form of
CAPS and patients display early onset of rash, fever, uveitis and joint manifestations. However, there has
been no previous report on atherosclerosis in patients with CAPS. The objective of this study is to assess
the development of atherosclerosis in patients with CINCA syndrome.

Methods. Intima-media thickness (IMT) of the carotid arteries, stiffness parameter B, ankle brachial index
(ABIl) and pressure wave velocity (PWV) were evaluated by ultrasonography in 3 patients with CINCA
syndrome [mean age 9.0 years (s.0. 5.3)] and 19 age-matched healthy controls [9.3 years (s.n. 4.3)].

Results. The levels of carotid IMT, stiffness parameter § and PWV in CINCA syndrome patients were
significantly higher than those in healthy controls [0.51 mm (s.p. 0.05) vs 0.44 (0.04), P=0.0021; 6.1 (s.D.
1.7) vs 3.9 (1.0}, P=0.0018; 1203 cm/s (s.n. 328) vs 855 (114), P=0.017, respectively].

Conclusion. Patients with CINCA syndrome showed signs of atherosclerosis from their early childhood.
The results of this study emphasize the importance of chronic inflammation in the development of ath-
erosclerosis. Further analysis on atherosclerosis in young patients with CINCA syndrome may provide
more insights into the pathogenesis of cardiovascular disease.

Key words: ankle-brachial index, atherosclerosis, chronic infantile neurologic cutaneous and articular syn-
drome, cryopyrin-associated periodic syndromes, intima-media thickness, pulse wave velocity.

Introduction adult patients with RA, SLE and familial Mediterranean

fever (FMF). Patients with SLE, APS or RA have increased
It is well known that chronic inflammation is a predispos-  mortality rates related to early atherosclerosis. Relative
ing factor for atherosclerosis. There has been consider- sk of 5 for myocardial infarction, 6-10 for stroke in SLE

able interest regarding the possible causal role of  patients and 3.6 for cardiovascular deaths in RA patients
inflammation in the development of atherosclerosis in has been reported [1]. Furthermore, the American Heart
Association has reported that chronic inflammatory dis-
ease is one of the eight high-risk factors for atheroscler-
osis, even in children [2].
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containing 3 (NLRP3) gene. It has been reported that dis-
ease associated NLRP3 mutation causes IL-1p oversecre-
tion by caspase-1 activation. CINCA syndrome, the most
severe form among them, is characterized by chronic sys-
temic inflammation manifested as early onset of rash,
fever, uveitis, chronic meningitis and joint symptoms [3].
However, there has been no previous report evaluating
atherosclerosis in patients with CAPS.

Several physiological examinations are applied to
assess atherosclerosis. Carotid intima-media thickness
(cIMT) is known to be an indicator of atherosclerosis for
adults and children [4]. In fact, increased cIMT has been
shown in children with obesity, hyperlipidaemia and dia-
betes mellitus [5]. It has been reported that stiffness par-
ameter B is more useful in detecting atherosclerotic
changes in earlfier stages than cIMT [6]. Also, pulse
~wave velocity (PWV) and ankle-brachial index (ABI) are
simplified parameters of the severity of atherosclerosis
and predictors of prognosis in adult patients with cardio-
vascular disease [7, 8]. The objective of this study is to
assess the development and progression of atheroscler-
osis in young patients with CINCA syndrome by measur-
ing cIMT, stiffness parameter §, PWV and ABI.

Patients and methods

Study population

Three patients (a 5-year-old boy [9], a 7-year-old girl [10]
and a 15-year-old boy [11]) with CINCA syndrome and 19
age-matched healthy controls were enrolled in this study.
NLRP3 mutations were observed in all three patients. The
parameters of atherosclerosis were investigated in these
three patients who were in remission for 1 year after the
initiation of canakinumab treatment. The Institutional
Review Board of Kyushu University Hospital approved
the study and informed consent was obtained from each
subject.

Sonographic study

Carotid artery US was performed with an iE33 ultrasound
machine (Philips, Amsterdam, The Netherlands) using an
11 MHz probe. Measurements were obtained with sub-
jects in the supine position by experienced sonographers
blinded to the subjects’ clinical status. Ultrasonographic
images of the right and left common carotid arteries
(CCAs) of each subject at the lower third cervical region
proximally and 1cm above the carotid bulb distally in the
longitudinal plane were obtained. CCA IMT measure-
ments of the distal CCA posterior wall were done manually
by the distance measurement system of the sonography
device after magnification of the images. Three measure-
ments were made in a non-neighbouring fashion within an
~1cm segment from both the left and right CCA proximal
and distal portions. The IMT was measured during end
diastole. Mean IMT was calculated as the average of
three consecutive measurements of maximum far wall
thickness obtained from the CCA. Measurement of the
internal diameter of the CCA was performed for three con-
secutive heartbeats. Intraobserver variability was 1.7% for
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IMT and 3.1% for arterial wall diameter measurements.
The stiffness parameter § was calculated from this for-
mula [12]: B =[In(SBP/DBP)}/(AD/D), where SBP is the sys-
tolic blood pressure, DBP is the diastolic blood pressure,
D is carotid artery diastolic diameter and AD is the change
in artery diameter during systole.

PWV and ABI

PWV and ABI were measured using a BP-203RPEIl
(Omron Colin, Tokyo, Japan). PWV, ABI, the blood pres-
sure of the extremities, ECG and heart sounds were syn-
chronously measured and then automatically recorded.
Electrodes were contacted on both wrists and a micro-
phone was attached to the left margin of the sternum. The
extremities were then wrapped by cuffs that were con-
nected to a pulse monitor. The volume wave and time
difference emitted from the pulse monitor were recorded.
The pulse wave was defined as the value obtained by
dividing the distance between the two points by the time
spent in transferring the pulse. In the current study, the
pulse wave was measured in the brachial artery and ankle
(baPWV). The ABI was defined as the ratio between the
systolic pressure measured in the ankle and that mea-
sured in the brachial artery.

Laboratory evaluation

In the morning, after an overnight fast, venous blood was
sampled for the measurement of serum concentrations of
glucose, total cholesterol, triglycerides and standard CRP.

Statistical analysis

Data are expressed as mean (s.n.). Differences between
data were studied using the Student’s t test. Analytical
statistics of data between group comparisons of categor-
ical data parameters were performed by using the chi-
square test. Statistical significance was taken as
P <0.05. All statistical analyses were performed using
JMP8 (SAS Institute, Tokyo, Japan).

Results

Clinical characteristics of the study group are presented in
Table 1. Age, sex and triglyceride levels were similar be-
tween patients with CINCA syndrome and control sub-
jects (P=0.65, 0.53 and 0.17, respectively). Total
cholesterol levels in CINCA syndrome patients were sig-
nificantly lower than those in healthy controls, although
they were within normal ranges in both groups. CRP con-
centrations in the patient group were significantly higher
than in healthy controls [5.76 mm (s.p. 2.05) vs 0.08 (0.16),
P <0.0001].

All subjects tolerated the sonographic examination well.
Sonographic study results and normal values of the par-
ameters for the age of the patients [13, 14] are summar-
ized in Table 2. Carotid artery analysis revealed that the
IMT and stiffness parameter § of patients with CINCA syn-
drome were significantly higher than those of healthy con-
trols [0.51 mm (s.p. 0.05) vs 0.44 (0.04), P=0.0021, and 6.1
(s.0. 1.7) vs 3.9 (1.0), P=0.018, respectively).

www.rheumatology.oxfordjournals.org
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Early atherosclerosis in CINCA syndrome

Taete 1 Clinical and laboratory characteristics of the subjects

Gender, male/female

Male Female
Age, years 5 7
BMI, kg/m? 16.0 15.5
Systolic blood pressure, mmHg 91 96
Diastolic blood pressure, mmHg 45 50
Total cholesterol, mg/d! 123 122
Triglycerides, mg/d| 61 79
Glucose, mg/di 93 85
CRP, mg/d| 0.26 1.62

© Patient1 Patient2 Patient3

CINCA éyndm;ne - vCo’ntrols:‘(rh 19),
(n=3), mean (sp.)  mean(s.n)

Male 2/ 910

15 9.0 (5.3) 9.3 (4.3) 0.65
168  16.1(0.6) 17.3 (2.9) 0.51
128 105 (20) 99 (8) 0.38
68 54 (12) 53 (4) 0.73
131 125 (5) 159 (17) 0.0046
157 99 (51) 70 (28) 0.17
102 94 (3) 94 (8) 0.95

555  2.48 (2.75) 0.08 (0.16) <0.0001

CINCA syndrome: chronic infantile neurological cutaneous and articular syndrome.

TasLe 2 Ultrasonographic examination, baPWV and ABI in CINCA syndrome patients and control subjects

Intima-media thickness, mm

Patient 1 Patient 2

CINCA

syndrome Controls
(n=3), (n=19),

Patient3 . . mean (s.0.)  mean (s.0.) P-value

0.47 (0.40) 0.5 (0.40) 0.57 (0.50) 0.51 (0.05) 0.44 (0.04) 0.0021
(normal value for each age) [13}
Systolic diameter, mm 5.5 5.8 5.8 5.7 (0.2) 6.2 (0.8) 0.30
Diastolic diameter, mm 4.8 5.2 5.4 5.1 (0.3) 5.3(1.7) 0.63
Stiffness parameter 4.8 (3.4) 5.7 (3.7) 7.6 (4.5) 6.1 (1.7) 3.9(1.00 0.018
(normal value for each age) [14]
Right baPWV, cm/s 1068 920 1566 1185 (338) 850 (114) 0.0025
Left baPWV, cm/s 1053 1022 1587 1221 (318) 859 (114) 0.0014
Averaged baPWV, cm/s 1061 (<941) 971 (<919) 1577 (1041) 1203 (328) 855 (114) 0.0017
(normal value for each age) [15)
Right ABI 1.15 0.91 0.98 1.00 (0.10)  1.04 (0.10) 0.67
Left ABI 1.16 0.95 0.92 0.99 (0.10)  1.06 (0.10) 0.48
Averaged ABI (normal value for 1.16 (>1.00) 0.93 (>1.00) 0.95 (>1.00) 0.99 (0.10)  1.05 (0.10) 0.54

each age) [15]

CINCA syndrome: chronic infantile neurological cutaneous-and articular syndrome; baPWV: brachial artery pulse wave vel-

ocity; ABI: ankle-brachial index.

The averaged baPWV of the patients was significantly
higher than that of controls [1203 cm/s (s.p. 328) vs 855
(114), P=0.017) (Table 2). There was no significant differ-
ence in ABI between the two groups, although the values
of two patients were lower than the normal range [15].

Discussion

In the present study we found that patients with CINCA
syndrome develop atherosclerosis from early childhood.
There have been many previous studies describing ath-
erosclerosis associated with inflammatory diseases such
as RA, SLE and FMF [1]. However, this is the first report
showing the youngest group of patients who developed
atherosclerosis associated with inflammatory disorders.
It has been shown that inflammation plays an important
role in the development of atherosclerosis. The presence

www.rheumatology.oxfordjournals.org

of macrophages and activated lymphocytes within the
plaques supports the nature of an immune system-
mediated inflammatory disorder of atherosclerosis. It has
been shown that higher disease activity representing
higher inflammatory burden is associated with increased
cardiovascular events in patients with RA and SLE [16]. It
may be induced by elevated inflammatory cytokines,
which can cause the development of endothelial dysfunc-
tion in atherosclerotic processes. In addition, changes in
lipid metabolism and a wide variety of immune and inflam-
matory alterations that directly affect the endothelium,
vascular smooth muscle cells and inflammatory cellular
components of the atherosclerotic plague may also play
important roles in the development and progression of
atherosclerosis in patients. CINCA syndrome is the most
severe form of CAPS, and patients display severe sys-
temic inflammation from the neonatal period [3].
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Therefore it is reasonable to assume that the progression
of atherosclerosis from childhood in three patients with
CINCA syndrome is closely related to. chronic systemic
inflammation. It was reported that the incidence of athero-
sclerosis could be reduced by aggressive disease-mod-
ifying therapies in patients with RA and SLE [16]. In
patients with CINCA syndrome, we can investigate the
association between inflammation and atherosclerosis
without any effect of classical risk factors such as obesity,
smoking, hyperlipidaemia or diabetes. This may provide a
novel clue to clarify the role of inflammation in the devel-
opment of atherosclerosis.

In patients with FMF and SLE, age and disease duration
were reported to be associated with the severity of ath-
erosclerosis [17]. In the present study we found that the
oldest patient (patient 3) with the longest disease duration
had the most advanced atherosclerosis, which is in line
with this report. Early diagnosis and effective treatment for
chronic inflammation in these patients have been empha-
sized in preventing cardiovascular disease because a
negative correlation between the duration of anti-inflam-
matory treatment and IMT has been observed in SLE pa-
tients [18].

Interestingly, improvements in PWV and cIMT [19] were
reported in patients with RA after sufficient infliximab
treatment. In patients with CINCA syndrome,
canakinumab was reported to induce rapid and sustained
remission of symptoms [20]. It is possible that a significant
improvement in atherosclerosis will be observed in our
patients with CINCA syndrome after canakinumab treat-
ment in the near future.

However, there are some limitations in the present
study. First, our study contains only a small number of
patients because of the extremely rare incidence of this
disease. Second, the parameters investigated in this
study are considerably variable with the age of the sub-
jects. It is also possible that the values of the parameters
change because of the measurement equipment.
Multicentre and long-term follow-up analysis with stan-
dardized procedures and tools on a larger number of the
patients are necessary to provide more precise informa-
tion on the pathogenesis of atherosclerosis.

Conclusion

Patients with CINCA syndrome developed atherosclerosis
from early childhood. Atherosclerosis in CINCA syndrome
patients may be a prototype of cardiovascular disease
predominantly induced by chronic inflammation.

Rheumatology key messages

o Patients with CINCA syndrome develop athero-
sclerosis from early childhood.

o This report shows the youngest group of patients
who developed atherosclerosis associated with in-
flammatory disorders.

o Early treatment with anti-IL-13 antibody might be
beneficial in preventing atherosclerosis in CINCA
syndrome.
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lymphoma using R-CHOP in a patient with
Wiskott—Aldrich syndrome followed by a
reduced-intensity stem cell transplant

KogaY, Takada H, Suminoe A, Ohga S, Hara T. (2014) Successful
treatment of non-Hodgkin’s lymphoma using R-CHOP in a patient with
Wiskott-Aldrich syndrome followed by a reduced-intensity stem cell
transplant. Pediatr Transplant, 18: E208-E211. DOI: 10.1111/petr.12297.

Abstract: WAS is an X-linked primary immunodeficiency characterized
by microthrombocytopenia, eczema, recurrent infections, and increased
incidence of autoimmunity and malignancy. HSCT is the only curative
treatment for WAS. Herein, we report the case of a 17-yr-old boy with
WAS who received an unrelated HSCT while in complete remission of
diffuse large B-cell lymphoma after chemotherapy. Pretransplant
conditioning consisted of fludarabine, busulfan, and total body
irradiation (4 Gy). GVHD prophylaxis consisted of tacrolimus and
short-course methotrexate. Following HSCT, rapid and stable
engraftment was observed. Platelet count gradually increased, and the
generalized eczema improved. The patient developed grade II acute
GvHD and limited chronic GVHD on days 30 and 210, respectively,
which resolved with immunosuppressive treatment. Symptoms caused
by the reactivation of human herpes virus-6, BK virus, and VZV were
observed from days 21, 60, and 96, respectively; they were resolved
after conservative treatment and acyclovir administration. No other
regimen-related toxicity was observed. Complete donor bone marrow
chimerism was achieved one month after transplantation. RIST is an
effective therapeutic option for older children with WAS accompanied
by malignant lymphoma.
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WAS is a primary immunodeficiency disease
characterized by  microthrombocytopenia,
eczema, and recurrent infection caused by muta-
tions in the WAS gene. The WAS protein links
cellular signals that activate Cdc42 to the active
cytoskeleton (1, 2).

The estimated overall risk of developing malig-
nancies in children with primary immunodefi-
ciency is 4%; in WAS-affected children, this risk

Abbreviations: DLBCL, diffuse large B-cell lymphoma;
EADR-G, early antigen-diffuse and restrict compex-IgG;
EBNA, EBV nuclear antigen; EBV, Epstein-Barr virus;
GvHD, graft-versus-host disease; HLA, human leukocyte
antigen; HSCT, hematopoietic stem cell transplantation;
RIST, reduced-intensity stem cell transplantation; VCA,
viral capsid antigen; VZV, varicella—zoster virus; WAS,
Wiskott—Aldrich syndrome.

E208

is approximately 100-fold greater than that
expected in healthy children of similar age. Non-
Hodgkin lymphoma, especially DLBCL, repre-
sents more than 60% of tumors occurring in chil-
dren with immunodeficiency and is the most
common malignancy observed in patients with
WAS (3).

Patients with WAS require HSCT (4, 5). Fac-
tors, including the conditioning regimen, donor
source, and the age and clinical status of the reci-
pient, at the time of transplant affect the outcome
of HSCT (6). RIST may be an option for reducing
early transplantation-related morbidity and mor-
tality in WAS patients with complications. On the
other hand, incomplete reconstitution can lead to
a risk of autoimmune disorder development (7).

Herein, we report a case of successful HSCT
for a patient with WAS in complete remission of



DLBCL. RIST from unrelated HLA-matched
donor led to complete donor chimerism.

Case report

A 17-yr-old boy presented to our hospital with
persistent fever and axial lymphadenopathy. He
had eczema, thrombocytopenia, and recurrent
infections since early childhood. He was diag-
nosed as having WAS with a WAS protein gene
mutation in exon 1 (41G deletion) and a defect in
WAS protein, which was verified by Western
blotting when he was five yr old. He did not have
HLA-matched siblings. Parental consent for
HSCT from an unrelated bone marrow donor
was not obtained at that time. He had generalized
eczema and scattered petechiae. Axillary lymph
nodes were enlarged bilaterally, 5 cm in diameter.

Laboratory examination revealed normal
white blood cell count (546 x 10°/L) and
thrombocytopenia (platelet count: 8 x 10°/L).
Serum concentrations of C-reactive protein and
lactate dehydrogenase were 0.4 mg/dL (normal
range: 0.0-0.1) and 389 IU/L (normal range:
119-229), respectively. Soluble interleukin-2
receptor concentration was within the normal

Fig. 1. Chest computed
tomography and gallium
scintigram. (a) Chest computed
tomography. Arrows indicate
bilateral axillary
lymphadenopathy. (b) Gallium
scintigram. Significant uptake
into the axillary, para-aortic,
and inguinal lymph nodes on
both sides is observed.

Fig. 2. Biopsy findings from the
left axillary lymph nodes. The
absence of follicular structures
and diffusely proliferative
medium-to-large lymphoid cells
with Russell bodies and
plasmacytic differentiation are
observed (hematoxylin—eosin
stain, left: x 100, right: x400).

Successful RIST for WAS

range (383 IU/L, normal range: 206-713).
Immunologic examination revealed NK activity
of 12.1% lysis (normal range: 20.8-40.8%) and
proliferative response against phytohemaggluti-
nin with a stimulation index of 147 (normal
range: 254-388). Serum antibody titers against
EB virus were as follows: EB VCA IgG, VCA-
IgM, VCA-IgA, EADR-G, EB ecarly antigen
IgG, and anti-EBNA titers were 320, <10, 10,
320, <10, and <10, respectively, indicating inap-
propriate antibody responses against the EB
virus. PCR of EBV-DNA was below the detec-
tion limit (<2 x 10 copy/mL).

Computed tomography of the chest and abdo-
men confirmed the axillary lymphadenopathy
and revealed para-aortic and inguinal lymphade-
nopathy (Fig. 1a). Gallium scintigraphy revealed
uptake into the same lesions (Fig. 1b). Biopsy
specimens from the left axillary lymph nodes
were compatible with DLBCL (Fig. 2).

Immunohistochemical staining revealed that
the large lymphoid cells were positive for CD20,
CD79a, and immunoglobulin x chain. On the
basis of these findings, the patient was diagnosed
as DLBCL clinical stage III.
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He achieved complete remission after treat-
ment with chemotherapy consisting of six cycles
of R-CHOP (i.e., rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone). He
subsequently underwent HSCT from an HLA-
matched unrelated bone marrow donor after
receiving a condltlomng regimen comprising flu-
darabine (30 mg/m on days —9 to —4), busulfan
(0.8 mg/kg i.v. q six h on days —5 and —4), and
total body irradiation (2 Gy, twice/day on day
—3); the area under the curve of busulfan was
not measured. GvHD prophylaxis consisted of
tacrolimus (0.3 mg/kg/day continuous i.v. from
day —1) and short—course methotrexate (15 mg/m?
on day 1 and 10 mg/m? on days 3 and 6). The
number of infused nucleated cells was 1.8 x 10%/kg
(CD34 cell count was not performed). Neutrophil
(>0.5 x 10 /L) and platelet engraftment
(>20 x 10°/L) were achieved on days 19 and 26,
respectively. Post-transplantation immune recon-
stitution up to the ninth month showed CD3,
CD19, and CD56 counts were 480, 12, and 525
cells/ulL on day 30 and 320, 159, and 557 cells/uL.
on day 90, respectively. Engraftment studies
using short tandem repeat analysis of the bone
marrow revealed 100% donor chimerism
one month and one yr post-HSCT. At five yr
post-transplantation, the patient has normal
platelet count. Symptoms caused by the reactiva-
tion of human herpes virus-6, BK virus, and
VZV were observed on days 21, 60, and 96,
respectively. The symptoms of human herpes
virus-6 and BK virus reactivation resolved spon-
taneously. The patient developed abdominal pain
and high-grade fever on day 96. Despite the lack
of cutaneous lesions, a VZV PCR showed
1 x 10° copy/mL, indicating VZV reactivation.
This successfully resolved after treatment with
acyclovir. Grade II acute GvHD (gut, stage 1)
occurred 30 days post-transplantation, which
resolved after steroid treatment. Chronic GvHD
restricted to the oral mucosa occurred 210 days
post-transplantation and was successfully treated
with tacrolimus for one yr; however, this was
changed to low-dose weekly methotrexate treat-
ment, because the patient’s condition gradually
worsened. Because methotrexate was effective, it
was continued for two yr. The patient is alive as
of five yr post-transplantation without any
symptoms of WAS, post-transplantation compli-
cations, or autoimmune diseases.

Discussion

The overall outcome of patients with WAS with-
out stem cell transplantation remains poor (8, 9).
The best transplantation outcome is achieved
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with myeloablative conditioning and HLA-iden-
tical sibling donors or HLA-matched unrelated
donors when the recipient is younger than five yr
at the time of transplantation (4, 10). Although
the outcome of HSCT from an HLA-mis-
matched related donor remains extremely poor
(11), the other factors influencing HSCT out-
come in older children with WAS remain largely
unknown. In addition, optimal conditioning for
HSCT in WAS patients with complications such
as malignant disorders is an important issue that
must be addressed in the future studies.

Many children with primary immunodefi-
ciency disease may have comorbidities at the
time of HSCT. Therefore, conventional myeloab-
lative preparation may be associated with signifi-
cant treatment-related toxicity as well as long-
term sequelae (12). Over the past decade, RIST
has become a well-established approach in adult
patients with malignant disease, extending cura-
tive HSCT to older individuals and patients with
comorbidities otherwise ineligible for myeloabla-
tive procedures. HSCT is reported to be effective
for children with WAS even after the develop-
ment of lymphoma (13). RIST can be an impor-
tant option for the treatment of older children
with WAS, who are likely to have active infec-
tions and organ damage due to complications.
Longhurst et al. (14) report the case of a 26-yr-
old man with WAS who had undergone RIST
because of severe infections and vasculitis,
although engraftment and immunorestoration
were only partial.

Chronic GvHD-independent autoimmunity
has been observed in patients with WAS after
HSCT and is strongly associated with a mixed/
split chimerism status (7, 15). On the other hand,
Shin et al. (16) report that the incidence of post-
HSCT autoimmune cytopenia is high, even in
patients with WAS who have received myeloab-
lative HSCT, and that it is not associated with
post-transplantation mixed chimerism. A small
population of residual host B cells and plasma
cells that failed to be detected by chimerism
analysis may play a key role in the pathogenesis
of WAS. Because of the patient’s underlying
diagnosis of WAS and DLBCL, we decided to
perform a RIST to decrease the risk of death
post-transplant. Full-donor chimerism was
achieved, and the patient did not have any signs
of autoimmune disorders or fatal infectious dis-
ease after HSCT. Therefore, the reduced-inten-
sity regimen was sufficient for conditioning after
chemotherapy for DLBCL.

The outcomes of patients receiving transplan-
tation from mismatched family donors and
HSCT from an unrelated donor have improved



recently (16, 17). This could be attributed to the
selection of unrelated donors by high-resolution
HLA-typing, improved viral monitoring, and the
use of effective immunosuppressive drugs.

In conclusion, RIST from unrelated HLA-
matched donor led to complete donor chimerism
in a patient with WAS in complete remission of
DLBCL. Therefore, RIST is an effective thera-
peutic option for older children with WAS
accompanied by malignant lymphoma. Never-
theless, further evaluation and follow-up studies
are required to clarify the safety and effectiveness
of RIST for patients with WAS, especially in
older children with malignant complications.
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Activation of an Innate Immune Receptor, Nod1, Accelerates
Atherogenesis in Apoe™'~ Mice

Shunsuke Kanno,* Hisanori Nishio,*" Tamami Tanaka,* Yoshitomo Motomura,*

Kenji Murata,* Kenji Ihara,* Mitsuho Onimaru,® Sho Yamasaki,” Hajime Kono,"
Katsuo Sueishi," and Toshiro Hara*

Atherosclerosis is essentially a vascular inflammatory process in the presence of an excess amount of lipid. We have recently re-
ported that oral administration of a nucleotide-binding oligomerization domain (Nod)-1 ligand, FK565, induced vascular inflam-
mation in vivo. No studies, however, have proven the association between Nod1 and atherosclerosis in vivo. To investigate a potential
role of NOD1 in atherogenesis, we orally administered FK565 to apolipoprotein E knockout (Apoe ~/~) mice for 4 wk intermittently
and performed quantification of atherosclerotic lesions in aortic roots and aortas, immunohistochemical analyses, and
microarray-based gene expression profiling of aortic roots. FK565 administration accelerated the development of atherosclerosis
in Apoe™™ mice, and the effect was dependent on Nodl in non-bone marrow origin cells by bone marrow transplantation
experiments. Immunohistochemical studies revealed the increases in the accumulation of macrophages and CD3 T cells within
the plaques in aortic roots. Gene expression analyses of aortic roots demonstrated a marked upregulation of the Ccl5 gene during
early stage of atherogenesis, and the treatment with Ccl5 antagonist significantly inhibited the acceleration of atherosclerosis in
FK565-administered Apoe™~ mice. Additionally, as compared with Apoe ™™ mice, Apoe and Nodl double-knockout mice showed
reduced development of atherosclerotic lesions from the early stage as well as their delayed progression and a significant reduction
in Ccl5 mRNA levels at 9 wk of age. Data in the present study show that the Nod1 signaling pathway in non-bone marrow-derived

cells contributes to the development of atherosclerosis. The Journal of Immunology, 2015, 194: 773-780.

therosclerosis is a chronic inflammatory disease of vessel
walls, characterized by the accumulation of leukocytes
and their subsequent differentiation into cholesterol-
laden foam cells (1). Innate and acquired immune systems are
considered to be associated with the development of atheroscle-
rosis (2—4). Concerning the innate immunity, epidemiological
studies and animal experiments showed that infectious agents and
their components contribute to the local chronic inflammatory
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process underlying atherosclerosis (4-7). The innate immune
receptors recognize structurally conserved moieties and work as
pattern recognition receptors (PRRs) such as TLRs, nucleotide
oligomerization domain-like receptors (NLRs), retinoic acid—in-
ducible gene-I-like receptors or C-type lectin receptors (8). Among
PRR families, there is a line of evidence that TLRs, especially
TLR4, TLR2, and their signaling molecule, MyD8&8 (7, 9, 10), play
important roles in the development of atherosclerosis by initiating
an inflammatory response to several pathogenic bacteria such as
Chlamydophila pneumoniae or Porphyromonas gingivalis (5, 6).
With respect to NLRs, only a limited number of studies have
shown that NLRs might be involved in atherosclerosis (11,
12). More than 20 NLRs have been identified in humans (8).
Nucleotide-binding oligomerization domain (NOD)-1 is an intra-
cellular sensor of bacterial peptidoglycan (PGN), and it is con-

- stitutively expressed in many types of cells, including endothelial

cells (13, 14). NOD1 specifically recognizes a diaminopimelic
acid-containing dipeptide, derived mostly from bacteria (13), and
activates the signal pathway via the transcription factor NF-«kB
(14, 15). Recently, pure synthetic ligands for NLRs, such as
FK156 and FK565 for NOD1 or MDP for NOD2, have been
available for studies on the biological significance of these
receptors. We have recently reported that oral administration of
a synthetic Nod1 ligand FK565 efficiently induced acute vasculitis
in mice (16). Therefore, it would make sense to investigate the
contribution of a long-term exposure of a small dose of NODI
ligand to the development of atherosclerosis, a chronic vascular
inflammatory disease.

In this study, we show that oral administration of FK565 ac-
celerated the development of atherosclerosis in apolipoprotein E
knockout (Apoe*/ 7) mice, and the effect was dependent on Nod1
in non—bone marrow-derived cells by transplantation experiments.
By microarray analysis, we found that Ccl5 expression was sig-
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nificantly upregulated by FK565 administration in aortic roots
during early stage of atherogenesis, and the treatment with CclS
antagonist significantly inhibited the acceleration of atheroscle-
rosis in FK565-administered Apoe ™~ mice. Finally, we demon-
strated that Nod1 deficiency resulted in reduced development of
atherosclerotic lesions as well as their delayed progression in
Apoe™™ mice, indicating the contribution of Nod1 ligand to the
development of atherosclerosis.

Materials and Methods

Animals and bone marrow transplantation

C57BL/6] Apoe™~ mice were purchased from The Jackson Laboratory.
Nodl™~ mice in the C57BL/6 background were a gift from Tak Mak,
University Health Network. Nod!™™ mice were crossed with Apoe™~
C57BL/6 mice. Heterozygous mice were intercrossed to generate homozy-
gous Apoe™™ mice bearing combinations of NodI** and Nodl ™~ mice.
The genotype for Apoe or Nodl was confirmed using primers and conditions
described in the The Jackson Laboratory Web site or the previous report (17),
respectively. All mice were fed a normal chow diet and housed in a specific
pathogen-free environment throughout the experiment. Drinking water and
food for mice did not contain Nod1-stimulatory activity by a bioassay using
HEK-Blue murine NOD1 cells (InvivoGen, San Diego, CA), which were
HEK293 cells carrying a NF-«kB reporter and transfected with a Nodl
construct. The study protocol was reviewed and approved by the Animal
Care and Treatment Committee of Kyushu University.

For bone marrow transplantation studies, 9-wk-old male Apoe ™~ Nodl ™'~
mice and Apoe™ ~"NodI** mice received 8 Gy total body irradiation to
eliminate endogenous bone marrow stem cells and most of the bone mar-
row-derived cells, including macrophages. Bone marrow cells for trans-
plantation into the irradiated mice were prepared by flushing both femurs of
male Apoe™ "Nodl ™'~ or Apoe™'~NodI*'* mice. Donor cells were washed,
suspended in sterile RPMI 1640 medium with 2% FCS, and concentrated to
1 X 108 cells/ml. Three hours after irradiation, 1 X 107 bone marrow cells
were injected into the tail vein of a mouse. Successful reconstitution was
confirmed by PCR genotyping of recipient mouse peripheral blood cells.

FK565 administration and Met-RANTES treatment

FK5635, a synthetic and pure Nod1 ligand, was supplied by Astellas Pharma
(Tokyo, Japan). At 5 wk of age, mice were randomized to FK565-
administered and nonadministered groups. The administration protocol
was as follows: two doses of FK565 solution (10 or 50 jg), reconstituted at
10 pg/pl in sterile distilled H,O, was orally administered once a day for 2
consecutive days and then observed for the following 5 d per week. This
course of the intermittent administration was continued for 4 wk, and mice
were euthanized 6 d after the last administration. For the transplanted
mice, FK565 was administered for four courses from 7 wk after bone
marrow transplantation and euthanized at 20 wk of age. After euthanasia,
serum was obtained from the vena cava after an overnight fast.

Because the Ccl5 antagonist Met-RANTES has been used in vivo in animal
models of atherosclerosis, we determined the protocol of Met-RANTES
treatment according to previous reports (18-20) with minor modifications.
Met-RANTES (R&D Systems, Minneapolis, MN) was administered i.p. in
a single dose of 50 ug diluted in PBS 30 min before FK565 administration.
In parallel, control mice received a similar volume of sterile PBS.

Antibiotic treatment protocol

Mice were treated with 1 g/l ampicillin (Wako Pure Chemicals, Osaka,
Japan) dissolved in drinking water, as well as an antibiotic concoction
consisting of 5 mg/ml vancomycin, 10 mg/ml neomycin, and 10 mg/ml
metronidazole (all from Wako Pure Chemicals) by oral gavage every
24 h according to the method as described (21). Gavage volume of 20 ml/kg
body weight was delivered with a polytetrafluoroethylene tube with prior
sedation of the mice. The antibiotic administration was initiated at 5 wk of
age and continued for 5 wk from 1 wk before 4 wk FK565 administration.
Intestinal depletion was assessed by collecting feces, homogenizing in
1 ml sterile PBS, and serially diluting and plating on trypticase soy agar with
5% sheep blood (BD Biosciences, Franklin Lakes, NJ) for 48 h at 37°C
aerobically or in an anaerobic chamber (AnaeroPack system; Mitsubishi
Gas Chemical, Tokyo, Japan). The number of bacteria per milligram of
feces was calculated based on the CFU counted in each serial dilution.

Histological and immunohistological analyses of aortic roots

After mice were euthanized, the hearts were removed rapidly after perfusion
with PBS. The hearts were embedded in optimal cutting temperature com-
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pound (Sakura Finetek Japan, Tokyo, Japan) and quickly frozen in liquid
nitrogen or 4% paraformaldehyde-fixed and paraffin-embedded for histo-
logical and immunohistological analyses. Sixty serial cross-sections (6 pm
thick) of the aortic root were prepared from the site where the three aortic
valves first appeared according to the method as described (22). The ath-
erosclerotic lesions in the aortic root were investigated at six locations, each
separated by 60 pm. Three serial frozen sections prepared from each loca-
tion were conventionally stained with Sudan IV (Tokyo Kasei Kogyo, Tokyo,
Japan), Elastica~van Gieson (EVG), and H&E stains. Similarly, seven serial
paraffin-embedded sections prepared from each location were stained with
H&E, EVG, MOMA-2 (macrophage)-specific Ab (1:100; AbD Serotec,
Raleigh, NC), CD3 (T cell)-specific Ab (1:500; Abcam, Cambridge, U.K.),
NIMP-R14 (neutrophil)-specific Ab (1:500; Abcam), a-smooth muscle
actin (a-SMA)-specific Ab (1:100; Dako, Glostrup, Denmark), and Ccl5-
specific Ab (1:10; R&D Systems). As a negative control, nonimmune IgG or
isotype control was used. Detection and visualization of primary Ab binding
was done as described (16). For quantitative estimation of the plaque con-
tents, we analyzed absolute areas or numbers of cells staining positive for
a respective marker within the plaque area by using Adobe Photoshop CS5
and National Institutes of Health Image]J software. The average value for the
six locations for each animal was used for analysis.

Assessment of atherosclerosis in aortas

Immediately after mice were euthanized, the aorta was dissected from the
proximal ascending aorta to the bifurcation of the iliac artery. The adventitial
tissue was carefully removed, and then the aorta was opened longitudinally,
fixed in 10% buffered formalin overnight, stained with Sudan IV, pinned on
a black wax surface, and photographed for quantification of en face plaque
areas. En face images were obtained by a stereomicroscope (SteREO Lumar
V12; Carl Zeiss, Oberkochen, Germany) equipped with a digital camera
(AxioCam MRc5; Carl Zeiss) and analyzed by Adobe Photoshop CSS and
National Institutes of Heaith ImageJ software. Lipid lesion formation was
analyzed by the determination of the percentage area stained with Sudan IV to
the total aortic area. Quantification of atherosclerotic lesions was performed
by a single observer blinded to the experimental protocol.

Microarray analysis

To obtain sufficient amount of RNA for microarray analysis, the aortic roots
removed from three animals were mixed, homogenized, and used as one
sample. Two independent experiments were performed. Total RNA was
extracted with an RNeasy fibrous tissue kit (Qiagen, Hilden, Germany) and
amplified using an amino allyl MessageAmp II aRNA amplification kit
(Ambion, Austin, TX). Double-stranded cDNA was synthesized from total
RNA using oligo(dT) primer with a T7 RNA polymerase promoter site added
to the 3’ end. Then, in vitro transcription was performed in the presence of
amino allyl uridine-5'-triphosphate to produce multiple copies of amino
allyl-labeled cRNA. Amino allyl-labeled cRNA was purified, reacted with
N-hydroxy succinimide esters of Cy3 (GE Healthcare, Little Chalfont, U.K.)
using NimbleGen’s protocol and hybridized for 19 h at 42°C to the Mouse
Gene Expression 12 X 135K array (100718_MM9_EXP HX12; Roche
NimbleGen, Madison, WI) consisting of 44,170 genes. The arrays were
scanned on GenePix 4000B (Molecular Devices, Sunnyvale, CA). The
averages of triplicate spot intensities were extracted using NimbleScan
v2.5 (Roche NimbleGen) and processed using robust multiarray analysis
method (16). The scaled gene expression values were imported into
GeneSpring 11.5.1 software (Agilent Technologies, Santa Clara, CA) for
preprocessing and data analysis (16). The expression value of each gene
was normalized to the 75th percentile shift expression of all genes. Probe
sets were deleted from subsequent analysis when they were displayed an
absolute value <30 in all experiments. The fold change was calculated as
the ratio of the two group means based on the observed signal values.
Microarray data were deposited in Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) under accession no. GSE48947.

Quantitative real-time RT-PCR

Total RNA was extracted from the aortic root using RNeasy fibrous tissue,
followed by cDNA synthesis using a high-capacity RNA-to-cDNA
kit (Applied Biosystems, Foster City, CA). Mouse Ccl5, Cxcli6, Ccl8,
and Gapdh expression levels were analyzed by TagMan gene expression
assays MmO01302427_m1, Mm00469712_ml, Mm01297183_ml, and
Mn-99999915_g1 (Applied Biosystems), consisting of a 20X mix of un-
labeled PCR primers and a TagMan MGB probe (FAM dye-labeled), and
TagMan gene expression master mix (Applied Biosystems). Mouse Gapdh
was used as internal controls. These TagMan probes were labeled with the
quencher TAMRA (emission I, 582 nm) at the 3’ end through a linker-arm
nucleotide. The mRNA expression levels of the targeted genes were
quantified by the StepOne real-time PCR system and the StepOne software
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v2.1 (Applied Biosystems). To calculate the relative expression level, the
level of gene expression was divided by that of Gapdh. All experiments
were carried out in duplicate and repeated three times for confirmation.

Serum lipid, glucose, and insulin analyses

Total cholesterol and triglyceride concentrations in the murine sera were
measured with a LabAssay cholesterol kit and a LabAssay triglyceride kit
(Wako Pure Chemicals), respectively. Blood glucose levels were determined
with a Medisafe-Mini glucose meter (Terumo, Tokyo, Japan). Serum insulin
levels were measured with a mouse insulin ELISA kit (Mercodia, Uppsala,
Sweden). The homeostasis model assessment of insulin resistance index
([glucose (mg/dl) X insulin (wU/ml)]/405) was calculated.

Statistical analysis

Data were analyzed by Student ¢ test, Dunnett test, or Tukey—Kramer
honestly significant difference test using JMP version 8.0 (SAS Institute,
Cary, NC). Values of p < 0.05 were considered statistically significant.

Results
Activation of Nodl by the orally administered agonist
accelerates atherogenesis in Apoe™ ™ mice

To investigate the effect of a Nodl ligand on atherosclerosis, we
orally administered FK 563, a pure synthetic Nod1 ligand, to Apoe ™~
male mice fed a chow diet. After preliminary experiments with
orally administered FK565 at different doses consecutively or in-
termittently in Apoe™™ mice (data not shown), we analyzed the
effect of orally administered FK565 on 9-wk-old Apoe™" mice at
10 or 50 pg twice a week for 4 wk from 5 wk of age (Fig. 1A). No
significant differences between the body weight and serum choles-
terol and triglyceride levels of both groups of mice were observed
(Supplemental Table I). Compared with the nonadministered group,
a dose-dependent effect of FK565 was observed in the development
of atherosclerosis in aortic roots with the lesion volumes of 1.85-
fold (85%) increase at 10 g and 5.49-fold (449%) increase at
50 g FK565 in the FK565-administered group (Fig. 1B, 1D). In the
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FK565-administered group, a similar effect was also observed on
the plaque formation in aortas of 1.10-fold (10%) increase at 10 ug
and 33.9-fold (3289%) increase at 50 wg FK565 (Fig. 1C, 1E). To
confirm the specificity of the FK565 treatment for Nod1, we studied
Apoe™™ Nodl™ mice in the same manner. There were no dif-
ferences in the body weight and serum cholesterol or triglyceride
levels in both groups of mice (Supplemental Table I). The plaque
formation results showed no significant differences between FK565-
administered Apoe ™ "Nodl ™"~ mice and nonadministered mice
(Fig. 1D, 1E). These results clearly demonstrated that oral admin-
istration of a pure synthetic Nodl ligand accelerated the develop-
ment of atherosclerosis in Apoe™™ mice in a Nodl-dependent
manner.

To rule out the possibility that oral administration of FK565
alters the composition of gut commensal bacteria and the dysbiosis
induces acceleration of atherosclerosis, we depleted the intestinal
microbiota by providing antibiotics in drinking water and with oral
gavage of the antibiotic concoction according to the previous report
(21). Even in gut flora—depleted mice, FK565 administration ac-
celerated the development of atherosclerosis, suggesting that the
acceleration of atherosclerosis by orally administered FK565 does
not depend on alteration of the composition of gut commensal
bacteria (Supplemental Fig. 1).

Immunohistochemical studies of atherosclerotic lesions by
a Nodl ligand

To explore the effects of Nodl ligand on the formation of ath-
erosclerotic lesions, we performed immunohistochemical studies
of vessel-wall constituents within the plaques in aortic roots.
FK565-administered Apoe ™™ mice showed a significantly higher
level of macrophage and T cell infiltration within the plaques than
did nonadministered Apoe ™~ mice. Neutrophil numbers within
the plaques in FK565-administered Apoe ™~ mice also showed an
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FIGURE 1. Acceleration of atherosclerosis by oral ad-
ministration of FK565 in Apoe‘/ ~ mice. (A) Protocol for
intermittent administration of FK565 (10 or 50 pg once
a day, 2 d/wk, 4 wk) as described in Materials and Methods.
p.o., per os. (B and C) Representative aortic roots (B) stained
with EVG and aortas (C) stained with Sudan IV in Apoe™"
mice with or without FK565 administration at 9 wk of age.
Scale bars, 200 wm (B) and 500 pm (C). (D and E) Quanti-
fication of atherosclerotic lesion areas of aortic roots (D) and
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EVG

FIGURE 2. Immunohistochemical studies of atheroscle-
rotic lesions by oral administration of FK565. (A) Repre-
sentative aortic roots stained with EVG, MOMA-2, CD3,
NIMP-R14, and a-SMA in Apoe“/ ~ mice with or without
FK565 administration at 9 wk of age. Scale bars, 50 pm.
(B-E) Quantification of areas or numbers of cells positively
stained for MOMA-2, CD3, NIMP-R14, and a-SMA within
plaques in Apoe™™ mice with or without FK565 adminis-
tration at 9 wk of age. Bars represent means (1 = 5/group).
*p < 0.05, **p < 0.01 (Student ¢ test).

MOMA-2

NIMP-R14 cD3
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/-

increasing tendency than did those in nonadministered Apoe™
mice, although statistically not significant (Fig. 2A-D).

The previous report demonstrated that smooth muscle cells were
intermingled with foam cells or tended to form a cap at the top of
lesion in Apoe"/ ~ mice at 10-15 wk of age (23). A marked in-
crease of smooth muscle cell content in the plaques was observed
in the FK565-administered group (p = 0.026; Fig. 24, 2E). These
results suggested that Nodl ligand accelerated the progression of
advanced atherosclerotic lesions, with a remarkable increase of
macrophage and T cell infiltration in the plaque.

Contribution of Nodl in nonhematopoietic cells to the
increased atherogenesis by Nodl ligand administration

As mentioned above, the effect of FK565 in atherogenesis was
solely mediated by Nod1. Accordingly, to further test whether non—
bone marrow-derived cells expressing Nod1 would contribute to
the development of atherosclerosis by FK565 administration, we
performed bone marrow transplantation experiments at 20 wk of
age. All mice received FK565 for four courses. As expected, the
atherosclerotic lesions in aortic roots of Apoe™~ mice with
Apoe™” bone marrow cells were significantly larger than those of
Apoe™""Nodl ™™ mice transplanted with Apoe ™ Nodl ™~ bone
marrow (Fig. 3). Similarly, in chimeric Apoe ™™ mice with Apoe ™~
Nodl™" bone marrow cells, the atherosclerotic lesions were sig-
nificantly larger than those of Apoe™ " Nodl ™~ mice transplanted
with either Apoe™ ™ or Apoe™""Nodl ™~ bone marrow. Conversely,
chimeric Apoe™ Nodl™~ mice with Apoe™" bone marrow cells
had significantly smaller atherosclerotic lesions than did Apoe ™~
mice transplanted with either Apoe™™ or Apoe™ Nodl ™~ bone
marrow (Fig. 3). The data for total aortic plaque formation showed
the same trends as did the data for aortic root lesion area discussed
above (data not shown). These results indicated that non-bone
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marrow-derived cells had a pivotal role in acceleration of athero-
sclerosis induced by Nod1.

Ccl5 is a key chemokine in atherogenesis induced by orally
administered Nodl agonist

To explore the mechanisms underlying the progression of ath-
erosclerosis provoked by Nodl ligand stimulation, we performed
microarray gene expression profiling of the aortic roots of 9-wk-old
Apoe™ ™ mice with or without four courses of FK565 adminis-
tration. Comparative analysis revealed that 1777 genes were up-
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FIGURE 3. Acceleration of atherosclerosis by FK565 depends on Nodl
in nonhematopoietic cells. Quantification of atherosclerotic lesion areas of
aortic roots in Apoe ’~ and Apoe™’"Nodl ™"~ 20-wk-old mice underwent
bone marrow (BM) reconstitution with BM from Apoe™~ or Apoe™~
Nodl™"~ donors. All mice were orally administered FK565 (50 g once
a day, 2 d/wk) from 16 to 19 wk of age and fed a chow diet. Bars represent
means (n = 7-8/group). *p < 0.05, **p < 0.01 (Tukey—Kramer honestly
significant difference test).
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regulated in the aortic roots of FK565-administered mice com-
pared with those of nonadministered mice (Fig. 4A). We also
analyzed gene expression in 6-wk-old Apoef/ ~ mice after only
one course of FK565 administration, when there was weak ac-
cumulation of macrophages in the lesions, which was recognized
as the initial stage of atherosclerosis (23) (data not shown). The
analysis revealed that 1401 genes were upregulated by one course
of FKS565 administration, and 100 genes were consistently up-
regulated by FK565 administration in both time points, indicating
that the 100 genes contributed to the initial and early stages of
atherosclerosis induced by Nodl agonist. A gene ontology anal-
ysis of the 100 genes showed that a number of biological process
terms were associated with immune response (Supplemental
Table II). Therefore, we focused on chemokine/cytokine genes.
As expected, we identified a number of chemokine/cytokine genes

A Up-regulated genes in w-FK group
compared with 6W-NT group

77

known to be linked to atherosclerosis. The genes upregulated by
FK565 in 6-wk-old Apoe™" mice included Ccl4, Ccl5, Ccl8,
Cxcll6, and Ii2rb, which are involved in recruitment and activa-
tion of macrophage and lymphocyte. In contrast, in 9-wk-old
Apoe™™ mice, genes associated with recruitment and activation
of inflammatory cells, including chemokine/chemokine receptor
genes (Cx3cll, Ccl3, Ccl5, Ccl8, Cxcll, Cxcll2, Cxcll6, Ccr2,
Cer5, Cxcr3, and Cxcr6) and IL genes (Il1b and I6) were up-
regulated. In both time points, we observed that three genes were
elevated >2-fold (Fig. 4B). To validate the microarray data, we
compared expression levels by real-time RT-PCR of these three
genes in Apoe ™ mice with or without FK565 administration
after both one and four courses and found that only one gene,
Ccl5, also known as RANTES, was significantly upregulated by
FK565 administration at both time points (Fig. 4C). Immunore-
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FIGURE 4. Effect of CclS on atherogenesis induced by oral administration of FK565. In microarray analysis (A and B), total RNA extracted from the
aortic roots in Apoe ™™ mice with or without FK565 administration (FK and NT, respectively) at the age of 6 and 9 wk (6w and 9w, respectively) is shown.
Each experiment sample contained three aortic roots from three mice, and two experiments were performed in each group. (A) Venn diagram of upregulated
genes in the aortic roots of FK565-administered mice at 6 and/or 9 wk of age. (B) Gene expression ratio and heat map analysis of cytokine/chemokine genes
expressed 2-fold higher in FK565-administered Apoe™ mice than in nonadministered Apoe™ ™ mice at 6 or 9 wk of age. Each column represents the mean
of the expression levels in each group of replicates. As shown on the color bar, red and blue indicate high and low expressions, respectively. Gene symbols,
fold changes in each comparison, and GenBank accession numbers are presented in the right columns. Fold changes in bold refer to upregulation >2-fold in
each comparison. Data were deposited in Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE48947. (C) RT-PCR
analysis of Cxcll6, Ccl5, and Ccl8 genes in aortic roots of Apoe ™~ mice with or without FK565 administration at the age of 6 and 9 wk. Gene expression
was normalized to expression of Gapdh. Relative expression levels to the values observed in aortic root from nonadministered Apoe ™™ mice are presented
as mean = SEM (n = 5/group). (D and E) Representative microphotographs (D) and the quantification (E) of positive-stained areas for Ccl5 in aortic roots of
Apoe™ mice with or without FK565 administration at 9 wk of age. Scale bars, 50 wm (D). Bars represent means (1 = 5/group) (E). (F) Quantitative comparison
of atherosclerotic lesion areas of aortic roots in FK565-administered Apoe ™ mice with i.p. injection of PBS or Met-RANTES before every FK565 adminis-
tration. Data of nonadministered Apoe™™ mice are presented as a control. Bars represent means (1 = 3-8/group). *p < 0.05, **p < 0.01 (Student £ test).
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activity for Ccl5 was localized in the intimal areas (Fig. 4D), and
Nodl ligands slightly increased Ccl5 levels in the lesions of
Apoe™™ mice, but without a statistically significant difference
(Fig. 4E). To determine a role of Ccl5 in the atherosclerosis
progression exerted by Nodl activation, we investigated whether
injection of a Ccl5 antagonist, Met-RANTES, could inhibit the
acceleration of atherosclerosis in FK565-administered Apoe ™~
mice. As expected, Met-RANTES-treated mice showed a signifi-
cant decrease of atherosclerotic lesion area in aortic root, com-
pared with PBS-treated mice (Fig. 4F), and they had a similar
volume of plaques in aortic roots of Apoe '~ mice without FK565
administration. These results suggested that Ccl5 plays a crucial
role in the acceleration of atherosclerosis induced by FK565.

To determine which cell type frequencies, macrophages or T cells,
were altered after Met-RANTES administration, we performed
immunohistochemical studies in aortic roots of FK565-administered
mice with or without Met-RANTES administration. Both MOMA-2*
macrophages and CD3™ T cells in atherosclerotic lesions signifi-
cantly decreased after Met-RANTES administration, suggesting
that Ccl5 contributes to accumulation of both cell types in the
atherosclerotic lesions (Supplemental Fig. 2A, 2B).

Nodl deficiency reduces atherosclerotic lesion and Ccl5 gene
expression in aortic roots

To determine whether Nod1 signaling pathway contributes to the
early step of atherosclerosis, we studied Apoe ™~ and Apoe™~
Nodl ™ male mice at the ages of 9, 12, 20, and 40 wk. Apoe™"~
Nodl™~ mice showed modest elevations of serum cholesterol and
triglyceride levels compared with those in Apoe ™~ mice, but
there were no significant differences (Supplemental Table I).
Additionally, no difference was observed in the fasting blood
glucose levels, serum insulin levels, or homeostasis model as-
sessment of insulin resistance values between Apoe ’ and
Apoe™ " Nodl ™ mice at 20 wk of age (data not shown). None-
theless, Apoe ™" Nodl ™"~ mice showed 43, 63, and 26% decreases
of atherosclerotic lesion areas in aortic root, compared with those
in their age-matched Apoe™ ™ mice, at the ages of 12, 20, and
40 wk, respectively (Fig. SA, 5C). By analysis of aortic lesion
areas, Apoe™’” and Apoe ' Nodl™’~ mice had plaques from
20 wk of age, and they had similar distribution patterns of plaques,
with the highest density occurring in the lesser curvature of the
aortic arch at 40 wk of age (Fig. 5B). However, plaque formation
areas in aortas were significantly reduced (54 and 25%) by Nodl
deficiency at the age of 20 and 40 wk, respectively (Fig. 5B, 5D).
These results demonstrated that Nodl deficiency not only atten-
uated early atherogenesis but also decelerated the progression of
atherosclerosis.

To determine the cellular mechanism for the decelerated ath-
erogenesis by Nod1 deficiency, we analyzed the cell composition of
atherosclerotic lesions of Apoe™ ™ mice and Apoe ™ Nodl ™~
mice by immunohistochemical studies. The areas for MOMA-2"
macrophages or a-SMA* smooth muscle cells as well as the
numbers of CD3* T cells or NIMP-R14™ neutrophils in athero-
sclerotic lesions of Apoe™ Nodl™~ mice were smaller than
those in Apoe_/ ~ mice, but the differences were not statistically
significant (Supplemental Fig. 2C-F).

In microarray and RT-PCR analyses, Nodl ligands increased
Cel5 mRNA levels in aortic root of Apoe™™ mice compared with
nonadministered mice (Fig. 4B, 4C). Ccl5 was predominantly
upregulated in early plaques (24) and is considered to be impor-
tant in early lesion formation. Therefore, we examined Ccl5 gene
expression levels in aortic root of Apoe™ and Apoe ™" Nodl ™/~
mice in early stages of atherosclerosis at 6, 9, 12, and 20 wk of
age. At 6-12 wk of age, Ccl5 mRNA levels in aortic roots of
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FIGURE 5. Development of atherosclerosis in Apoe™™ and Apoe™~
Nodl™™ mice at 9-40 wk of age without administration of Nod1 ligand.
(A) Representative aortic roots stained with EVG in Apoe_/ ~ or Apoe™’”
Nodl™~ mice at 20 wk of age. Scale bars, 200 wm. (B) Representative
aortas stained with Sudan IV in Apoe ™ or Apoe™~Nodl ™ mice at 40 wk
of age. Scale bars, 500 pm. (C) Quantification of atherosclerotic lesion
areas of aortic roots in Apoe™” or Apoe™'"Nodl ™~ mice at the age of 9,
12, 20, or 40 wk. Bars represent means (n = 6-8/group). (D) Quantification
of atherosclerotic lesion areas of aortas in Apoe™ ™ or Apoe ' Nodl ™/~
mice at the age of 20 or 40 wk. Bars represent means (n = 8/group). (E) RT-
PCR analysis of CelS gene in aortic roots of Apoe™™ or Apoe™ " Nodl ™'~
mice at the age of 6, 9, 12, and 20 wk. The gene expression was nor-
malized to expression of Gapdh. Relative expression levels to the values
observed in aortic root from 6-wk-old Apoe™ mice are presented as
mean = SEM (n = 5/group). *p < 0.05, *¥p < 0.01 versus Apoe "~ mice
at the same age (Student ¢ test).

Apoe ™ "Nodl™~ mice were lower than those in their age-
matched Apoe™™ mice, and the difference was statistically sig-
nificant at 9 wk of age (Fig. 5SE). These results suggested that Ccl5
plays crucial roles in the development of atherosclerosis during
the early phase induced by Nod1 ligand.

Discussion

The present study has demonstrated that long-term oral admin-
istration of a pure synthetic Nod1 ligand accelerated the devel-
opment and progression of atherosclerosis in Apoe ™~ mice,
independent of cholesterol or triglyceride levels in blood. Ad-
ditionally, the complete loss of this receptor significantly de-
creased the size of atherosclerotic lesions, providing evidence of
a solid relationship between NODI and atherosclerosis. Previ-
ously, only limited studies have shown the effect of NOD1 in the
cardiovascular field (25, 26) or the involvement of NODI1 in
vascular inflammation induced by C. pneumoniae (12). No prior
study, however, has directly proven the association between
NOD1 and atherosclerosis in vivo.
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By transplantation experiments, the major effector cells of the
Nod1 ligand were nonhematopoietic cells. This is consistent with
the observation that NOD1 in nonhematopoietic cells plays a key
role in activation of human endothelial cells, mediated by
C. pneumoniae (12), the chronic or recurrent infection of which
was reported to have a close relationship to the development of
atherosclerosis (27). Alternatively, Levin et al. (28) showed that
increased lipid intake in recepror-interacting protein 2 (Rip2) ™'~
macrophages resulted in increased atherosclerotic lesions in
apolipoprotein B™'"low-density lipoprotein receptor™'™ mice
transplanted with Rip2™~ bone marrow. Myeloid-specific deple-
tion of Nod1 showed no significant difference in plaque formation
in our study, and myeloid-specific depletion of Nod2, but not
Rip2, showed significant reduction in the lipid-rich necrotic area
in low-density lipoprotein receptor_/ " mice (29). Therefore, it is
possible that Rip2™’~ macrophages exert their effects mainly
through the alteration of lipid metabolism rather than Nodl or
Nod2 signaling pathways.

The marked expression of Ccl5 mRNA gene in the Nod1-induced
atherosclerotic lesions and the inhibitory effect of Met-RANTES
on Nodl-induced acceleration of atherosclerosis demonstrated that
Ccl5 expression might be pathophysiologically important for the
development and/or advancement of atherosclerosis. Consistent
with the previous report that Ccl5 expression was most marked in
early plaque (24), the effect of Nodl for plaque formation
appeared to be dominant at early stage (<12 wk) because there
was a marked downregulation of Ccl5 expression at that stage in
Apoe™""Nodl ™'~ mice. Ccl5 is a proinflammatory chemokine that
regulates the trafficking of leukocytes such as macrophages and
Thl T cells, mediated by activation of the receptors Cerl, Cer3,
Cer4, and Cer5 (30). In atherosclerosis, Cer5 is known to be in-
volved, not only in the recruitment of mononuclear cell, but also
in the modulation of the immune balance (18, 31-33). Similarly,
in FK565-administered Apoe"/ ~ mice, Met-RANTES adminis-
tration attenuated the infiltration of MOMA-2* macrophages and
CD3* T cells in atherosclerotic lesions, suggesting that accumu-
lation of both cell types by Ccl5 plays a role in Nodl-induced
acceleration of atherosclerosis.

It has been reported that chronic or repeated infection was a strong
risk factor for the development and aggravation of atherosclerosis
(27, 34-36). However, it was difficult to show direct evidence of
existing microorganisms in atherosclerotic plaques. Several studies
showed the bacterial PGNs or DNA fragments existing in athero-
sclerotic plaques (37-39), and the metagenomic analysis of gut
microbiome in patients with symptomatic atherosclerotic plaques
and healthy controls demonstrated that patient metagenomes were
enriched in genes encoding PGN biosynthesis (40). Furthermore,
a recent report demonstrated that PGNs from microbiota were
detected in systemically circulating blood, and they modulated the
innate immune system through Nod1 (41). In the present study, we
have demonstrated that Nodl ligand directly contributed to the
development of atherosclerosis. Taken together, systemically cir-
culating PGN fragments from endogenous microbiota may activate
Nodl-expressing vascular cells to produce various chemokines,
including Ccl5, to promote the accumulation of inflammatory cells
in the plaques and eventually accelerate the atherosclerotic forma-
tion in vessels. Although endogenous Nodl ligands are still un-
known, it is possible that yet-undetermined endogenous Nodl
ligands contribute to the development of atherosclerosis, because
there are several studies that endogenous ligands toward other PRRs
such as Tlr2, Tlr4, and Nlrp3 were involved in the acceleration of
atherosclerosis (11, 42-45).

A recent study showed that gut flora influenced the nutrient
processing and the metabolism in mice, and microbial processing
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of dietary choline was significantly correlated with atherosclerosis
(46). Although it is still controversial whether Nodl deficiency
contributes to alteration of the composition of microflora (47, 48),
alteration of the microbiota by Nodl deficiency might play a role
in the decreased development of atherosclerosis in Apoe ™~
NodI™~ mice. Because oral administration of FK565 might in-
fluence microbiota in the long-term observation, further investi-
gation is needed on a role of microbiota in the acceleration of
atherosclerosis through Nod1 activation.

In the previous studies, endogenous and synthetic ligands for
TIr2 and TIr4 influenced the formation of atherosclerosis in
addition to Nodl (7, 9, 49). We found that Nod1 deficiency sig-
nificantly reduced plaque formation by 50% in the aortas of
20-wk-old Apoe ™"~ mice, indicating that the contribution of Nod1
on atherogenesis is as strong as those of Tlr2 and Tlr4 suggested
by the previous study (49). Interestingly, the effect of Nodl for
plaque formation seemed to be dominant at early stage (<12 wk) as
shown by marked downregulation of Ccl5 expression in Nodl ™"~
mice. Hence, it is possible that the ligand-specific effects of innate
immune-mediated atherosclerosis formation might exist, and
various types of ligands from microbiota would independently or
synergistically work together for the development of atheroscle-
TOsis.

In conclusion, Nod1 activation plays one of the key roles in the
development and progression of atherosclerosis. Further compre-
hensive studies on the innate immune ligand-specific contribution
are necessary to understand the pathogenesis of atherosclerosis.
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