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Little is known about whether human CD4 positive T cells, the principal natural target of HIV-1, have
intrinsic factors, other than the receptor/coreceptor molecules, which modulate the entry efficiency of
HIV-1. In the present study, we found that human T cell lines, HUT78 and PM1, were less permissive
to VSV-G-mediated HIV-1 infection compared with the Jurkat cell line. Furthermore, HUT78 cells were
also less sensitive to HIV-1 Env-mediated infection, while PM1 cells became susceptible to HIV-1. Real-
time PCR analyses showed that less susceptibility of the cells to HIV-1 was due to block at, or prior

ﬁ?’/words'. to, reverse transcription of viral RNA. To clarify the entry efficiency of HIV-1 into these cell lines, we
Entry analyzed the internalization of p24 Ag into the cytosolic and vesicular fractions of post-nuclear extracts
T cell line at 4 h post-infection. When the cells were infected with HIV-1 pseudotyped with VSV-G, the amount of

p24 Ag in the cytosolic fractions in both HUT78 and PM1 cells was lower than that observed in Jurkat
cells. In the case of HIV-1 Env-mediated infection, however, PM1 cells exhibited comparable amounts of
p24 Ag in the cytosolic fraction compared with Jurkat cells, while the amount of p24 Ag in HUT78 cells
remained low. Heterokaryon experiments between susceptible and less susceptible cell lines suggested
that some inhibitory factors counteracted VSV-G-mediated viral entry in PM1 and HUT78 cells, and HIV-1

Inhibitory factors

Env-mediated viral entry in HUT78 cells.

© 2010 Elsevier B.V. All rights reserved.

The entry of HIV-1 into CD4 positive cells is dependent on the
expression of its principle receptor CD4 and coreceptors CCR5 or
CXCR4. However, it is well known that the susceptibility of CD4
positive cells to HIV-1 is dependent on the cell type even though
they express comparable levels of receptors and coreceptors. The
restricted replication of HIV-1 in CD4 positive cells can be partly
explained by the existence of intracellular restriction factors, such
as APOBEC3 and TRIM5aq, both of which inhibit the post-entry steps
of HIV-1 (reviewed in Zheng and Peterlin, 2005). However, it is
remains to be determined whether natural targets of HIV-1, CD4
positive T cells, have intrinsic factors which modulate HIV-1 infec-
tion other than these molecules. A recent report showed that some
human CD4 positive T cell lines exhibit a HIV-1 restriction pheno-
type ata late phase of infection (Han et al., 2008). Importantly, it has
been shown that resistance to HIV-1 infection in CD4 positive T cells
from exposed uninfected individuals (EU) is mediated by entry and
post-entry blocks (Saez-Cirion et al., 2006). Thus, it is essential to
determine whether human CD4 positive T cells have intrinsic fac-
tors which actively inhibit the entry phase of HIV-1 infection, and

* Corresponding author. Tel.: +81 96 373 5131; fax: +81 96 373 5132.
E-mail addresses: ymaeda@kumamoto-u.ac.jp (Y. Maeda), yusak@nihs.go.jp
(K. Yusa), 094r5222@st.kumamoto-u.ac.jp (Y. Nakano),
biodef@gpo.kumamoto-u.ac.jp (S. Harada).

0168-1702/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2010.10.010

factors other than APOBEC3/TRIM5a that restrict the post-entry
phase.

To address the differential susceptibility of HIV-1 at the early
phase of infection in CD4 positive T cells, we selected the human
CD4 positive T cell lines, Jurkat, HUT78 and PM1, as a model of
natural target cells, CD4 positive primary T cells. To analyze the
early phase of HIV-1 infection alone, a HIV-1 vector encoding GFP,
in which the env gene is defective, was generated. Briefly, the
luciferase coding region of HIV-1 pNL43LucAenv vector (Masuda
etal., 1995) was replaced with an Xhol/Notl fragment containing the
EGFP gene from pEGFP-N1 (Takara Bio/Clontech, Tokyo, Japan) to
generate pNL43GFPAenv. To produce a GFP-reporter HIV-1 pseu-
dotyped with VSV-G or HIV-1 NL43 (X4 HIV-1) Env, 293T cells
were cotransfected with pNL43GFPAenv and either pHEF-VSVG
(Chang et al.,, 1999) or pCXN-NLenv (Maeda et al., 2000), as pre-
viously described (Maeda et al., 2000). The same number of cells
were infected with increasing amounts of the GFP-reporter HIV-
1s. The susceptibility of cells to HIV-1 was then determined two
days post-infection by the percentage of GFP positive cells using
flow cytometry, on a FACScan flow cytometer (BD Biosciences, Palo
Alto, USA). As shown in Fig. 1A, Jurkat cells were highly permis-
sive to HIV-1 while the HUT78 and PM1 cell lines were 10-fold and
40-fold less susceptible to HIV-1 pseudotyped with VSV-G, respec-
tively. In contrast, when HIV-1 was pseudotyped with NL43 Env,
PMT1 cells became sensitive to HIV-1, while HUT78 cells remained
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Fig. 1. Differential susceptibility of human CD4 positive T cell lines to HIV-1 infection mediated by VSV-G or HIV-1 Env. (A) The indicated cells (2 x 10° cells) were infected
with increasing amounts of GFP-reporter HIV-1 pseudotyped with VSV-G or HIV-1 Env. The susceptibly of cells to HIV-1 was then analyzed two days post-infection by the
percentage of GFP positive cells using flow cytometry. (B) The indicated cells (1 x 10°) were infected with DNase-treated GFP-reporter HIV-1 pseudotyped with VSV-G or
HIV-1 Env. After a 4-h culture at 37°C, cells were collected and genomic DNA was extracted. DNA was analyzed for cellular apolipoprotein B or viral late RT products by
real-time PCR. Dilution of plasmids containing apolipoprotein B or proviral HIV-1 clones were used to generate standard curves for quantifying PCR products. The Y-axis

represents the copy number of late RT products per cell.

less permissive. Real-time PCR was then performed to quantify the
number of late transcripts of these cell lines at 4 h post-infection,
as previously described (Monde et al., 2007). We found that PM1
and HUT78 cells contained 6-fold and 16-fold fewer HIV-1 late
reverse transcripts than Jurkat cells, respectively (Fig. 1B). When
HIV-1 entry was mediated by HIV-1 Env, HUT78 cells contained
26-fold and 14-fold fewer late reverse transcripts than Jurkat and
PM1 cells, respectively. These results indicated that less suscepti-
bility of the cells to HIV-1 was due to block at, or prior to, reverse
transcription of viral RNA (Fig. 1B).

To clarify whether the differential susceptibility was due to the
entry efficiency of HIV-1 into the cells, we isolated the cytoso-
lic and vesicular fractions of these cell lines 4 h post-infection, as
previously described (Marechal et al., 1998). Briefly, 300 ng and
1000 ng of HIV-1 pseudotyped with VSV-G and NL43-Env were used
for virus inoculation, respectively, and were incubated at 4°C for
30 min, followed by culturing for 4 h at 37°C. The cells were then
lysed with hypotonic buffer and a Dounce homogenizer (Wheaton,
Millville, NJ, USA), and the post-nuclear extracts were isolated by
centrifugation at low speed to remove the nuclei. The cytosolic
and vesicular fractions were then obtained by ultracentrifugation
using a TL100 ultracentrifuge (Beckman Coulter, Brea, CA, USA).
The amounts of p24 Ag in both fractions were determined using a
p24 Ag enzyme immunoassay (EIA) (Zeptometrix, Buffalo, NY, USA)
according to the manufacturer’s protocol. The cytosolic and vesicu-
lar fractions of the cells infected with same amounts of p24 Ag used
in EIA experiment were also applied to western blotting, as previ-
ously described (Chatterji et al., 2006), and the p24 Ag products
in both fractions of these cell lines were detected using a mono-
clonal antibody against HIV-1 p24 Ag, VAK4 (Koito et al., 1988). In
agreement with the flow cytometric and real-time PCR data, less

susceptible cells had lower amounts of p24 Ag in the cytosolic frac-
tions than susceptible cells in the case of both VSV-G and HIV-1
Env using a p24 Ag EIA (Fig. 2A) and western blotting (Fig. 2B).
Since the amount of p24 Ag in the cytosolic fractions correlates with
successful infection (Marechal et al., 1998), these findings strongly
suggested that less susceptibility of the cell to HIV-1 via VSV-G
and HIV-1 Env was largely due to inefficient entry of HIV-1 into
these less sensitive cells. Notably, we found that the amount of p24
Ag in the cytosolic fractions of Jurkat cells was higher than that of
the vesicular fractions, while the amount of p24 Ag in the vesicu-
lar fractions in HUT78 and PM1 cells was higher than the cytosolic
fractions (Fig. 2A). Since VSV-G uses clathrin-mediated endocytosis
for viral entry (Cureton et al., 2009; Johannsdottir et al., 2009; Sun
et al,, 2005), it seems likely that VSV-G-mediated endocytic entry
of HIV-1 into HUT78 and PM1 cells partially directed towards the
degradation pathway in lysosomes. Thus, it should be noted that the
efficiency of VSV-G-mediated entry was dependent on the cell type,
although VSV-G has been widely used as an envelope glycoprotein
with broad tropism for gene therapy. On the other hand, HIV-1
Env-mediated entry was efficient in PM1 cells but remained rela-
tively inefficient in HUT78 cells. Since these cell lines endogenously
express comparable levels of CD4 and CXCR4 (see supplementary
data 1), factor(s) other than the receptor and coreceptor molecules
were likely to be involved in inefficient entry mediated by HIV-1
Env in HUT78 cells. HIV is known to enter CD4 positive cells via
fusion between the viral and host cell membranes. Early studies
have showed that viral fusion is not triggered by acidification of
the endosome (McClure et al., 1988; Stein et al., 1987), indicating
that viral entry mediated by HIV-1 Env does not use the endocytic
route. Instead, HIV-1 Env was assumed to mediate the direct fusion
of the viral and host cell plasma membranes. Thus, the direct fusion
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Fig. 2. Inefficient entry of HIV-1 mediated by VSV-G and HIV-1 Env. The indicated cells (1 x 107 cells) were exposed to 300 ng or 1000 ng of GFP-reporter HIV-1 pseudotyped
with VSV-G or NL43 Env, respectively, for 30 min at 4 °C, followed by a 4-h at 37 °C. The infected cells were fractionated into vesicular and cytosolic extracts. The cytosolic
and vesicular fractions were examined using a p24 Ag EIA (A) and western blot analysis (B). The EIA results were expressed as the total amount of p24 Ag in the cytosolic
(open bar) and vesicular (closed bar) fractions from independent triplicate experiments. Western blot analysis of the cytosolic and vesicular fractions in infected cells was
carried out using an anti-p24 Ag monoclonal antibody, VAK4. The cyclophilin A levels in the cytosolic fractions were used as an internal control.

route was likely to be active in PM1 cells, although the endocytic
route was blocked.

To distinguish whether the inefficient entry of HIV-1 could be
due to the absence of a required factor(s) or the presence of an
inhibitory factor(s) in these less susceptible cell lines, we gener-
ated heterokaryons formed by fusion between sensitive and less
sensitive cell lines. Jurkat, HUT78 and PM1 cells were first labeled
with the fluorescent membrane dye Vybrant Dil or DiD (Invitro-
gen, Carlsbad, CA, USA). These differentially marked cells were
then fused by polyethylene glycol (PEG) as previously described
(Agarwal et al., 2006; Lech and Somia, 2007). Fused cells were
then infected with GFP-reporter HIV-1 pseudotyped with VSV-G
or NL43 Env. The percentage of GFP positive cells two days post-
infection in both the Dil and DiD positive population indicating
homo- and heterokaryons, was determined by flow cytometry. We

found that homo- and heterokaryons were easily detected as the
Dil and DiD double positive cell population at levels correspond-
ing to 10-15% of the total cell population by flow cytometry after
PEG-mediated fusion (Fig. 3A). The susceptibility of homokaryons
to HIV-1 was similar to that of each single cell line as shown in
Fig. 1A, indicating that PEG-mediated fusion did not affect suscepti-
bility (Fig. 3B). In the heterokaryons infected with HIV-1 mediated
by VSV-G, the percentage of GFP positive cells in heterokaryons
between Jurkat and HUT78 cells was marginally higher than that in
HUT78 homokaryons, but did not reach the level observed in Jurkat
homokaryons. On the other hand, the percentage of heterokaryons
between Jurkat and PM1 cells was almost the same as that in
PM1 homokaryons (Fig. 3B). These results indicated that inefficient
entry into PM1 and HUT78 cells mediated by VSV-G was partially
explained by the presence of an inhibitory factor(s). Since the PM1
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Fig. 3. Involvement of inhibitory factors in the inefficient entry of HIV-1 mediated by VSV-G and HIV-1 Env. The indicated cells were first labeled with the fluorescent
membrane dye, Vybrant Dil or DiD. The differently marked cells were then fused with PEG and analyzed by flow cytometry. Homo- and heterokaryons are shown in both
the Dil and DiD positive populations at levels corresponding to 10-15% of the total cell population. Representative data from flow cytometry after fusion by PEG are shown
(A). The fused cells were then infected with the GFP-reporter HIV-1 pseudotyped with VSV-G and NL43 Env, and the percentage of GFP positive cells in both the Dil and DiD
positive populations were determined two days post-infection by flow cytometry (B).
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cell line is a derivative of the HUT78 cell line (Lusso et al., 1995),
the same factor(s) is likely to block the VSV-G-mediated endocytic
route in HUT78 and PM1 cells. Alternatively, it is also possible that
an inhibitory factor(s) in PM1 and HUT78 cells competes for the
binding of VSV-G with its receptor, although the receptor for VSV-
G remains to be confirmed (Coil and Miller, 2004; Schlegel et al.,
1983).Interestingly, the inefficient levels of entry mediated by HIV-
1 Env in HUT78 cells were not restored by heterokaryons formed
with Jurkat or PM1 cells (Fig. 3B), indicating that an inhibitory fac-
tor(s) may also play a role in HUT78 cells (Fig. 3B). Since HUT78
cells counteracted viral entry mediated by both VSV-G and HIV-1
Env, itis likely that other molecule(s)in HUT78 cellsinterrupted the
direct fusion route mediated by HIV-1 Env. However, recent studies
have suggested that HIV-1 Env also uses the endocytic pathway for
viral entry into CD4 positive cells (Daecke et al., 2005; Fackler and
Peterlin, 2000; Miyauchi et al., 2009) although these findings are
currently under debate. Given that entry of HIV-1 into HUT78 cells
was exclusively mediated by the same endocytic pathway despite
the use of different Env proteins, it seems possible that the same
molecule(s) may counteract viral entry mediated by both VSV-G
and HIV-1 Env. However, it remains to be determined whether HIV-
1 primarily uses the endocytic route for viral entry into CD4 positive
T cells in vitro and in vivo.

Importantly, the findings of our study indicate that an inhibitory
factor(s) counteract endocytic entry by VSV-G- and HIV-1 Env-
mediated infection in HUT78 cells. The identification of this
factor(s) will shed light on additional molecular mechanisms of
viral entry/fusion and provide a new insight into potential ther-
apeutic approaches for HIV-1.
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Summary: Neonatal Fc receptor (FcRn) plays an important role in regulating IgG homeostasis in the body.
Changes in FcRn expression levels or activity caused by genetic polymorphisms of FCGRT, which encodes
FcRn, may lead to interindividual differences in pharmacokinetics of therapeutic antibodies. In this study, we
sequenced the 5’-flanking region, all exons and their flanking regions of FCGRT from 126 Japanese subjects.
Thirty-three genetic variations, including 17 novel ones, were found. Of these, two novel non-synonymous
variations, 629G > A (R210Q) and 889T > A (S297T), were found as heterozygous variations. We next as-
sessed the functional significance of the two novel non-synonymous variations by expressing wild-type and
variant proteins in HeLa cells. Both variant proteins showed similar intracellular localization as well as an-
tibody recycling efficiencies. These results suggested that at least no common functional polymorphic site with
amino acid change was present in the FCGRT of our Japanese population.
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Introduction

Neonatal Fc receptor (FcRn) is an immunoglobulin G
(IgG) receptor related to major histocompatibility (MHC)
class I molecules."? Like MHC class I, FcRn consists of a
heavy chain with extracellular o, &2, and &3 domains
followed by a transmembrane segment and a short
cytoplasmic tail and non-covalently bound b2-
microglobulin (82m). FcRn binds the Fc region of mono-
meric IgG. The FcRn heavy chain is encoded by FCGRT,
which is located in chromosome 19q13.3 and comprises
6 exons.

In humans, FcRn expression has been observed in a
wide variety of tissues including placenta, liver, kidney
and vascular endothelium.” FcRn has multiple roles in
the body such as absorption or secretion of IgG across
the intestinal mucosa, and IgG recycling from endothelial
cells. With regard to antibody recycling, FcRn binds to
the Fc domain of IgG at acidic pH in endosomes after en-
docytosis, and recycles it back to the extracellular space
via the exocytic pathway, thereby protecting IgG from in-
tracellular degradation in lysosomes.” This mechanism
contributes to the long serum half-life of IgG, and thus,
IgG recycling activity is an important function of FcRn
and could contribute to the efficacy of antibody ther-
apeutics. Indeed, we previously reported that affinities of
antibody therapeutics to FcRn were closely correlated
with the serum half-lives reported in clinical studies.”
The relatively short serum half-life of Fc-fusion proteins
such as etanercept, a fusion protein consisting of the ex-
tracellular ligand-binding portion of the human tumor
necrosis factor receptor linked to the Fc portion of hu-
man IgGl, is thought to arise from low affinity to FcRn.”

Genetic polymorphisms of genes related to drug
metabolism and transport are one of the crucial factors
for low-molecular-weight drugs. Pharmacokinetics or
pharmacodynamics of biologicals including antibody
therapeutics may also be influenced by genetic polymor-
phisms of transport or target proteins. In this context,
changes in FcRn expression levels or activity caused by
genetic polymorphisms of FCGRT may lead to interin-
dividual differences in pharmacokinetics of antibody
therapeutics. However, reports on FCGRT genetic poly-
morphisms in Japanese populations are lacking.

Here we sequenced the 5’flanking region, all exons
and their flanking regions of FCGRT from 126 Japanese
subjects. We then examined the functional properties of
two detected non-synonymous variations using mam-
malian expression systems focusing on intracellular
localization and antibody recycling activities.

Materials and Methods

Human genomic DNA samples: One hundred
twenty-six Japanese cancer patients participated in this
study. The ethical review boards of the National Cancer

Center, Aichi Cancer Center and the National Institute
of Health Sciences approved this study. Written in-
formed consent was obtained from all subjects. Genomic
DNA for DNA sequencing was extracted from blood leu-
kocytes.

PCR conditions for DNA sequencing: The fol-
lowing sequences obtained from GenBank were used for
primer design and reference sequences: NW_927240.1
(genome) and NM_004107.3 (mRNA). For sequencing,
two sets of long-range PCR were performed to amplify all
6 exons from 50 ng of genomic DNA with two sets of
primers (0.5 #M) designed in the promoter or intronic
regions as listed in “1st PCR” of Table 1. We used LA-
Taq with GC buffer I (0.05 U/ul, Takara Bio Inc., Shiga,
Japan) to amplify from the 5’-flanking region to exon 3
and Z-Taq (0.025 U/ul, Takara Bio. Inc.) from exons 4 to
6, as described in Table 1. The 1st PCR conditions were
94°C for 5 min, followed by 30 cycles of 94°C for 30
sec, 60°C for 1 min, and 72°C for 2 min, and then a fi-
nal extension at 72°C for 7 min for LA-Taq, and 30 cy-
cles of 98°C for 5 sec, 55°C for 5 sec, and 72°C for 190
sec for Z-Taq. Next, each region was separately amplified
in the 2nd PCR using the 1st PCR product as the tem-
plate. We used LA-Taq with GC buffer I or IT(0.05 W/ul)
for amplifying regions from the 5’-flanking region to
exon 3 and Ex-Taq (0.02 U/ul, Takara Bio. Inc.) from ex-
ons 4 to 6 as described in Table 1. The 2nd PCR condi-
tions were 94°C for 5 min, followed by 30 cycles of 94°
C for 30 sec, 60°C for 1 min, and 72°C for 2 min, and
then a final extension at 72°C for 7 min for all regions.
The PCR products were then treated with a PCR Product
Pre-Sequencing Kit (USB Co., Cleveland, OH, USA) and
directly sequenced on both strands using an ABI BigDye
Terminator Cycle Sequencing Kit ver. 3.1 (Applied
Biosystems, Foster City, CA, USA) and the sequencing
primers listed in Table 1 (Sequencing). Excess dye was
removed by a DyeEx96 kit (Qiagen, Hilden, Germany)
and the eluates were applied to an ABI Prism 3730xl
DNA Analyzer (Applied Biosystems). All relatively low
frequent variations (n=<5) were confirmed by repeated
sequencing analyses of PCR products generated from
original (not amplified) genomic DNA. The nucleotide
positions based on the cDNA sequence were numbered
from the adenine of the translational initiation site or the
nearest exons.

Hardy-Weinberg equilibrium and linkage dise-
quilibrium (LD) analyses: Hardy-Weinberg equilibri-
um and LD analyses were performed by SNPAlyze
software ver. 7 (Dynacom Co., Yokohama, Japan). Hardy-
Weinberg equilibrium was assessed by the X2 test and
pairwise LDs between variations were obtained for the
frequently used coefficients 1D’ | and rho square ().
ID’| is used to assess the probability for past recombina-
tions, and r’ is used as a parameter for the linkage be-
tween a pair of variations.
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Table 1. Primers used for sequencing FCGRT

Enzyme® segll:rl:chg:;dre;on Forward primer (5" to 3") Reverse primer (5’ to 3%) 11::;5??1?;)
1st PCR LA-GI 5’flanking to Exon 3 CTCAGGCTGGTCCTTGAACTCA ATTAGCCAGTTATGGTGGTATG 5,244
z Exons 4 to 6 CAAGTGTGGTGGTGGGCACCTA GGGAGTTCGAGACCAGCCTGAT 3,788
2nd PCR LA-GI 5’ flanking CTGAACCAGCTGAACGTCCACT CTGAGCGTGGTGGTGGGCCTGT 1,058
LA-GII ATAGAGGTGACAGTTGCACAGC GGTCCAGACTGACAACAATGCC 1,477
LA-GII Exon 1 GAGCAGCAGCCTCCCACAGGAT ACACAAGAGGCGACAGGTGGTT 1,017
LA-GI Exons 2 to 3 ATTGTTGTCAGTCTGGACCG GCTGCAGTGGGAGGCTGATGGA 1,332
Ex Exons 4to 5 CCAAGGAGGTGACATCTTGAGG CATCTCTGGGTTTCTGTCTCCA 1,383
Ex Exon 6 CCGCCTTGCCGCTGCTGATCCA GAGCTGAGATCACGCAATTGTA 1,632
Sequencing 5’ flanking CTGAACCAGCTGAACGTCCACT CAGGGTCTGGCTCTGTCACTCA
GTGCAGAATAGGCAAATCTATC AACCACATCCTTCTGCTAGGAC
CGGGTTCAAGCAATTCTCCTGT TTGAGGGTGTCTGCCGCTCAGG
GAGCAGCAGCCTCCCACAGGAT CCTCCTCTCTCAGACCCAGGAA
CCTGGGTCTGAGGGAGGAGT CCTCCTCGTACCTGAAGAACTT
Exon 1 GGACTCTCAGCCTATCAAGT ACACAAGAGGCGACAGGTGGTT
CCGCGGTGTCCCGGGAGGAA
Exons 2 to 3 GTATCTGTCCCACTGCAGTCTA AACTGAGGCAGGTGGGCATGAC
Exon 4 TGAGTCTCTGTCACCTAGGAAG AGTTAACAGCTCTTCAGACTCA
Exon 5 CCGCCTTGCCGCTGCTGATCCA GTCTCTGTCCTCCCAGGTCTGT
Exon 6 TCAGAGAGAGGTGGAGACAGAA GATGTATAAAACTGGCAGGTTC
CCTTGGATCTCCCTTCGTGGAG TGGCTCACACTTGTAATCCCAC

GACGGAGTCTTGCTCTGTTGCT

*LA-GI: LA-Taq with GC buffer 1, LA-GII: LA-Taq with GC buffer II, Z: Z-Taq, Ex: Ex-Taq.

Construction of FcRn expression plasmid:
Wild-type human FcRn ¢DNA was originally obtained
from pME18SFL3 {AK075532) (Toyobo, Osaka, Japan).
- The coding region of FcRn cDNA subcloned into
pcDNA3 was amplified by PCR, and then inserted into
the EcoRl/Sall site of pEGFP-(C) plasmid. The resulting
plasmid encodes hFcRn with C-terminally fused en-
hanced green fluorescent protein (EGFP) containing the
eight amino acid-linker peptide VDSRGSRV between the
two proteins. Mutations were introduced by an inverse
PCR method. Primers consisted of 5'-AAG GCC CAA
CCC AGC AGC CCT GGC TTT-3’ (forward) and
5-CAG GCG CAT GGA GGG GGG CC CTT CCA-3’
(reverse) for R210Q, 5’-TCC ACC GTC CTC GTG GTG
GGA ATC GTC-3’ (forward) and 5'-CTT GGC TGG
AGA TTC CAG CTC CAC CCT-3’ (reverse) for 5297T.
The underlines indicate the mutated nucleotides. The
variant plasmids were sequenced on both strands for the
entire cDNA region to confirm the introduction of the
mutation only at the target sites. Human 2 microglobu-
lin (f2m) cDNA was obtained from pMEISSFL3
(FCC106E07) (Toyobo). f2m c¢DNA was subcloned into
pcDNA3.1/

Hygro. The B2m construct was used because FcRn
becomes a heterodimer with f2m, which is necessary for
the proper intracellular localization of FcRn.*”

Cell culture and plasmid transfection: HeLa
cells were cultured in DMEM (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal calf serum
(Nichirei, Tokyo, Japan). The plasmids encoding the wild-

type or variant FcRn fused with EGFP along with the plas-
mid encoding B2m were transfected into HeLa cells us-
ing Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Plas-
mids encoding wild-type or variant FcRn fused with
EGFP were used for all experiments, including the in-
tracellular localization and antibody recycling activity of
FcRn.

Western blot analysis: Wild-type and variant
FcRn-EGFP transfected into Hela cells in 35-mm-
diameter dishes were lysed with 500 L of RIPA buffer
[50 mM Tris HCl (pH 7.6), 150 mM NaCl, 1% Nonidet
P-40 and 0.25% sodium deoxycholate] supplemented
with protease inhibitors (Nacalai Tesque, Kyoto, Japan).
After incubation on ice for 30 min, the lysates were cen-
trifuged at 15,000 rpm at 4°C for 20 min. An aliquot (3
UL) of the supernatant was diluted in SDS-sample buffer
and applied to 10% SDS-polyacrylamide gel. After elec-
trophoresis, separated proteins were transferred onto
polyvinylidene fluoride membrane. Immunochemical de-
tection of FcRn-EGFP proteins was performed using rab-
bit anti-human FcRn antibody raised against a peptide an-

‘tigen (residues 135-148, LNGEEFMNFDLKQG). Visuali-

zation of the proteins was achieved with horseradish
peroxidase-conjugated anti-rabbit IgG antibody (Cell Sig-
naling Technology, Danvers, MA, USA) and the ECL Plus
Western blotting detection reagent (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). Protein band densities
measured by LAS-3000 (Fuji Film, Kanagawa, Japan)
were quantified with Multi Gauge software (Fuji Film).
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The relative expression levels are shown as means £ SD
of three separate transfection experiments. To verify that
the samples were evenly loaded, the blot was reprobed
with anti-glyceraldehyde-3-phosphate  dehydrogenase
(G3PDH) antibody (R&D Systems, Minneapolis, MN,
USA).

Fluorescent labeling of antibodies: As a model
antibody, we used infliximab, a clinically used chimeric
anti-human TNFa antibody which has the Fc domain of
human IgG1. The binding of infliximab to human FcRn
was shown by surface plasmon resonance analysis in our
previous study.” Infliximab, kindly provided by Tanabe
Pharmaceutical Co. Ltd. (Osaka Japan), was labeled with
CypHer5 (GE Healthcare Bio-Sciences, Uppsala, Sweden)
by incubating with CypHer5E mono NHS ester in PBS
containing 0.5 M Na;CO; (pH 8.3) for 1 hr at room tem-
perature. After the reaction, unbound dye was removed
by dialysis in PBS. The protein concentration and degree
of labeling were determined by spectrophotometry. IgY
(Jackson Immuno Research Laboratories, West Grove,

PA, USA) was also labeled with CypHer5 and used in

control experiments.

Imaging with fluorescénce microscopy: Hela
cells transfected with wild-type or variant FcRn-EGFP
¢DNA and the 2m cDNA were cultured on 35-mm
poly-L-lysine-coated glass-bottom dishes (0.08-0.12 mm

thickness) (Matsunami, Osaka, Japan) for 2-4 days. The -

intracellular localization analyses of wild-type and variant
FcRn-EGFP were carried out by confocal laser scanning
fluorescence microscopy using a Carl Zeiss LSM510 sys-
tem (Carl Zeiss, Jena, Germany). For co-localization ex-
periments, wild-type or variant FcRn-EGFP-transfected
Hela cells were incubated with CypHer5-labeled inflix-
imab diluted in cell culture medium containing 200 mM
sodium phosphate buffer (pH 6.0) for 2-3 hr at 37°C.
Note that throughout this study, the cell culture media
used for incubation with the labeled antibody was acidi-
fied (pH 6.0) to obtain enhanced incorporation of antibo-
dies into the cells, as reported previously.*” The fluores-
cent signal was observed in neutral pH medium after
washing the cells twice. The 488- and 633-nm laser lines
were used to image FcRn-EGFP and CypHer5 labeled-in-
fliximab, respectively.

Biotin labeling of antibodies: Infliximab and IgY
were labeled with bictin using EZ-link sulfo-NHS-biotin
(Pierce, Rockford, IL, USA). Antibodies and sulfo-NHS-
biotin were mixed at the molar ratio of 1:20 and incubat-
ed for 60 min at room temperature. Biotinylated antibo-
dies were purified using Zeba desalt spin column (Pierce).
Protein concentration was determined by BCA protein
assay (Pierce) using bovine serum albumin as a standard.

Recycling assay: Hela cells were transfected with
the wild-type or variant FcRn-EGFP construct along with
the 2m construct. The day after transfection, cells were
seeded on 96-well plates at 4 X 10* cells/well. After fur-

ther culturing for one day, recycling assays were per-
formed. Hanks’ balanced salt solutions (HBSS) (pH 6.0
and 7.4) were prepared supplemented with 10 mM MES
(pH 6.0) and 10 mM Hepes (pH 7.4). The cells were
washed with HBSS (pH 7.4) and pre-incubated with
HBSS (pH 7.4) for 30 min at 37°C. After washing with
HBSS, 10 ug/ml of biotinylated infliximab diluted in
HBSS (pH 6.0} containing 0.5% fish gelatin was added to
each well. The cells were incubated at 37°C for 1 hr to
allow the antibody to be incorporated into the cells. Cells
were then washed five times with HBSS (pH 7.4). Then,
HBSS (pH 7.4) supplemented with 2% ultra-low IgG FCS
(Invitrogen) was added to each well and incubated at
37°C for the indicated periods of time. The supernatant
was collected and subjected to ELISA for quantitating the
recycled antibody. In order to determine the amount of
biotinylated infliximab incorporated into the cells during
the 1-hr incubation at 37°C, cells were lysed using RIPA
buffer supplemented with protease inhibitors (Nacalai
Tesque, Kyoto, Japan) after washing five times with
HBSS, and the lysate was subjected to ELISA. Biotinylated
IgY was also used as a negative control in some experi-
ments.

Enzyme linked immunosorbent assay (ELISA) for
biotinylated antibody: NeutrAvidin (Pierce, Rock-
ford, IL) was bound on Maxisorp 96-well black plates
(Thermo Fisher Scientific, Roskilde, Denmark) using
IMMUNO-TEK ELISA construction system (Zep-
toMetrix, Buffalo, NY, USA). Supernatants or lysates ob-
tained from the recycling assay were applied on the wells
and incubated for 16 hr at 4°C. The plates were washed
three times with Tris-buffered saline (pH 7.6) containing
0.1% Tween-20 (TBST). Peroxidase-conjugated goat anti-
human IgG (Pierce) diluted with TBST was added to the
plate and incubated for 1 hr at room temperature. After
washing three times with TBST, chemiluminescent rea-
gent (SuperSignal ELISA Femto, Pierce) was added and in-
cubated for 1 min at room temperature. The
chemiluminescent signal was detected using an ARVO
1420 multilabel counter (Perkin Elmer, Waltham MA,
USA). When the amount of biotinylated IgY was meas-
ured, peroxidase-conjugated rabbit anti-chicken IgY
(Promega, Madison, WI, USA) was used. For generation
of a standard curve, 0.1 to 10 ng/ml of biotinylated cor-
responding protein was used.

Results

FCGRT variations found in a Japanese popula-
tion: Thirty-three genetic variations were found, in-
cluding 17 novel ones, in 126 Japanese subjects (Table
2), Of these variations, 14 were located in the 5’ -flanking
region, 4 (2 synonymous and 2 non-synonymous) in the
coding exons, 13 in the introns, 1 in the 3’-untranslated
region (UTR), and | in the 3"flanking region. All detect-
ed variations were in Hardy-Weinberg equilibrium
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Fig. 1. Linkage disequilibrium (LD) analysis of FCGRT
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Pairwise LD is expressed as r? (upper right) and |D’| (lower left) values (from 0 to 1) by 10-graded blue colors. A denser color represents

closer linkage.

(p=0.05). Two novel non-synonymous variations,
629G > A (R210Q) and 889T > A (S297T), were found as
heterozygotes. The allele frequencies were 0.004 for
R210Q and 0.020 for S297T. The functional significance
of these non-synonymous variations was explored in vitro
in the following sections. The other coding variations
were previously reported synonymous variations. A varia-
ble number of tandem repeats (VNTR) was detected in
the 5’-flanking region as was found in Caucasian sub-
jects,s) and the frequencies of VNTR3 (with 3 repeats)
and VNTR2 were 0.968 and 0.032, respectively. A short
tandem repeat of GGAA was also detected in the 5’-flan-
king region with a repeat number of 8 (frequency:
0.024), 9 (0.103), 10 (0.754), 11 (0.099) and 12 (0.020).
With the 12 detected variations with = 0.03 frequencies,
linkage disequilibrium (LD) was analyzed using |D’| and
r* values (Fig. 1). Because of relatively weak linkage be-
tween the variations in r’ values, haplotype analysis was
not performed.

Intracellular localization of FcRn variants: Two
novel non-synonymous variations, R210Q and S297T,
were functionally tested using a mammalian expression
system. First, relative expression levels of wild-type and
variant FcRn proteins were evaluated by Western blot-
ting. As shown in Figure 2, similar levels of the proteins
were detected in the three FcRn constructs, and we did
not find any statistically significant differences (p>0.05)
between the wild-type and the two variants assessed by
Dunnett’s multiple comparison test when normalized by
the expression levels of glyceraldehyde-3-phosphate de-
hydrogenase as a control. When the wild-type levels were

mock WT R210Q S297T

Da

- W W o

FcRn

GIPDH W - - - 30K

Fig. 2. Western blotting of wild-type and variant FcRns

Cell lysates obtained from the HelL a cells transfected with wild-type
or either of the two variant FcRn-EGFP plasmids were subjected to
electrophoresis, followed by transfer to the membrane. Detection
of FcRn-EGFP was performed as described in Materials and
Methods. One representative data of three independent transfec-
tions is shown. The FcRn band (64 KDa) consists of 37 KDa of
FcRn and 27KDa of EGFP. Glyceraldehyde-3-phosphate de-
hydrogenase (G3PDH) levels were used for normalization of the ly-
sate proteins applied to electrophoretic gels.

set as 100%, R210Q and S297T levels were 95.08 &
12.38% and 93.94 £ 13.24%, respectively.

In order to examine the differences of intracellular
localization between wild-type FcRn and its variants,
each EGFP fusion construct together with a human 2m
construct was transfected into HeLa cells, and fluores-
cent images were observed by confocal microscopy.
There have been several studies reporting the intracellu-
lar localization or trafficking of FcRn using fluorescent
protein-tagged FcRn.’'? N- and C-terminally tagged
FcRn showed similar localization.'® Since FcRn is a type I
membrane protein, N-terminal amino acid residues in-
cluding R210 and S297 were located in the extracellular
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R210Q

§297T

Fig. 3. Intracellular localization of wild-type (WT) and variant

FcRns in HelLa cells
Hela cells were transfected with wild-type (a) or variant (c; R210Q,

e; S297T) FcRn-EGFP. The intracellular localization of FcRn-EGFP
was observed by confocal laser scanning fluorescence
microscopy. Differential interference contrast images of the field
are also shown (b, d, f).

or intraluminal region. Therefore, we chose a C-terminal
EGFP tag located in the cytoplasmic region of FcRn in
order to minimize the effect of the fluorescent tag on the
structural environment around the mutation sites.

As shown in Figure 3a, the fluorescent signal of wild-
type FcRn-EGFP was located primarily in intracellular
vesicular components, especially in the perinuclear
region. Similar localization was observed for R210Q and
S297T variants (Figs. 3c and 3e), suggesting that these
amino acid mutations do not affect the intracellular
localization of FcRn.

Intracellular co-localization of FcRn variants and
incorporated antibody: We then examined the co-
localization of the incorporated CypHer5-labeled inflix-
imab and FcRn-EGFP. The binding of CypHer5-labeled
infliximab to FcRn was confirmed beforehand (data not
shown).

As shown in Figure 4, co-localization of FcRn-EGFP
and CypHer5-labeled infliximab in intracellular vesicular
compartments was observed in HeLa cells expressing
wild-type or variant FcRn. Since the fluorescence inten-
sity of CypHer5 increases in acidic pH,' the observed

fluorescent signal can indicate that CypHer5-labeled in-
fliximab is localized in intracellular acidic compartments
such as endosomes. Since the fluorescent images were
obtained by confocal microscopy from cells which were
washed with neutral pH media, the fluorescence is
thought to be derived from incorporated antibodies and
not from cell surface-bound antibodies. Therefore, these
results showed that both types of FcRn variant, as well as
wild-type FcRn, were in acidic endosomes in which in-
corporated antibodies localized.

Antibody recycling activity of FcRn variants: In
order to elucidate the antibody recycling activity of wild-
type and variant FcRn, we established the ELISA for
biotinylated antibody (infliximab in this study), and meas-
ured the amount of recycled antibody from wild-type or
variant FcRn-transfected cells. The binding of biotinylat-
ed infliximab to FcRn was confirmed by surface plasmon
resonance (SPR) analysis (data not shown).

As shown in Figure 5b, recycled biotinylated inflix-
imab was detected when the biotinylated infliximab had
been loaded to the HeLa cells transfected with wild-type
FcRn. The recycling was not detected in mock-transfect-
ed cells (Fig. 5a), showing that recycling was dependent
on expression of FcRn. When the cells were incubated at
4°C for incorporation or recycling, the antibody was not
detected in the supernatant. Therefore, recycling was
mediated by intracellular trafficking of antibody and not
by nonspecific mechanisms. As shown in Figures 5c and
5d, similar levels of antibody recycling were also ob-
served in Hela cells transfected with either variant FcRn,
suggesting similar IgG binding and intracellular traffick-
ing properties of variant FcRns to those of wild-type
FcRn. Figure 6 shows the time course of antibody recy-
cling from cells transfected with wild-type or variant
FcRn. The amount of incorporated antibody was meas-
ured using the cell lysate at O min, and it is noteworthy
that no statistical differences assessed by Dunnett’s multi-
ple comparison test were observed in the amount of in-
corporated antibodies between wild-type and either vari-
ant FcRn at time O (data not shown). The amount of recy-
cled antibody at each time point was expressed as a per-
centage of the initially incorporated antibody. There was
no significant difference between wild-type and the vari-
ant FcRns in the amount of recycled antibody, suggesting
that these amino acid substitutions do not affect the an-
tibody recycling activity of FcRn.

Discussion

In general, antibody therapeutics have longer half-lives
than those of chemical drugs, and the T\, of IgGs, except
for IgG3, in humans is around 21 days. IgG1, IgG2 and
IgG4, which are currently used isoforms for antibody
therapeutics, have high affinities for FcRn.'” Escaping
from intracellular degradation by binding to FcRn has
shown to contribute to this long half-life of the IgGs.
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FcRn

Infliximab

Merge

Fig. 4. Co-localization of CypHer5-labeled infliximab and FcRn in HeLa cells expressing wild-type (WT) or a variant FcRn
Hela cells transfected with wild-type (a, b, c), or variant (d, e, f; R210Q, g, h, i; S297T) FcRn-EGFP were incubated with CypHer5-labeled in-

fliximab in cell culture media containing sodium phosphate buffer (pH. 6.0) for 2-3 hr. After washing the cells twice with neutral pH medium,
the fluorescent signal was observed. Panels (a, d, g) and (b, e, h) show the intracellular localization of FcRn-EGFP and the incorporated
CypHer5-labeled infliximab, respectively. In panels (c, 1, i) the fluorescent signal of FCRn-EGFP was merged with that of CypHer5-labeled in-

fliximab.

Large interindividual variations in pharmacokinetic
parameters have been reported for at least several an-
tibody therapeutics. For example, trough concentrations
in repetitive dosing of antibodies were reported to show
5.6-fold interindividual differences in 22 palivizumab-
treated patients,'® 18.2-fold differences in 16 cetuximab-
treated patients,'” and over 70-fold differences in 86 in-
fliximab-treated patients.'” In addition, large percent
coefficients of variation were reported for Tz, such as
72.0% for gemtuzumab ozogamicin'”? and 76.4% for
basiliximab,?” after second dose of their treatments. We
presumed that changes in FcRn expression levels and
function caused by genetic variations of FCGRT may lead
to these interindividual differences in pharmacokinetics
of antibody therapeutics.

In order to identify genetic polymorphisms of FCGRT,
we sequenced genomic DNA from 126 Japanese sub-
jects. A total of 33 genetic variations, including 17 novel
ones, were detected. A VNTR was detected in the 5’
flanking region, as was the case in Caucasian subjects
reported previously.” Although a recent study showed
that no significant impact was observed in the rates of
maternalfetal IgG transfer,”’) VNTR3 is known to be as-
sociated with 1.66-fold higher transcriptional activity
than VNTR2 in vitro. In addition, monocytes with
VNTR3/3 showed increased binding of IgG compared to
those with 2/3.® Thus, this variation may contribute to

the interindividual differences in pharmacokinetics of an-
tibody therapeutics. The allele frequency of VNTR2 in
Japanese (0.032) was lower than that in Caucasians
(0.075).%

In this study, two novel nonsynonymous variations
were found and their functional significance was assessed
in vitro using a mammalian expression system. However,
the two FcRn variants did not show any changes in in-
tracellular localization or recycling, suggesting that the
two nonsynonymous substitutions found in a Japanese
population probably do not contribute to the interin-
dividual variations in the pharmacokinetics of antibody
therapeutics. Since FcRn function is important for main-
tenance of IgG levels as well as maternal-fetal IgG trans-
fer, functionally-affecting genetic variations might be few
to retain its functional capability.

Amino acid residues of human FcRn that interact with
IgG were reported to be E138, E139, D153 and W154,
in the o2 domain." (Amino acid numbers shown in this
paper include the signal peptide.). The electrostatic bind-
ing of these anionic amino acid residues in FcRn with
H310 and H435 in IgG, which has an isoelectric point of
pH 7.6, defines the strict pH-dependent binding of IgG
to FcRn.”? The variant amino acid residues identified in
this study, R210Q and S297T, are both located in the a3
domain of FcRn. According to the predicted higher order
structure,” R210 and S297 are located very close to the
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Fig. 5. Recycling of biotinylated antibodies from wild-type
(WT) or variant FcRn-transfected Hela cells

HeLa cells transfected with wild-type or a variant FcRn were incu-
bated for 1 hr with biotinylated infliximab. After washing, the cells
were further incubated for 2 hr. The amount of recycled protein in
the supernatant was determined by ELISA. Experimental condi-
tions are shown in the table. For the samples shown as columns
a-c, biotinylated infliximab was loaded, whereas biotinylated IgY
was used for d. The temperature for antibody loading was 37°C (a,
c, d) or 4°C (b). The temperature for recycling antibodies from an-
tibody-loaded cells was 37°C (a, b, d) or 4°C (c).

transmembrane region that is distant from the IgG bind-
ing site. Considering the results obtained here, where no
difference in antibody recycling activity between wild-
type and each variant FcRn was detected in vitro, the ami-
no acid substitutions identified in a Japanese population
may not have significant impact on structural and func-
tional properties of FcRn. Although FcRn is known to
bind with albumin as well as IgG, the albumin binding
site of FcRn has been identified as H189, which also is lo-
cated in the &2 domain.” The polymorphic sites are also
far from the albumin binding site. However, the effect of
amino acid substitutions R210Q and S297T on the albu-
min recycling activity via FcRn should be determined in a
future study.

In the present study, we used HeLa cells to examine
the localization and recycling activity of FcRn variants,
Since endogenous expression of FcRn protein in Hela
cells has not been detected,”” we considered HeLa cells
suitable for examining the antibody recycling activity of
variant FcRn since the background responses are negligi-
ble. In fact, as shown in Figure 5, antibody recycling
was detected only in FcRn-transfected cells. Therefore,
we concluded that HeLa cells can be used as a suitable
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Fig. 6. Quantitative analyses of recycling of biotinylated inflix-
imab; Time course of release of the biotinylated infliximab in-
corporated into the Hela cells transfected with wild-type (WT)
or variant FcRn

Hela cells transfected with wild-type or a variant FcRn were incu-
bated for 1 hr with biotinylated infliximab. After washing, cells were
further incubated for the indicated periods of time. The amount of
recycled protein was determined by ELISA. The amount of recy-
cled antibody at each time point was expressed as a percentage of
the initially incorporated antibody at time 0.

model for evaluating the function of variant FcRn pro-
teins.

Our results suggested that at least no common func-
tional polymorphic site with amino acid change was
present in FCGRT in our Japanese population. Since FcRn
function is important for maintenance of IgG levels,
there may be few functionally-affecting genetic varia-
tions. Further analysis is necessary for the functional sig-
nificance of transcriptional regulatory regions.
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Abstract: The Hepatitis E virus (HEV) induces zoonotic infections and causes hepatitis. In Japan, HEV occurs in deer,
wild boar and swine, and genotype (G)3 and G4 have been isolated from domestic swine. We previously reported that
HEV isolates from a total of 320 swine fecal samples from 32 farms in Japan could be predominantly classified into four
clusters: three G3 (G3jp, G3sp and G3ys) and one G4 (G4yp). In this study, we performed full-length sequencing of four
representative HEVs, one from each of the clusters. We found significant nucleotide variation throughout the sequences
within a genotype, but not within each cluster. However, we found few variations at the amino acid level. Most of the
highly conserved regions within genotypes were concentrated in the overlapping region of open reading frame (ORF)2
and ORF3, while most of the variable regions were within the ORF1 V region. This region was variable even at the amino
acid level. Essentially, this region was highly conserved among G3 clusters, with some more dissimilarities between G3gp
and the other two clusters, G3;p and G3ys. The regions conserved and variable across genotypes had virtually the same
positions as those within genotypes, but were much narrower and wider, respectively. For the latter, ORF1 V and P
regions were especially variable. Finally, we focused on the sequence conservation in the region widely used for primer
and probe sets to detect HEV infections.

Keywords: HEV, full-length sequence, swine, feces, Japan.

INTRODUCTION

Several microbial agents induce hepatitis, but only HEV
causes zoonotic hepatitis, mainly through food-borme
transmission from domestic swine, wild boar and wild deer
via the ingestion of uncooked or undercooked meat [1-5].

HEV is a non-enveloped small (27-34 nm in diameter)
virus of the genus Hepevirus in the family Hepeviridae [6].
It contains
approximately 7.3 kilobases and its sequences have been
classitied into G1 to G4 [6, 7].

single-stranded, positive-sense RNA of
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In Japan, a high prevalence of swine anti-HEV (71%)
among swine aged 3-6 months and a high rate of viremia
(11%) among swine of 2-4 months have been reported [8, 9],
and two types of HEV are mainly circulating among pigs and
humans. One type consists of three clusters of G3 (G3jp,
G3sp and G3ys), and the other consists of one cluster of G4
(G4,p), which correspond to subgenotypes 3b, 3e, 3a and 4c,
respectively [10]. In this study, HEVSs representative of these
four clusters isolated from swine feces were analyzed and
their genomic and amino acid sequences compared.

MATERIALS AND METHODS
Sampling

A total of 320 fecal samples from 32 commercial pig
farms (1 sample from each of the pig houses on individual
farms) in Japan were processed for the partial purification of
HEV as reported [11].
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