L D 0t 0 e B0 T i,

04 M Ohnishi et al.

incidences of bronchiolo-alveolar adenomasfcarcinomas in
the lung by Peto’s test. In the same test, significant positive
trends were shown for hepatocellulur adenomas and combined
incidences of hepatocelluar adenomas/carcinomas. The inci-
dence of bronchiole-alveolar adenomas in the 3200 ppm-
exposed group exceeded the maximum mmor incidence 1n the
historical control data. In addition, the combined incidence of
bronchiolo-alveolar adenomus/carcinomas was significantly
increased in the 3200 ppm-exposed group by Fisher's exact
test, and the incidence exceeded the respective maxirum
tumoer incidence in the histerical control data. Hepatocellular
adenomas were significantly increased in the 200, 800
and 3200 ppm-exposed groups by Fisher's exact test, and
the incidences exceeded the respective maximum tumor
incidence in the historical conwol data. The combined
incidence of hepatocellular adenomasfcarcinomas  signifi-
cantly increased in the 800 and 320Cppm-esposed mice,
andd the tumor incidences in the 200, 500 and 3200 ppm-
exposed groups exceeded the respective maximum tumor
incidences of the historical control data. The hepatocellular
adenomas were well-circumscribed  lesions  compressing
adjacent parenchyma and lacking normal lobular architecture.
composed of well-differentiated hepatocytes (Figure 3D).
Exposure-related, neoplastic lesions other than those listed
in Table 3 were not observed in female mice. No exposure-
related non-neoplastic lesions occurred in any of the
TCLi-exposed groups.

Discussion

This study demonstrated that 2-vear inhalation exposure
to TCE vapor significantly increased incidences of benign
and malignant tumors in several organs of rats and mice.

In male rats, bronchiolo-alveolar adenomas in the lung
and abdominal peritoneal mesotheliomas were induced by
the 2-vear exposure to TCE on the basis of the following
evidence. Incidences of these tumors were increased in a
concentration-dependent manner. with a significant positive
mend. The increase in bronchiolo-alveolar adenomas at the
800 ppm group and peritoneal mesotheliomas at the 3200 ppm
group attained statistical significance by [fisher’s exact test.
Additionally. the incidences of these tumors in the 3200 ppm-
exposed group, as well as the incidence of bronchiolo-alveclar
adenomas in the 800 ppm-exposed group. exceeded the
respective maximum tumor incidences in the JBRC historical
control data.

In male mice, concentration-dependent increase in the
incidences of malignant lymphomas of spleen and Harderian
gland adenomas were evidenced by significant positive
trends. The incresse in Harderiom gland tumors in the
3200 ppm group attained statistical significance by Tisher’s
exact test. In addition, the incidences of umors (spleen and
Harderian gland} in the 3200 ppm-exposed group exceeded
the maximum tumor incidence in the historical control data.

In female mice. concentration-dependent increase in the
incidences of bronchiolo-alveolar adenomas. bronchiolo-
alveolar adenomas/carcinomas combined, hepatocellufar
adenomas and hepatocellular adenomas/carcinomas com-
bined were evidenced by significant positive trends. The
incidences of pulmonary tumors in the 3200 ppm-exposed
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group exceeded the maximum tmor incidence in the
historical control data. The increases of combined incidence
of hepatocellurar  adenomasfearcinomas  in the 800 and
3200ppm-exposed groups attained statistical significance
by Fisher's exact test. [Furthermore, the incidences of
hepatic tumers in the 200, 800 and 3200 ppm-exposed
groups exceeded the maximum incidence in the historical
control data.

In the study of Quast er al. (1988), male and female
of Pischer 344 rats and B6C311 mice were exposed to 0, 150,
500 or 1500 ppm TCE vapor for 6 h/d, Sdfweek for 2 years.
Inhalation exposure of lischer 344 rats 1o 1500ppm TCL
vapor resulted in a slight reduction of the body weights in
females. While very slight microscopic hepatic effects were
seen in the livers of 1500 ppm-exposed male and female rats
necropsied at 6. 12 and 18 months (using 10 rats), hepatic
tmmors were not observed at 24 months (using 50 rats). There
were no toxic effects noted in mice at any exposure
concentrations of TCL, Particularly, there were no indications
of oncogenic effects in rats or mice following the 2-year
exposure of TCL. However, it was noted in the IRIS report
(LS. EPA, 2007) thot the exposure levels were too low,
because the MTID> was pot reached in mice (no adverse effects
observed in either sex) and may not have been reached in rats,

In the present carcinogenicity study of rats and mice,
selection of the highest concentration. 3200 ppm was appro-
priate for evaluating carcinogenic potency of TCL for
the following reasons. First, rerminal body weights of TCE-
exposed rats and mice were less than 10% as compared with
those of respective controls. Second, there was no significant
difference in the survival rate between any of the TCE-
exposed rat and mouse groups and the respective controls
except for the survival rate of 3200 ppm-exposed male mice.
The present data for both 2-year survival rates and the
terminal body weight decrease without any overt manifest-
ation of chronic non-neoplastic lesions in the TCE-exposed
animals can be taken to fulfill the MTD criteria. indicating
that the highest concentrations of 3200 ppm did not exceed
the MTD in accordance with the prediction from the 13-week
inhalation exposure study.

In this study. the tumors which significantly mcreased
in the female mice exposed to 200 and 800 ppm TCE were
hepatocellurar adenomas. Quast et al. (1988) reported that
mice exposed to TCE at the highest dose of 1500 ppm did
not have tumers in the 2-year study. This study used the
Crj: BDF] mice, whereas Quast used the B6C3F1 mice.
Therefore, strain differences may contribute to sensitivity of
TCE hepatocarcinogenicity.

The results of mutagenicity studies for TCE with
Salmonella typhimurium TA100 and TA1535 in the presence
and absence of metabolic activation were positive with vapor
phase (JETOC, 2003a). The vesults of chromosome aberra-
tions in cultured Chinese hamster ovary cells were also
positive (Galloway et al.. 1987}, In addition. the results of
cell transformation assays were positive (Hatch et al., 1983).
Therefare. it is possible that a genotoxic mode of action
operates in TCE -induced carcinogenesis.

Tor the metabolism of TCLE. Schumann et al. {1982}
reported studies on the pharmacokinetics of ¢1 TCE
in male Fischer 344 rats and B6C3F] mice undertaken to
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characterize the disposition of the inhaled chemical over a
wide range of exposure concentrations. The major elimination
route of TCE was via exhalation of unchanged chemicul
in expired air, accounting approximately 94%-98% of the
total recovered radioactivity in rats and 87%-97% in mice
at 150 and 1500 ppm, respectively. In addition, Nolan et al
(1984} reported that over 91% of the absorbed TCL was
excreted unchanged. '

Mesotheliomas are tumors that arise from the serosal
surface of the pleura, peritonsum and pericardiuny, They also
originate from the oil-rich tunica vaginalis of the testis
manifested as a paratesticular mass (Brimo et al, 2010
The octanol—water partition coefficient (TCE: 2.49) of TCE
is higher than the octanol-water partition coefficient (1,2~
dichloreethane (DCEy 1.48. dichloromethane {DCM)Y: 1.3)
(WHO, 2003ab.c). Hence, it would be expected that the
high lipid seluble TCE was concentrated on the serosal
surface of the peritoneum. where it induced mesotheliomas.

The highly significant incidences of peritoneal methothe-
liomas in male rats and hepatocellular adenomas in the female
mice clearly indicate that they were caused by 1'CLi-inhalation
exposure. Of note, the incidences of these neoplastic lesions
are higher than these in the carcinogenicity study in the rats
and mice for inhalation exposure of TCE-related compounds,
DCE (Nagano et al., 20067 and DCM (Aiso et al, 2001},
carried out by JBRC. Moreover, hepatocellular adenomas
were also induced by the administration of RDCL and DCM
in the female mice. and the sex dependence may be related
to the fact that sex differences exist in the reported evidence
of DNA adducts and mutagenesis (JETOC, 2005ab.e).
In addition. NTP reported that oral administration of 1,2.3-
trichloropropane, a related substance of TCL, resulred in the
development of neoplasme of the liver and Harderian gland
in male and female mice (NTP, 1993).

In conclusion, the present study provided clear evidence
of carcinogenicity for TCE on inhalation exposure in rats
and mice.
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ABSTRACT — The human steroid and xenobiotic receptor (SXR), (also known as pregnane X receptor
PXR, and NR112) is a low affinity sensor that responds to a variety of endobiotic, nutritional and xenobi-
otic ligands. SXR activates transcription of Cytochrome P450, family 3, subfamily A (CYP3A) and oth-
er important metabolic enzymes to up-regulate catabolic pathways mediating xenobiotic¢ elimination. One
key feature that demaréates SXR from other nuclear receptors is that the human and rodent orthologues
exhibit different ligand preference for a subset of toxicologically important chemicals, This difference
leads to a profound problem for rodent studies to predict toxicity in humans. The objective of this study
is to generdte a new humanized mouse line, which responds systemically to human-specific ligands in
order 1o better predict systemic toxicity in humans. For this purpose; the ligand binding domain (LBD) of
the human SXR was homologously knocked-in to the murine gene replacing the endogenous LBD, The
LBD-humanized chimeric gene was expressed in all ten organs examined, including liver, small intestine,
stomach, kidney and lung in a pattern similar to the endogenous gene expressed in the wild-type (WT)
mouse. Quantitative reverse transeription-polymerase chain reaction (RT-PCR) analysis showed that the
human-selective ligand, rifampicin induced Cyp3all and Carboxylesterase 6 (Ces6) mRNA expression in
hver and intestine, whereas the munnesselective ligand, pregnenolone-16-carbonitrile did not. This new
humanized mouse line should provide & useful tool for assessing whole bedy toxicity, whether acute,
chronic or developmental, induced by human selective ligands themselves and subsequently generdted
metabolites that can trigger further toxic responses mediated secondarily by other receptors distributed
body-wide.

Key words: Steroid and xenobiotic receptor, Pregnane X receptor; Humanized mouse.
Ligand binding domain, Knock-in mouse

INTRODUCTION oid and xenobiotic receptor (SXR), also known as the
pregnane X receptor (PXR), pregnane ac&i\-’ated receplor
Most orally administered xenobiotics arc metabo- (PAR) and NR1I2 (Bertilsson ef af., 1998; Lehmann ¢/

lized first by the intestine and then by the liver afier por- ol 1998; Blumberg e/ al., 1998). SXR is important in the
tal transport. The expression levels of enzymes involved  field of toxicology for at Ieast two reasons. Firstly, this

in xcnobiotic metabolism arc regulated at the transcrip-  receptor system induces the expression of CYP3A and
tional level by key xenohiotic sensors including the ster- CYP2B enzymes, the major metabolizers of pharmaceu-
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ticals and xenobiotics. Therefore, SXR is a key mediator
of drug- and chemical-induced toxicity as well as ding-
drug and drug-nutrient interactions (Zhou ef o/, 2004),
Secondly, the orthologous rodent and human receptors
exhibit differential sensitivity for a subset of chemical
ligands important in the field of toxicology. For exam-
ple, rifampicin (RIF) ig a specific and selective activator
of human SXR, whereas pregnenolone 16a-carbonitrile
(PCN) is selective for the rodent orthologue.

Rodent-human differences in CYP3A and CYPIB-
mediated responses to xenobiotics can be a profound
problem in toxicologic studies where rodents are used
to predict the toxicity of a compound in humans (Ma ¢/
al., 2007). Therefore, development of a murine model
that reconstructs the SXR-mediated systemic response of
humans is of a great significance in toxicology.

Human and rodent SXRs share ~95% amino acid
sequence identity in the DNA-binding domain (IDBD)
but only about 77% identity m the LBD. Tivona ef of,
(2004) analyzed the ligand sclectivity of a human-rat
chimeric protein and showed that the specics ditferenc-
es are primarily defined by sequence differences in the
LBD. Watkins and colleagues showed that the key resi-
dues responsible for the majority of the ligand selectiv-
ity were Leu 308 (human) and Phe305 (rat and mouse).
Crystallographic analysis located these amino acids with-
in or neighboring the fexible loop that forms a part of the
pore to the higand-binding cavity. Swapping the rodent
and human-specific residues was shown to modulate the
activation by the human-selective activator RIF i vitro
(Watkins e a/., 2001). According to those findings. a
simple replacement of the mouse LBD with the human
sequence should be sufficient to “humanize” the lig-
and binding properties as well as activation of the down-
stream target genes.

Three kinds of humanized mice have already been
generated. One is the SXR-null/AIb-SXR mouse
(AIb-SXR mouse) made by crossing the SXR knockout
mice with a transgenic mouse line that expresses human
SXR in liver under the control of the albumin promot-
er (Xie ¢ al., 2000). Gonzalez and colleagues gener-
ated a transgenic mouse expressing a human BAC con-
taining the entire hSXR gene in a SXR null background,
thus controlled under uman SXR promoter (SXR BAC
mouse) {Ma ef a/., 2007). Another mouse is the human
SXR genome knock-in mice (hSXR genome mouse)
(Scheer ¢f al., 2008). The human SXR genomic region
from exon 2 to exon 9 was knocked-in to mouse SXR
exon 2. This mouse expresses the human full Jength SXR
mRNA under the control of mouse SXR promoter regu-
lation. Although useful for toxicology studies, these mice

Vol. 37 No. 2

have disadvantages in that the human SXR is expressed
only in the liver (AIb-SXR mouse), hSXR mRNA is not
expressed in all of the tissues where SXR is khown to be
expressed (SXR BAC mouse), and there might be poten-
tial differences in the binding affinities of hRSXR DNA-
binding domain (DBD) to cis-acting elements in mouse
SXR target genes (hSXR genome mouse),

As noted above, it is known that the critical differences
between human and rodent ligand-selectivity reside in the
LBD. Therefore, when our project to generate a human-
ized SXR mouse was initiated, we reasoned that altering
the LBD would be sufficient to generate a humanized lig-
and selectivity. We decided to retain the mouse DBD to
avoid any potential differences between the binding affin-
ities of the chimeric receptor for cis-acting elements in the
mouse genome. To maintain the tissuc-specific expression
pattern of the endogenous genc. we inserted the human
cDINA encoding the region carboxyl-terminal to the DBD
into the mouse gene. This retams all of the 57 and 37 reg-
ulatory clements in the mouse gene. as well as introns |
and 2, which contain important elements for regulating
SXR expression (Jung et al., 2006).

Here we report a new line of mouse (hSXRki mouse)
in which a ¢cDNA encoding the human LBD is homolo-
gously recombined into the mouse gene after exon 3.
The tissue distribution of the resulting chimeric mouse
DBD-human LBD mRNA 1s comparable to that of the
WT mouse. The hSXRki mouse showed a fully human-
ized response to the human-selective activator RIF in that
the Cyp3all mRNA was induced in liver and mucosa
of small intestine in response to RIF. but not the rodent-
selective compound PCN. This new mouse line should
provide a useful tool for assessing the whole body toxici-
ty induced by a human selective SXR ligand itself and its
subsequently generated metabolite(s) that can trigger fur-
ther toxic responses through other pathways body-wide.

MATERIALS AND METHODS

Generation of hSXRki knock-in mice

A DNA fragment of mouse SXR intron 2 to exon 3
was PCR amplified using mouse BAC DNA (BAC clone
No. RP23-351P21} as a template. Primers used were
BAC39486FW and mSXR462RV (for sequences of the
primers see Tablel). This tragment was connected to the
1.BD of human SXR cDNA from amino acid 105 through
the carboxy! terminus amplified by the PCR primers:
hSXRI04FW and hSXR1887RVEcoR! (template; human
SXR cDNA). The 3'UTR of bovine growth hormone
{(BGH) was added to 37 to the terminal codon. This con-
catenated fragment was introduced to a vector, which
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Table 1, List of primer pairs

Purpose Primer name

Sequence (510 3')

Tarpeting vector consiruction BAC39486FW CUATGGGTACCACGAATAACAA

mSXR462RV CATGCCACTCTCCAGGCA

hSXRIO4FW AAGAAGGAGATGATCATGTCCG

hSXRI8R7RVEcoR] COGAATTCTCATCATCAGCTACCTGTGATACCGAACA
Genotyping NeoALZ GGGGATGUGGTGGGCTCTATGGCTT

SXR RC RVS TGAGAGTGCACAAGTTCAAGCT

WTnts AGTGATGGGAACCACTCCTG

WTExORY TGGTCOTCAATAGGCAGGTC

nhSXRE4 GTGAACGGACAGGGACTCAG

mhSXRSARV CTCTCCTGGUTUATCCTCAL

Percellome guantitative RT-PCR - Cyp3all TW

Cyp3all RY

Cest FW

Cesa RV

mouse SXR W

mouse SXR RV

human SXR FW
hurman SXR RV
mouse-human SXR FW

CAGCTTGGTGCTCCTCTACC
TCAAACAACCCCCATGTTIT
GGAGCCTGAGTTCAGGACAGAL
ACCCTCACTGTTIGGGGTTC
AATCATGAAAGACAGGGTTC
AAGAGCACAGATCTTTCCG
ATCACCCGGAAGACACGAC
AAGAGCACAGATCTTTCCG
CCCATCAACGTAGAGGAGGA

has the neomycin resistance gene -with loxP sequence
at both ends, removable with Cre recombinase (Saga ¢t
al, 1999). A 7kb Kpnl fragment containing intron 2 was
used as a long arm and 1.3k Pstl-EcoRI fragment con-
taining from exon 8 to intron 8 was used as a short arm
for homologous recombination (Fig. 1). The resulting tar-
geting vector was linearized with Sacil and introduced
by electroporation to TT2 ES cell line (Yagi ef al., 1993)
and neomycein resistant clones weie selected. PCR geno-
typed, and confirmed by the Southern bloiting. For gener-
ation of chimeric mice, these ES clones were aggregated
with TCR 8-cell embryos and transferred to psendopreg-
nant female recipients. The chimeric mice born were bred
with TCR lemales. Germ line transmission of the targeted
allele was confirmed by PCR. A mouse was crossed with
a CAG-Cre transgenic mouse (Sakai and Miyazaki, 1997)
to evict the neamycin resistance gene, and back crossed
o CS7BL/6 CrSle (SLC, Inc., Shizuoka, Japan) at least 6
generations and used for the analysis.

PCR Genotyping
(See Table 1 for primer sequences)

Primers for identification of homologously recom-
bined ES clones were NeoAL2 and SXRRC RV3. DNA
purified from the tail of each mouse was used for PCR
genotying. Primers for WT detection were WTIntS und
WTERGRVY amplifying a product of 755 bp. Primers for

confirmation of removal of the ncomyecin resistance gene
were mhSXRE4 and mhSXRSARV amplifving a product
of 1,223 bp.

Southern blot analysis

To confirm homologous recombination, DNA from
ES cell eultures was purified and digested with BamHI
and Xhol, then electrophoresed and analyzed by South-
ern hybridization (Saga et al., 1997). Mouse SXR exon
9 region which remains after homologous recombination
was used for the probe. The restriction fragments from the
WT allele and targeted allele are 2,305 bp and 1,925 bp,
respeclively.

Chemicals

RIF (molecular weight §22.95) and PCN (molecu-
lar weight 341.49) were purchased from Sigma-Aldrich
{8t. Louis, MO, USA). Corn o1l was purchased [rom
Wako Pure Chermcal Industries {Osaka, Japan),

Quantitative RT-PCR (Percellome PCR)
{See Table 1 for primer sequences)

The method lor Percellome quantitative RT-PCR
was deseribed previously (Kanno éf al.. 2006). Briel-
ly. tssue pieces stored in RNAlater (Ambion, Austin,
TX, USA) were homogenized and lysed in RLT buifer
(Qiagen GmbH., Germany) and-10 pl aliquots were used

ol. 37 No. 2
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Fig. I, Targeting strategy uscd to gencrate the hSXRKi mouse. A) Diagram of hSXRi chimeric protein. inge region and ligand
binding domain (LBD) of human SXR are knocked-in lo mouse SXR, resulting in chimeric protein having murine N-ternial
domaim and DNA binding domain (DBD). B) Targeung stralegy used Lo generate the hSXRki mouse. The chimeric mouse
DBD and human LBD fragment. followed by the BGH 37 UTR were knocked-in to the mouse SXR gene. The genomic
region spanning from exon 3 to cxon & was substituted by the inserted fragment with the remainder of the gene remaining
intact. €) Confirmation ot homologous recombination by southern blot analysis. Six ES clones positive for recombination
by PCR genotyping were further analyzed by southern blot (clones #4 ~ #101). Tower bands (1925 bp) indicate successtul
homologous recombination; upper bands (2303 bp) correspond to WT allele. Clones (4, #25, {132, 77 and /101 were con-
firmed as homologous recombinants; clones #4 and #25 were used for the generation of chimeric mice. D) Conflirmation of
Cre-mediated removal of the neomycin resistance gene. Mouse tail genome DNA was PCR amplified with the primer set,
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without the ncomyein resistanee genc).
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for genomic DNA quantification with PicoGreen flu-
orescent dve (Invitrogen, Carlsbad, CA, USA). A pre-
pared spike mRNA cocktail solution containing known
quantity of five mRNAs of bacillus subtilis was add-
ed to the tissue lysate in proportion to the DNA guan-
tity. Total RNA was purified from the lysate using the
RNeasy kit (Qiagen). One microgram of total RNA was
reverse-transcribed with SuperSeript I (Invitrogen).
Quantitative real time PCR was performed with an ABI
PRISM 7900 HT sequence detection system (Applied
Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems), with initial denaturation at 95°C
for 10 min followed by 40 cycles of 30 secat 95°C and
30 sec at 60°C and 30 sec-at 72°C, and Ctvalues were
obtained. Primers for Cyp3all were Cyp3all FW and
Cyp3all RV. Primers for Cesé were Cest FW and Cesb
RV. Primers for mouse SXR selective guantification were
mouse SXR FWand mouse SXR RV Primers for h8XRki
sclective guantification were human SXR W and human
SXR RV, Primers for both mouse SXR and hSXRXki guan-
tification were mouse-human SXR FW and mouse-human
SXR RV that amplify the DBD region of the ¢himern

in 8itu Hybridization analysis

Digoxigein-labeled cRNA probe for Cyp3all was syn-
thesized according to Suzuki er ol (2005) by RT-PCR
using mouse liver cDNA as a template. The primers used
were as follows: forward 3’ -GATTGGTTTTGATGCCT-
GGT-37 and reverse 5'-CAAGAGCTCACATTTTTCAT-
CA-3". The amplified product was sequence confirmed

160,00 S R . S
< Wild Type (n=2, —:mean)
= ¢ hSXRki (n=2, —mean) ,
£ 900 o oL 8
o P
[& % .
5 1.00 ,} -
£ ; s
s T + 7
B o000 e
o
]
0.0%

Brain  Thymus  Hearl Lung Liver

Fig. 2.

and ligated with Block-iT T7-TOPO (favitrogen) Link-
er, which contains the T7 promoter site. A secondary PCR
was performed 1o generate the sense and antisense DNA
templates. For antizsense template, Block-i'T T7 Primer
and Cyp3all forward primer (or reverse primer for gen-
eration of sense DNA template), the same primer as for
the first PCR amplification, were used. With these DNA
templates, both sense and antisense digoxigenin-labeled
riboprobes were synthesized using a DIG RNA labeling
kit {Roche Diagnostics, (Germany) according to the manu-
facturer’s protocol.

[SH on paraffin sections was carried out according to
Suzuki e/ gl with a modification; permeabilization con-
dition 98°C for 15 min in HistoVT One (Nacalai tesque,
Japan).

Animals experiments

Male hSXRki and WT mice wore maintained under a
12 hr light/12 hr dark cycle with water and chow (CRF-1,
Oriental Yeast Co. Ltd., Tokyo. Japan) provided ad libi-
fum, The animal studies were conducted in accordance
with the Guidance for Animal Studies of the National
Institute of Health Sciences under Institutional approval.
The expression level of the hSXRki and WT SXR mRNA
of ten organs {brain, thymus, heart, lung, liver, stomach,
spleen, kidney. small intestine and testis) were analyzed
on 15 weeks old male mice (n = 2) by the Percellome
quantitative RT-PCR.

For the demonsiration of selective gene induction by
RIFand PCN in hSXRki and WT male mice on 13 weeks

o

Kidney  Smali  Testis

intesting

Stomach  Spleen

“ DLPCR detection imils of each organ

Conservation of tissue oxpression patterns of hSXRki mRNA in the knock-in mouse. Percellome guantitative RT-PCR anal-

ysis was performed Lo measure the absolule expression levels of WT SXR mRNA and hSXRki mRNA in ten organs of WT
and hSXREi mice. The expression levels of hRSXRki mRNA among organs were comparable 1o WT
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old, three mice per group were singly dosed orally with

vehicle (corn oil-+0.19% DMSO}, 10, 30, or 100 mg'kg of

RIF, or 20, 70, or 200 mg/kg PCN (approximately equiva-
lent in molar dose). Eight hours later, mice were sacrificed
by exsanguination under ether anesthesia and the liver
and the small intestine mucosa were sampled. Liver sam-
ples in small pieces were stored in RNA later (Applied
Biosystems, Foster City, CA, USA) for further analysis.
The small intestine under ice-cooled condition was lon-
gitudinally opened, gently rinsed with RNase-free saline
and the epithelium was seraped with a glass slide and
immersed in RNAlater, For in sity hybridization (ISH)
of Cyp3all in the liver, 15 weeks old male hSXRki and
WT mice were dosed orally with vehicle (corn oil), RIF
(10 mg/kg), or PON (40 mg/kg) daily for 3 days and liv-
cr sampled 24 hr later, All mice were sacrificed by cxsan-
guination under cther anesthesia,

Statistical analysis

All values are expressed as the means + 8D, and group
differences analyzed by unpaired Student’s 7 test or one-
way ANOVA followed by Dunnett’s post hoc compari-
son. Level of significance was set at p < 0.05.

RESULTS

Generation of h8XRki knock-In mice

Among 144 neomycin resistant TT2 ES clones, six
PCR positive clones were further submitted to Southern
blotting for the confirmation of homologous recombina-
tion. As shown in Fig. 1C, five clones were confirmed,
and two (#4 and #25) were used o generate chimeric
mice. The resulting mice were backerossed to ICR strain
to confirm germline transmission. One clone (#4) was
crossed to a mouse constitutively expressing Cre recom-
binase to remove the neomycin resistance gene (Fig. 1D)
and backerossed to CS7BL/6 CrSlc for at least 6 genera-
tions before further analysis.

Tissue distribution of hSXRki mRNA

Ten tissues, i.e., brain, thymus, heart, lung, liver, stom-
ach, spleen, kidney, small intestine and testis from both
hSXRki and WT mice were measured for hSXRki or
WT SXR mRNA expression by the Percellome quantita-
tive RT-PCR. As shown in Fig. 2, the levels of hSXRki
mRNA are comparable to that of SXR in WT mouse and
expressed in all tissues analyzed.

Humanized responses in hSXRki mouse

Humanized response of hSXRki was demonstrated by
administration of the mouse-specific ligand PCN and the
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Humanized response ol h8XRki mice to RIF and
PCN; Percellome gquantitative RT-PCR. WT mice
and hSXRki mice (n ~ 3 each) were singly dosed
orally with vehicle (com oil+0.1% DMSO), 20, 70,
or 200 mg/kg PCN, or 10, 30, or 100 mg'kg of RTF
{approximately equivalent in molar dose each other).
Percellome quantitative RT-PCR data of Cyp3all and
Cexsh, both known as SXR target genes, in liver and
small intestinal mucosa showed humanized respons-
es in hSXRk1 Bars = 8.D., *; p < 0.05, **, p< 0.01
comparcd with vehicle group of WT. 7 p = 0.05, #4;
p < 001 compared with vehicle group of hSXRKki.
Analyzed by one-way ANOVA [ollowed by Dunnett’s
post hoe comparison. Level of significance was set at
p < 0.03.
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ISH of Cyp3a11

Vehicle

RIF

PCN

Wild

Fig. 4.

hSXRKi

Humanized response of hSXRki mice to RIF and PCN: fu sizn hybridization for Cyp3all mRNA in liver. A DIG-labeled

¢RNA probe for Cyp3all was hybridized and developed for purplish blue chromogenic reaction. Histologically, Cyp3all
induction was localized around the central veins in both mice with species-specific ligands, respectively.

human-specific ligand RIF to the mice. Induction of the
well-known SXR-regulated genes, Cyp3all and Ces6
was monitored by Percellome quantitative RT-PCR. As
shown in Fig. 3. in the liver and small intestinal mucosa,
RIF, but not PCN, induced Cyp3all and Ces6 in hSXRki
mice (closed column), whercas PCN exclusively induced
these genes in WT mice (open column). ISH of Cyp3all
of the liver also showed humanized responscs in hSXRki

mice (Fig. 4).

DISCUSSION

We generated a new humanized mouse model in which
the ligand binding domain (LBD) of human SXR was
homologously knocked-into the murine SXR gene so that
syslemic response induced by human-selective SXR lig-
ands can be monitored in mice. Firstly, we showed that
mRNA from this chimeric gene was expressed at appro-
priate levels in the same tissues as the endogenous mouse
SXR gene in WT mice. Then the humanized response
of the mouse was confirmed by monitoring its response
to the human-selective activator RIF, and the lack of
response to the rodent-selective acuvator PCN.
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There are relatively few reports about the regulation of
SXR expression to date. Aouabdi ez af, (2006) reported
the presence of'a PPAR alpha binding site 2.2 kbupstream
of the transcription start site in human SXR. This site cor-
responded to the induction site with clofibrate in the rat

and they further confirmed its importance using human :
line (Huh7). Jung ¢z af. {20006) report-

liver cancer cell
ed the presence of four FXR binding sites in intron 2 of
the mouse SXR gerie that were required for FXR regula-
tion of SXR expression: This intron 2 region is complete-

ly intact in our hSXRki mouse. Therefore, the regulamom

by FXR should be preserved in our mice.

Compared to the previously generated humanized Alb-
SXR, SXR BAC, and hSXR genome mice, we contend
that our hSXRki moeuse. Ems an advantage bccausc thg
human-mouse chimeric gene is c:xplcascd in the same txs—
sucs and at similar levels to endogenous SXR in WT mice
under control of the mouse promoter. This feature would

make this model suitable not only for systemic toxici-

ty but also toxicity at various stages of development of
the embrye and fotus, maturation of infant, and of senes-

cence, where the eis and frans regulations might be crit-

ical in its regulation (Sarsero et al., '90,4\) (Konopka ef
al., 2009). Thus, we bshf:vp that our system has a broader
application range for toxicological studies.
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Abstract

Background: Imperfect sensitivity of interferon-y release assay {IGRA) is a potential problem to detect tuberculosis. We
made a thorough investigation of the factors that can lead to false negativity of IGRA.

Methods: We recruited 543 patients with new smear-positive pulmonary tuberculosis in Hanoi, Viet Nam. At diagnosis,
peripheral blood was collected and IGRA {QuantiFERON-TB Gold In-Tube} was performed. Clinical and epidemiological
information of the host and pathogen was collected. The test sensitivity was calculated and factors negatively influencing
IGRA results were evaluated using a logistic regression model in 504 patients with culture-confirmed pulmonary
tuberculosis.

Resufts: The overall sensitivity of IGRA was 92.3% {95% Cl, 89.6%-94.4%). The proportions of IGRA-negative and -
indeterminate results were 4.8% (95% Cl, 3.1%-7.0%) and 3.0% {95% Cl, 1.7%-4.9%). Age increased by year, body mass
index <16.0, HIV co-infection and the increased number of HLA-DRB1*0701 allele that patients bear showed significant
associations with IGRA negativity (OR = 1.04 [95% Cl, 1.01-1.07], 5.42 [1.48-19.79], 6.38 [1.78-22.92] and 5.09 [2.31-11.22],
respectively). HIV co-infection and the same HLA allele were also associated with indeterminate results (OR=99.59 [95% ClI,
15.58-625.61] and 4.25 [1.27-14.16]).

Conclusions: Aging, emaciation, HIV co-infection and HLA genotype affected IGRA results. Assessment of these factors
might contribute to a better understanding of the assay.
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Introduction

Tuberculosis (TB) remains a disease of serious concern: one
third of the global population is infected with Adycebacteriom
tmberculosis MTRB) and eight to ten million people develap the
discase every year [1]. The primary step ta control TB s detecting
infection by a sensitive test.

Recently, an immunoassay that measares interferon (IFN)-y

response o MTB-specific antigens {interferon=y release assay;
TGRA has been developed. Studies on the use of IGRA i paticnts
with active 1B have had two purposes: {1} to evaluate performance
of TGRA i latent TR infection (ITBI) using active TB as &
swrogate, and {2) to determine whether IGRA plays a supple-
mentary rale in the exclusion of active TB disease in optimal
setting [2 4.

IGRA use In diagnosis of L'TBI has been established and
supported by European and American guidelines [3,6], whereas its
use has not been recommended to rale out acuve discase
particularly in high-burden countries, because of low sensitvity
and low negative predictive values [7,8]. Conscquently. so far the
sensitivity of TGRA varies from 64% to 92% [3], but the number
of reports from high-burden countries is limited.

Linperfect sensitivity is a potential problem when using this assay
3] (‘7((,"[“1‘> ],T};I as \\'(_'“ as I’l(“i\’(‘ TR n“(f h) ”l(' 'Hl'k ()r a g'(]l(l
.‘i|1-|,1l(‘flr(l r{)T\ ].T};I ‘[(i(‘ll"lﬁ(,'}]l;l"]. ”H'(_’hil”i‘\lnﬁ ‘)\ \\'llit‘ll I(IRF\
gives false-negative results m L'TBIL are largely unknown [2.3].
Tdentification and characterization of factors that lower the test
sensitivity, by using active 1B padents as a surrogate for LI'BIL
suspects. would delineate active TB-disease specific and non-
specific mechanisms that underlie false negative results of IGRA,
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At present, howsver; there is no comprehensive report on
relevant factors including extent of 'I'B lesions, malnuuition, aging,
HIV co-infection, and M'I'B strains. Inherent genetic variations
are also candidare factors affecting TGRA results. Among these,
polv: morphmn of human levkocvte antigen (HLA} 15 classically
known to influence 1-cell immune response and determines 1EN-7
concentrations after stimulation with- MTR anrigens [U]. Tn thm
study, we thus attempted to investigate host- and pathogen-related
tactors that may influence IGRA results obtained from more than
300 patienis with active TB in Viet Nam.

Methods

Ethics statement ; ,
A written informed consent was obtained from each participant.

The study was approved by ethical commitiees of the Ministry of

Healith, Viet Nam and National Cimu for Gl(r ml Healil and
Medicine, Japan respectively,

Study population

This study is & part of our pr mpttvi‘

tve study on active TB in

Hanoi, After signing informed consents, unrelated patients
with smear-positive pulmonary TB, equal to or more than 16 vears
of age, and without history of TB treatment, entered this study
from July 2007 to March 2009, Information of no previous TB
treatment was based on self-declaration of padents ‘md documents
in district TB centers: :

All had’ sputum smear-positive TB. Solid MTB euliure on
Livwenstein-Jensen media was available 1 98. 215 and confirmed
the diagnosis in 504 patients (92.8%). The stfusulvity and risk-
factor analysis was made in these culture-confirmed pulmonary
TB cases, although chnicians diagnosed all 543 patients as active
pulmonary TB and treated them with anti-TB drugs based an the
guidelines of the national TB program. Spoligotyping was used to
distinguish MTB genotypes including Bejjing strains [10]. At
diagnosis before anti-TB treatment, the periphieral blood was
drawn for testing complete bloed count, HIV, IGRA and HLA
genotyping. Afier 2 manths of treatment, [GRA was tested again,
Chest Xeray {ilms were interpreted by two readers independently

of IGRA results:

IGRA

In this study, ELISA-based IGRA, QuantFERON-TB Gold
Tn-TubeIM QFT-ITy (Cellestis, Victoria, Australia), was used
[11]. The QuandFERON-TB  Gaold
Analysis Software, version 2,50, Cellestis; provided by the
manufacturer were strictly followed for interpretation of the
results [T, The testing procedure was carefully monttored [12]
and quality control of the test was done In each run, following the

> algoritho and  software

nmnuﬁaumm § instructions, For analysis of TFN-v values higher
than 10.00 TU/ ml, the truncated value {100 TU/mly wiis used as
indicated in the current soltware.

HLA typing

Genomic DNA was extracted from the whole blood by using the
Q’IAam]:sTM DNA Blood Midi Kit {QIAGEN Sciences, German-
town, MD, USAL DNA-based HLA ryping was performed by
Luminex Multi-Analyte meﬂ‘ng system (xXMAP) with WAKFlow
HLA typing kit {Wakunaga, Hiroshima, Japan? as described [13].
Bricfly, highly polymorphic ecxon 2 of HLA-DRB1 and -DQRI
genes were amplified, Lach PCR product was hybridized with
sequencesspecitic sligonucleotide probes, complementary to the

=spocilie sequences.

allele

PLoS ONE | wwwiplosone.org

using o ch( hotomeus oulcome variah

False-Negative Results of IGRA

Linkage disequilibrium analysis and binding peptide
prediction for HLA alleles. ,
CHaploview vérsion 1.2 (Broad Tnstiiie, Clambridge MAY was
used to caleulate indicators of linkage di‘-}:*quiiﬂ‘n‘imn: D and
bewween HLA-DRB1 and--DOBIT allcles [14,

‘Lo predict peptides in the protein sequence 'Ji L‘; AN1-6, (
and TB7.7 capable of binding 10 a given HI. ADRRET
sifice, we used the ProPred database [l()J 71 withia thres
3%, a recommended selting.

?lPlD

Statistical analysis ~

Factors negatvelv. influencing  IGRA results were  inidally
y ¢ analysis and then further investigated by
nultivartate analysis wsing a polytomous logiste regression maodel,
with  TGRA-ne
vartables and factors that may be involved in host immunity and
disease 1s1n1df>pmde‘irm1 iables. Another logistic regression model

screened by anivark

ive and -indeterminate resolls as oulcome

. non-positive negative and

ersus positive resulis, was alse tested. Odd rario
x()R, and 95%_ eonfidential interval [CT; were thus calcolated.
HLA candidate alleles were initally screencd by comparison of
allele frequencies between IGRA-negative and -po»tlu groups,
and then further mvestigated by the logmlc regression. model
mentioned above,

Fisher's exact test was used to detect associations. Bonfen oni's
correction: was - applied to correct multiple comparisons of
association with HLA alleles. Distribution. of TEN-y values was
represented. by using median with' interquartle range (IOR).
When a value was higher than® 10,00 IU/ml; truncared values
{10.00°TU/ml; were presented and a quantle value based on
ﬁxtmp«)laimn was supplied only as parenthetical. Wilcoxon vank-
sum test and Kruskal-Wallis test were wsed (o compare non-
paramietric distribution of two groups and more than two groups,
respectivelv. £ value <0.05 was considered to be statisdcally
significant, unless otherwise specified. Statistical analysis was
perforimed using Stafa version 10 (StataCorp. ClollegeStation,

Results

Characteristic of the study population

Data including QFT-IT results. were analyzed in 504 new
patients with- culture-confirmed pulmonary TB. The median age
was. 38.9, the pmpoztmn of male patients was 79.2%, and HIV
was positive in 8.7% of the cases. Body mass index zBf\’Hg showed
that more than 50% of the patients were underweight, following
the categorization on the basis of international guidelines [l J
{fiable 11

QFT-IT results ,

T 304 patients tesied, the overall sensitivity of QFT-TT was
92.3% (95% CIL. 89.6° 04 4% 1, but decreased to 61. 4%, {95% CL,
45 5% -73.6%} in HIV-infected patients {table 23 The pr opmﬁom

al QI'l ylvl‘-ux‘s;miv(* and -indeterminate resulls were 1.8% ( 95%
(.‘1 3.1%-7.0%: and 3.0% (95% CL 1.7% 4.9%} respectively. All
of the 15 indelerminate cascs had low response 1o phyvtohacmag-
glutinin (IPHA, or mitogen) and TB-Ag alier subtracting Nil valuc
FIBAg-N (0,20 [IOR, 0.04 0.34] [U/ml and 0.03 [IQOR, 0,01
0.06] TU/enl, respectively), Compared with the patients whe had
it iimv with negative results were sigmficantly
older fmedian ager 489 TOR, 35.2-62.6] vs 3890 [IOR, 29.1-
50.6], P=0.030 md had significanily lower BMT muha 5 BMT:
16.6 [TOQR, 1 L}—-]z G vs 183 [16.9-10.7] ku/m P=0.0001;

{table not sll(nm;.

wisitive resulls,
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Table 1. Characteristics of patients with smear-positive/
culture-positive pulmonary tuberculosis (n=504).

Number %

79.2

Sex

Body mass index

185249 218 43.2

Smoking habit Smoker 3925

Non-smoker

Underlying discase other than HIVY  None

Negative 459 1.1

Lymphocyte count =1,000/mm3 442 87.7

Not available 2 04

10R: inter-quartile range, HIV: human immunodeficiency virus; TB: Tuberculosis;
#Includes dizbetes mellitus, gastrectomy, gastric ulcer, renal failure and gout
(hyperuricemia).

doi10.1371journal pone.0023806.1001

HLA-DRB1 and HLA-DQBT1 alleles and IFN-v responses

Since QFT-IT is based on T-cell response 1o MTB-specific
antigenic  peptides that are presented with MHC ¢lass 11
molecules, we investigated the role of HLA-DRBI and -DOB]
alleles. Among seven most common HLA-DRBI and -DQBI
alleles tested in the population [15], the allele requencies of HLA-
DRBI*¥)701 and DOBI*6201 in the testnegative group were
significanthy higher than that of the pesitive group (P<<0.0001 and
P=0.001, respectively, which remained sgnificant after Bonfer-
roni’s correction) {table 31

Nonrandom  association  between  HLA-DRBI*0701  and
DORI#0202 was fested and HLA-DRBIF0701 was found to be
in moderate linkage disequilibrivim (LD} with HLA-DQBI*0201
allele (I’ = 0,608 and r” = 0.235} {table not shown). The TBAg-Nil
valuies of TFN-y in the HLA-DRBI*0701-negative/ DOB1*0201-

False-Negative Results of IGRA

positive group were not significantly lower than those in the both
negative  group (6.6 TU/ml [T()R 9851000 16, Uﬁq ¥

756 TU /il [TOR, 2.58-10.00 (VLB7Y], P=0. L)XQ‘ \\hn: as e
IFN-y ~values o the HLA-DRBI*0701- pn\il%\n/r)QB]*(}‘}( 1-
negative group was signilicantly lowsr han those in ilic both
negative proup (230 TU/ml JOR, 1.29=104] vs 7.76 T/l
H(ZR: 9 58-10 ,l)U {14873], P<0.001) fable noe shown),

TBAg-Nil values of all four patients with two HLA-DRB1*0701
alleles thomozygous for HLA-DRBI*0701) were below 0,35 1U/
ml orthe cutoff value; three negative, one mdeterminate and none
hiad posilive resulis. In paticrts with one HLA-DRBI*0701 allcle
(hewrozyeous for HI. %—DRP%*UMH’ proportions of nogativel
indeterminate and positive results were 9.4% (5753}, 7.6% {4/ JB!
and 83.:0% (14/5%). Tn paticnts with no HL >5\ DRBI*0701 allc sles
(homozygous for non-HLA- DRPI*O/{H} L proporiions were
3.6% (1674475, 2.2% {10/447) and 94.2% ;&21!44?} respectively.
Overall disiribution of QFT-TT resalts was significantly different
among HEA-DRBI#0701 genowypes (P=0.0001). The effeet of
twa HLA-DRB1*0701 a}lhles on Q_l* T-IT negativity was sigmifi-
cant {3/4 vs 16/447, P=0.0002), whereas the effect of one HLA-
DRB1#0701 allele on QFT-IT negativity was weaker than that of
two HLA-DRBI#0701 alleles (5/53 vs 3/4, P= 0.007; and did not
reach significant levels (5753 v 16/447, P=0.06; when “no
alleles” was regarded as a category for reference purposes.

Distribution of IFN-y values may provide informition about the
mechanisin by which false negative resulis are observed, We
reviewed the relationship between IFN-y values and HLA-
DRBI#0701 genatypes (Figure 1. HLA-DRBI*0701 genotype
significantly aflected TB-Ag xpCClﬁt IEN-¥ response {TBAg-NIlj
(P=0.001% The IFN-y values in patiens with two HLA-
DRBI*0701 alleles {homozygous for HLA-DRB1*0701) sere
significantly lower than thoese in patents with one HLA-
DRB1#0701  allele (héterozygous for HLA-DRBI#0701;
013 TU/ml [IQR, 0.06-0.26] vs 1.91 1U/ml [TOR, 0.65-4.21],
P=0.0081. As a reference; the median of IFN-y values in patients
who did not bear any HLA-DRBI#0701 alleles was 7.59 TU/ml
[IQR, 2.63-10.00 (14.92)].

No association  was clinically  observed  between  HLA-
DRB1#0701-containing genotype and disease severity assessed
by cither cavity or infiltrate on CXR respectively (data not shown).
QFT-IT test was performed agam after two months of anti-TB
treatment in 17 out of 19 HIV-negative patients with QFI-1T-
negative results. All 7 patienis who carred oné or twe HLA-
DRBI*0701 alleles showed negative resulis again, . whereas it
remained negative only in 6 out of 10 patients without carrying the
HLA allcle, though this difference did not reach significant levels
(P=0.103. ‘

Analvsis of 31 HLA-DR alleles ;rsgmmr d on the ProPred
ditabas aled that the average number of epitopes predicied
in the ov exall amino acid sequences of ESAT-6 {95 amino acids),

Table 2. QFT-IT results and HIV status in smear-positive/culture-positive pulmonary TB patients.

Positive Negative

All (n=3504)

HIV negative (n=453) 437 95.2 (92.8-97.0) 19

4.1 (25 6.4} 3

Indeterminate pe

0.7 {01 1.9)

*Comparison was made between HIV-positive and HIV-negative groups.
doi:10.1371/journal pone 0023806.:002

PLoS ONE | www.plosone.org

QFT-IT: QuantiFERON-TB Gold In-Tube; HIV: human immunodeficiency virus; TB Tuberculosis; Cl: Confidence interval,
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False-Negative Results of IGRA

TB Ag-Nil (IU/ml)

doi10.1371/journal pone.0023806.:003

Non-*0701/

Non-*0701 *0701

Non-*0701/

*0701/ HLA-DRB1*0701
*0701 genotype

Table 3. Frequencies of HLA class Il alleles and QFT-IT positive/negative results,
Allele name Number of alleles {% [95%CI]} =
Total IGRA positive IGRA-negative
2ni=1008 2n =930 2n=48
HLA-DRB1
1202 337 (33.4 [30.5-36.4)) 318 (342 [31.1-37.3]) 11 (229 12.0-37.31) 0119
0901 129 (12.8 [10.8-15.0)) 112 (12.8 [10.7-15.1)) 6 (125 [4.7-25.2]) >0.999
0701 61 (6.1 [4.7-7.71) 44 (4.7 [3.5-6.3]) 11 (229 2.0-37.3]) <0.0001
1502 59 (5.9 [4.5 7.5) 53 (5743 74)) 5(104 [3.5 22.7]) 0.198
0301 54 (54 [4.0-69]) 49 (53 [3.9-6.9]) 4 (83 [2.3-20.0]) 0324
0803 53 (53 [4.0 6.8]) 51 (55041 7.0 0 (0.0 [0.0-741) 0.170
1001 51 (5.1 [3.8-6.6)) 49 (53 [3.9-6.9]) 2 (42 ([05-143)) >=0.999
others 264 (26.2 [23.5-29.01) 247 (26,6 [23.7-23.51) 9 (18.8 [8.9-32.61) 0312
HLA-DOB1
0301 383 (38.0 [35.0-41.1)) 361 (38.8 [35.7-42.0]) 12 (25.0 [13.6-39.6)) 0.067
0303 152 (15.1 [12.9-17.4)) 138 (14.8 [12.6-17.3)) 3 (18.8 [8.9-32.6)) 0414
0501 94 (93 [76-1131) 87 (94 [7.6-1141) 6 (12,5 [4.7-25.21) 0448
0201 92 (9.1 [74-11.1]) 74 (8.0 [6.3-9.9]) 12 (25.0 N3.6-39.6]) 0.001
0502 81 (80 [64-99)) 76 (8.2 [6.5-10.1)) 3(63[13-172)) >0.999
0601 70 (69 [5.5-8.71) 68 (73 [5.7-921) 0(0.0[00-74]) 0.072
0401 42 (4.2 [3.0 5.6]) 40 (43 [3.1-5.8)) 1 (2.1 [0.1-11.1]) 0.717
athers 94 (93 [7.6-11.3]) 86 (9.2 [7.5-113]) 5(104 3.5-2271) 0.797
*Comparison was made between QFT-IT-positive and -negative groups. After Bonferroni's correction, P <0.006 was statistically significant, considering the number of
comparisons.
*allele number is shown.
HLA: Human leukocyte antigen; QFT-IT: QuantiFERON-TB Gold In-Tube.

Figure 1. IFN-y response to TB antigens stratified by HLA-DRB1#0701 genotypes in smear-positive/culture-positive pulmonary TB
patients (n=504). HLA-DRB1*0701 genotype significantly affected TB-Ag specific IFN-y response (TBAg-Nil) (P<0.001). IFN: Interferon; T8:

Tuberculosis; HLA: Human leukocyte antigen; Ag: Antigen.

doi:10.1371/journal. pone.0023806.g001

PLoS ONE | www.plosone.org
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CEFPL0 {100 amino acids; and TB7.7 p4 {18 amine acids: to bind a
given allole was median of 1 with TOR in 3 w0 3, but the nwinber of
epitopes predicted for HLA-DRB1#070] was only one {data not
shawnyj,

Univariate analysis
Host factors induding age BMI,
discase status, and inherent Lh.um Acristics of nlmgt nowere

analyzed. The number of HLA-DRBI®0701 alleles carried by the

resulls,

underlying discases,

paticots appearcd o be assoctated with the west-negative
Tor s reason, this variable was also included in the swatisueal
muodel.

In univariate analysis, increased age by vear, BMI</16.0, HIV
co-infection and tie number of HLA-DRB1#0701 alleles carried
by patients showed signilicant associations with the negative results
IOR =104 [95%C1 .01 -1.06), 7.27 {95%CL, 2,17-24.38]. 4.26
[95%CL 1. h"xw 2.28], and 547 [95%CT, 2.58-11.61] respectively)
dable 4. Sex, underlying discases other than HIV infection,
haspitalization, presence of infilirates in more than hall of the lung
XR1 did not show
significant associations {data not shown}, Beifing MTB strains were
less frequently seen in the test-negative group [OR = 0.29 [95%
CI, 0.11-0.76] % Mulii-drug « it (IMDRETB strains showed no
association with IGRA-negative results.

With QFT-IT indeterminate results, HIV co-infection, low
lvmphocyte count, MDR and the number of HLA- DRBI*D?U[
alleles showed significant associations (OR=6+74 [95% (I,
3-243.20], 26,19 [95% C1, 8.00-85.72], 6,37 [95% CL, l.i)4 -
24.68] and 466 [93% CI, 1.83-11.88]. respectivelyy,

ficld and cavitary lesions on chest Xeray

Multivariate analysis

Age, sex, BMIL, HIV status, lymphocyte count, and the number
of HLA-DRB1*0701 alleles were put into the initial model for
multivariate analysis. MTB strain and MDR-TB were not put
together into this model because of the considerable mumber of
missing values but analyzed separately as deseribed later. In the
final model, increased age by year, BMI <216.0, HIV co-infection
and the number of HLA-DRBI*0701 alleles slxcmcl sigmificant
assoctation with QF T-1T negativity (OR = 1.04 {95% CI, 1.01-
1.07], 5.42 [95% CI, 1.48-19.79], 6.38 [95% CI, 1.78-22.99] and
3.00 [95% CI, 2.31-11.22] respectively) {table 3.

HIV co-infection and the number of HLA-DRB1F0701 alleles
were also significantly associated with QFT-TT indeterminate
resulis [OR =99.59 ;‘{h"n CI, 15.85-625, (Jﬂ and 4.25 [95% CI,
1.27-14.16] respectively).

When non-positive m=gﬁt1\ v and indeterminate! results of QF1-
I'T were compared with positive results, increased age by vear,
BM1 <160, HIV co-nfection and the number of HLA-
DRBI#0701 alleles showed similarly high odds ratios {Lable S1).

Bacterial characteristics and IFN-v responses

Among 488 patients for whom information of QFI-IT and
MTB siuains were both  available: concenirations of IFN-y
responding to MTB-specific antigens  were uneither different
between patient groups with Befjing and non-Beijing MTB strains
692 T/ ml [219-10.00 1442)] vs 6. 00 T/ ml [2.12-10.00
{14541 nor between patient groups with MDR-TB and non-
MDR-TB strains (.19 1U/ml [0.62 -10.00 {15,721} vs 6,57 1LU/ml
[2.1G-10.00 {14473 {table not shown}.

Discussion

We enlculaied the tost sonsitivity of ELISA-based TGRA among

active TH patients in Viel Nam and made an exiensive analysis of

False-Negative Results of IGRA

the factors associated with the false-negative results. which include
ineraased age by vear, extremely low BMT, HTV co-infecion, and
the number of HLA-DREBIS0701 alle ¥

Aging is known as a risk factor for false-negative resulrs [1 9.20].
Kobashi et al. [197 reports that the posidve mate for both ESAT-6
and CFP-10 antigens of QuantiFERON TB-2G ested in the
praticints =80 years old s significantly lower th
patents. Tn o another study vm't(hidc:d by Liao e al [20], osing
ELISPOT asx Y, Increasing age
rosults. HIV cominfection was assoc mlad with lndeterminate resulis
as well as false-negative results, presumably  due to strong
e respanse [217.

Severe wasting  disease or malhuridon  causes  unhealthy
Ay dow BMI debilitating the patiens
and also suppressing systemic immune response [22], Tn our stady,
BMI <160 kg/ me, was signilicandy  assoclated  with IGRA
negativity whoreas moderate and mild uaderweight (BMT from
16.0 10 less thari 18.3] were not. The proportion of BMI <185 in

sneral population io Hanol was oaly 13.3% (23], indicaling
that very low BMI in our study population is associated with active
TE discase. However, it Is not known whether this emaciation is
:d mainly as a result of the current wasting discase or partly
a risk factor for disease development.

In this study, we newly demonstrated that a pardeular MHC
class II allele, HLA- L)RBI*D/O]: was strangly associated with low
TBAg-Nil values observed in indeterminate and negative results.
HLA-DRB1#0701-positive/ DQB1*0201 -negative group but not
HLA-DRB1*0701-negative /DOB #0201 -posithve group  sup-
pressed  the IFN-y  response, which suggests that HLA-
DOBI*0701, but not HLA-DOBI*0201 has a primary role.
The negative effect of HLA-DRBI#*0701 on the IFN-v values
appeared to intensify in proportion to the number of HLA-
DRBI#0701 alleles. The association hetween the increased
number of the HLA alleles and QFT-IT negarve resulis was
demonstrated by the analysis using a logistic regression model,

After two months of ant-TB teatment, all of ow IGRA-
negative patients bearing the HLA allele continued to show
negative IGRA ryesults. There was no significant association
between the extent of disease on CXR and the HLA-DRBI1*0701
genotype (data not shown), suggesting that the allele does not seem
to aftect the assay results through modulation of discase severity. In
sthiee analysis suggested the low affinity of HLA-DRBI*0701 in
binding with both ESAT-6 and CFP10 epitopes, and possibly
falling to present them to T-cells for hidation of Thl immune
response efficiendy [24].

Considering the low frequency of HLA-DRBI*0701 in the
populaton tested, this finding may not have major clinical
implications. However, we should bear in mind that negative
QFT-IT results might be experienced in TB-infected individuals
within a certain genetic background of the host even without
apparent cause of immunodeficiency, In addition, it might be
necessary 1o be investigaied carclully in Southwestern Europe,
North Africa, East Sub-Saharan Africa, West and South Asia
among others, where high frequency (> 15%} of the allele hclh berm
reported [25] and inore than 2% of the peay ;
possess this allele as homozygole, Further clinteal invesiigs
about HLA type and IGRA and in sifre experiments V»Olﬂd
coniribsie 1o a better understanding of TGRA performanice in
geneval and of QFT-TT in particular,

In analogy with negative results of wberculin skin testing
fonally [26], TGRA-false-
negative resulls may be caused by ineflicient activation of antigen-
specitic CDH4 “T-cells [27], based on poorly-defined regulatory
mechanism [268,29], T-call rafMicking o the active TH sites or

os by the pafienis,

an that i younger

setated swith Tals ilive

suppression ol mitog

cmaciation with  exis

abser

obtained in severe TB disease
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indeterminate results (n=503).

False-Negative Results of IGRA

Table 4, Univariate analysis using polytomous logistic regression mode! for factors associated with QFT-IT-negative and -

QFT-IT-negative results

QFT-IT-indeterminate results

17{375 (4 5]

2f24 (8 3)

2 1 /466 (4.9)

Yes :

' 17;229 (741

MTB strain Non-Beijing

o Befjlr\g :

o p OR*  95%Cl  Proportion (%)  OR*  95%Cl
Sex Male 21/398 (5.3) 1.00 13/398 (3.3} 1.00
Agc [years) 1.04 1.01-1.06 0.98 094 ‘l 02
Al Sl i&s&;ﬁg' 4217 8 o : 321704, C 00 ;
=160 9/77 (11.7) 727 217 2438 3177 3.9) 3.23 0.64 1640
60185 CNM06(53 3100 097-992 92064 339 0901270
/3 (0.0) MA KA /3 {0, 0) NA NA
Underlying condition Neme oMsams) 100 damsaEn . 0
. One 4761 (6.6) 143 047-434 1761 (16) 051 0.07-3.96
L . Morethanone  0/8(00) NA O NA omoe o NAa L oNA
HIV status Negétive 19/459-{4.1) 1.00 ' 3/459 (0.7} 100
l‘_ymphotyte‘c'(')unf (cells/mm3) ' :'f’%,GO() 19/441 (4.3) 1.00 1.00
L s ey s ‘ 083 2619 BOOBSTZ
Direct smear result Scanty 3/65 {4.6) 1.00 ' 3/65 (4.6} 1.00 -
o  l+andmore 2143848 102 030352 l230n 0358 016203
Cavity on CXR Mo 6/145 (4.1) 1.00 ‘ 97145 (62) ‘ 100
Infiltrate in =3 Iungj zones k - ' 15/391 (3.8 1.00 ’ 122391 (3.1} 1.00 k '
. . 7/83(84) 226 08957 (D) 040 005316
Haospitalization

9/373 QA
eim 58
0/24 {0 0)

041-8.59

1.00 12/466 (2.6 1.00

243 05319 32038 637 16
1.00 8/229 (35) 1.00
029 oltor  725907) 073 026203

tuberculosis; Cl: Confidence interval; NA: Not available.

dok10.1371/journal pore.0023806.t004

compartmentalization may also be involved in the suppressive
response in cireulating blood [28], However
nal explain a major part of false-ne
beeause the
nol show significant effects on the

, his mechanism may
tve resulls in our study
nee of cavity on CXR did

ssay results,

sctent of nfilirates or pr

Betjing MTB strains have spread vapidly in Asia and previous
reports show that these are more adapted to the human body
evading immune maechanism than others [30]. Although an
tverse association was apparently observed between solation of
Setjing strains and TGRA negativity in our study, 1t may be
arributed to unknown factors we could nat access, since we macle
no demonstration of difference in TBAg-induced TFN=y levels
botween Beijing and nos-Beifing strains,

The overall sensitivity of QFT-TT i our population was
cansiderably high among high TR burden couniries fram Capxe
Town iIn South Africa, the Gambia, Zambia, India, and some
ather countrics [$]. This scoms o be due 1o the lower proportion

}-_', PLoS ONE | www.plosone.org

QFT-IT: QuantiFERON-TB Gold In-Tube; BMI: Body mass index; CXR: Chest X-ray; MDR: Multi drug resistance; TB: Tuberculosis; ER: Emergency room; MTR: Mycobacterium

*OR: Multinomial odds ratio, also known as relative risk ratio, that is obtained by exponentiating the logit coefficient.
TOR per unit change in the number of alleles: Distribution of QFT-IT results and the number of HLA-DRB1%0701 alleles was shown in the text.

of false-negative results in our study
29%) tn those studics, Several possible reasons for the interpre-
tation of thds point derive from our findings and others [19.20]:
low proportion of underlying discases including HIV, very few
patients receiving immunosuppressive therapy, and recr itment of
only new patients with sputum smear-confirmed pulmonary TB.
Our study had some limitations. Firstly

4.8%:) compared to {9.1% to

. a clinical laboratory 1o
measure CD4 count was not accessible during the study period,
although CD4 count is an important parameter for this assessment
[31], Decrease in total lymphocyte count was used as a swrogate
marker, Secondly, only smear-positive patients without previous
treatment have heen recruited, which may not allow us w
generalize our results to all types of TB. Thirdly, further
[ﬂ‘,( "U[’HH{)H (\ T4 ?'\’ 153 E\ﬂ()\-"k’ \Vi’if,‘.“l(‘i ]" (]r ”N rlﬁ““k
identified heve affect results of ELISPOT-based 1GRA as well.
Lastly, the number of patients showing negative results was rather

sinaldl despite the arge number of reeruited pationts i our study.
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indeterminate results {n=503).

False-Negative Results of IGRA

Table 5. Multivariate analysis using polytomous logistic regression model for factors associated with QFT-IT-negative and -

QFT-IT-negative results

QFT-IT-indeterminate results

Age {ycars)
977 (11.7)
0/3 {0.0)

Positive 5/44 (11.4)

This 5 a Emitation 1o analyze statstical significance in general,
However, we were able to identify a novel host generie factor,
HLA*DRB1-0701. If well-known factors such as HIV co-infection
were predominant in the stedied population, individuals bearing
the host genctic factor might have a chance of having these
exirinsic factors together and it might be difficult to demonsirate
that their genetic difference is a primary cause of false negativity.

Although some of the factors associated with IGRA-negative
results have been proposed or even studied adopting a plecemeal
methad [2,3], the strong point of our study 1s that effects of all
factors have been evaluated simultaneously by using appropriate
statistical models, which provided a comprehensive insight into
this area ol interest.

In conclusion, we identified a specific HLA class I allele and
characterized a variety of factors that possibly lead to false
negativity of IGRA in active pulmonary "TB. Detailed fnvestigation
of these unfavorable factors is necessary and would help to
understand further the performance of the assay.

Supporting Information

Table S1 Univariate and maultivariate analysis using
logistic regression model for factors associated with
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Abstract: Pulmonary Toxicity in Mice by 2- and 13-
week Inhalation Exposures to Indium-tin Oxide and
Indium Oxide Aerosols: Kasuke Nacano, ef al.,
Japan Bioassay Research Center, Japan Industrial
Safety and Health Association—Objectives:
Inhalation toxicities ofindium-tin oxide (ITO)and indium
oxide (IO) in mice were characterized in comparison
with those previously reported in rats. Methods:
B6C3F, mice of both sexes were exposed by inhalation
to ITO or 1O aerosol for 6 h/day, 5 day/wk for 2wk at 0,
0.1, 1,10 or 100 mg/m® or 13 wk at 0, 0.10r 1 mg/m®.
Resulis: 1TO and 10 particles were deposited in the
lung, mediastinal lymph node (MLN) and nasal-
associated lymphoid tissue. Alveolar proteinosis,
infiltrations of alveolar macrophages and inflammatory
cells and increased lung weightwere induced by 2-and
13-week exposures to ITO and 10, while alveolar
epithelial hyperplasia occurred only in the 2-week
exposures. Thickened pleural wall, hyperplastic MLN,
extramedullary hematopoiesis in the spleen and
increased levels of erythrocyte parameters were
induced by 13-week exposure to ITO. The ITO- and
10-induced pulmonary lesions were milder in mice than
those previously reportedin rats, and the fibrotic lesions
were different between these two species. Indium levels
in the lung and pooled blood were analyzed in the mice
exposed to ITO and 10 for 13 wk. In the 13-week
inhalation exposure of mice o ITO, alveolar proteinosis
and significantly increased lung weight were induced at
the same exposure concenfration as the current
threshold limit value for indium and its compounds.

(J Occup Health 2011; 53: 234-239)
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Serious concerns have been raised over workers” health
in the plants where indivm-tin oxide (ITO) 1s manufactured
and processed. Fatal case studies > and epidemiology
studies of workers™ have demonstrated that inhalation
of indinm is a potential cavse of occupational lung discase
and increases the risk of interstitial lung damage.
Experimental toxicology studies have shown that an
intratracheal administration of TTO powder induces
persistent inflammation in the lung withoutany significant
fibrotic response in rats”™, and eélicits pulmonary
mflanumatory response with diffuse alveolar or bronchiolar
cell hypeiplasia and interstitial fibrotic proliferation in
hamsters®®,  Our previous study'” showed that 2- and
13-week inhalation exposures of rats to 1TO or indivm
oxide (I0) aerosol induce pulmonary fibrosis, alveolar
proteinosis and macrophage infiltration.

The present studies were intended (o characterize
imhalation toxicities of 1TO and IO aerosols in mice in
comparison with those reported in rats®™®.

Materials and Methods

The present studies were performed with the approval
of the ethics committee of the Japan Bioassay Research
Center. The animals were cared for in accordance with a
guide for the care and use of laboratory animals. All these
related documentations were cited in our previous rat
studies'™.

ITO and 1O powders were the same as those used in our
previous rat studies'®, which were kindly supplied by JX
Nippon Mining & Netals, Corp (Lokyo, Japan).

B6C3F,/Crlj mice of both sexes were obtained at the
age of 4 wk from Charles River Japan, Inc (Kanagawa,
Japan). The animals were quarantined and acclimated for
2 wk before the start of experiment. The mice were
individually housed in stainleéss-steel wire hanging cages
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