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Number of individuals

group (DR13 positive/negative)
GD control
all samples 33/514 78/403
DP5-negative 3/94 42/153
DP5-positive 30/420 36/250
Number of individuals
group (DP5 positive/negative)
GD control
all samples 450/97 286/195
DR13-negative  420/94 250/153
DR13-positive 30/3 36/42

Figure 1. Effect size of susceptible or protective HLA antigens for the development of GD in the presence of protective or susceptible antigens. A,
ORs of the protective antigen HLA-DR13 for GD in all patients (547 GD and 481 control), susceptible antigen HLA-DP5—negative patients (97 GD
and 195 control), and HLA-DP5-positive patients (450 GD and 286 control). B, ORs of HLA-DP5 for GD in all patients, HLA-DR13-negative patients
(514 GD and 403 control), and HLA-DR13-positive patients (33 GD and 78 control).

observation indicated that HLA-DR13 was epistatic to
HLA-DPS5 and more strongly epistatic to non-HLA-DP5-
susceptible antigens in controlling GD development.
Next, we divided patients into HLA-DR13-positive and
~negative groups. Interestingly, the OR of HLA-DP35 was
increased in the HLA-DR13—positive group compared
with the OR in the HLA-DR13-negative group; the ORs
of HLA-DP5S were11.7(95% CI = 3.28-41.44,P=1.5 X
107%) and 2.73 (95% CI = 2.02-3.69,P = 5.6 X 10711)
in the HLA-DR13-positive and —negative GD groups, re-
spectively (Figure 1B). In HT, HLA-DR13 also had a
strong protective effect against HT development in the
HLA-A2-negative HT patient group (OR = 0.29, 95%
CI=0.17-0.48, P = 5.2 X 10~7) but not significantly in
the HLA-A2-positive HT patient group (OR = 0.11,95%
CI = 0.01-1.09, P = .096). In contrast with GD, we con-
cluded that significant epistasis was not observed between
HLA-DRB1%13:02 and HLA-A*02:07 in HT.

Discussion

Among dozens of reported alleles (8-17), we clearly
identified and confirmed 4 and 2 susceptible HLA mol-
ecules primarily associated with GD and HT, respec-
tively, HLA-B*35:01, HLA-B*46:01, HLA-DRB1%*14:
03, and HLA-DPB1*05:01 for GD and HLA-A*02:07
and HLA-DRB4 for HT. On the other hand, we con-
cluded that the HLA-DR15 on HP1, HP-2, and HP-3 for
GD and HP-2 for HT contribute to protecting against
the development of the diseases. In a direct comparison
between GD and HT, the frequencies of HLA-DR 14 and
HLA-DPS were significantly higher in GD than in HT.
Thus, we could clearly identify HLA molecules that dis-
tinguish GD from HT.

Because HLA-DPS and HLA-DR14 are class II mole-
cules, the unique immunological features of GD, including
the production of agonistic antithyroid-stimulating hor-
mone receptor autoantibodies, may be explained by the
function of susceptible HLA-DP5 and HLA-DR14 in GD.
In contrast, the susceptibilities controlled by HLA-A2,
HLA-B46, HLA-B35, and HLA-DRS3 are shared by GD
and HT, suggesting that these HLA molecules might be
responsible for the development of the common basic fea-
tures of GD and HT as an AITD.

Furthermore, through the analysis of the epistatic in-
teraction between protective and susceptible alleles, we
could show that HLA-DR13 is epistatic to HLA-DPS, but
not completely, in controlling the development of GD
and that the blocking effect of HLA-DR13 on the sec-
ond, third, and other susceptible HLLA alleles is stronger
than that on HLA-DPS. Furthermore, the OR of HLA-
DPS5 in the absence of HLA-DR13 was 2.73 (95% CI =
2.02-3.69), but to our surprise, it increased to 11.7 (95%
CI = 3.28-41.44) in the presence of HLA-DR13, sug-
gesting that the presence of HLA-DPS is critical for the
development of GD in the presence of resistant HLA-
DR13 because the susceptibility conferred by non-DP-5
antigens is easily blocked by HLA-DR13.

How protective and susceptible HLA antigens play
roles in the regulation of autoimmune response in the dis-
eases is still an enigma. To explain the protective effect of
HLA antigens on the development of GD and HT, al-
though we could not exclude a breakdown in central tol-
erance, the possibility that protective HLA molecules in-
duce immunosuppressive T cells, such as regulatory T cells
(20), exist. Thus, the elucidation of HLA molecules con-
trolling the susceptibilities and resistance to GD and HT in
this study provides a genetic and molecular basis for future
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analysis of autoimmune response at a cellular level in these
diseases.
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ABSTRACT ~ :

Kenny-Caffey syndrome (KCS) is a rare dysmorphologic syndrome characterized by proportionate short stature, cortical thlckenmg
and medullary stenosis of tubular bones, delayed closure of anterior fontanelle, eye abnormalities, and hypoparathyroidism. The
autosomal dominant form of KCS (KCS type 2 [KCS2]) is distinguished from the autosomal recessive form of KCS (KCS type 1 [KCS11),
which is caused by mutations of the tubulin-folding cofactor E (TBCE) gene, by the absence of mental retardation. In this study, we
recruited four unrelated Japanese patients with typical sporadic KCS2, and performed exome sequencing in three patients and their
parents to elucidate the molecular basis of KCS2. The possible candidate genes were explored by a de novo mutation detection
method. A single gene, FAM111A (NM_001142519.1), was shared among three families. An identical missense mutation, R569H, was
heterozygously detected in all three patients but not in the unaffected family members. This mutation was also found in an additional
unrelated patient. These findings are in accordance with those of a recent independent report by a Swiss group that KCS2 is caused by
a de novo mutation of FAM11.7A, and.R569H iis a hot spot mutation for KCS2. Although the function of FAM111A is not known, this
study would provide evidence that FAM111A is a key molecule for normal bone development, helght gain, and paratherId hormone
development and/or regulation. © 2014 American Society for Bone and Mineral Research ; :

KEY WORDS: KENNY—CAFFEY SYNDROME; FAMIT114; PARATHYROID RELATED DISORDERS; HYPOMAGNESEMIA

Introduction In 2002, a study of 65 individuals from 34 pedigrees of Middle

Eastern origin resulted in the identification of mutations of the

enny-Caffey syndrome (KCS) (OMIM #244460, %127000) is a
Krare dysmorphologic syndrome characterized by severe
proportionate short stature with adult heights of 121 to 149cm,
cortical thickening and medullary stenosis of tubular bones,
delayed closure of the anterior fontanelle, eye abnormalities, and
hypocalcemia owing to hypoparathyroidism.““” KCS is classified
into two types according to its clinical features and inheritance
pattern. Classical cases have normal intelligence and are
transmitted as an autosomal dominant trait or sporadically
and are called KCS type 2 (KCS2) (OMIM %127000).”) Cases
having mental and prenatal growth retardation and transmitted
as an autosomal recessive trait are called KCS type 1 (KCS1)
(OMIM #244460).“57

tubulin-folding cofactor E (TBCE) gene as the cause of KCS1. TBCE
encodes a molecular chaperone required for heterodimerization
of a-tubulin with B-tubulin.® KCS2 is extremely rare, with only 5
sporadic cases reported in Japan.®~'? Because of this rarity,
the cause of KCS2 has been unknown until it was recently
reported to involve the “family with sequence similarity 111,
member A” (FAM111A) gene (NM_001142519.1) by a Swiss
group in 2013.'¥

In this study, we recruited 4 Japanese patients with typical
sporadic KCS2 having normal intelligence and performed whole
exome sequencing in 3 unrelated trios to elucidate the molecular
basis of KCS2. We hypothesized that KCS2 is caused by de novo
mutations and built a de novo mutation detection pipeline to
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process the raw data from exome sequencing. Using this
method, we found an identical de novo mutation in FAMTT1Ain
all 4 patients. This and the reported independent studies provide
evidence that FAM111A is the cause of KCS2, and R569H is a hot
spot mutation for KCS2.

Materials and Methods

Subjects
Case 1

This 10-year-old girl (Fig. 1, 1) was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents.
Polysyndactyly was noticed at birth. At 3 months of age, she was
referred to a pediatric endocrinologist because of growth
retardation. Her body length, body weight, and head circum-
ferences were 55 cm (—2.5SD), 5092 g (—1.8 SD), and 37.3 cm (0.2
SD), respectively. She was found to have liver dysfunction with
a serum aspartate aminotransferase (AST) level of 227U/L
(reference range 21 to 75) and serum alanine aminotransferase
(ALT) level of 227 U/l (reference range 11 to 69). Basal serum
insulin-like growth factor (IGF-1), calcium (Ca), and phosphorus (P)
levels were within normal limits. At the age of 1 year,
hypocalcemia was revealed. Her serum Ca, P, and intact
parathyroid hormone (PTH) levels were 1.6 mmol/L (reference
range 2.1 to 2.4), 2.6 mmol/L. (reference range 0.88 to 1.4), and
11 ng/L (reference range 15 to 50), respectively, with a normal
magnesium (Mg) level of 0.86 mmol/L (reference range 0.74 to
0.90). Her serum 1,25(0H),D level, serum alkaline phosphatase
level, and urine Ca/creatinine ratio were within normal ranges.
Brain computed tomography (CT) revealed calcification in the
basal ganglia (Fig. 2A). She was diagnosed with primary
hypoparathyroidism and was treated with alfacalcidol [1a(OH)
Ds]. At 2 years of age, she was diagnosed with KCS2 based on
clinical manifestations of proportionate short stature, cortical
thickening and medulfary stenosis confirmed by radioscopic
study (Fig. 2B), macrocephaly with delayed closure of the
anterior fontanelle, eye abnormalities (hypermetropia and
pseudopapilledema), and normal intelligence. Magnesium oxide
was administered because of a low serum Mg level (below
0.62 mmol/L) at 3 years of age.

Case 2

This 16-year-old boy (Fig. 1, II-4)"% was born at 41 weeks of
gestation to nonconsanguineous, healthy Japanese parents.
When he was 23 days old, he had a generalized convulsion
because of hypocalcemia. At this time, his serum Ca, P, Mg, and
intact PTH levels were 1.5mmol/L, 3.1 mmol/L, 0.74 mmol/L,
and undetectable, respectively. T-cell subset was normal. He was
treated with alfacalcidol on the basis of a diagnosis of primary
hypoparathyroidism. Magnesium sulfate was added because of
his low serum Mg level at the age of 1 year. He suffered repeated
bouts of acute otitis media until the age of two years. His serum
lgG level was within the normal range. At 3 years and 1 month,
his height, weight, and head circumference were 77.9cm
(—4.4 SD), 9.9kg (—2.7 SD), and 47.4cm (—1.5 SD), respectively.
He had normal intelligence for his age. He was diagnosed with
KCS2 based on clinical findings of proportionate short stature,
medullary stenosis revealed by radiography, a widely open
anterior fontanelle (Fig. 2C, skull radiograph at 9 years), and
hypermetropia. He also suffered severe atopic dermatitis after

normalization of his serum Ca levels, His growth chart is shown
in Fig. 2D.

Case 3

This 22-year-old woman (Fig. 1, 1119)"" was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents
following an uneventful pregnancy. At 1 month, she had an
episode of generalized convulsions because of hypocalcemia. At
this episode, her serum Ca, P, Mg, and intact PTH levels were
1.3 mmol/L, 2.9 mmol/L, 0.49 mmol/L, and undetectable, respec-
tively. Oral alfacalcidol administration was started on the basis of
a diagnosis of primary hypoparathyroidism. At the age of 5
years 1 month, she was referred to another hospital. Her height
was 84,2 cm (—5.3 SD), and her weight was 12.2 kg (—2.2 SD). She
had normalintelligence. Brain CT revealed fine calcification in the
basal ganglia. Based on clinical manifestations of proportionate
short stature, medullary stenosis of the long bones typical of KCS,
a 1x 1-cm opening of her anterior fontanelle, normal intelli-
gence, and hypermetropia, she was diagnosed with KCS2. The
patient was started with a combination therapy of vitamin D and
magnesium sulphate. Fig. 2F shows her radiograph at 14 years
of age.

Case 4

This 38-year-old man (Fig. 1, IV-13)"? was born at 40 weeks of
gestation to nonconsanguineous, healthy Japanese parents
following an uneventful pregnancy. At 8 days of age, he had a
generalized convulsion, and hypocalcemia (0.75 mmol/L) and
hypomagnesemia (0.18 mmol/L) were detected. The convulsion
was controlled by intravenous administration of Ca gluconate
and magnesium sulfate until he was 15 days old. At 4 years of
age, he again had an episode of generalized convulsion because
of hypocalcemia. At this episode, his serum Ca, P, and intact PTH
levels were 1.2 mmol/L, 2.6 mmol/L, and undetectable, respec-
tively. He was diagnosed with primary hypoparathyroidism, and
oral alfacalcidol and Ca lactate administration were started. He
suffered repeated acute otitis media during infancy and was
affected with empyema and bacterial meningitis at 4 years of
age. Hypogammaglobulinemia was found, and he was adminis-
tered gamma globulin intermittently. At 12 years of age, he was
referred to another hospital for further investigation. His height
was 99 cm (—6.3 SD), and his weight was 16.2kg (—3.3 SD). He
had normal intelligence with an intelligence quotient score of
105. Brain CT revealed fine calcification in the basal ganglia.
Based on clinical manifestations of proportionate short stature,
medullary stenosis of the long bones, a 4.2 x 1.8-cm opening of
his anterior fontanelle, and eye abnormalities (hypermetropia,
amblyopia, and pseudopapilledema), he was diagnosed with
KCS2. Mg loading and Ca restriction tests revealed that his
hypoparathyroidism was secondary to hypomagnesemia. The
patient was then changed from vitamin D and Ca lactate to
magnesium sulfate treatment, which successfully corrected his
serum Ca levels.

We recruited these 4 Japanese patients with clinically
diagnosed typical sporadic KCS2 (Fig. 1). Supplemental
Table SH{TBL S1} summarizes the clinical characteristics of the
4 patients. We obtained peripheral blood samples from all 4
patients, together with those of 9 unaffected parents or siblings,
with informed consent for DNA analysis (Fig. 1). The study was
performed with the approval of the Ethics Committee of The
University of Tokyo and of each institution where the samples
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Fig. 1. Four pedigrees analyzed in this study, showing the chromatograms of Sanger sequencing reactions of the FAM177A mutation in patients and
family members. Data were obtained by Sanger sequencing during the confirmation process. All mutations were checked by bidirectional sequencing. In
each pedigree, a black symbol represents the proband, a square indicates a male, and a circle shows a female. In the chromatogram, black letters indicate
the wild-type nucleotide sequence. Nucleotides in red indicate mutations. R569H was identified in all probands but not in any of the unaffected family
members.

were collected, and conducted in accordance with the Declara- Exome sequencing

tion of Helsinki. Genomic DNA was extracted from peripheral

white blood cells of the patients and family members using a Exome sequences were enriched using a TruSeq Exome
QlAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany). Healthy Enrichment Kit (lllumina, San Diego, CA, USA) from 1pg of
Japanese volunteers were recruited, and DNA was extracted genomic DNA, according to the manufacturer’s instructions. The
with informed consent. captured DNA samples were subjected to massively parallel
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Fig. 2. Radiographic studies and growth charts of probands. (A) Brain computed tomography of patient I-1. The arrowheads indicate calcification in the
basal ganglia. (B) Radiograph of patient I-1 at diagnosis. Cortical thickening and medullary stenosis are evident. The object shown in the right leg is used for
fixing a peripheral catheter. (C) Radiograph of patient Il-4 at age 9 years. It is of note that the anterior fontanelle is open. (D) Growth chart of patient II-4
superimposed on the standard growth chart for a Japanese boy. Black circles indicate the patient’s height, and black squares indicate his weight.
(E) Radiograph of patient lil-9. Cortical thickening and medullary stenosis can be observed.

sequencing (100-bp paired-end reads) on an lllumina HiSeq2000
sequencing system (lllumina). An average of 95 million reads of
the sequence data was obtained for each individual. On an
average, 98.50% of the total bases were mapped to the reference
genome with a mean coverage of 140.5 x , which encompassed
91.94% of the targeted regions with coverage >10x (Supple-
mental Table S2){TBL S2} The Burrows-Wheeler Aligner (BWA)
package!" and SAMtools'™® were used as default settings for
alignment of raw reads and detection of single-nucleotide
variants (SNVs) and indels. Subsequently, SNVs and indels were

filtered with three trio samples (ie, pedigrees |, I, and Il
(Supplemental Fig. S1). We extracted both homo/heterozygous
nonsynonymous coding variants, which were called in the
proband, and filtered these candidates using the following three
steps:

Step 1: Using candidate de novo mutations that are
homozygous references in both parents and are
supported by 10 or more high-quality reads at the
mutated sites for every trio member.

Journal of Bone and Mineral Research

A RECURRENT DE NOVO FAM111A MUTATION CAUSES KCS2

995 H



Step 2: Using reliable homozygous references in each
parent such that the likelihood of heterozygosis, ,C; (1/2)'
(1/2)™%, is less than that of homozygosis, ,C; (999/
1000)'(1/1000)™, where the average error rate is
assumed to be 1/1000, n represents the number of total
reads, and i is the number of reads consistent with the
reference. One may have an impression that this
condition does not often hold true; however, we often
observed cases that violated this condition, especially
when the reference base was mutated into one of the
other three bases with an almost equal probability.

Step 3: Using reliable de novo mutations of the proband
such that the number of alternative allele reads was at
least 30% among the total reads, which is the condition
proposed in a recent report."®

Sanger sequencing

Sanger sequencing was performed to detect TBCE (KCS1) and
validate the presence of each variant detected by exome
sequencing in patients with KCS2 and the absence of each in the
genomes of the parents and siblings. The entire coding region
and exon-intron boundaries of TBCE and FAMIT1A were
amplified fromm genomic DNA by polymerase chain reaction
(PCR) using the designed PCR primers (Supplemental Table S3).
{TBL S3} Subsequently, PCR products were sequenced using an
ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction
Kit (PE Applied Biosystems, Foster City, CA, USA) and the forward
and reverse primers used for PCR amplification. Direct sequenc-
ing in both directions was performed on an autosequencer (PE
Applied Biosystems 3130 x 1, Genetic Analyzer).

FAMT111A mRNA expression analysis

Total RNA was prepared using ISOGEN reagent (Nippon Gene,
Osaka, Japan), according to the manufacturer’s instructions, from
peripheral white blood celis of the patients and family members.
Total RNA (4 pg) was used to synthesize cDNA with the
SuperScript Preamplification System for first-strand cDNA
synthesis (Life Technologies, Rockville, MD, USA). mRNA levels
were measured using an ECO real-time PCR system (lllumina) and
KAPA SYBR Fast qPCR Kit (Kapa Biosystems, Woburn, MA, USA)
using the following primer pairs: FAM111Ae5-2F and FA-
M111Ae5-2R; FAM111Ae5-3F and 5-CCTCATCACTCATCATTTC-
TACATCC-3'; GAPDH, 5'-GAAGGTGAAGGTCGGAGTC-3' (F) and 5'-
GAAGATGGTGATGGGATTTC-3' (R). The relative mRNA level was
calculated using an arithmetic formula based on the difference
between the threshold cycle of a given target cDNA and that
of an endogenous reference ¢DNA. Direct sequencing of the
RT-PCR products was performed by Sanger sequencing as for
DNA samples.

Resulits

We first confirmed by Sanger sequencing that none of the
4 patients had TBCE mutations. This finding, together with
the fact that all the patients were of normal intelligence,
distinguishes these patients from patients with KCS1.

We hypothesized that these sporadic cases may be caused by
de novo mutations in novel nonsynonymous coding variants.
Whole exome sequencing was performed for 3 patients (I-1, II-4,
and 1lI-9; Fig. 1) and their parents (I-2, I-3, II-5, 1I-6, [II-10, and 11I-11;
Fig. 1). Statistical data of exome sequencing experiments are

shown in Supplemental Table S2. The candidate variants were
selected according to the processes described in Materials and
Methods based on the de novo mutation detection pipeline
designed in the present study (Supplemental Fig. S1). Supple-
mental Table S4{TBL S4} summarizes the results of filtering to
detect candidate genes for KCS2. To select variants as candidate
mutations for KCS2, variations that caused amino acid substitu-
tion were extracted, which resulted in 11,024 (pedigree 1), 10,828
(pedigree 1), and 11,020 (pedigree Ill) SNVs and indels. After three
filtering steps, 5 (pedigree 1), 5 (pedigree II), and 6 (pedigree Iil)
SNVs were identified. Among the candidate genes filtered using
the three aforementioned filtering steps, only one single gene,
FAMT11A (NM_001142519.1), was shared among all 3 families.
Sanger sequence analysis of all exons of FAM111A confirmed an
identical ¢.1706G > A heterozygous mutation in exon 5 in all 3
patients (Fig. 1). This mutation is predicted to result in
substitution of arginine to histidine in codon 569 (R569H).
None of the unaffected family members had this mutation,
indicating that R569H was a de novo mutation. This mutation
was also found in an additional unrelated patient (IV-13).

R569H is not present in 373 Japanese healthy control subjects
of an in-house exome database, and not in another 100 alleles
from 50 unrelated healthy Japanese individuals by Sanger
sequencing. It was also not found in the Japanese SNP control
database established by the National Bioscience Data Base
Center that has 1 million genome-wide SNPs of 700 samples
(http://gwas.biosciencedbc.jp/snpdb/snp_top.php), nor among
6500 samples listed on the exome variant server (http://evs.gs.
washington.edu/EVS/), implying that the minor allele frequency
is less than 0.01% in these data. However, one SNP was found in
the 1000 Genomes database at R569 (rs184251651), which
results in substitution to “cysteine” (minor allele frequency 0.1%).

We assessed the functionality of the R569H mutation using the
Sorting Intolerant From Tolerant (SIFT) (http:/siftjcvi.org) and
Polymorphism Phenotyping 2 (PolyPhen2) (http://genetics.bwh.
harvard.edu/pph2) tools, by homology modeling and threading.
These in silico studies predicted R569H as “tolerated” and
“benign,” respectively.

We analyzed the expression levels of FAM1771A mRNA in
peripheral white blood cells by realtime PCR. FAM171A
expression levels in the patients were comparable with those
in unaffected family members and normal controls (data not
shown). We also found that mutant and wild-type FAMT171A were
equivalently expressed in the patients, which were identified by
sequencing the reverse-transcribed PCR products.

Discussion

In the present study, we identified FAM1717A as the gene
responsible for KCS2 by applying an exome sequencing strategy,
and we identified a heterozygous identical de novo FAMTT1A
mutation, R569H, in 4 Japanese patients with KCS2. While
preparing this article, another independent research group from
Switzerland reported similar findings following whole exome
sequencing of the patients.'® They reported that all 5 clinically
diagnosed KCS2 patients had de novo FAM111A mutations. Most
interestingly, 4 of the 5 patients from different countries had
the same R569H mutation as detected in our patients. Our 4
pedigrees are unrelated to each other and live in different areas
in Japan. Moreover, the parents of the 3 patients did not have the
mutation, suggesting that this recurrent mutation was caused by
sporadic mutation. Taken together, these two independent
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studies confirm that FAM111Ais the causative gene for KCS2, and
R569H is the hot spot mutation of KCS2.

FAMI11A encodes a previously uncharacterized protein
consisting of 611 amino acids. The carboxy-terminal half of the
protein has homology to trypsin-like peptidases, and the
catalytic triad specific to such peptidases is conserved.!"”
Transcriptional expression of FAMT11A is ubiquitous according
to the human protein atlas (http//www.proteinatlas.org/
ENSG00000166801/normal). It is expressed in the parathyroid
gland and bone, but the expression levels are similar to those in
other tissues. FAM111A has 35% amino acid homology to
FAM1118B, a paralog located on 11g12.1 at a distance of only
16 kb from FAMT11A. The functions of FAM111A and FAM1118B
are largely unknown. A recent report showed that FAM111A
functions as a host range restriction factor and is required for viral
replication and gene expression by specifically interacting with
Simian Virus 40 large T antigen (LT)."” In addition, FAM111A
mMRNA and protein levels have been shown to be regulated in a
cell cycle-dependent manner with the lowest expression during
the GO or quiescent phase and peak expression during the G2/M
phase."”’ Another recent report revealed that variants in the
region including FAMTT1A and FAM111B were associated with
prostate cancer."® However, the clinical course of disease in our
4 patients revealed neither increased viral infections nor
carcinogenesis up to early adulthood.

In silico analyses suggested that the de novo mutation (R569H)
would not significantly affect the function of FAM111A. We also
found that the mutant FAM171A mRNA was expressed similarly
to the wild type in peripheral blood cells. This raises the question
of how this mutation causes KCS2. One hypothesis is that this
mutation does not cause loss of function of the protein but rather
modulates its peptidase activity for a particular target peptide in
a mutant-specific way. Another possibility is that FAMT11A
functions with some physiological partner(s) and the disease
occurs as a result of specific modulation of this putative network.
This may fit the observation that FAM111A is regulated in a cell-
dependent manner and interacts with the LT C-terminal
region."” We speculate that one of the candidate partner
proteins is TBCE because KCST and KCS2 share distinctive
phenotypic features: skeletal dysmorphic features and primary
hypoparathyroidism.

Some diseases are caused by specific mutations of a single
gene. Some mutations may cause a gain-of-function effect, as in
achondroplasia or McCune-Albright syndrome,'®?” whereas
others have an unknown function, as in Caffey syndrome caused
by mutations in COLTAT?" or in several diseases related to
FGFR3. In this study, we found that a specific mutation (R569H) of
FAM111A would lead to KCS2. Intriguingly, one SNP was found in
the 1000 Genomes database at R569 (rs184251651), which
results in substitution to “cysteine.” This SNP has been reported
to have minor allele frequency of 0.1% (only one allele) and is not
validated. Moreover, the absence of the SNP in 6500 samples in
the exome variant server suggests a possibility of sequencing
error in the database. Nevertheless, it might be speculated that a
specific change to “histidine” may lead to an unidentified
function of this protein resulting in KCS2, which is not caused by
other amino acids. This hypothesis will be supported by the fact
that this amino acid is not well conserved among various species
(Fig. 3).

Itis reported that 95% and 97% of KCS1 cases had prenatal and
postnatal growth retardation, and mental retardation, respec-
tively.?? In contrast, most of the reported KCS2 patients,
including our patients with FAMT77A mutations, had normal

R569H

Homo sapiens
Mucaca mulatta
Ornithorivnelns anatins
Eequus caballus
Orvetolagus curiiciing
Loxodontaafiicana
Criceinlusgrisens
Raltus norvegicns
Mus nusenius

Cervie poreellus
Anolis carolinesis

GEFAYTYQNETHEITEFGETHE
GEAYTYQHOTHSIIEFGISTHME
GYLHTYRRRVARGIIEIGYSMD
GEPYLYPHNTVHTIIEFGPTLE
GEFRAYEYQHEISSIIEFGSAMK
GYPYRYQNGEREIIEFGEAMK
GYTCEYQBGVENIIEFGETHME
GITCTDQNGVFHIIEFGF THE
GITCTYQRGVIENLIIEFGSIME
GUTERYGEGTHHITIEFGSAND
GYLYRGHCKEKETIIEFGYSMH

Fig. 3. Homologous comparison of the altered protein. Letters in the
rectangular box indicate the human FAMT11A R569 residue. It is of note
that R569 is not well conserved among various species.

birth weight and length and normal intelligence (Supplemental
Table 51).% These phenotypic differences between KCS1 and
KCS2 suggest that the FAMT71A mutation does not affect bone
development and height gain in the fetus but becomes
important postnatally. It also suggests that the FAMTTIA
mutation does not affect mental development. Now that
FAMT11A has been identified as a causative gene for KCS2,
further studies on the physiological function of FAM111A and
TBCE should be performed to uncover the phenotypic differ-
ences between these two types.

There are several human diseases, as well as mouse models of
hypoparathyroidism, caused by aberrations in the cascade of
genes indispensable for the development and regulation of the
parathyroid gland.***% To date, FAM111A is not known to relate
to any of these genes. There have been only a few reports
describing the pathophysiology of hypoparathyroidism in KCS.
Absence of the parathyroid glands has been reported in some
patients with KCS2 and KCS1.%%?% |n contrast, some patients do
not have hypoparathyroidism from early infancy, suggesting the
presence of some parathyroid gland as in our patient i-1.4%")
Furthermore, hypoparathyroidism may be secondary to hypo-
magnesemia as in our patient IV-13. Considering the fact that all
of our 4 patients as well as another reported KCS2 case had
hypomagnesemia,”’ FAM111A might be involved in magnesium
homeostasis. Although further investigation is necessary to
reveal the cause of hypoparathyroidism in KCS2, this study shows
thata new gene, FAMT17A,is indispensable for PTH development
and/or regulation.

In conclusion, our finding that all 4 Japanese KCS2 patients we
tested have the same de novo mutation (R569H) of FAM111A
indicates that KCS2 is caused by a heterozygous mutation of
FAM111A, and R569H is the hot spot mutation in patients with
KCS2. Although the function of FAM111A is largely unknown, this
study provides evidence that FAM111A is a key molecule for
normal bone development, height gain, and PTH development
and/or regulation. Our finding further creates a new research
area in the fields associated with shared phenotypic features in
KCS and different phenotypes between KCS1 and KCS2.
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ABSTRACT

Objective: To evaluate the safety and efficacy of a humanized anti-interleukin-6 receptor anti-
body, tocilizumab (TCZ), in patients with neuromyelitis optica (NMO).

Methods: Seven patients with anti~aguaporin-4 antibody (AQP4-Ab)-positive NMO or NMO spec-
trum disorders were recruited on the basis of their limited responsiveness to their current treat-
ment. They were given a monthly injection of TCZ (8 mg/kg) with their current therapy for a year,
We evaluated the annualized relapse rate, the Expanded Disability Status Scale score, and
numerical rating scales for neurogenic pain and fatigue. Serum levels of anti-AQP4-Ab were
measured with AQP4-transfected cells.

Results: Six females and one male with NMO were enrolled. After a year of TCZ treatment, the
annualized relapse rate decreased from 2.9 = 1.1 to 0.4 = 0.8 {p < 0.005). The Expanded
Disability Status Scale score, neuropathic pain, and general fatigue also declined significantly.
The ameliorating effects on intractable pain exceeded expectations.

Conclusion: Interleukin-6 receptor blockade is a promising therapeutic option for NMO.

Classification of evidence: This study provides Class IV evidence that in patients with NMO, TCZ
reduces relapse rate, neuropathic pain, and fatigue. Neurology® 2014,;82:1302-1306

GLOSSARY
Ab = antibody;, AQP4 = aquaporin-4; AZA = azathioprine; EDSS = Expanded Disability Status Scale; IL = interleukin;
IL-BR = interleukin-6 receptor; NMO = neuromyelitis optica; PB = plasmablasts; PSL = prednisolone; TCZ = tocilizumab.

Neuromyelitis optica (NMO) is a relatively rare autoimmune disease that predominantly
affects the spinal cord and optic nerve. Anti~aquaporin-4 antibody (AQP4-Ab), which is
a disease marker of NMO, has an important role in causing the destruction of astrocytes
that express AQP4." Empirically, the use of disease-modifying drugs for multiple sclerosis,
including interferon B, is not recommended for NMO,? which is consistent with the dis-
tinct pathogenesis of NMO and multiple sclerosis. We have recently described that plas-
mablasts (PB), which are a subpopulation of B cells, increased in the peripheral blood of
patients with NMO and that PB are a major source of anti-AQP4-Ab among peripheral
blood B cells.” In addition, we observed that exogenous interleukin (IL)-6 promotes the
survival of PB and their production of anti-AQP4-Ab in vitro. Given the increased levels of
IL-6 in the serum and CSF during relapses of NMO,"? we postulated that blocking IL-6
receptor (IL-6R) pathways might reduce the disease activity of NMO by inactivating the
effector functions of PB. A humanized anti-IL-6R monoclonal antibody, tocilizumab
(TCZ) (Actemra/RoActemra), has been approved in more than 100 countries for use in
the treatment of rheumatoid arthritis.* Herein, we describe our clinical study that aimed to

explore the efficacy of TCZ in NMO.

From the Multiple Sclerosis Center (M.A.,, T.O., S.M., T.A,, T.Y.) and Department of Neurology (T.O., M.M.), National Center Hospital, and
Department of Immunology, National Institute of Neuroscience (T.M., S.M., T.A,, T.Y.), National Center of Neurology and Psychiatry, Tokyo;
Department of Neurology (K.M., S.K.), Kinki University School of Medicine, Osaka; and Deparument of Pediatrics (T.M.), Graduate School of
Medicine, University of Tokyo, Japan.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

This is an open access article distributed under the terms of the Creative Commons Attribution-Noncommercial No Derivative 3.0 License, which
permits downloading and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially.

© 2014 American Academy of Neurology



[ Table Demographics of the patients 1

Age, ylsex 37/F 38/F 31/M 55/F 62/F 23/F
Agestonssty ‘ = a
Aﬁti—AQP4-Ab +
Myelitis -
bpﬁc ﬁeﬁrifis ' +
EDSSscore 30
Total nﬁ. of relépses 7
. ARR be'foyrel’l" CZ ; ; - = - >
!mfnuﬁothér;pies for’ !VMP, PLEX IVVMP,’PLEX ‘ IVVMP, PLEX IVMP, PLEX
exacerbations

Past immunotherapies IFNg, MI AZA

PSL, AZA AZA PSL PSL, AZA PSL, CyA PSL,

Present immunotherapies
tacrolimus
 Neuropathic pain| 3 0
paink NRS .
General fatigue, NRS 8 6 7 5 3 9

' CZPmexnletmeNTP -

 Pain and antispastic ;
- tiz‘a’hidine,f;NSAID

medication

Abbreviations: AQP4-Ab = aquaporin-4 antibody; ARR = annualized relapse rate; AZA = azathioprine; CBZ = carbamazepine; CZP = clonazepam; CyA =
cyclosporine; EDSS = Expanded Disability Status Scale; GBP = gabapentin; IFNg = interferon g; IVig = IV immunoglobulin; IVMP = IV methylprednisolone;
MITX = mitoxantrone; NRS = numerical rating scale; NSAID = nonsteroidal anti-inflammatory drug; NTP = Neurotropin {(an extract from the inflamed skin
of vaccinia virus-inoculated rabbits); OBP = oral betamethasone pulse therapy; PGB = pregabalin; PLEX = plasma exchange; PSL = prednisolone; TCZ =
tocilizumab.

2014 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

METHODS Level of evidence. The aim of this Class IV evi-
dence study was to evaluate the effect and safety of a monthly
injection of TCZ (8 mg/kg) with their current therapy in patients
with NMO. We evaluated the adverse events based on Common
Terminology Criteria for Adverse Events, version 4.0.

Standard protocol approvals, registrations, and patient
consents. All patients gave written informed consent before the
first treatment with TCZ. The institutional ethical standards
committee on human experimentation approved this clinical
study. The study is registered with University Hospital Medical
Information Network Clinical Trials

UMINO000005889 and UMINO000007866.

numbers

Registry,

Patients and treatment. Seven patients who met the diagnos-
tic criteria of NMO in 2006 were enrolled after providing
informed consent (table). Results of chest x-rays, interferon
 release assays, and plasma 1,3-B-D-glucan measurement
excluded latent tuberculosis and fungal infection. All of the
patients had been treated with combinations of oral predniso-
lone (PSL) and immunosuppressants, including azathioprine
(AZA). Nevertheless, they had at least 2 relapses during the year
before enrollment (figure 1). Among their past immunomodu-
latory medications, interferon 3 had been prescribed in 4
patients before the ant-AQP4-Ab assay became available.
Although symptomatic treatments had been provided, the
patients experienced general fatigue and intractable pain in
their trunk and limbs. There were no abnormalities in their
routine laboratory blood tests. Neither pleocytosis nor
increased levels of IL-6 were observed in the CSF. MRI
revealed high-intensity signals in the optic nerves and

longitudinally extensive lesions in the spinal cord. All patients

except one had scattered brain lesions. A monthly dose (8 mg/kg)
of TCZ was added to the patients’ oral corticosteroid and

immunosuppressive drug regimen.

Clinical and laboratory assessment. As clinical outcome
measures, we evaluated alterations in the number of relapses,
Expanded Disability Status Scale (EDSS) scores, and pain and
fatigue severity scores (numerical rating scales). A relapse was
defined as an objective exacerbation in neurologic findings that
lasted for longer than 24 hours with an increase in the EDSS
score of more than 0.5. Brain and spinal cord MRI scans were
examined every 4 or 6 months. CSF examinations, sensory-
evoked potentials, and visual-evoked potentials were also
evaluated at the time of entry into the study and 12 months
later. We anti-AQP4-Ab  levels by

evaluating the binding of serum immunoglobulin G to

measured serum

AQP4 transfectants, as previously described.” All outcome
measures were analyzed with nonparametric Wilcoxon rank-
sum tests, with the use of 2-tailed statistical tests at a

significance level of 0.05.

RESULTS After starting TCZ treatment, the total
number of annual relapses in the patients significantly
reduced (figures 1 and 2). Notably, 5 of the 7 patients
were relapse-free after starting TCZ. The relapses
observed in patients 1 and 5 were mild and their
symptoms recovered after IV methylprednisolone.
On average, the annualized relapse rate reduced
from 2.9 % 1.1 (range, 2-5) during the year before
study to 0.4 = 0.8 (range, 0-2) during the year after

Neurology 82  April 15, 2014 1303
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] Figure 1 Clinical course of the patients before and after tocilizumab treatment !
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Months before and after first TCZ

The zero on the x-axis represents the first administration of tocilizumab (TCZ). Dark gray bars: exacerbations of myelitis or
optic neuritis (EMON); downward arrow: TCZ treatment; black X: [V methylprednisolone (IVMP); white X: oral betamethasone
pulse (OBP) therapy; black triangle: plasma exchange (PLEX); white triangle: IV immunoglobulin (IVig). After receiving 12 in-
jections, all patients continued treatment with TCZ by entering an extension study that evaluates the long-term safety and
efficacy of TCZ. We showed the clinical status after completion of the 1-year study to indicate the continuation of

remission.

starting TCZ (figure 2). The EDSS score decreased
modestly but significantly from 5.1 &= 1.7 (range,
3.0-6.5) to 4.1 * 1.6 (range, 2.0-6.0) at 12
months. The chronic neurogenic pain in their trunk
and extremities, which is characteristic of NMO®7
(table), gradually lessened after the patients started
TCZ. Consequently, the numerical rating scale for
pain reduced from 3.0 = 1.5 upon study entry to
1.3 = 1.3 after 6 months and 0.9 % 1.2 after 12
months. General fatigue also improved from 6.1 *
2.0 t0 3.9 = 2.1 at 6 months and 3.0 = 1.4 at 12
months. The MRI scans, sensory- and visual-evoked
potentials, and CSF observations did not show any
interval changes. Serum anti-AQP4-Ab levels
represented by the relative mean fluorescence
intensity were significantly reduced (figure 2E).
Adverse events included upper respiratory infec-
tions (patients 1 and 7), acute enterocolitis (patients
1 and 4), acute pyelonephritis (patient 1), leukocyto-
penia and/or lymphocytopenia (patients 1, 4, and 7),
anemia (patients 3 and 7), and a slight decline in sys-
tolic blood pressure (patient 1). However, none of the
events was severe. Oral PSL and AZA were tapered in

Neurology 82 April 15, 2014

patients 1, 3, 4, and 7, resulting in a reduction of the
mean doses (PSL from 19.5 £ 7.6 t0 8.8 * 5.6 mg/d
[average of patients 1, 3, 4, and 7], AZA from 37.5 to
5.4 mg/d [average of patients 1 and 4]).

DISCUSSION Pain management is a difficult prob-
lem in patients with NMO. In fact, a retrospective
study of 29 patients with NMO who experienced
pain has documented that 22 of the 29 patients were
taking pain medications, but none of them rated their
current pain as 0 out of 10 on a 10-point scale.® In the
present study, the intractable pain reduced gradually
after the patients started TCZ treatment. After 6 or
12 months of therapy, 3 of the 6 patients with pain
were completely free of pain. These results suggested
arole of IL-6 in NMO pain and the possible merits of
the use of TCZ in clinical practice as a pain reliever.

The pathophysiology of neurogenic pain is now
understood in the context of interactions between
the immune and nervous systems,® which involve
proinflammatory cytokines such as IL-6 as well as
immune cells, activated glia cells, and neurons. Sup-
portive for the role of IL-6 in pain, recent work in

© 2014 American Academy of Neurology. Unauthorized reproduction of this arlicle is prohibited.
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(A) Annualized relapse rate (ARR) before and after tocilizumab (TCZ) treatment. (B) Expanded Disability Status Scale (EDSS)
score during the 1-year study period. Pain severity (numerical rating scale INRS]) (C) and fatigue severity (D) scores before,
6 months after, and 12 months after the start of TCZ treatment. The dots and | bars indicate means + SEM. We analyzed
only data obtained during the first year of TCZ treatment. (E) The alterations in the serum anti-aquaporin-4 antibody (AQP4-
Ab) were evaluated by the relative ratio of the mean fluorescence intensity (MFI), which was based on the MFI before TCZ
treatment. Serum anti-AQP4-Ab detection assay was performed as described previously®® with minor modifications. In
brief, optimally diluted serum was added to human AQP4-expressing Chinese hamster ovary (CHO) cells. CHO cell-bound
anti-AQP4-Ab was detected using fluorescein isothiocyanate-anti-human immunoglobulin G antibody by flow cytometry.
For comparison, the MF! of each sample was divided by the MFI| of the sample before the start of TCZ treatment.

rodents showed that gp130 expressed by nociceptive
neurons might have a key role in pathologic pain.’
Although expression of membrane-bound IL-6R is
restricted to hepatocytes, neutrophils, and subsets of
T cells, the gp130, ubiquitously expressed in cellular
membranes, can transduce IL-6R signaling via bind-

ing to the IL-6/soluble IL-6R complex.* This

indicates that IL-6 trans-signaling via the soluble IL-
6R could be pivotal in causing pain in NMO, although
alternative possibilities cannot be excluded.

TCZ treatment recently showed efficacy for patients
with aggressive NMO who were refractory to the anti-
CD20 antibody rituximab.'® The efficacy of TCZ could
result from its effect on IL-6—dependent inflammatory

Neurology 82  April 15, 2014 1305
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processes, involving CD20-negative PB, pathogenic
T cells, and regulatory T cells. This work, however, does
not restrict the use of TCZ in serious NMO. Although
the need for monitoring latent infection and adverse
events is obvious, we propose that the use of TCZ
may be considered at an carly stage of NMO before
disability or a lower quality of life becomes evident.
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Abstract

The major allergen, Cry j 1, was isolated from Japanese cedar Cryptomeria japonica (Cry j) pollen and was
shown to react with immunoglobulin E antibodies in the sera from pollinosis patients. We previously reported
that the frequency of HLA-DP5 was significantly higher in pollinosis patients and the immunodominant
peptides from Cry j 1 bound to HLA-DP5 to activate Th2 cells. In the present study, we determined the crystal
structure of the HLA-DP5 heterodimer in complex with a Cry j 1-derived nine-residue peptide, at 2.4 A
resolution. The peptide-binding groove recognizes the minimal peptide with 10 hydrogen bonds, including
those between the negatively charged P1 pocket and the Lys side chain at the first position in the peptide
sequence. We confirmed that HLA-DP5 exhibits the same Cry j 1-binding mode in solution, through pull-down
experiments using structure-based mutations of Cry j 1. We also identified the characteristic residues of
HLA-D PS5 that are responsible for the distinct properties of the groove, by comparing the structure of HLA-DP5
and the previously reported structures of HLA-DP2 in complexes with pDRA of the self-antigen. The
comparison revealed that the HLA-DP5-pCry j 1 complex forms several hydrogen bond/salt bridge networks
between the receptor and the antigen that were not observed in the HLA-DP2.pDRA complex. Evolutionary
considerations have led us to conclude that HLA-DP5 and HLA-DP2 represent two major groups of the
HLA-DP family, in which the properties of the P1 and P4 pockets have evolved and acquired the present

ranges of epitope peptide-binding specificities.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access atticle under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Introduction which induce seasonal rhinitis and conjunctivitis in
humans [1-3]. Dactylis gromerata and Ambrosia

Plant pollens are the most common causes of  artemisiifolia (ragweed) pollens cause the two major
prevalent type | hypersensitivity (allergy) diseases, hay fevers endured internationally, while

0022-2836/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/). J. Mol. Biol. (2014) 426, 3016-3027
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Cryptomeria japonica (Cry |, Japanese cedar) pollen
is the most prevalent allergen in Japan [4], with
respect to the number of pollinosis patients. In
particular, the number of Japanese cedar pollinosis
patients has rapidly increased since the 1960s in
Japan [5], and presently, more than 25 million people
suffer through the months from February to April,
when the pollen is dispersed [6]. So far, three major
allergens, Cry j1(7], Cryj2[8], and Cry j 3 [9], have
been isolated from the cedar pollen and have been
shown to react with immunoglobulin E (IgE) anti-
bodies from the pollinosis patients [9,10]. Cry j 1 and
Cry j 2 are 37-45 kDa basic glycoproteins [11], and
they share 70-80% amino acid sequence identity
with each other [11]. They were identified as a
pectate lyase (isozyme) [12] and a polymethylga-
lacturonase (enzyme) [13], respectively.

IgE is responsible for inducing type | hypersensitivity
(allergic) diseases [14]. Secretion of antibodies, includ-
ing IgE, by plasma cells requires interactions between
antigen-activated B cells and antigen-activated CD4*
type 2 helper T (Th2) cells, to allow the differentiation of
plasma cells from B cells. CD4" T cells are activated by
the recognition of immunogenic peptides presented by
class Il human leukocyte antigen (HLA) molecules on
the surface of antigen-presenting cells [15]. The
allergen-specific IgE production completely depends
on the class switch of the immunoglobulin gene in
plasma cells, and this is mediated by a cytokine,
interleukin-4, produced by CD4™ Th2 cells upon the
recognition of allergen-derived peptides in the context
of class Il HLA molecules.

The class Il HLA molecules are heterodimers of the
o and B chains and are encoded by genes in the class
Il HLA region on the short arm of chromosome 6 [16].
The class I HLA molecules are classified into three
isotypes, HLA-DR, HLA-DQ, and HLA-DP. In
HLA-DR, the polymorphic variation is primarily pro-
vided by the B chain, rather than the a chain [17]. On
the other hand, in HLA-DQ and HLA-DP, hoth the a
and B chains are polymorphic, and thus, a variety of
HLA-DQA/DQB and HLA-DPA/DPB haplotypes are
formed [17]. The crystal structures of class Il HLA
complexes with non-self-peptides derived from a plant
have been determined for the HLA-DQ2 -deamida-
ted-gliadin [18], the HLA-DQ2.3 - Gamma-gliadin [19],
and the HLA-DQ8.deamidated-glutein [20,21]. Nine
specific amino acid residues in each peptide are
accommodated in the peptide-binding groove, formed
by the a and B chains.

We previously analyzed the statistical association
between Japanese cedar pollinosis and class [ HLA
alleles and found that the patients possess the
HLA-DP5 (DPA1*02:02 and DPB1*05:01) at a rate
of about 80% [22]. Furthermore, we aiso identified an
immunodominant peptide that induces HLA-D-
P5-restricted Th2 cells, among 38 synthesized
overlapping 13-residue peptides spanning the entire
length of Cry j 1. The minimal peptide sequence for

the HLA-DP5-restricted Th cells was suggested to
be nine residues, 214-KVTVAFNQF-222, of Cry | 1
[22]. Therefore, we thought that the HLA-DP5-asso-
ciated susceptibility to Japanese cedar pollinosis
may be explained by the following phenomenon:
HLA-DP5-mediated antigen presentation of the
major Cry j 1 epitope to Th2 cells producing
interleukin-4, an essential cytokine for IgE produc-
tion by antibody-secreting plasma cells. Subse-
quently, it was reported that a large number of Cry
j 1 and Cry j 2 peptides were associated with various
class Il HLA allelic products. Among the HLA-DP
family members, only HLA-DP5 and HLA-DP2 were
shown to be associated with the Cry | antigenic
peptides [23,24]. However, the structural mecha-
nisms of specific peptide recognition are still
unknown, for not only the peptides of the Cry |
antigens but also those of other pollen antigens. The
only peptide-bound HLA-DP structure available is
that of HLA-DP2 (DPA1701:03 and DPB1*02:01) in
complex with pDRA derived from the self-HLA-DR a
chain [25].

In the present study, we determined the crystal
structure of the extracellular region of the HLA-DP5
(DPA1702:02 and DPB1*05:01) heterodimer, in com-
plex with the Cry j 1-derived nine-residue peptide,
KVTVAFNQF, at 2.4 A resolution. The peptide-bind-
ing groove specifically formed by the HLA-DP5a and
HLA-DP5F chains captures the minimal peptide
KVTVAFNQF with 10 hydrogen bonds, including
those between the negatively charged P1 pocket
and the Lys side chain at the first anchoring position in
the peptide sequence. This binding mode was
confirmed in vitro, by mutations of the Cry j 1 residues
facing the peptide-binding groove of HLA-DP5 in the
crystal structure. Furthermore, we identified the
characteristic residues of HLA-DP5 that are respon-
sible for the distinct properties of the groove, by
comparing the structure of HLA-DP5 and the previ-
ously reported structure of HLA-DP2 (DPA71*01:03
and DPB1*02:01) in complex with pDRA. The
compatrison revealed that the HLA-DP5.Cry | 1
complex forms several hydrogen bond/salt bridge
networks between the receptor and the antigen that
were not observed in the HLA-DP2.pDRA complex.
Thus, the specific HLA-DP-antigenic peptide binding
mechanism has been established.

Resulis

Overall structure of the complex of HLA-DP5
with the Cry j 1 peptide

We prepared a plasmid encoding the HLA-DP5 a
chain extracellular region (residues 1-181) and the
HLA-DP5 8 chain extracellular region (residues 4—189)
with the N-terminus fused to a nine-amino-acid residue
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Crystal Structure of the HLA-DP5¢Cry j 1 Complex.

Table 1. Crystallographic data collection and refinement

statistics

HLA-DP5.Cry j 1(9-mer)

Data collection
Space group
Cell dimensions

a, b, c(A)

a By ()
Resolution (A)
Rsym
lal
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. of reflections
Hwork/ Rfree
No. of atoms

Protein

Ligand

Water
B-factors

Protein

Ligand

Water
rmsd X

Bond lengths (A)

Bond angles (°)

P

61.2, 64.4, 130.4
93.0, 97.5, 109.4
64-2.4 (2.49-2.40)2°
0.116 (0.563)

12.3 (3.05)

97.4 (95.6)

3.5 (3.4)

64.0-2.4
70,445
0.201/0.237

12,380
56
267

29.1
27.6
29.8

0.005
1.07

@ One crystal was used for data collection and refinement.
b Values in parentheses are for the highest-resolution shell.

Cry j 1 peptide (KVTVAFNQF) and co-expressed the
two chains by the baculovirus—insect cell expression
system. It was assumed that the a and B chains of

a
Cry | 1(9-mer}

NT

HLA-DP5 form a “heterodimer” and that the peptide
fused to the B chain is accommodated in the binding
site formed by the two chains. The HLA-DP5-Cry j
1(9-mer) complex was purified and crystallized as
described in Materials and Methods, and the structure
was determined at 2.4 A resolution. The statistics for
the data collection and the refined model is shown in
Table 1. The asymmetric unit of the HLA-DP5-Cry |
1(9-mer) crystal contains four complexes, A, B, C, and
D. Each complex superposed on another with a
root-mean-square deviation (rmsd) value of ~0.8 A
for the C, atoms. Therefore, the structure of complex A
is described hereafter. The a and 8 chains consist of the
al and a2 domains and the B1 and B2 domains,
respectively (Fig. 1a). The a1 and §1 domains form the
peptide-binding cleft, and the a2 and 2 domains form
the heterodimeric interface (Fig. 1a and b). An N-acetyl-
p-glucosamine moiety is attached to Asn118 (a2
domain) in HLA-DP5-Cry | 1(9-mer) (Fig. 1a). The
overall structures of the HLA-DP5 heterodimers are
similar to those of the class Il HLA heterodimers [26],
including HLA-DP2.

In the HLA-DP5-Cry j 1(9-mer) structure, the nine
residues of the accommodated Cry j 1 peptide
(KVTVAFNQF) are clearly visible in the electron
density map and occupy the pi1-to-p9 binding
pockets (Fig. 1b and c). Lys(p1), Phe(p6), and
Phe(pg) are the “anchoring residues”, and their
side chains are buried within their corresponding
pockets formed along the peptide-binding groove of
HLA-DP5 (Fig. 1c). In solution, the purified
HLA-DP5-Cry j 1(9-mer) complex exists as a single
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Fig. 1. Crystal structure of the HLA-DP5-.Cry j 1 complex. (a—c) The HLA-DP5.Cry j 1(214—222) complex structure.
Extracellular domains of the HLA-DP5a and HLA-DP5@ chains are shown as ribbon models in green (a1) and light green
(a2) and in blue (31) and light blue (B2), respectively. The Cry j 1(9-mer) peptide is represented by orange sticks. (a)
Overall structure. (b) Top views of the peptides in the peptide-binding groove. (c) Side views of the peptides in the
peptide-binding groove. The 2F, —~ F electron density maps, contoured at 1.50, are shown as a cyan mesh (before
refinement) and an olive mesh (after refinement) within 1.0 A of the peptide. (d and e) Analytical ultracentrifugation of the
HLA-DP5-Cry j 1(9-mer) complex. (d) Distribution of sedimentation coefficients (s) by sedimentation velocity experiments.
(e) A plot of the sedimentation equilibrium data with the residuals from the best fit to a single ideal species.
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complex species, as revealed by analytical ultracen-
trifugation (Fig. 1d and e).

Binding mode of HLA-DP5.Cry j 1(9-mer)

The Cry j 1 peptide interacts extensively with the
side chains from the HLA-DP5 groove, involving a
total of 10 hydrogen bonds, with four formed by the
p1, p7, and p8 side chains and six mediated by the
p2, p4, p5, and p7 main chains of the peptide
(Fig. 2a). Actually, in common mostly with the
peptide - HLA-DR1 complexes, five hydrogen bonds
are observed between the main chain of the Cry j 1
peptide and the side chains of HLA-DP5: p2 and
Tyr9(a), p2 and Asn80(B), p4 and Asn62(c), p5 and
Lys69(B), and p7 and Asn69(a). Moreover, the other
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five hydrogen bonds are formed between the side
chains of the peptide and HLA-DP5. This binding by
an extensive hydrogen bonding network is in sharp
contrast to the binding of the pDRA peptide with
HLA-DP2 [25] (PDB ID: 3LQZ), which involves
mostly hydrophobic interactions with only one
hydrogen bond (Fig. 2b). A unique feature of the
HLA-DP5.Cry j 1 peptide interactions is that the side
chain of one of the anchoring residues, Lys(p1),
hydrogen bonds with GIn31a and Asp84f (Fig. 2d).
The main chain, but not the side chain, of Val(p2)
hydrogen bonds with TyrSa and Asn80f (Fig. 2d).
On the other hand, the side chain of Thr(p3) forms
hydrophobic interactions with Phe22a and Phe54a
(Fig. 2e). The side chain of Val(p4) also forms
hydrophobic interactions with Phe24, Val72B, and
Met76p3, while the main chain hydrogen bonds with
Asn62a and GIn13B (Fig. 2e). The main chain of
Ala(p5) hydrogen bonds with Lys698 (Fig. 2e). The
side chain of another anchoring residue, Phe(p6),
interacts hydrophobically with Met11a, Leu66a, and
Tyr26p (Fig. 2e). The side and main chains of
Asn(p7) hydrogen bond with Tyr28f and Asn69a,
respectively (Fig. 2f). The side chain of GIn{p8)
hydrogen bonds with Asn68a (Fig. 2f). Finally, the
side chain of Phe(p9) forms hydrophobic interactions
with Leu73a, Phe9B, Leu35p, Val36p, and Trp593
(Fig. 2f). In addition, the side chains of Val(p2),
Thr(p3), and Val(p4) do not fill their corresponding
pockets, indicating that some larger side chains
might be accommodated in these pockets (Fig. 2¢).

Fig. 2. Binding mode of the HLA-DP5.Cry j 1(9-mer)
complex. (a) The hydrogen bonds between HLA-DP5 and
the Cry j 1(9-mer) peptide. The residues of HLA-DP5a and
HLA-DP5§ involved in direct hydrogen bonding are
labeled in green and blue circles, respectively. The Cry j
1(9-mer) peptide is shown as an orange stick model. (b)
The hydrogen bond between HLA-DP2 and the pDRA
peptide (PDB ID: 3LQZ). The pDRA peptide is shown as a
purple stick model. The residue of HLA-DP2a involved in
direct hydrogen bonding is labeled in the purple circle. (c)
Top view of the Cry j 1(9-mer) peptide and the nine pockets
in the peptide-binding groove. HLA-DP5a and HLA-DP53
are shown in green and blue surface presentations,
respectively. The Cry j 1(9-mer) peptide is depicted by
an orange stick model. Details of the Cry j 1(p1-p2) (d),
Cry j 1(p3—p6) (e), and Cry j 1(p7—p9) (f) interactions in the
peptide-binding groove of HLA-DP5 are shown. (a—e) The
hydrogen bonds are represented as broken lines. (g)
Mutant analysis based on the HLA-DP5-Cry j 1(9-mer)
complex. HLA-DP5 was prepared by co-expressing
HLA-DP5a and the Cry j 1-HLA-DP58 fusion protein in
the cell-free synthesis system. Interactions of the Cry j
1(9-mer) mutants with HLA-DP5 were analyzed: His-tagged
HLA-DP5a was captured and stained with Coomassie Brilliant
Blue (top panel), and FLAG-tagged Cry j 1-HLA-DP5@ was
immunoprecipitated and detected by Western blotting (bottom
panel). Representative data from three independent experi-
ments are presented.
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Fig. 3. Comparison of the HLA-DP5. Cry j 1(9-mer) complex with the HLA-DP2.pDRA complex. (a and b) Electrostatic
potential maps of HLA-DP5 (a) and HLA-DP2 (b). Positive potential, blue; negative potential, red. The positions of the P1—
P9 pockets for the Cry j 1 and pDRA peptides are indicated. (c) Superimposition of the HLA-DP5-Cry | 1(9-mer) complex
on the HLA-DP2.pDRA complex. The major structural difference in the backbones of the peptides is indicated with a
broken circle (Site 1). (d—h) Close-up views in stick presentations. Details of the Site 1 (d) and P1 (e), P4 (f), P7 (g), and P9
(h) pockets are shown. (c-h) The peptides and HLA molecules are colored orange (Cry j 1), purple (pDRA), green
(HLA-DP5@), blue (HLA-DP5B), white (HLA-DP2a), and gray (HLA-DP2B), respectively. (i) According to Ref. [25], we
compared the published human and mouse major histocompatibility complex Il structures with a bound peptide with the
total width of the peptide-binding groove (D1), the size of the gap between the peptide and the B chain a helix (D2), and the
distance between the peptide and the floor of the binding groove (D3). (j) Non-conserved residues of the peptide-binding
grooves between HLA-DP5 and HLA-DP2 are shown in yellow. The residues of HLA-DP5a and HLA-DP5g are labeled in
green and blue, respectively, and those of HLA-DP2 are shown in parentheses.

To examine the contributions of the Cry j 1 side
chains to the binding with HLA-DP5a and/or
HLA-DP5, we created five mutants of the Cry j 1
9-mer peptide (Fig. 2g). In this study, HLA-DP5 was
prepared by co-expressing HLA-DP5a and the Cry j
1—-HLA-DP5 fusion protein in the cell-free synthesis
system, since the HLA-DP5a-HLA-DP5B heterodi-

mer was not formed by the co-expression of
HLA-DP5a and HLA-DP5 without the Cry j 1 fusion.
Using this property, we analyzed the interactions of
the Cry j 1 9-mer mutants with HLA-DP5: His-tagged
HLA-DP5a was captured, and the level of HLA-D-
P5a-Cry j 1-HLA-DP5B complex formation was
monitored by the amount of co-precipitated Cry j 1—



Crystal Structure of the HLA-DP5+Cry | 1 Complex.

3021

a
{0P2 group]
HLAHLADE006 DPATG108:04.05 783 b
PER site: green AT prATOLGIInE e
HLA-DP2 reskdue; blue

HLA-DPS residue: orange

HLATRATCENT DPATOLEE 883 by
HLAHLADSEST DPATOLOR0NL04 TR bp
FLAHLALEG0E DPAT'OLIR0L0Z T8 by
HLARLADGAR DPAYOLORGT0S 78S bp

HLAHLADSNE OPATOLOROLER TE by

AT1M,L865
= HLALADOS1T DPATUE0T 653 bp

% HLAGLADASED DPATERELE B0 p w

T72,L73A

HLAHLAL

'{w e
bt ATTH, MM{S{.... s

0.00%

TFE groeun]

0P group]

62
YEFL1iG g wp B
5 I)PB1 1701 ¥ by
YQH G840, HUAHLAOGS48 DPB1'30,01 546 bp
PBEA, Mﬁ?\i HLA HLAGTE34 DPB17137.01 648 bp

HLAHLADGS74 DPB1"55:01 548 b
HEAHLAGTE7Z DPR1*133:01 530
Hu HLABHE DPB 112403 648 by
HLAGOS1 DPB102:02 777 bp
Wil MOM Df’fii 105: 01 717 bp

G,ABBP VETM

HLAGODTS DPB1"55.01 545 bp

RU\:HLAOQM? DF‘81‘02:01:02 Titbpm

HLATHLADISEIE DPB17123:01 848 bp

HUAHLADGEAT DPB1°20:0% 546 bp
0.005 YOFL11 G HLATHLAGZEAT DPBIM0GDT 777 bp

! HLAHLAGHSEZ2 DPBT'G02:01:01 777 bp

HLAHLAG3STS ()984“3?1 7 545 by
HU\ HLAGRESS DPB130.01 777 bp
HLA,W.AOSS i}PB 3401 S8 by
HLAMLAQGEAT DFB1Z3.01 846 by
FLAHLAGESE2 DPB133:01 M8 bp
HLATHLADSRTE3 DPB1°128:01 546 bp
HLAHLAGTTSE DFB1°138:01 857 bp

[DP2 group]

PBR site: green
HLA-DPZ sesiduse: blup
HLA-DPS residue: orange

Fig. 4. Phylogenetic analyses of the HLA-DP alleles. (a)
Phylogenetic tree of the HLA-DPAT alleles. (b) Phyloge-
netic tree of the HLA-DPB1 alleles. (a and b) The NJ tree
was constructed with only synonymous substitutions. Only
the amino acid substitutions that occurred in the PBR were
parsimoniously inferred and placed on or under each
branch. For simplicity, not all amino acid substitutions on
the main branches are shown. Particularly, position 55, 65,
or 69 of the DP chain is not listed in each branch because
of high-frequency replacement. For DPA1, the ancestral
state was determined by a comparison with HLA-DRA.
However, no appropriate outgroup sequence was found
for DPB1, and the ancestral state was inferred from the
extant sequences. Green characters represent substitu-
tions in the PBR. Blue and orange characters indicate
residues of HLA-DP2 and HLA-DPS5, respectively.

HLA-DP5B. Mutations at the p1, p7, and p9 positions of
the Cry j 1 peptide reduced the level of HLA-DP5a - H-
LA-DP5B complex formation (Fig. 2g). The effects of
the p1 and p7 mutations were quite drastic. Lys(p1) is
bound in the deep acidic pocket involving Gin31a and

Asp84p, and its mutation to Glu (Kp1E) caused
repulsion within the pocket (Fig. 2d). The mutation of
Asn(p7) to the longer Gin (Np7Q) may have impaired
the hydrogen bonding with Tyr283 (Fig. 2f). The
mutation of Phe(p9) to Ala (Fp9A) probably weakened
the hydrophobic interaction with the p9 pocket (Fig. 2f).
In contrast, the Tp3Y and Np8E mutations exhibited
negligible effects on the level of complex formation
(Fig. 2g). Actually, the Tyr substitution for Thr(p3) may
be accommodated well in the pocket constituted by
Phe22a and Phe54a (Fig. 2e), while Glu at position p8
may interact with the pocket in the same manner as
Gin(p8) (Fig. 2f).

Properties of the peptide-binding grooves of
HLA-DPs and other class Il HLA molecules

The HLA-DP5-.-Cry j 1 and HLA-DP2.pDRA
complex structures supenmposed on each other
almost perfectly, with an rmsd value of 1.0 A for the
equivalent Cq atoms. In the HLA-DP5 and HLA-DP2
structures, the P1, P4, P8, and P9 pockets are
significantly deeper than the P2, P3, and P7 pockets
(Fig. 3a and b). However, each of the four deeper
pockets of HLA-DP5 has a different position, size, or
charge from that of the corresponding pocket of
HLA-DP2. The bottom of the P1 pocket of HLA-DP5
consists of GIn31a and Asp84f and is negatively
charged (Fig. 3a and e). Therefore, the HLA-DP5 P1
pocket is suitable for accommodating a positively
charged amino acid residue, such as Lys. In
contrast, the bottom of the HLA-DP2 P1 pocket is
hydrophaobic (Fig. 3b and e). The acidic P1 pocket is
also present in some class It HLA structures, such as
HLA-DQ2 [18], HLA-DQ2.3 [19], and HLA-DQ8 [20].
On the other hand, the P4 pocket of HLA-DP5 has a
positive charge (Lys69pB), whereas that of HLA-DP2
has three negative charges (Glu26g, Glué8g, and
Glu69B) (Fig. 3a and b) [25]. The distance between
the P6 and P9 pockets of HLA-DP5 is shorter than
that of HLA-DP2 (Fig. 3a and b); the Tyr28p side
chain shifts toward the P9 pocket and hydrogen
bonds with Asn(p7)(Cry j 1) (Fig. 3g). Furthermore,
the diameter and the depth of the P9 pocket are larger
in HLA-DP5 than in HLA-DP2 [25] (Fig. 3a and b) due
to the differences between Glu55p(HLA-DP5) and
Asp55B(HLA-DP2) and between Leu35B(HLA-DP5)
and Phe35B(HLA-DP2) (Fig. 3h).

We compared the width of the peptide-binding
groove, represented by the distance between
position 62a in the a1l domain and position 698 in
the B1 domain (Fig. 3i) of HLA-DP5 with those of
HLA-DP2 and other class Il major histocompatibility
complex/HLA molecules. The peptide-binding
groove of HLA-DP2 is the widest (16.18 A) [25]. By
contrast, the groove width of HLA-DP5 is 15.08 A
which is close to the average value (15.01 A) [25] of
the other structures. We also measured the distance
between the peptide and the groove floor, as



