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FIG 1. Sensitivity levels of ¢jKRECs and sjKRECs. Various numbers of purified normal B cells were serially
added to whole PB from a patient with XLA {P20) to obtain B-cell-added XLA whole blood. cjKRECs and
sjKRECs were measured in 3 to 10 samples of each concentration in triplicate. In all analyses, RNaseP
(internal control) was positive {2.3 + 0.2 X 10° copies/jug DNA). X-axis, B-cell numbers in 1 L whole blood
from a patient with XLA. Y-axis, Percentages of the KREC-positive results in the tests.

as the B-cell concentrations increased (Fig 1). None of the sam-
ples were positive for sjKRECs when the B-cell numbers were
less than 20/pL, but cjKRECs were often positive. It has been re-
ported that 90% of patients with XA have less than 0.2% B cells
in the PB at diagnosis.' Because peripheral lymphocyte numbers
in neonates range from 1200 to 9800/wL,® the absolute B-cell
numbers of 90% of patients with XL A are estimated to be 2.4
to 19.6/pL at the time of blood collection for Guthrie cards, al-
though exact B-cell numbers of XLA in neonatal periods are
not known at this moment. Because neonates are known to have
fewer B cells than infants,” and we observed that B-cell numbers
are constanily low in patients with XLA throughout infancy
(Nakagawa, unpublished data, June 2010), which is consistent
with the fact that BTK plays an essential role in B-cell maturation.
Itis likely that neonates with XA also have severely decreased B
cells. On the other hand, all samples obtained from 400 B cells/uL
were positive for both ¢jKRECs and sjKRECs. We also observed
that all healthy infants (1-11 months old; n = 15) were sjKREC-
positive (Nakagawa, unpublished data, June 2010) and might
have at least 600 B cells/L whole blood.” From these data, it
is assumed that at least 90% of patients with XA are sjKREC-
negative, and healthy neonates are positive for sjKRECs on neo-
natal Guthrie cards.

Next, we measured cjKRECs and sjKRECs in dried blood spots
in filter papers or Guthrie cards from 30 patients with XLA and 5
patients with non-XLA and from 133 neonates born at the National
Defense Medical College Hospital during this study period (Au-
gust 2008 to October 2009) and 138 healthy subjects of various
ages (1 month to 35 years old) to investigate the validity of this
method. The levels of B cells of the patients ranged from 0.0% to
1.1% of total lymphocytes and 0.0 to 35.78/uL. IgG levels were 10
to 462 mg/dL (see this article’s Tables E1 and E2 in the Online Re-
pository at www.jacionline.org). Patients with leaky pheno-
typesl‘m were included; 1 patient (P30) had more than 1% B
cells and 34.22/uL total B cells, and 4 patients had more than
300 mg/dL serum IgG (P12, P30, P31, P33). All of the normal
neonatal Guthrie cards were positive for both ¢jKRECs and
$ifKRECs (7.2 += 0.7 X 10° and 4.8 + 0.6 X 10° copies/jLg
DNA, respectively). All healthy subjects of various ages were
also positive for both ¢jKRECs and sjKRECs (Nakagawa,
unpublished data, June 2010). In contrast, specimens from all 35
B-cell-deficient patients were sjKREC-negative (<1.0 X 10° cop-
ies/pg DNA; Fig 2). All 5 patients with leaky phenotypes were also
sJKREC-negative, which might be explained by the hypothesis that
leaky B cells of patients with XLA are long-lived B cells that di-
vided several times and have fewer sjKRECs than naive B cells.
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FIG 2. Copy numbers of sjKkRECs measured in neonatal Guthrie cards or
dried blood spots obtained from B-cell-deficient patients. On all samples
from control, neonatal Guthrie cards (n = 133) were sjKREC-positive (4.8 =
0.6 X 10° copies/ug DNA). B-cell-deficient patients were negative for
sjKRECs in neonatal Guthrie cards (XLA, n = 7; non-XLA, n = 1) and dried
blood spots (XLA, n = 23; non-XLA, n = 4).

One patient (P27) was positive for ¢jKRECs, but other patients
were negative for it. RPPH]I (internal control) was detectable at
the same level as in normal controls in all samples.

These results indicate that sjKRECs are undetectable in XLLA
and non-XLA and suggest that measurement of sjKRECs in
neonatal Guthrie cards has the potential for the use of newborn
mass screening to identify neonates with early B-cell maturation
defects. Greater numbers of neonatal Guthrie cards should be
examined to confirm this potential, and the data obtained from
dried blood spots on filter papers must be examined to prove that
they truly reflect the data obtained from neonatal Guthrie cards.
We should also examine whether screening can reduce the cost of
treatment of the bacterial infections and chronic lung diseases in
patients with XLLA and non-XLA and increase the benefits for
these patients. An anticipated pilot study using a large cohort of
newborns must address these problems. We also found that
T-cell-receptor excision circles and sjKRECs can be measured
simultaneously on the same plate. Thus, a pilot study of neonatal
screening for both T-cell and B-cell deficiencies could be
performed simultaneously.
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TABLE E1. Characteristics of patients with XLA
Serum Ig
Patient Unique Age {mg/dL) cD19* BTK mutation Source
no. patient no. (y) Sex IgG IgA IgM % Lymph /plL Genomic DNA cDNA Amino acid Guthrie Dry spot
P1 670 0 M 87 <6 10 021 12,99 29269G>T 1178-1G>T Splice acceptor defect  x
P2 718 0 M 215 <10 <10 0.07 7.04 11593_11594 insA 144 _145insA Argd9 frameshift X
P3 722 0 M 80 <1 1 <1.00 NA 25644C>T 763C>T Arg255X X
P4 727 8§ M 295 59 57 0.11  3.52 29269G>T 1178-1G>T Splice acceptor defect X
P5 . 732 34 M 1140 <6 8 0.02 024 11631T>A 182T>A Ile61Asn X
P6 811 24 M 458 0 13 0.50 532 23570T>G 426T>G Tyr142X b3
P7 813 18 M 628 109 6 0.60  6.87 23570T>G 426T>G Tyr142X X
P8 814 19 M 260 0 NA 0.20 3.01 16180C>T 344C>T Ser115Phe X
P9 815 13 M 600* <10 <5 0.08  1.72 11590G>T 142-1G>T Splice acceptor defect X
P10 816 11 M 12 0 5 0.00 0.00 150kb deletion of BTK, TIMMS8A, TAF7L, DRP2 X
Pil 817 10 M 10 2 24  0.80 3578 36288C>T 1928C>T Thr6431le X
P12 824 13 M 462 6 27 0.41 1449 27518C>A 895-11C>A Splice acceptor defect X
P13 834 5 M <237 <37 43 0.00 ~ 0.00 25715_26210del 776+57_839+73del Exon 9 deletion X
P14 838 21 M <50 <5 7 0.00  0.00 31596G>C 1631+1G>C Splice donor defect X
P15 839 16 M 604 <1 <2 0.04  0.66 31596G>C 1631+1G>C Splice donor defect X
P16 847 11 M 698 26 11 0.08  1.86 25536delG 655delG Val219 frameshift X
P17 - 877 14 M 20 19 8 021 NA 32357T>C 1750+2T>C Splice donor defect X
P18 880 5 M 233 39 41 0.06 NA 10941-7_14592-+7del  1-?_240+7del Exon 1-3 deletion X
P19 888 8 M <212 <37 150 0.15 ° 6.60 11023G>A 83G>A Arg28His X
P20 891 21 M 195 <6 37 0.02  0.09 32243C>G 1638C>G Cys502Trp X
P21 958 0 M <50 <10 9 0.80 - 27.14 31544_31547 1580_1583del GTTT Cys527 frameshift X
delGTTT
P22 701 2 M 115 <2 4 009 199 16172C>A 336C>A Tyr112X X
P23 911 0 M <10 <6 <4 0.00 - 0.00 29955A>C 1350-2A>C Splice acceptor defect - x
P24 937 0 M 60 <2 58 0.00  0.00 11022C>T 82C>T Arg28Cys X
P25 938 0 M <20 <4 <6 0.00  0.00 36269-7_36778+2del 1909-?_2418+7del  Exon 19 deletion X
P26 939 0 M 60 <2 22 0.00 0.00 11022C>T 82C>T Arg28Cys X
P27 890 12 M <237 <37 <20 0.03 NA 36261G>A 1909-8G>A Splice acceptor defect X
P28 944 6 M 12 <1 1 0.02 NA 36281C>T 1921C>T Arg641Cys X
P29 948 5 M <237 <37 <20 001  0.70 36261G>A 1909-8G>A Splice acceptor defect X
P30 1053 5 M 386 5 113 1.10 3422 32259A>C 1654A>C Thr552Pro X

Age, Age at analysis of KRECs; CDI9" % Lymph, CD19-positive cell percentage in lymphocytes; CDI9™ /L, CD19-positive cell number in 1 pL whole peripheral blood;
M, male; NA, not available; Serum Ig, serum levels of immunoglobulins at diagnosis.

BTK mutation’s reference sequences are NCBI NC_000023.9, NM_000061.2, and NP_000052.1.

*Trough level during intravenous immunoglobulin therapy.
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TABLE E2. Characteristics of patients with non-XLA

LETTERS TO THE EDITOR 225.e2

Serum Ig (mg/dL) cb19* Source
Unique Age

Patient no. patient no. (y) Sex 1gG IgA IgM % Lymph /L BTK mutation Guthrie Dry spot
P31 596 4 F 386 <6 6 0.42 21.27 Normal X
P32 719 0 F <50 <5 <5 0.00 0.00 Normal X

P33 835 8 M 311 323 20 0.09 1.88 Normal X
P34 915 0 M <212 <37 <20 0.00 0.00 Normal X
P35 947 0 M <21 <37 <39 0.00 0.00 Normal X

Age, Age at analysis of KRECs; CDI9% % Lymph, CD19-positive cell percentage in lymphocytes; CD19™ /uL, CD19-positive cell number in 1 wL whole peripheral blood;
F, female; M, male; Serum Ig, serum levels of immunoglobulins at diagnosis.
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Abstract

Introduction Hemophagocytic lymphohistiocytosis (HLH)
is a hyperinflammatory syndrome and has a varied genetic
background. The polymorphism of interferon regulatory
Jactor 5 gene (IRF5) was reported to be associated with
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susceptibility to macrophage activation syndrome. IRFS
acts as a master transcription factor in the activation of pro-
inflammatory cytokines. We assessed associations of IRF5
gene polymorphisms with susceptibility to secondary HLH.
Methods Three IRF3 single nucleotide polymorphisms
(rs729302, rs2004640, and 1s2280714) were genotyped
using TagMan assays in 82 secondary HLH patients and
188 control subjects.

Results There was a significant association of the GT/TT
genotype at 12004640 with secondary HLH susceptibility
(p<0.01). The IRF5 haplotype (15729302 A, rs2004640 T,
and rs2280714 T) was associated with secondary HLH
susceptibility (p<0.01).

Conclusions These findings indicate that /RF5 is a genetic
factor influencing the susceptibility to secondary HLH and
that the IRF5-associated immune response contributes to
the pathogenesis of HLH.

Keywords Interferon regulatory factor 5 - polymorphisms -
hemophagocytic lymphohistiocytosis

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a hyperin-
flammatory syndrome that is accompanied by serious morbid-
ity [1, 2]. The incidence of HLH is estimated to be about 1.2
cases per million individuals per year [3]. HLH is character-
ized by prolonged fever, cytopenias, hepatosplenomegaly, and
hemophagocytosis in reticuloendothelial systems. The char-
acteristic laboratory findings include hypertriglyceridemia,
hyperferritinemia, hypofibrinogeneima, and increased soluble
CD25 [1-4]. These manifestations and laboratory values are
described as the result of hypercytokinemia caused by an
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ineffective immunological response mediated by histiocytes
(macrophages and dendritic cells), natural killer (NK) cells,
and cytotoxic T cells (CTL) [1, 5-7]. Increased levels of
several pro-inflammatory cytokines, such as interleukin-6 (IL-6),
interferon (IFN)~y, and tumor necrosis factor (TNF)-o¢ have
been demonstrated in patients with HLH [8-10]. HLH 1is
classified into primary (genetic) or secondary (acquired) HLH.
There are two subtypes of primary HLH, namely, familial HLH
(FHL) and other immunodeficiencies such as Chediak—Higashi
syndrome, Griscelli syndrome type 2, Hermansky—Pudlak
syndrome type 2, and the X-linked lymphoproliferative
syndrome [2, 11]. Mutations of perforin (PRFI), UNCI3D,
STX11, and STXBP2 genes are responsible for 30-70% of
FHLH cases [12-16]. Tt is thought that other unknown genetic
defects remain as causes of FHL. Secondary HLH may occur
under conditions of severe infections, malignancies, or
autoimmune diseases [1, 2]. Many viruses, bacteria, and other
infectious agents have been reported to trigger infection-
associated HLH (IHLH) [17]. Epstein—Barr virus (EBV) is
the most studied virus that trigger IHLH [18]. EBV-associated
HLH (EBV-HLH) has a higher prevalence in East Asian
countries [18]. Therefore, there may be a genetic variation in
susceptibility to EBV-HLH.

Genetic factors other than PRFI, UNCI3D, STXII, and
STXBP2 might influence susceptibility even to secondary
HLH. Macrophage activation syndrome (MAS) is one form
of secondary HLH [1, 2]. MAS occurs in patients with
autoimmune diseases, especially with systemic-onset juve-
nile idiopathic arthritis (systemic JIA) [19, 20]. We recently
reported that the interferon regulatory factor 5 (IRF5) gene
polymorphism is associated with susceptibility to MAS in
systemic JIA patients [21]. IRF5 is a member of the IRF
family of transcription factors and is known to have a crucial
role in the Toll-like receptor signaling pathway [22, 23]. The
activation of the Toll-like receptor is central to innate and
adaptive immunity. IRF5 acts as a master transcription factor
in the activation of pro-inflammatory cytokine genes
especially in the virus-mediated immunological signaling
pathway [23]. In JRF5 knockout mice, a severely impaired
induction of IL-6, IL-12, and TNF-c was observed [22].

In the present study, we hypothesized that polymorphisms
in the IRF5 gene may be associated with susceptibility to
secondary HLH. We found a close relationship between the
IRF5 gene polymorphism/haplotype and susceptibility to
secondary HLH.

Patients and Methods

Study Population

Patients with secondary HLH except for MAS were diagnosed
based on the diagnostic criteria used in the HLH-94 Study (for

patients who developed HLH before October 2006) and HLH-
2004 Study (after October 2006) [4, 24]. The patients who
showed known genetic mutations were excluded as primary
HLH in this study. Patients under 1 year were also excluded to
reduce the possible inclusion of undiagnosed primary HLH
because the onset of FHL is below 1 year of age in 70-80% of
the cases [25].

Patients with MAS were diagnosed as having systemic JIA
based on the International League of Associations for
Rheumatology classification criteria for systemic JIA [26].
Because the HLH-94/2004 diagnostic criteria may not
always be appropriate when diagnosing MAS in systemic
JIA patients who are under inflammatory conditions, patients
with systemic JIA were diagnosed as having MAS based on
the preliminary diagnostic guidelines for MAS complicating
systemic JIA [27], as follows: (1) clinical criteria including
central nervous dysfunction, hemorrhage or hepatomegaly
and (2) laboratory criteria including decreased platelet counts
(<26.2x10°/1), elevated levels of asparate aminotransferase
(>59 U/), decreased white blood cell counts (<4.0x 10°/1),
and hypofibrinogenemia (<2.5 g/1). The diagnosis of MAS
requires the presence of two or more of these criteria.

For the diagnosis of EBV-HLH, EBV load in peripheral
blood was quantified by real-time PCR as described in our
previous study [28]. Patients were diagnosed as having EBV-
HLH if they had EBV loads of over 1,000 genome copies
per milliliter in whole blood and fulfilled the diagnostic
criteria used in the HLH-94/HLH-2004 Study.

A total of 82 patients, 39 males and 43 females, were
enrolled in the present study. Among the 82 patients, 48,
including 33 having systemic JIA with MAS, were diagnosed
as having secondary HLH at Yokohama City University
Hospital between November 2000 and December 2009. The
remaining 34 patients, who were diagnosed as having
secondary HLH between March 2007 and December 2010,
were registered in the HLH-2004 as a study of Japanese
Pediatric Leukemia/Lymphoma Study Group. In these
patients, 32 were diagnosed as having EBV-HLH. The 188
control subjects were recruited from apparently healthy adult
volunteers.

Notably, the 33 MAS patients were identical to those
analyzed in our previous study, where the significance of IRF5
polymorphisms was evaluated among systemic JIA patients
with or without MAS. In this study, to evaluate the significance
of IRF5 polymorphisms in the susceptibility to secondary
HLH as a whole, data were reanalyzed in comparison with
healthy controls using the different study population.

This study was performed in accordance with the Decla-
ration of Helsinki and approved by the Ethics Committee of
the Yokohama City University School of Medicine and each
member of the Japan Leukemia/Lymphoma Study Group.
Written informed consent was obtained from each patient or
his/her guardians as well as the control subjects.

@ Springer
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Table I Characteristics entire secondary HLH Study Group and
subgroups

N Age Gender
All patients with secondary HLH 82 4.7 (1-16) 39 (47.6%)
Subgroups of HLH patients
MAS 33 48 (1-16) 16 (48.5%)
Non-MAS HLH 49 4.6 (1-15) 23 (46.9%)
EBV-HLH 32 43 (1-15) 16 (50.0%)

HLH hemophagocytic lymphohistiocytosis, MAS macrophage activa-
tion syndrome, Non-MAS HLH secondary HLH including EBV-HLH
but not MAS, EBV-HLH Epstein—Barr virus-associated HLH

Genotyping

Three SNPs—1s729302, 12004640, and rs2280714—in the
IRF5 gene were selected as described in our previous study
[21]. Patients with HLH and control subjects were
genotyped using TagMan SNP Genotyping Assays as
described previously [21].

Statistical Analysis
The SNPassoc package using R-language, version 2.8 (The R

Foundation for Statistical Computing, http://www.R-project.
org) was employed to evaluate the associations between

HLH and the SNPs by logistic regression analysis [29].
Haplotype phases and haplotype frequencies were estimated
using the Expectation—Maximization algorithm as imple-
mented in the haplostat package (minimum haplotype
frequency, >0.05; www.docstoc.com.) [30]. The associations
between genotypes under study and laboratory values were
analyzed by the Jonckheere-Terpstra test. The following
laboratory values were included: levels of hemoglobin,
neutrophils, platelets, triglycerides, fibrinogen, ferritin, trans-
aminases, and lactate dehydrogenase. The association between
HLH and the IRF5 haplotypes was evaluated by logistic
regression analysis.

Results

Patient characteristics are summarized in Table I. The mean
age of the 82 patients with secondary HLH was 4.7 years
(1-16 years) at onset. The numbers of patients with MAS
and non-MAS HLH were 33 and 49, respectively. In those
with non-MAS HLH, 32 with EBV-HLH were included.

The genotype frequencies for the three SNPs of the HLH
patients, including their subgroups, and the control subjects
were in Hardy—Weinberg equilibrium (p>0.05). These
results were consistent with the findings of a recent
Japanese population study (Table II) [31].

Table IT Association of

polymorphisms in the IRFS5 SNP subject subset n MAF Allelic association
gene with susceptibility to
secondary HLH OR 95% CI) p value Pe
1729302
All patients with secondary HLH 82 0.20 1.05 0.96-1.15 0.26 n.s.
Subgroups of HLH patients
MAS 33 0.18 1.04 0.96-1.12 0.32 n.s.
Non-MAS HLH 49 0.20 1.03 0.95-1.12 0.46 n.s.
EBV-HLH 32 0.23 1.00 0.93-1.10 0.90 n.s.
Control subjects 188 0.24 1.0 - -
152004640
All patients with secondary HLH 82 0.49 0.88 0.82-0.95 <0.01 0.006
Subgroups of HLH patients
MAS 33 0.50 0.92 0.86-0.99 0.02 ns.
Non-MAS HLH 49 0.49 0.91 0.84-0.98 0.01 0.030
EBV-HLH 32 0.55 0.95 0.88-1.01 0.11 ns.
Control subjects 188 0.35 1.0 - -
12280714
IRFS interferon requlatory All patients with secondary HLH 82 0.34 1.1 1.02-1.19 0.02 0.0465
factor 5, SNP single nucleotide Subgroups of HLH patients
polymorphism, MAF minor MAS 3032 107 1.00-1.14 006  ns.
allele frequency (the C allele at
15729302, T 152004640, C Non-MAS HLH 49 0.35 1.07 0.99-1.14 0.09 ns.
1s2280714), p. corrected com- EBV-HLH 32 0.36 1.04 0.98-1.12 0.22 n.s.

bined p value using the Bonfer-

Control subjects
roni method

188 0.44 1.0 - -
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Table III Association of polymorphisms in the /RF5 gene with susceptibility to secondary HLH
SNP MM/Mm vs. mm MM vs. Mm/mm

OR (95% CI) p value OR (95% CI) p value
729302 2.62 0.75-9.19 0.137 1.19 0.69-2.03 0.59
152004640 0.43 0.22-0.84 0.18 0.47 0.26-0.83 <0.01
12280714 2.54 1.08-5.97 0.03 1.59 0.93-2.71 0.096

Minor allele: the C allele at 15729302, T 152004640, C rs2280714
SNP single nucleotide polymorphism, M major alleles, m minor allele

152004640 and 152280714 were associated with suscep-
tibility to secondary HLH as a whole even after Bonferroni
correction (Table II). The T allele at rs2004640 was a risk
factor for susceptibility to not only secondary HLH as a
whole (p.=0.006, OR=1.13, 95% CI=1.05-1.23) but also
to non-MAS HLH (p.=0.030, OR=1.10, 95% CI=1.02—
1.19; Table II). Moreover, the GT/TT genotype at
1rs2004640 presented a risk for secondary HLH in general
(p.=0.028, OR=2.15, 95% CI=1.21-3.82; Table III). This
genotype was also associated with non-MAS HLH (p.=
0.04, OR=2.28, 95% CI=1.12-4.66; Electronic Supple-
mentary Material (ESM) Table 1).

Additionally, a statistically significant association of the
ATT haplotype of the IRF5 gene (rs729302-1s2004640-
rs2280714) with susceptibility to secondary HLH was
shown (p<0.001, OR=1.92, 95% CI=1.21-3.04;
Table IV). This haplotype was also associated with
susceptibility to subtypes of the MAS and non-MAS
HLH, respectively, but not to EBV-HLH (ESM Table 2).

With regard to the laboratory values in the 34 patients
with non-MAS HLH registered in the HLH-2004 Study, the
low platelet count was associated with the C allele at
152280714 (p=0.026, Jonckheere—Terpstra test). Other
laboratory values were not associated with the IRF5 gene
polymorphisms studied (data not shown).

Discussion

HLH is a clinically heterogeneous syndrome presumably
because it is associated with a variety of genetic background.
Even in primary HLH, there remain about 30% of FHL
patients with unknown responsible genes [13]. With regard to
secondary HLH, there may be several HLH-susceptible

genes. Although mutations of PRFI, UNCI3D, STX11, and
STXBP2 genes can be causable for the pathogenesis of FHL,
a particular HLH-susceptible gene may contribute to the
pathogenesis of secondary HLH cooperatively with other
HLH-susceptible genes and may have the potential of
influencing the severity of HLH.

In the present study, we revealed that the T allele at
1s2004640 and the ATT haplotype in IRF5 gene are associated
with susceptibility to secondary HLH as well as to MAS in
systemic JIA patients. The ATT haplotype in the IRF5 gene
was also associated with an increased risk of SLE [32]. The
T alleles at both rs2004640 and rs2280714 were related to
higher levels of IRF5 mRNA expression [32]. There seems a
potentially important role of the IRFS5-associated immune
response in the pathogenesis of secondary HLH.

In many cases of HLH, viral infections trigger both primary
and secondary HLH [18, 33]. Also, IRFS has a key role in the
induction of the antiviral and inflammatory response and
controls the production of pro-inflammatory cytokines [22].
Therefore, the association between gene polymorphisms of
IRF5 and susceptibility to HLH is plausible. In order to assess
whether there is an influence of IRF5 gene polymorphisms on
IHLH, we analyzed the association between IRF5 gene
polymorphisms and EBV-HLH. The /RF5 gene polymor-
phisms tended to be associated with EBV-HLH, but without
statistical significance, presumably because of the small
number of patients in this study. Ineffective activation of
histiocytes, NK cells, and CTL following viral infections is
considered important in the pathogenesis of HLH [5-7].
Recently, several research outcomes were reported about the
influence of IRF5 on the function of these immune cells [34—
37]. For instance, M1 macrophages, which produce pro-
inflammatory cytokines and mediate resistance to pathogens,
were characterized by large amounts of IRFS compared with

Table IV Comparison of IRF5

haplotypes in patients with Haplotype Haplotype frequencies Haplotype frequencies p value OR 95% C1
secondary HLH in control subjects in secondary HLH patients
A-G-C 0.405 0.302 0.02 1.0 -
The order of SNPs in haplotype C-G-T 0.208 0.174 0.37 1.19 0.70-2.04
is 15729302-152004640- ATT 0.333 0.461 <0.001 192 121-3.04
152280714
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M2 macrophages, which produce anti-inflammatory cytokines
and promote tissue repair [36]. In addition, IRFS controls the
induction of chemokines, such as IL-8, that mediate recruit-
ment of T lymphocytes [34]. Therefore, IRFS presumably
serves as one of the key factors for the pathogenesis of HLH
via influencing the function of these immune cells.

The present study still has some limitations. The first
issue is the definition of secondary HLH. The patients with
the following criteria were excluded from the study: positive
defects of known genes (PRFI, UNCI3D, STX11, STXBP2,
and SAP), <1 year old at onset, and low or deficient CTL/NK
activity. In male patients who had recurrent HLH episodes or
were refractory to treatment, mutations in the SH2D/A genes
were ruled out [38]. With using these criteria, almost all of the
patients can be diagnosed with secondary HLH.

The second issue is that we could not perform a validation
study. Although a genetic association study should be
validated, the incidence of HLH is too low to validate this
association in a single institution and even in a nationwide
study. Therefore, it is important that the association between
the IRF5 genotype/haplotype and HLH susceptibility is
confirmed by other groups.

We found a close relationship between polymorphisms in
the IRF5 gene and susceptibility to secondary HLH in general
and its subtypes (MAS and non-MAS HLH), respectively.
This finding suggests a potentially important role of the
IRF5-associated immune response in the pathogenesis of HLH.
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Association of IRF5 Polymorphisms with Susceptibility
to Macrophage Activation Syndrome in Patients with

Juvenile Idiopathic Arthritis

MASAKATSU YANAGIMACHI, TAKUYA NARUTO, TAKAKO MIYAMAE, TAKUMA HARA, MASAKO KIKUCHI,
RYOKI HARA, TOMOYUKI IMAGAWA , MASAAKI MORI, HIDENORI SATO, HIROAKI GOTO,

and SHUMPEI YOKOTA

ABSTRACT. Objective. Systemic-onset juvenile idiopathic arthritis (systemic JIA) and macrophage activation

syndrome (MAS), the most devastating complication of systemic JIA, are characterized by abnor-
mal levels of proinflammatory cytokines. Interferon regulatory factor 5 (IRF5) is a member of the
IRF family of transcription factors, and acts as a master transcription factor in the activation of genes
encoding proinflammatory cytokines. Polymorphisms in the IRF5 gene have been associated with
susceptibility to autoimmune diseases such as systemic lupus erythematosus (SLE) and rheumatoid
arthritis. Qur aim was to assess associations of IRF5 gene polymorphisms with susceptibility to sys-
temic JIA and MAS.

Methods. Three IRFS5 single-nucleotide polymorphisms (rs729302, rs2004640, and rs2280714) were
genotyped using TagMan assays in 81 patients with systemic JIA (33 with MAS, 48 without) and
190 controls.

Results. There were no associations of the IRF5 gene polymorphisms or haplotypes under study with
susceptibility to systemic JIA. There was a significant association of the rs2004640 T allele with
MAS susceptibility (OR 4.11; 95% CI 1.84, 9.16; p = 0.001). The IRFS5 haplotype (rs729302 A,
1rs2004640 T, and rs2280714 T), which was reported as conferring an increased risk of SLE, was sig-
nificantly associated with MAS susceptibility in patients with systemic JIA (OR 4.61; 95% CI 1.73
12.3; p < 0.001).

Conclusion. IRF5 gene polymorphism is a genetic factor influencing susceptibility to MAS in
patients with systemic JIA, and IRF5 contributes to the pathogenesis of MAS in these patients.

’

(First Release Jan 15 2011; J Rheumatol 2011;38:769-74; doi:10.3899/jrheum.100655)

Key Indexing Terms:
INTERFERON REGULATORY FACTOR 5

MACROPHAGE ACTIVATION SYNDROME

Systemic-onset juvenile idiopathic arthritis (systemic JTA) is
one of the most perplexing diseases in childhood, manifest-
ing as spiking fever, rash, arthritis, pericarditis, and
hepatosplenomegaly!.

The systemic symptoms frequently recur in conjunction
with exacerbation of the arthritis symptoms. Some studies
have observed that abnormal expression of the proinflam-
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POLYMORPHISMS
JUVENILE IDIOPATHIC ARTHRITIS

matory cytokines such as interleukin 6 (IL-6) and IL-18 was
characteristic of systemic JIAZ3,

The most devastating complication of JIA is macrophage
activation syndrome (MAS), which is strongly associated
with systemic JIA, but rarely with polyarthritis*. MAS is
accompanied by serious morbidity and sometimes death.
The increased levels of several proinflammatory cytokines
such as interferon-y (IFN-y), tumor necrosis factor-o
(TNF-a), and others correlate with the rapid development of
clinical symptoms and the progression of abnormal labora-
tory measurements*>. MAS closely resembles a reactive or
an acquired form of familial hemophagocytic lymphohistio-
cytosis, considered to be caused by diminished natural killer
(NK) cell function, and mutations of perforin (PRFI),
UNC13D, and STXII genes®. Because patients with sys-
temic JIA have decreased levels of perforin in NK cells and
diminished NK cell function, it was recently suggested that
PRFI mutations also play a role in the development of MAS
in patients with systemic JTA7#°. Munc13-4 polymorphism
was also associated with MAS in patients with JIA1®. There
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is a clinical impression, however, that there are at least 2
subsets of patients with systemic JIA, one never experienc-
ing MAS and the other with recurring MAS.

Interferon regulatory factor 5 (IRF5) is a member of the
IRF family of transcription factors, and is known to have a
crucial role in the Toll-like receptor (TLR) signaling path-
way!!. The activation of TLR is central to innate and adap-
tive immunity. IRF5 acts as a master transcription factor in
the activation of proinflammatory cytokine genes. In
IRF5-knockout mice, a severely impaired induction of IL-6,
IL-12, and TNF-o. was observed!l. Recent investigations
revealed associations of single-nucleotide polymorphism
(SNP) in the IRF5 gene with susceptibility to systemic lupus
erythematosus (SLE) and rheumatoid arthritis (RA)!2:13,
Thus, IRFS has a regulatory potential for proinflammatory
cytokines in certain inflammatory diseases that manifest
with abnormal expression of proinflammatory cytokines.

We hypothesized that polymorphisms in the IRFS5 gene
may constitute the genetic differences between the 2 tenta-
tive subsets of systemic JIA. We found a close relationship
between IRF5 gene polymorphism/haplotype and suscepti-
bility to MAS in patients with systemic JIA.

MATERIALS AND METHODS

Study population. Patients were eligible if they met the International
League of Associations for Rheumatology classification criteria for sys-
temic JIA'4. A total of 81 children, 40 boys and 41 girls, enrolled in this
study were followed at the Yokohama City University Hospital between
December 2007 and December 2009. The mean age of the patients was 4.7
years at onset of systemic JIA. The observation period of patients without
MAS was at least 25 months, with a mean observation period of 102.2
months (range 25-284 mo).

Patients were diagnosed as having MAS based on the clinical symp-
toms and laboratory abnormalities as suggested in the preliminary diagnos-
tic guidelines for MAS complicating systemic JIA'S, as follows: (1) clini-
cal criteria including central nerve dysfunctions, hemorrhages, and
hepatomegaly; and (2) laboratory criteria including decreased platelet
counts (< 26.2 x 10%/1), elevated levels of aspartate aminotransferase (> 59
U/, decreased white blood cell counts (< 4.0 x 10%1), and hypofibrino-
genemia (< 2.5 g/l). The diagnosis of MAS requires the presence of 2 or
more criteria. Evidence of hemophagocytosis in bone marrow aspirates was
sought only for confirmation of doubtful cases.

We conducted our study in accordance with the Declaration of Helsinki
and with the approval of the Ethics Committee of the Yokohama City
University School of Medicine. Written informed consent was obtained
from each patient and/or their guardians.

Genotyping. Three SNP (15729302, rs2004640, and rs2280714) in the IRF5
gene were selected based on previous research associating them with SLE
and RA 213 The patients with systemic JIA (n = 81) and 190 healthy con-
trols were genotyped. Genomic DNA was isolated from peripheral blood
using the QIAamp DNA Mini kit (Qiagen K.K., Tokyo, Japan). Genotyping
was performed using the TagMan SNP Genotyping Assays (AB assay ID:
C_2691216_10 for rs729302, C_9491614_10 for rs2004640, and
C_2691243_1 for rs2280714). These SNP were analyzed by real-time poly-
merase chain reaction (PCR) using the AB7500 Real Time PCR system
(Applied Biosystems, Foster City, CA, USA) under the conditions recom-
mended by the manufacturer. The TagMan SNP Genotyping Assay for
152004640 was performed by TagMan gene expression master mix instead
of by TagMan genotyping master mix. Results of genotyping at rs2004640
by TagMan gene expression master mix were consistent with results from

direct sequencing, while results by TagMan genotyping master mix were
not consistent with results from direct sequencing. The rs41298401 SNP,
located 6 base pairs downstream of rs2004640, influenced these conflicting
results, presumably because rs41298401 is in the base sequence annealing
with TagMan probe and causes the annealing to be insecure.

Allele discrimination was done using SDS software version 14
(Applied Biosystems). Confirmation of which bases were present for 5
cases of each genotype at each of these SNP sites of the genomic DNA sam-
ple was carried out using direct sequencing in the Applied Biosystems
3730x1 and Sequence Scanner version 1.0 under the conditions recom-
mended by the manufacturer.

Statistical analysis. The SNPassoc package using the R-language version
2.8 (R Foundation for Statistical Computing, Vienna, Austria;
http://www.R-project.org) was used to evaluate associations between sys-
temic JIA/MAS and these SNP, by logistic regression analysis!®. Haplotype
phases and haplotype frequencies were estimated using the Expectation-
Maximization algorithm as implemented in the haplostat package (mini-
mum haplotype frequency: > 0.05; www.docstoc.com)!”. Haplotype blocks
were assessed using Haploview (The Broad Institute, Cambridge, MA,
USA; www.broadinstitute.org). Logistic regression analysis was also per-
formed to evaluate the association between systemic JIA/MAS and the
IRF5 haplotypes. Association between MAS and IRF5 gene polymorphism
was analyzed by Kaplan-Meier curves with log-rank test.

RESULTS

Of the 81 patients with systemic JIA, 33 (13 boys and 20
girls) developed MAS during the followup period, accord-
ing to the preliminary diagnosis guideline (Table 1)!°. The
mean lengths of followup were 97.8 months in patients with
MAS and 102.2 months in patients without MAS (Table 2).
MAS was recognized at a mean of 24.8 months (range
0-166 mo) after the onset of systemic JIA. However, the
remaining 48 patients did not develop MAS during the fol-
lowup. Age at onset of systemic JIA (p = 0.92, Welch’s t
test) and sex (p = 0.54, Fisher’s exact test) were not associ-
ated with susceptibility to MAS in our study population
(Table 2).

The genotype frequencies for the 3 SNP of the patients
with systemic JIA and the healthy controls were both in
Hardy-Weinberg equilibrium (p > 0.05). These results were
consistent with the findings of a recent Japanese population

Table 1. The frequency of clinical, laboratory, and histopathological fea-
tures of macrophage activation syndrome (MAS) in the preliminary diag-
nostic guideline'”. Total number of patients was 81.

Features No. Patients (%)

Laboratory criteria
Decreased platelet count (< 26.2 x 10%/1) 27 (81.8)
Elevated levels of aspartate aminotransferase (> 59 U/l) 25 (75.8)

Decreased white blood cell count (< 4.0 x 10%/1) 11 (333)

Hypofibrinogenemia (< 2.5 g/1) 9(27.3)
Clinical criteria

Central nervous system dysfunction (seizure) 1(3.0)

Hemorrhages (purpura, mucosal bleeding) 1(3.0)

Hepatomegaly (> 3 cm below the costal arch) 3(9.1)
Histopathological criterion

Evidence of macrophage hemophagocytosis in the

bone marrow aspirate 309.1)
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Table 2. Clinical characteristics of patients with systemic JIA with or without macrophage activation syndrome
(MAS).

Characteristics Systemic JIA Systemic JIA p

with MAS (n = 33) without MAS (n = 48)

Male, n (%) 16 (48.5) 24 (50.0) 0.54
Age at systemic JIA onset, yrs, mean 438 4.7 0.92
Observation period, mo, mean 97.8 102.2 043
Time interval between JIA onset and MAS 248 e —

development, mo, mean

JIA: juvenile idiopathic arthritis.

study!®. None of the gene polymorphisms under study was
associated with susceptibility to systemic JIA (Table 3).
However, the rs2004640 SNP was found to be associat-
ed with MAS susceptibility (Table 4). Patients with the
rs2004640 T allele had a high risk of developing MAS
compared to those without this allele even after the
Bonferroni correction (p. = 0.003,0R 4.12,95% CI 1.84,
9.16). Moreover, all the patients with the TT genotype at
152004640 finally developed MAS (Table 4, Figure 1).
Patients carrying the TT genotype at rs2004640 had an
early onset of MAS (a mean of 12.1 mo after onset of JIA).
Additionally, the ATT haplotype of the IRF5 gene

(rs729302-rs2004640-rs2280714) showed a statistically
significant association with susceptibility to MAS (p <
0.001, OR 4.61,95% CI 1.73, 12.3; Table 5). A haplotype
block showed the correlation between the SNP genotyped
(Figure 2).

DISCUSSION

In the clinical setting, MAS apparently develops under the
influence of systemic inflammatory responses of systemic
JA together with environmental factor(s), supposedly viral
infection®. Susceptibility to these environmental factors
may be subject to genetic influences. The combined pres-

Table 3. Association of polymorphisms in the IRF5 gene with susceptibility to systemic juvenile idiopathic arthritis (JIA).

SNP, Subject Subset No. (%) with Genotype Allelic Association
Total OR (95% CI) p

rs729302 AA AC ccC

Systemic JIA 42 (519) 33 (40.7) 6(74) 81 0.84 0.56~1.24 0.37

Control 116 (61.1) 57 (30.0) 1789 190 10 - -
152004640 GG GT TT

Systemic JIA 36 (444) 36 (44.4) 9(11.) 81 1.05 0.71-1.55 0.80

Control 82 (43.2) 85 (44.7) 23 (12.1) 190 1.0 — -
152280714 cC CT T

Systemic JIA 28 (34.6) 44 (54.3) 9 (11.1) 81 1.19 0.81-1.73 0.38

Control 58 (30.5) 94 (49.5) 38 (20.0) 190 1.0 - —

IRF5: interferon regulatory factor 5; SNP: single-nucleotide polymorphism.

Table 4. Association of polymorphisms in the IRF5 gene with susceptibility to macrophage activation syndrome (MAS) in patients with systemic juvenile
idiopathic arthritis (JIA).

SNP, Subject Subset No. (%) with Genotype Allelic Association
Total OR (95% CI) p P,

15729302 AA AC cC

MAS 22 (66.7) 10 (30.3) 13.0) 33 245 1.11-542 0.03 0.08

Non-MAS 20 (41.7) 23 (47.9) 5(104) 48 1.0 — — —
rs2004640 GG GT T

MAS 9(273) 15 (45.5) 9(273) 33 024 0.11-0.54 0.001 0.003

Non-MAS 27 (56.3) 21 (43.8) 0(0.0) 48 10 — — —
rs2280714 CcC CT TT

MAS 14 (42.4) 17 (51.5) 2 (6.1) 33 2.12 1.08-4.40 0.045 0.13

Non-MAS 14 (29.2) 27 (56.3) 7 (14.6) 48 10 — - —

p: corrected combined p value using the Bonferroni method. IRFS5: interferon regulatory factor 5; SNP: single-nucleotide polymorphism.
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Figure 1. Kaplan-Meier analysis of survival without macrophage activation syndrome and
152004640 genotypes. JIA: juvenile idiopathic arthritis.

Table 5. Comparison of IRF5 haplotypes in patients with systemic juvenile idiopathic arthritis (JIA)
with or without MAS. The order of SNP (single-nucleotide polymorphisms) in the haplotype is
1$729302-rs2004640-rs2280714.

Haplotype

Haplotype Frequencies in ~ Haplotype Frequencies in P OR 95% CI
Patients without MAS Patients with MAS
A-G-C 0438 0.303 0.06 10 —
C-G-T 0330 0.182 0.04 092 0.35-2.39
A-T-C 0.017 0.015 093 1.19 0.08-17.6
A-T-T 0.201 0485 <0001 461 1.73-12.3

IRFS: interferon regulatory factor 5; MAS: macrophage activation syndrome.

ence of fairly frequent polymorphisms in multiple genes
involved in the regulation of innate and adaptive immunity
may be one of the major determinants in the initiation of
rheumatic diseases'®. To develop innate and adaptive
immune responses, the activation of a TLR signaling path-
way is essential. The transcription factor IRF5 is generally
involved downstream of the TLR signaling pathway for
induction genes for proinflammatory cytokines such as
IL-6, IL-12, and TNF-a!129, As mentioned, proinflammato-
ry cytokines such as IFN-y and TNF-o. are responsible for
the clinical and laboratory abnormalities seen in MAS*>.
Thus, we examined the association of polymorphisms in the
IRF5 gene with susceptibility to MAS in patients with sys-
temic JIA.

Our investigation revealed that the rs2004640 T allele
and the ATT haplotype in the IRF5 gene were associated
with MAS developing in patients with systemic JIA. All the
patients with the TT genotype at rs2004640 had MAS, and

they had an early onset of MAS compared to those with
non-TT genotypes (Figure 1). While the ATT haplotype of
the IRF5 gene was associated with susceptibility to MAS in
patients with systemic JIA in our study, it was also reported
that this is the common haplotype conferring increased risk
of SLE!2. The T alleles of both rs2004640 and rs2280714
were associated with higher levels of IRF5 messenger RNA
expression!2. Further, the other IRF5 haplotype was associ-
ated with high serum IFN-o. activity in patients with SLE?!.
Although we did not address the association between proin-
flammatory cytokine activity and genotype/haplotype in the
IRF5 gene, there may be the potential role of IRF5-associat-
ed immune response in the pathogenesis of MAS. Further
research is needed to determine the influence of gene poly-
morphisms in the IRF5 gene on proinflammatory cytokine
activities.

Although several drugs, such as tolmetin and tocilizum-
ab, and viral infections were considered the triggering caus-
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es of MAS in our cohort, the triggers were not determined in
most cases. All patients with MAS recovered from their
severe complication. We could not find any association
between IRF5 genotypes/haplotypes and the characteristics
of clinical symptoms and severity of MAS in this study, pre-
sumably because of a small study population. We need a
larger cohort to determine this association.

There are some limitations to our study. The incidence of
MAS (40.7%) was significantly higher than generally seen
(about 10%)*>. Our hospital is one of the pediatric rheuma-
tology centers in Japan and we have treated many patients
with severe systemic JIA. The incidence of MAS is so high
partly because of the characteristics of our hospital. In addi-
tion, there are ethnic differences in the incidence by the sub-
types of JIA. Specifically, systemic JIA accounts for about
20% of JIA in Japan but for only about 10% in Europe and
the United States??. Therefore there may also be ethnic dif-
ferences in susceptibility to MAS.

A second issue is that we could not carry out a validation
study. Although the genetic association study should be val-
idated, the incidence of MAS complicating systemic JIA is
too low to validate this association in a single institution.
Therefore it is important for the association between the
IRFS genotype/haplotype and MAS susceptibility to be con-
firmed by other groups.

We found a strong association between polymorphisms
in the IRF5 gene and susceptibility to MAS in patients with
systemic JTA. This finding suggests a potentially important
role of the IRF5-associated immune response in the patho-
genesis of MAS.

ACKNOWLEDGMENT
We are grateful to T. Kaneko and S. Morita for advice on statistics. We also
thank R. Tanoshima for secretarial assistance.

REFERENCES

1. Cassidy JT, Petty RE. Juvenile idiopathic arthritis. In: Cassidy JT,
Petty RE, editors. Textbook of pediatric rheumatology.
Philadelphia: WB Saunders; 2005:291-303.

2. De Benedetti F. Targeting interleukin-6 in pediatric rheumatic
diseases. Curr Opin Rheumatol 2009;21:533-7.

3. Pascual V, Allantaz F, Arce E, Punaro M, Banchereau J. Role of
interleukin-1 (IL-1) in the pathogenesis of systemic onset juvenile
idiopathic arthritis and clinical response to IL-1 blockade. J Exp
Med 2005;201:1479-86.

4. Kelly A, Ramanan AV. Recognition and management of
macrophage activation syndrome in juvenile arthritis. Curr Opin
Rheumatol 2007;19:477-81.

5. Ravelli A, Martini A. Macrophage activation syndrome. In: Lehman
TJ, Cimaz R, editors. Pediatric rheumatology. Amsterdam: Elsevier;
2008:55-63.

6. Henter JI, Horne A, Arico M, Egeler RM, Filipovich AH, Imashuku
S, et al. HLH-2004: Diagnostic and therapeutic guidelines for
hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer
2007;48:124-31.

7. Grom AA, Villanueva J, Lee S, Goldmuntz EA, Passo MH,
Filipovich A. Natural killer cell dysfunction in patients with
systemic-onset juvenile rheumatoid arthritis and macrophage
activation syndrome. J Pediatr 2003;142:292-6.

8. Vastert SJ, van Wijk R, D’Urbano LE, de Vooght KM, de Jager W,
Ravelli A, et al. Mutations in the perforin gene can be linked to
macrophage activation syndrome in patients with systemic onset
juvenile idiopathic arthritis. Rheumatology 2010;49:441-9.

9. Grom AA, Mellins ED. Macrophage activation syndrome: advances
towards understanding pathogenesis. Curr Opin Rheumatol
2010;22:561-6.

10. Zhang K, Biroschak J, Glass DN, Thompson SD, Finkel T, Passo
MH, et al. Macrophage activation syndrome in patients with
systemic juvenile idiopathic arthritis is associated with MUNC13-4
polymorphisms. Arthritis Rheumn 2008;58:2892-6.

11. Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T,
et al. Integral role of IRF-5 in the gene induction programme
activated by Toll-like receptors. Nature 2005;434:243-9.

12. Graham RR, Kozyrev SV, Baechler EC, Reddy MV, Plenge RM,
Bauer JW, et al. A common haplotype of interferon regulatory
factor 5 (IRF5) regulates splicing and expression and is associated
with increased risk of systemic lupus erythematosus. Nat Genet
2006;38:550-5.

13. Han SW, Lee WK, Kwon KT, Lee BK, Nam EJ, Kim GW.
Association of polymorphisms in interferon regulatory factor 5
gene with rheumatoid arthritis: a metaanalysis. J Rheumatol
2009;36:693-7.

14. Petty RE, Southwood TR, Manners P, Baum J, Glass DN,
Goldenberg J, et al. International League of Associations for
Rheumatology classification of juvenile idiopathic arthritis: second
revision, Edmonton, 2001. J Rheumatol 2004;31:390-2.

15. Ravelli A, Magni-Manzoni S, Pistorio A, Besana C, Foti T, Ruperto
N, et al. Preliminary diagnostic guidelines for macrophage
activation syndrome complicating systemic juvenile idiopathic
arthritis. J Pediatr 2005;146:598-604.

16. Gonzalez JR, Armengol L, Sole X, Guino E, Mercader JM, Estivill
X, et al. SNPassoc: an R package to perform whole genome
association studies. Bioinformatics 2007;23:644-5.

17. Lake SL, Lyon H, Tantisira K, Silverman EK, Weiss ST, Laird NM,
et al. Estimation and tests of haplotype-environment interaction
when linkage phase is ambiguous. Hum Hered 2003;55:56-65.

—-——-—-l Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. [—

Yanagimachi, et al: IRF5 and MAS

773

— 168 —



18. Shimane K, Kochi Y, Yamada R, Okada Y, Suzuki A, Miyatake A, 21. Niewold TB, Kelly JA, Flesch MH, Espinoza LR, Harley JB, Crow

et al. A single nucleotide polymorphism in the IRF5 promoter MK. Association of the IRFS risk haplotype with high serum
region is associated with susceptibility to theumatoid arthritis in the interferon-alpha activity in systemic lupus erythematosus patients.
Japanese population. Ann Rheum Dis 2009;68:377-83. Arthritis Rheum 2008;58:2481-7.

19. Gutierrez-Roelens I, Lauwerys BR. Genetic susceptibility to 22. Yokota S, Mori M, Imagawa T, Takei S, Murata T, Tomiita M, et al.
autoimmune disorders: clues from gene association and gene Proposal for juvenile idiopathic arthritis guidance on diagnosis and
expression studies. Curr Mol Med 2008;8:551-61. treatment for primary care pediatricians and nonpediatric

20. Yanai H, Chen HM, Inuzuka T, Kondo S, Mak TW, Takaoka A, et rheumatologists. Mod Rheumatol 2007;17:353-63.

al. Role of IFN regulatory factor 5 transcription factor in antiviral
immunity and tumor suppression. Proc Natl Acad Sci USA
2007;104:3402-7.

——-—‘ Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. I—-—-——-——-
774 The Journal of Rheumatology 2011; 38:4; doi:10.3899/jrheum.100655

— 169 —



@ British Journal of C”nical DOI:10.1111/).1365-2125.2010.03814.x
E Pharmacology

Correspondence

Dr Masakatsu Yanagimachi, Department
of Pediatrics, Yokohama City University
Graduate School of Medicine, 3-9
Fukuura, Kanazawa-ku, Yokohama
236-0004, Japan.

Tel.: +81 45 787 2800

Fax:--81 45 787 0461

E-mail: m-yanagi@mvi.biglobe.ne.jp

Keywords
5-aminoimidazole-4-carboxamide
ribonucleotide transformylase,
articular-type juvenile idiopathic arthritis,
y-glutamy! hydrolase, methotrexate

Hecelved

12 June 2010
Accepted

16 September 2010

AIMS

We investigated whether several polymorphisms within the methotrexate (MTX)
pathway genes were related to the toxicity and efficacy of MTX in 92 Japanese
patients with articular-type juvenile idiopathic arthritis (JIA).

METHODS

Eight gene polymorphisms within the MTX pathway genes, namely, RFC, BCRP,
MTHFR (two), FPGS, y-glutamyl hydrolase (GGH; two) and ATIC, were genotyped
using TagMan assays. Liver dysfunction was defined as an increase in alanine
transaminase to five times the normal upper limit. Non-responders to MTX were
defined as patients refractory to MTX and were therefore treated with biologics.

RESULTS

The non-TT genotype at GGH T16C was associated with a high risk of liver
dysfunction (P =0.028, odds ratio = 6.90, 95% confidence interval 1.38-34.5),
even after adjustment for the duration of MTX treatment. A longer interval from
disease onset to treatment (8.5 and 21.3 months, P=0.029) and rheumatoid
factor positivity (P=0.026, odds ratio = 2.87, 95% confidence interval 1.11-7.39)
were associated with lower efficacy of MTX.

CONCLUSIONS

The non-TT genotype at GGH T16C was associated with a high risk of liver
dysfunction, presumably because the C allele of GGH C16T may reduce the
activity of GGH. The time interval before MTX treatment and rheumatoid factor
positivity were associated with the efficacy of MTX treatment. The
pharmacogenetics of the MTX pathway genes affects the toxicity and efficacy of
MTX in Japanese JIA patients.

© 2011 The Authors Br J Clin Pharmacol / 71:2 /| 237-243 | 237
British journal of Clinical Pharmacology © 2011 The British Pharmacological Society
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Introduction

Juvenile idiopathic arthritis (JIA) is one of the most
common forms of paediatric chronic arthritis, with an inci-
dence of approximately 9.7 per 100 000 children (aged 15
years and under) in Japan [1, 2]. Methotrexate (MTX) is the
most common disease-modifying antirheumatic drug
used for the treatment of articular-type JIA, namely the
polyarticular- and oligoarticular-onset types of JIA [2].
Methotrexate is effective in about 75% of cases of the
articular-type JIA, but causes adverse effects, such as liver
and/or renal dysfunction [2, 3]. The effects of polymor-
phisms within the MTX pathway genes on the toxicity and
efficacy of MTX in patients with rheumatoid arthritis (RA)
and JIA have been studied [4-6].

The influence of polymorphisms within the MTX
pathway genes encoding solute carrier family 19 member
1 (SLC19A1), also known as reduced folate carrier (RFC),
5,10-methylenetetrahydrofolate reductase (MTHFR), foly-
polyglutamate synthetase (FPGS), y-glutamyl hydrolase
(GGH), 5-aminomidazole-4-carboxamide ribonucleotide
transformylase (ATIC) and breast cancer resistance protein
(BCRP/ABCG2) on the toxicity and efficacy of MTX in
patients with RA, JIA and other diseases has been studied
[4-9]. However, results regarding the influence of these
polymorphisms on the toxicity and efficacy of MTX are
conflicting, and there are marked differences in pharmaco-
genetics between racial groups [10]. Therefore, we investi-
gated whether polymorphisms within the MTX pathway
genes were related to the toxicity and efficacy of MTX in 92
patients with articular-type JIA in Japan.

Patients and methods

Study population

Patients were eligible if they met the International League
of Association for Rheumatology classification criteria for
articular-type JIA[11]. A total of 92 children (74 girls and 18
boys; 12 with seronegative polyarticular onset, 46 with
seropositive polyarticular onset and 34 with oligoarticular
onset) in this study were treated at the Yokohama City
University Hospital between December 2007 and Decem-
ber 2009.

All 92 patients had been treated with MTX for at least 3
months without biologics. Initially, MTX was administered
orally at a dosage of 4-5mgm™ per week. Then the
dosage was adjusted depending on tolerability and
response (maximal dosage, 10 mg m~ week™) [2]. Pred-
nisolone was used concomitantly with MTX in 89 patients
(96.7%). Folic acid supplementation was performed in nine
patients (9.9%). Clinical data were collected from a
patient’s medical record without any knowledge of the
individual's polymorphisms.

The study was performed in accordance with the Dec-
laration of Helsinki, and approval for it was obtained from

238 / 71:2 / Br ) Clin Pharmacol

the Yokohama City University School of Medicine Ethics
Committee. Each patient or his/her guardians gave written
informed consent to participate in this study.

Definitions of toxicity and efficacy

For the evaluation of toxicity, liver dysfunction was defined
as an increase in serum alanine transaminase (ALT) level to
five times the normal upper limit before the addition of
biologics.

Responders to MTX were defined as follows: (i)
patients in whom the medication was terminated
because they had remission of symptoms; (i) patients
who continued the treatment with stable doses of MTX;
and (iii) patients who continued MTX treatment with the
concomitant use of acceptable doses of prednisolone,
without the addition of biologics, such as anti-tumour
necrosis factor therapy [12] and anti-interleukin-6 recep-
tor antibody therapy [13, 141

Non-responders to MTX were defined as patients who
were refractory to MTX and thus treated with biologics.
Treatment with biologics was conducted according to the
following criteria: (i) patients with a history of treatment
with nonsteroidal anti-inflammatory drugs and MTX; and
(i) patients who had the active disease for at least 3
months after MTX treatment (up to 10 mg m™ week™).
Active disease was characterized by five or more swollen
joints and three or more joints with limited range of move-
ment accompanied by pain and/or tenderness, or the use
of high doses of corticosteroids (>0.25 mg kg™ daily), with
accompanying unacceptable side-effects [12, 13].

Clinical predictors

Clinical predictors that may influence a patient’s disease
state and the toxicity and efficacy of MTX were selected on
the basis of previous reports [5, 6, 15, 16]. The following
factors were included: sex; age at disease onset; duration of
MTX treatment; time interval from disease onset to MTX
treatment; rheumatoid factor (RF) status; anti-cyclic citrul-
linated peptide (anti-CCP) status; and concomitant use of
prednisolone and folic acid.

Genetic predictors
Genomic DNA was isolated from peripheral blood using
the QlAamp DNA Mini kit (Qiagen KK, Tokyo, Japan).

The following eight single nucleotide polymorphisms
(SNPs) within the MTX pathway genes encoding RFC,
MTHFR, FPGS, GGH, ATIC and BCRP were selected accord-
ing to previous reports [4-9]. Genotyping for the SNPs of
RFC G80A (rs1051266), MTHFR A1298C (rs1801131), MTHFR
C677T (rs1801133), FPGS A1994G (rs10106), GGH C452T
(rs11545078), GGH T16C (rs1800909), ATIC (347G
(rs2372536) and BCRP C421A (rs2231142) was performed
using the TagMan assay (Applied Biosystems, Foster City,
CA, USA). TagMan SNP Genotyping Assays were used for
MTHFR A1298C and MTHFR C677T, and Custom TagMan
SNP Genotyping Assays were used for RFC G80A, FPGS
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A1994G, GGH C452T, GGH T16C, ATIC C347G and BCRP
C421A [9] (see Supplementary data 1). These SNPs were
analysed in real-time PCRs by the AB7500 Real Time PCR
system (Applied Biosystems), in the conditions recom-
mended by the manufacturer. Allele discrimination was
performed using SDS software version 1.4 (Applied Biosys-
tems).

Statistical analysis

For continuous predictors, such as age and duration of
MTX treatment, Student’s unpaired t-test was used to
assess the association between clinical predictors and the
toxicity and efficacy. For categorical predictors, such as
genetic predictors and sex, a % test and Fisher’s exact test
were used to assess the association between predictors
and the toxicity and efficacy. Possible confounding effects
among the predictors were adjusted using a multiple
logistic regression model.

Haplotype phases and haplotype frequencies were
estimated using the Expectation-Maximization algorithm
(minimum haplotype frequency >0.05). All statistical analy-
ses were carried out using the SAS system version 9 (SAS
Institute Inc., Cary, NC, USA).

Results

Distribution of the polymorphisms within the
MTX pathway genes

The genotype frequencies for the eight SNPs under study
were in Hardy-Weinberg equilibrium (P > 0.05). Each result
was consistent with the findings of a previous report (see
Supplementary data 2) [17].

The toxicity of MTX

Of 92 patients, 10 developed liver dysfunction. Methotrex-
ate treatment of longer duration was a risk factor for liver
dysfunction (104.3 months with liver dysfunction, 53.6
months without, P = 0.005). No other clinical variables were
associated with liver dysfunction (Table 1). None of the
patients with folic acid supplementation had liver dysfunc-

Table 1

Association between clinical predictors and liver dysfunction

tion. However, this correlation of folic acid supplementa-
tion preventing liver dysfunction was not statistically
significant, presumably because of the small study
population.

Regarding the association between liver dysfunction
and genetic predictors, the TT genotype at GGH T16C was
a low risk factor for liver dysfunction [P=0.031, odds ratio
(OR) =0.20, 95% confidence interval (Cl) 0.03-0.98; Table 2
and Supplementary data 3]. In contrast, the non-TT geno-
type at GGH T16C was a high risk factor for liver dysfunc-
tion (P=0.031, OR=5.10, 95% Cl 1.02-25.6), which is of
significant clinical interest.This association was statistically
significant even after adjustment for duration of MTX
treatment (P = 0.028, OR = 6.90, 95% Cl 1.38~34.5). None of
the other SNPs was associated with liver dysfunction.

The MTHFR haplotypes and GGH haplotypes showed
no significant association with liver dysfunction (data not
shown).

The efficacy of MTX

Of 92 patients, 67 were non-responders to MTX. Delayed
MTX treatment from disease onset (21.3 months with non-
responders vs. 8.5 months with responders, P=0.029) and
RF positivity (P=0.026, OR=2.87, 95% Cl 1.11-7.39) were
risk factors for lower efficacy of MTX (Table 3). No other
clinical variables were associated with efficacy.

Regarding the association between the efficacy of MTX
and genetic predictors, there was no gene polymorphism
significantly associated with efficacy (Table 4). The MTHFR
haplotypes and GGH haplotypes showed no significant
association with efficacy (data not shown).

In 64 patients treated with MTX within 1 year of disease
onset, the CC genotype at ATIC C347G tended to be asso-
ciated with lower efficacy. However, this was not statisti-
cally significantly after adjustment for the time interval and
RF (P=0.106, 0R=0.38,95% Cl 0.12-1.23) (Table 5).

Discussion

Several studies have shown the influence of polymor-
phisms within the MTX pathway genes on the toxicity and

 ALT 5.0 times normal (n = 10)

ALT, alanine transaminase.
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Table 2

Association between genetic predictors and liver dysfunction

: : Allele model‘*‘
Genotype ; OR*

BCRP C421A

Dominant model*

Recessive model* ‘
ORt . P.value

MTHFR A1298C
 GGH T16C

ATIC C347G 1.40 0.560

0.814 117 0.336

M, major allele; and m, minor allele. Major alleles are the A allele at RFC G80A, C allele at BRCP C421A, C allele at MTHFR CE677T, A allele at MTHFR A1298C, G allele at FPGS
A1994G, T allele at GGH T16C, C allele at GGH C452T and C allele at ATIC C347G. *Allele model: M vs. m; dominant model, (MM or Mm) vs. mm; recessive model, MM vs. (Mm

or mm). TNon-adjusted odds ratio.

Table 3

Association between clinical predictors and methotrexate efficacy

Responder (n=25)

Prednisolone
C-reactive protein at start of treatment {(mg dI-', mean)

Rheumatoid factor [>14 (IU miI-")]

Non-responder (n = 67) ' P.value

Table 4

Association between genetic predictors and methotrexate efficacy

. Allele model*
Genotype

ATIC

Dominant model*

; Recessive model*
. Pyvalue ORT

*Allele model: M vs. m.; dominant model, (MM or Mm) vs. mm; recessive model, MM vs. (Mm or mm). tNon-adjusted odds ratio.

efficacy of MTX in patients with RA [4, 8,9]. However, results
are conflicting, and there are marked differences between
racial groups in pharmacogenetic studies [10]. We could
find only two studies on the pharmacogenetics of MTX in
patients with JIA in Caucasian patients [5, 6], but not one in
an Asian population. This is the first reported study on
pharmacogenetics of MTX in patients with JIA in an Asian
population.

240 / 7%:2 / Br}) Clin Pharmacol

First, we found that the non-TT genotype at GGH T16C
was associated with a high risk of liver dysfunction. This
should be taken into consideration in treating patients car-
rying the non-TT genotype at GGH T16C with MTX in order
to prevent liver dysfunction.

Once inside the cell, MTX undergoes FPGS-catalysed
polyglutamation by the addition of two to seven
glutamic acid groups. The polyglutamated form is not
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