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Characterization of N-glycan heterogeneities of erythropoietin
products by liquid chromatography/mass spectrometry and

multivariate analysis
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RATIONALE: Glycan heterogeneity on recombinant human erythropoietin ({EPO) product is considered to be one of the
critical quality attributes, and similarity tests of glycan heterogeneities are required in the manufacturing process changes
and developments of biosimilars. A method for differentiating highly complex and diverse glycosylations is needed to
evaluate comparability and biosimilarity among rEPO batches and products manufactured by different processes.
METHODS: The glycan heterogeneities of nine rEPO products {four innovator products and five biosimilar products)
were distinguished by multivariate analysis (MVA) using the peak area ratios of each glycan to the total peak area of
glycans in mass spectra obtained by liquid chromatography/mass spectrometry (LC/MS) of N-glycans from rEPOs.
RESULTS: Principal component analysis (PCA) using glycan profiles obtained by LC/MS proved to be a useful method
for differentiating glycan heterogeneities among nine rEPOs. Using PC values as indices, we were able to visualize and”
digitalize the glycan heterogeneities of each rEPO. The characteristic glycans of each rEPO were also successfully
identified by orthogonal partial least-squares discrimination analysis (OPLS-DA), an MVA method, using the glycan
rofile data.
}()E@NCLUSKONS: PCA values were useful for evaluating the relative differences among the glycan heterogeneities of
rEPQOs. The characteristic glycans that contributed to the differentiation were also successfully identified by OPLS-DA.
PCA and OPLS-DA based on mass spectrometric data are applicable for distinguishing glycan heterogeneities, which
are virtually indistinguishable on rEPO products. Copyright © 2014 John Wiley & Sons, Ltd.

Epoetin, recombinant human erythropoietin (rEPO), products
are used as erythropoiesis-stimulating agents for renal
anemia during dialysis, anemia of prematurity, and cancer-
related anemia worldwide. Six innovator products [Epogen
(Procrit)/Eprex(Erypo)}/Espo {epoetin alfa), NeoRecormon/
Epogin (epoetin beta), and Biopoin(Eporatio) (epoetin
theta)], and four biosimilar products [Epoetin alfa Hexal
{Binocrit)/ Abseamed (epoetin alfa), Epoetin alpha BS
injection [JCR] (epoetin kappa), and Silapo (Retacrif)
(epoetin zeta}] have been marketed in the United States,
Japan, and the EU.A!

rEPO is a glycoprotein consisting of 165 amino acid
residues with 3 N-glycosylation sites at Asn24, 3§, and 83
and an O-glycosylation site at Serl26. Previous reports
demonstrated  that the main N-glycans of EPOs are
complex-type  tetrasialylated  tetraantennary  glycans.
Sialylated fucosyl bi-, tri-, and tetraantennary glycans with

e N e,
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and Biologicals, National Institute of Health Sciences, 1-18-1
Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan.
E-mail: hashii@nihs.go.jp

and without N-acetyllactosamine are also major glycans of
rEPOs.["*51 It is well known that the glycosylation of EPO
correlates with its biological activity and pharmacokinetics.
For example, rEPO with higher sialic acid content, which
leads to a longer serum half-life and slower serum clearance,
shows low biological activity i vitro due to their low affinity
for rEPO receptors on the surface of red blood cell
precursors.”™ It has been suggested that the main chain
moieties of N-glycans as well as sialic acids could also be
associated with in vivo biological activity™ The
heterogeneity of N-glycans on rEPO product is considered
to be one of the critical quality attributes, and similarity tests
of glycan heterogeneities are required in the manufacturing
process changes and developments of biosimilars. Methods
that can be used to elucidate highly complex and diverse
glycosylation are needed to evaluate comparability and
biosimilarity among epoetin  batches and products
manufactured by different processes.

Glycan analysis has often been performed using liquid
chromatography (LC) and capillary electrophoresis (CE) in
combination with mass spectrometry (MS)." These
methods are well established and considered as platform
technologies for glycan profiling; however, there is a limit to
manually distinguish complicated and unclear differences
between the glycan heterogeneities of samples when
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significant quantitative and qualitative changes are not
observed. Multivariate analysis (MVA} is a predictive method
that reduces the number of variables. Interesting differences
and characteristics among multiple samples are more easily
visualized and understood by MVA." Tt has been reported
that MVA in combination with M5 is useful for monitoring
impurities of biological products, identifying biomarkers in
proteomics, and profiling metabolites in  metabolomic
studies."”1" The MVA method has also been applied to
several glycomic approaches and glycan structural analyses
for identifying disease-related glycans, clarifying the
relationship between disease and glycans, and distinguishing
glycan isomers.#-%!

In this study, the glycan heterogeneities of nine epoetin
products were distinguished by MVA using the peak area
ratios of glycans in mass spectra obtained by LC/MS using
a graphitized carbon column. The differences in glycan
heterogeneities among the epeotin products were visualized
and digitalized, and the characteristic glycans in each product
were identified successfully.

EXPERIMENTAL
1. rEPOs

Four innovator epoetin products, namely Procrit (epoetin alfa;
Amgen Inc.), Espo {(epoetin alfs; Kyowa Hakko Kirin Co.,
Ltd.), Epogin {epoefin betr; Chugai Pharmaceutical, Co,
Ltd.), and Eprex (epoetin alfa; Janssen-Cilag, Ltd.), and five
biosimilar products, Epoetin alfa Hexal (epoetin alfa; Hexal
AG), Binocrit (epoetin alfa; Rentschler Biotechnologie GmbHj,
Silapo {epoetin zeta; Standa Arzneimittel AG), Retacrit (epeetin
zeta; Hospira Inc.), and Epoetin alfa BS injection [JCR] {epoetin
kappa; JCR Pharmaceuticals Co., Ltd.), were purchased and
used in this study as EPO A-I in random order.

2. Preparation of N-glycan samples from rEPOs

Nine commercially available rEPOs obtained from different
manufacturers were used in this study. Each rEPO product
(100 Uy was dissolved in 200 uL of 50 mM sodium phosphate
buffer containing 1 mM EDTA (pH 8.0) followed by the
addition of 2 U of peptide N-glycosidase F (Roche
Diagnostics, Germany). After incubation at 37°C for 16 h,
300 pL of cold ethanol were added to the solution, the
mixture was incubated at -20°C for 2 h, and the proteins were
removed by centrifugation at 8000g at 4°C for 10 min. The
supernatants containing N-glycans were evaporated to
remove ethanol. The N-glycans were reduced in 500 pL of
0.5 M sodium borohydride at room temperature for 16 h
and neutralized with acetic acid. The consequent reduced
N-glycans were recovered using a solid-phase extraction
cartridge (EnviCarb (. Supelco, Bellefonte, PA, USA),
lyophilized, and re-dissolved in 25 uL of ultrapure water as
previously described.”")

3. LO/MS
The analysis of sodium borohydride-reduced N-glycans was

performed by liquid chromatography/multiple-stage mass
spectrometry (LC/MS"). The chromatographic separation was

performed using an UltiMate 3000 RSLCnano LC system

N. Hashii et al.

(Dionex, Sunnyvale, CA, USA) with a graphitized carbon
column (Hypercarb, 0.1x150 mm, 5 pmy; Thermo Fisher
Scientific, San Jose, CA, USA). The mobile phase was 5 mM
arnmonium bicarbonate containing 2% acetonitrile (buffer A}
and 5 mM ammonium bicarbonate containing 80% acetonitrile
{buffer B}, The glycans were eluted at a flow rate of 500 nl./min
with a linear gradient of 15%~90% buffer B for 60 min. The
mass spectra of the reduced N-glycans were acquired
using Fourier transform ion cyclotron resonance linear
and ion trap type mass spectrometers (FTMS/ITMS,
LTQ-FT, Thermo Fisher Scientific) using the software
Kealibur version 2.0 SR2 {Thermo Fisher Scientific). The
sequential scan events and analytical conditions were as
follows: full mass scan wusing FIMS (m/&z 700-2000)
and data-dependent M5 using ITMS; electrospray voltage
in negative ion mode, 2.0 kV; capillary temperature, 200°C;
tube lens offset, ~120 V; collision energy for MS™ (MS/MS,
MS/MS/MS, and MS/MS/MS/MS) experiments, 25%;
maximum injection times for FIMS and for 1TMS, 1250
and 50 ms, respectively; FIMS resolution, 100.

4. MVA

The peak area ratios of each glyean to the fotal peak area of
glycans in mass spectra were used to perform PCA and
orthogonal partial least-squares discrimination analysis
{OPLS-DA) using the MVA software SIMCA-P+ (Umetrics,
Umnea, Sweden). The differences between glycan heterogeneities
were visualized in the score plot obtained by PCA, and the
characteristic glycans of each individual rEPO were found in
the Joading column plot by OPLS-DA,

RESULTS

1. Characterization of rEPO glycan profiles by PCA score
plot

To characterize the glycan heterogeneities of yEPOs by PCA,
we first performed glycan profiling of all rEPOs. The sodiam
borchydride-reduced glycan samples from each rEPO were
analyzed by LC/MS” in the negative jon mode. The glycan
structures were deduced on the basis of the accurate mass
obtained by high-resolution MS and assignments of fragment
ions observed in MS/MS, MS/MS/MS, and MS/MS/MS/
MS spectra. As shown in Fig. 1, the tofal ion current
chromatograms (TICCs) of the reduced glycans from the
rEPOs excluding EPO-H appeared to be highly similar. By
confrast, the TICC of glycans from EPO-H was dearly
different from those of the other rEPOs, suggesting that
EPO-H possesses noticeable characteristic glycans {(as
mentioned later). The peak areas of precursor ions
corresponding to 57 glycans containing multiple isomers
were calculated, and the glycan distribution of each rEPO
was drawn on the basis of the peak area ratios of each glycan
to the total peak area of all glycans (Fig. 2 and Table 1).
Tetrasialylated fucosyl tetraantermary glycan (dHex1 Hex7
HexNAc6 NeulNAcd) was the main glycan in all rEPOs,
although there were differences in its content. The major
glycans were disialylated fucosyl biantennary glycan (dHex1
Hex5 HexNAc4 NeuNAcR), trisialylated fucosyl triantermary
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Figare 1. The total ion current chromatograms (base peak
chromatograms) of the reduced glycans from rEPCs obtained
by LC/MS" in the negative ion mode.

glycan (dHex1 Hexé HexNAcSH NeuNAcS), ti- and fetra-
sialylated fucosyl tetraantermary glycans carrying 1-3N-
acetyllactosamine (Lac) motifs {dHex1 Hex8-10 HexNAT-9
NeuNAc3-4), and tetrasialylated fucosyl tetraantennary
glycans carrying 1-2 acetyl groups {dHex1 Hex7 HexNAcS
NeuNAct Acl-2). A high-mannose-type glyean (M6} with
80 Da of additional modification (Hexé HexNAc2 P1}, which
is presumed fo correspond to phosphorylation, was detected
in EPO-B and EPO-C. The complex-type glycans carrying
N-glycolylneuraminic acid (NeuNGc) were also detected in
all rEPOs. Tetrasialylated fucosyl tetraantennary glycans
carrying 2-3 Lac meotifs (dHex] Hex3-10 HexNAcS-9
NeuNAc4) and non-fucosylated bi- and triantermary glycans
were cbvious characteristic glycans of EPO-G and EPO-H,
respectively. However, we were unable to identify the
discriminative glycans of other EPOs by glycan profiling.
Therefore, next we performed PCA using these peak area
ratios. Four principal components were defined by the PCA
modeling. Figures 3(A}3(C) show the score plots for PC1
and PC2, PC1 and PC3, and PC1 and PC4, respectively. These
plots allowed us to evaluate the relative similarity in glycan
heterogeneities among rEPOs. EPO-A and EPO-H (innovator
products) were plotted close to each ofher in the score plots for
PC1 and PC2 (Fig. 3(A)), and for PC1 and PC3 (Fig. 3(B)).
EPO-F and EPO-I (innovator products) were also plotted close
to each other in the score plots for PC1 and PC2 (Fig. 3(A)),
and for PC1 and PC3 (Fig. 3(B)). However, these two groups
were differentiated from PC4 (Fig, 3(C)), indicating that these
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Figure 2. Glycan distributions of EPO-A~I based on the peak area ratios of each glycan to the total peak area
of all glycans. An error bar indicates the standard deviation of the peak area ratios obtained from four
samples. Hex, hexose; HexNAc, N-acetylhexosamine; NeuNAc, N-acetylneuwraminic acid; NeuNGe,
N-glycolyIneuraminic acid; P, phosphoryl group; Ac, acetyl group.
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gé Table 1. Summary of N-glycan profiling from rEPOs
o &
%’ : Peak area ratio (%) of each glycan to total
= peak area of glycans from recombinant
31 Measured Measured Calculated erythropoietin products
wd mfz  Charge accurate  exact
g Deduced structure Monosaccharide composition value  state  mass mass A B C D E F &G H 1
:g? “ M6 P Hex6 HexNA¢2 P1 1477 46 -1 1478.5 14785 000 0.02 0.02 000 000 000 0.00 000 0.00
S Bi NeuNAc Hex5 HexNAcd NeuNAcl 965,84 -2 19337 19337 0.00 0.00 000 000 000 000 0.00 046 000
B, Bi NeuNA2 Hex5 HexINAcd NeuNAc2 1111.38 -2 2224.8 2224.8 0.00 000 000 000 0.00 0.00 000 1172 0.00
~ Fue Bi NeulNAc dHexl Hex5 HexNAcd NeuNAcl 1038.87 -2 2079.7 2079.8 003 008 0.04 004 005 0.00 01 006 002
é Fue Bi NeuNAc2(1) dHexl Hex5 HexNAcd NeuNAc2(1) 1184.42 -2 23708 23708 0.00 000 000 000 000 0.00 000 136 000
Fue Bi NeuNAc2(2) dHex1 Hex5 HexINAcd NeuNAc2(2) 1184.42 -2 2370.8 2370.9 557 598 563 10.04 1045 3.08 4.21 354 272

_ Tri NeuNAC2(1) Hex6 HexNAcS NeuNAc2(1) 1293.96 -2 25899 2589.9 0.00 0.00 000 000 000 000 000 020 000
o1 Tri NeulNAc2(2) Hex6 HexNAcS NeuNAc2(2) 1293.96 -2 2589.9 2589.9 Q.00 0.00 000 000 000 000 000 035 0.00
2§ Tri NeuNAC2(3) Hex6 HexNAcS NeuNAC2(3) 1293.96 <2 25899 25899 0.00 000 000 0.00 000 0.00 000 009 000
(é};: Tri NeulNAc3(1) Hex6 HexINAcS NeuNAc3(1) 1439.50 -2 2881.0 2881.0  0.00 0.00 0.00 000 000 000 000 1.3% 000
= L Tri NeulNAC3(2) Hex6 HexNACS NeuNAc3(2) 1439.50 -2 2881.0 28810 000 0.00 000 0.00 0.00 0.00 0.00 435 0.00
g Fue Tri NeaNAC2(1) dHex! Hext HexNAch NeuNAC(1) 1366.98 -2 2736.0 2736.0 018 028 013 121 139 054 177 050 048
= 1 Fue Tri NeuNAC2(3) diHex1 Hex6 HexNAcS NeuNAc2(2) 1366.98 -2 27360 27360 111 L8 066 033 038 007 034 007 1.06
o Fuae Tri NeuNAc3(1) dHex} Hex6é HexNAcS NeulNA3(1) 1512.53 -2 3027.1 30271 0.00 000 000 0.00 000 0.00 GO0 177 0.00
gr Fuc Tri NeuNAc3(2) diHexi Hex6 HexNAcS NeulNAc3(2) 1512.53 -2 3027.1 3027.1 336 126 123 228 195 315 225 285 107
= Fue Tri NeuNAc3(3) diexl Hex6 HexNAcS NeuNAC3(3) 1512.53 -2 30271 30271 451 935 746 9.28 10.05 323 368 427 839
= Fue Tei NeuNAc2 NeuNGel dHex1 Hex6 HexNAcS NeuNAc2 1520.53 -2 3043.1 3043.1 018 016 010 010 010 0.08 000 022 0.08
e NeuNGcl
g ‘ Fuc Tetra NeuNA2(1) dHex1 Hex7 HexINAc6 NeuNAc2(1) 1549.54 -2 31011 31011 0.49 0.08 0.03 045 021 000 048 026 019
3 Fuc Tetra NeuNAc2(2) dHex1 Hex7 HexNAco NeulNAc2(2) 1549.54 -2 31011 31011 100 042 032 054 044 236 1.04 073 0.58
- Fuc Tetra NeuNAc2(3) difex] Hex7 HexNAc6 NeuNAc2(3) 1549.54 -2 31011 31011 145 325 232 270 271 245 144 L1V 297
g 1 Fue Tetra NeuNAct NeuNGel  dHex Hex7 HexNAct NeuNAcl 1557.55 -2 3173 31171 044 041 018 010 010 008 0.00 046 010

. NeuNGel
- Fue Tetra NeuNA3(1) dHex1 Hex?7 HexNAcs NeulNAc3(1) 1695.09 -2 33922 3392.2 391 241 1.28 1.67 1.84 374 336 269 491
) Fuc Tetra NeulNAC3(3) dHex1 Hex?7 HexNAct NeuNAC3H2) 1695.09 -2 3392.2 33922 0.60 029 088 158 222 076 0.82 027 119
5 Fuc Tetra NeuNAc3(4) dHex1 Hex7 HexNAct NeuNAc3(3) 1695.09 -2 3392.2 33922 043 093 (.62 110 156 058 087 0.39 078
%’ Fuc Tri NeuNAc4 dHex1 Hex7 FlexNAcS NeuNAc4d 122676 - 3683.3 3683.3  16.80 26.58 27.43 2025 1571 29.62 11.54 16.92 33.27
| Puc Tri NeuNAc3 NeuNGel dHex1 Hex7 HexNAct NeuNAc3 1232.09 -3 3699.3 3699.3 072 094 077 045 031 086 031 094 067
b NeuNGel
g Fue Tri NeuNAcZ NeuNGe2 cpiﬁexi Hex7 HexNAct NeulNAc2 123742 -3 3715.3 37153 0.28 049 046 040 026 060 021 027 072
7 eulNGe2
o Fuc Tetra Lac NeuNAc2(1) dHex1 Hex8 HexNAc7 NeuNAc2{1) 173211 2 3466.2 3466.3 124 064 033 044 044 114 106 077 155
8 Fue Tetra Lac NeuNAc2(2) cdHex1 Hex8 HexINAC7 NeuNAc2(2) 1732.11 -2 3466.2 34663 020 0.26 026 045 064 022 039 010 0.27
g Fue Tetra Lac NeuNAc2(3) dHex1 Hex8 HexNA¢7 NeuNAc2(3) MR VAYN -2 3466.2 3466.3 010 022 018 034 044 019 044 007 023
;_, Fue Tri NeuNAc3(1) dHex1 Hex8 HexNAc7 NeuNAc3(1) ~1877.66 -2 3757.3 37573 0.55 044 036 033 029 070 112 017 1.26
2 Fue Tri NeuNA3(2) dHex1 Hex8 HexNAc7 NeuNAcC3(2) 1877.66 -2 3757.3 37573 022 006 004 018 023 016 048 042 042 &
f: Fuc Tri NeuNAe3(3) dHex1 Hex8 HexNAc7 NeuNAc3(3) 1877.66 -2 3757.3 37573 034 009 008 0.27 040 005 050 006 0.21 e
2 Fue Tetra Lac NeuMNAc4(1) dHex1 Hex8 HexNAc7 NeuNAc4(1) 134847 -3 4048.4 40484 8.07 7.83 951 10.85 11.88 13.06 10.14 516 995 &
ﬁ Fuc Tetra Lac NeuNAc4(2) dHex1 Hex8 HexNAc7 NeuNAc4(2) 1348.47 -3 4048.4 40484 561 7.30 799 10.02 1045 7.87 11.57 4.35 948 =
& <Y
S B
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Fue Tetra Lac NeuNA3 dHexI Hex8 HexNAc7 NeuNAc3
NeuNGcl(1) NeuNGel(1)
Fuc Tetra Lac NeulNAS dHex1 Hex8 HexNAc7 NeuNAC3
NeuNGe1(2) NeuNGel(2)

Fuc Tetra Lac2 NeuAc3(1)
Fuc Tetra Lac2 NeuNA3(2)
Fue Tetra Lac2 NeuNAcd
Fuc Tetra Lac2 NeuNAc3

dHex1 Hex9 HexINAc8 NeuNAc3(1)
dHex1 Hex9 HexNAcS NeuNAc3(2)
dHex1 Hex9 HexNAc8 NeuNAcd
dHex1 Hex9 HexNAc8 NeuNAc3

NeuNGcl NeuNGel

Fue Tetra Lac3 NeulNA diHex] Hex10 HexNA¢Y NeuNAG3

Fuc Tetra Lac3 NeuNA dHex! Fex10 HexNAc® NeuNAcd

Fue Tri NeulNAc3 Acl{l) dHex1 Hex6 HexNAch NeuNAG3 Acl{l)
Fue Tri NeuNAC3 Acl(2) dHex1 Hex6 HexNAcS NeuNAc3 Acl{2)

Fuc Tetra NeuNA Ac diex Hex7 HexNAc6 NeuNA3 Acl

Fuc Tetra NeuNAc3 Ac2 dHex1 Hex7 HexNAc6 NeuNAc3 Ac2

Puc Tri NeuNAod Ac dHex] Hex7 HexNAc6 NeuNAc4 Acl

Fue Tri NeuNAcd Ac dHex1 Hex7 HexINAc6 NeuNAc3
NeuNGel Act

Fue Tri NeuNAcd Ac2 dHex1 Hex7 HexNAco NeuNAcs Ac2

Fuc Tri NeuNAct Ac3 dHex1 Hex7 HexNAc6 NeuNAcd Ac3

Fue Tri NeulNAct Acd diex? Hex7 HexNAcH NeuNAcd Acd

Fue Tetra Lac NeuNAcs Ac(l)  dHexI Hex8 HexNAC7 NeuNAct Acl(l)
Fue Tetra Lac NeuNAcd Ac(2)  dHex] Hex8 HexNAc7 NeuNAc4t Acl{2)
Fuc Tetra Lac NeuNAcd Ac2  dHex] Hex8 HexNAc7 NeuNAcs Ac2
Fuc Tetra Lac2 NeuNAcd Acl  dHex] Hex9 FlexNAeB NeuNAcd Acl
Fuc Tetra Lac2 NeulNAcd Ac2  diHex] Hex9 HexNAc8 NeuNAcd Ac2

1353.81
1353.81

1373.14
1373.14
1470.18
1475.52

1494.85
1591.89
1533.54
1533.54
1716.10
1737.10
1240.76
1246.10

1254.77
126877
1282.77
1362.47
136247
1376.48
148418
1498.19

*

-3
-3

-3
-3
-3
-3

-3
-3
-2
-2
-2
-2
-3
-3

-3
-3
-3
-3
-3
-3
-3
-3

4064.4
4064.4

41224
4122.4
44135
4429.6

4487.6
4778.7
3069.1
3069.1
3434.2
3476.2
3725.3
37413

3767.3
3809.3
3851.3
4090.4
4090.4
4132.4
4455.5
4497.6

4064.4
4064.4

41225
41225
4413.6
4429.6

44876
4778.7
3069.1
3069.1
3434.2
3476.2
37253
37413

3767.3
3809.3
38514
4090.5
4090.5
4132.5
4455.6
4497.6

0.34
0.31

3.38
3.13
491
0.19

1.82
0.21
(.53
072
0.76
0.41
590
0.16

6.54
3.54
200
1.96
2.02
1.99
1.12
0.89

0.26
(.22

3.16
291
4.26
(.08

2.18
0.08
0.16
0.89
0.15
0.00
4.79
0.12

3.83
1.14
0.66
116
1.26
1.05
0.41
0.27

0.27
0.19

3.78
3.38
543
0.10

2.54
0.00
.13
0.68
0.00
0.00
4.63
0.08

3.18
1.06
0.44
1.47
151
1.83
0.63
0.36

0.25
0.22

4.51
4.05
8.75
0.10

4.09
(.36
0.05
0.16
0.00
0.00
0.79
0.00

0.26
0.00
0.00
0.55
0.47
0.00
0.30
0.00

0.27
0.18

4.60
3.76
9.07
0.14

4.44
0.34
0.00

.21

0.00
0.00
0.84
0.00

0.25
0.00
0.00
0.57
0.41
0,00
(.38
0.00

.40
0.24

5.36
3.59

0.32
0.33

5.35
532

6.57 15.86

0,12

2.67
0.16
0.17
0.11
0.00
0.00
2.96
0.06

0.58
0.37
0.00
0.90
0.76
0.00
0.38
0.00

(.38

8.06
2.03
0.02
0.03
012
0.00
0.89
(.00

0.22
0.00
0.00
0.72
0.80
0.00
103
0.31

0.32
0.27

1.95
113
2.40
0.14

101
0.00
0.47
0.68
.52
0.31
6.17
0.25

5.58
2.85
1.61
1.42
1.52
2.59
0.54
0.38

0.16

4.05
3.81
4.03
0.05

4,39
0.30
(.00
0.00
0.00
0.00
0.39
0.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

dHex, deoxyhexose; Hex, hexose; HexNA¢, N-acetylhexosamine; NeuNAc, N-acetylneuraminic acid; Ac, acetyl group; P, phosphate group; Fuc, fucose; Bi, Tri, and Tetra; bi-
, tri-, and tetraantennary complex type glycans; Lac, N-acetyllactosamine motif. M6, high-mannose type glycan M6. The number in parentheses indicates isomers.
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Figure 3. Score plots for PC1 and PC2 (A), PCI and PC3 (B}, and PC1 and PC4(C)
obtained by PCA using the peak area ratios of each glycan to the total peak area of
glycans in mass spectra obtained by LC/MS of N-glycans from rEPO products.

rEPOs possess distinctive glycan heterogeneities. EPO-G was
located near EPO-D and EPO-E in the score plot for PC1 and
PC2 (Fig. 3(A)), and for PC1 and PC4 (Fig. 3(C)), suggesting
that the glycan profile of EPO-G is similar to those of EPO-D
and EPO-E rather than to those of its reference product (EPO-F),
On the contrary, the biosimilar products EPO-B and EPO-C
(EPO-B/C), as well as EPO-D and E (EPO-D/E), were plotted
close to each other but away from the reference product
(EPO-A} in all score plots. This indicated that EPO-B/C and
EPO-D/E have similar glycan heterogeneities to each other
and different glycan heterogeneities than EPO-A. The PC scores
are summarized in Fig. 4. Using the PC values as indices, we
‘were able to digitalize the glycan heterogeneities of each rEPQ.

The relative similarities of the glycan heterogeneities
among rEPOs were evaluated by hierarchical cluster analysis.
Figure 5 shows the dendrogram obtained by cluster analysis.
The Euclidean distances between the clusters in the

wileyonlinelibrary.com/journal/rem

Copyright © 2014 John Wiley & Sons, Ltd.

dendrogram were measured by Ward's clustering method.
Interestingly, the clusters of EPO-F and EPO-I were classified
proximately, suggesting that their glycan heterogeneities were
relatively similar. EPO-H was also classified in the neighborhood
of the dusters of EPO-A, EPO-B and EPO-C. The relative
sirdlarity of the glycan heterogeneities between EPO-B and
EPO-C and between EPO-D and EPO-E were re-confirmed.

2. Identification of characteristic glycans by OPLS-DA

PCA is a powerful tool for overviewing the intrinsic variations
in a dataset, but it shows a limitation in finding the variables
that contribute to the separation among multi-groups because
the group information is not reflected in the princpal
components, OPLS, which is a supervised multivariate
projection method providing a maximum separation between
groups, is useful in systematically extracting the variables that

Rapid Commn, Mass Spectrom. 2014, 28, 921-932
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Figure 3. Dendrogram obtained by cluster analysis of the N-glycan distributions of rEPO products.

The nurnber of classifications was set as 7.

contribute to the separation among groups. Recently, OPLS-DA
has been used to identify biomarker candidates in
metabolomics and proteomics.***” We therefore attempted to
elucidate the characteristic glycans of each rEPO by OPLS-DA.
Figure 6{A) shows the score plot obtained by OPLS-DA
between EPO-A and the other rEPOs. The model was
‘composed of a principal component, and the PC values were
positive (66-7.2). The glycans contributing to the separation
between EPO-A and the other rEPOs, ie, the characteristic
glycans of EPO-A, were sorted using the loading column plot
(Fig. 7(A)). The glycan with a positive w*[1] value (vertical
axis), which is the weight that combires the X variable
{the peak area ratio of each glycan), was counted ameng the
characteristic glycans of EPO-A (threshold value >0.1) because
the PC values were positive in the score plot (Fig. 6(A)). We

Rapid Conmmun, Mass Spectrom. 2014, 28, 921-932

Copyright © 2014 John Wiley & Sons, Ltd.

considered that the characteristic glycans of EPO-A were tri-
and tetrasialylated fucosyl tetraantennary glycans carrying
0-2 Lac motifs and 1-4 acetyl groups as well as some non-
acetylated triantenmary glycans (Fig. 7(A)). The characteristic
glycans of other tEPOs were identified as described for EPO-A
(Fig. 7 and Table 2). EPO-B and EPO-D were grouped with
EPO-C and EPO-E in consideration of the results of the PCA
score plot analyses (Figs. 3-5). The characteristic glycans of
EPO-B/C, which are biosimilar products of EPO-A, were di-
and trisialylated fucosyl triantennary glycans, trisialylated
fucosyl triantennary glycans carrying a acetyl group, di-
and tetrasialylated fucosyl tetraantenrary glycans, and
tetrasfalylated fucosyl tetraantennary glycans carrying a Lac
motif and 1-2 acetyl groups. The frequency of acetylation of
glycans from EPO-B/C was lower than that of EPO-A. In

wileyonlinelibrary.com/jourmal/rem
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Figure 6. The score plots obtained by OPLS-DA between EPO-A (A}, EPO-B and EPO-C (B), EPO-D and EPO-E (C), EPO-F (D),

EPO-G (E), EPO-H (F), and EPO-1 (H) and other rEPOs.

addition, the deduced phosphorylated M6 was characterized
as the discriminative glycan of EPO-B/C, although the w*{1]
value was low (0.04). The characteristic glycans of EPO-D/E were
disialylated fucosyl biantennary glycans, di- and tisialylated
fucosyl triantennary glycans, di- and trisialylated fucosyl
tetraantennary glycans, disialylated fucosyl tetraantermary glycan
canrying a Lac motif, and tetrasialylated fucosyl tefraantennary
glycans carrying -2 Lac motifs. The glycans carrying acetyl
groups, which are major glycans of EPO-A (the reference product
of EPO-D/E), mostly were not detected from EPO-D/E. EPO-F
was characterized by a high proportion of highly sialylated
glycans, including trisialylated fucosyl triantennary glycans, di-
and tetrasialylated fucosyl fetraantennary glycans, and tri- and
tetrasialylated fucosyl tetraantermary glycans camrying 1-2 Lac
motifs. Interestingly, most of the characteristic glycans of EPO-G
were ti- and tetrasialylated fucosyl tetreantennary  glycans
carrying 1-3 Lac mofifs. The characteristic glycans of EPO-H were
non-fucosylated bi- and triantennary glycans and tetrasialylated
fucosyl tetraantennary glycans carrying acetyl groups. The
distinctive glycans of EPO were di- and trisialylated fucosyl
friantennary  glycans, di- fri-, and tetrasialylated fucosyl
tetraantennary  glycars, and di, -, and tetrasialylated
fucosyl tetraantennary glycans carrying a Lac motf, suggesting
the certain similarity of glycan heterogeneities between EPO-F
and EPO-L .

DISCUSSION

Previous reports of the glycosvlation analysis of
erythropoietin clarified the diversities and complexities of
their acidic N-glycans. For instance, tetrasialylated fucosyl

wileyonlinelibrary.com/journal /rom
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tetraantennary  glycans With or without Lac motifs are
detected as major glycans from urinary human erythropoietin
(hEPO) as well as rEPOs produced in Chinese hamster ovary
(CHO) cells, but were not detected in serum hEPO.P4 Ony
the contrary, glycans from urinary hEPO and rEPO from
CHO cells differ in the linkage position of NeuNAg, ie,
the glycans from urinary hEPO possess NeuNAc[2—3/6)
Gal linkages; however, rEPOs possess only NeuNAc(2—3)
Gal linkages.” Glycosylations of recombinant glycoproteins
are affected by manufacturing processes, including the
culture conditions as well as cell lines used to express
them.! Although epoetin alfa and beta are produced in
CHO cells and epoetin omega is produced in baby
hamster kidney (BHK) cells,” it was suggested that the
tetrasialylated fucosyl tetraantennary glycan content of
epoetin beta was higher than that of epoetin alfa and
omega.™ In addition, the N-glycans of some rEPOs
undergo several modifications such as acetylation of
NeuNAc and sulfation of non-reducing terminal
GIeNACP** and  high-mannose-type glycan carrying
phosphorylated mannose is attached to (EPO from BHK
cells and epoetin alfa Hexal, which is a biosimilar of
Eprex.®**! As previously described, the N-glycan profiles
of erythropoietins have been compared among limited
erythropoieting in several previous reports; however, the
systematic characterizations and discriminations of the
glycan heterogeneities between multiple rEPO products
were not reported.

In this study, we first characterized the N-glycan
heterogeneities of rEPOs by PCA based on the peak area
ratios of each glycan to the total peak area of all glycans.
The PCA model enabled us to distinguish the glycan
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Figure 7. Loading column plots by OPLS-DA between EPO-A (A), EPO-B and
EPO-C (B), EPO-D and EPO-E (C), EPO-F (D), EPO-G (E), EPO-H (F), and EPO-1
(H) and other rEPOs. The w*{1] value is the weight that combines the X variable.
An error bar indicates the standard deviation of w*[1] values obtained from four
samples. Hex, hexose; HexNAc, N-acetylhexosamine; NeulNAc, N-acetylneuraminic
acid; NeuNGe, N-glycolylneuraminic acid; P, phosphoryl group; Ac, acetyl group.

heterogeneities of four innovator products (EPO-A, EPO-F,
EPO-H, and EPO-I) and confirm the similarities of the glycan
heterogeneities among the innovator and biosimilar products.
Contrary to our expectation, EFO-B/C and EPO-D/E, all of
which are biosimilar products of EPO-A, were not plotted
near EPO-A, suggesting relative differences between their
glycan heterogeneities. We were also able to confirm that
the biosimilar product EPO-G is distinguished from its
reference product EPO-R Interestingly, the N-glycan
distribution of EPO-G could be similar to that of EPO-D/E
rather than EPO-F. As shown in Fig. 4, the visualization
and digitalization of the glycan heterogeneities on the basis
of the PC values within the PCA model could be useful to
objectively evaluate the relative differences of glycan
heterogeneities. We next identified the characteristic
glycans that contributed to the differentiation of seven rEPO
groups in the PCA model by OPLS-DA using the same
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datasets. The characteristic glycans were different between
these groups; in particular, the acetylated glycans, the
glycan carrying Lac motifs, and non-fucosylated glycans
were distinctive glycans of EPC-A, EPO-G, and EPO-H.
Other groups, namely EPO-B/C, EPO-D/E, EPO-F, and
EPO-, display characteristic differences in the number
of branches and sialylation of di-, tri-, and tetraantennary
glycans. EPO-F and EPO-T exhibited a high proportion of
tetrasialylated fucosyl tetraantennary glycans, with EPO-I
having a higher proration than EPO-F By contrast,
the major glycans of EPO-D/E were the glycans with
lower sialylation and branching. The ratios of the
di-, tri-, and tetraantennary glycans of EPO-B/C could
be intermediate between those of EPO-D/E, EPO-R
and EPO-L In addition, the less frequent acetylation of
the NeuNAc residues of EPO-D/E, EPO-F, and EPO-I
was noteworthy.
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Table 2, Characteristic glycans of each rEPO
fEPO Glycan composition Deduced structure
A dHex1 Hext HexNAcS NeuNA2(Z) Fuc Tri NeuNA2
dHex1 Hex6 HexNACS NeuNAS(1) Fuc Tri NeuNA
dHex1 Hex6 HexNAS NeuNA¢S Acl{1),(2) Fuc Tri NeuNAC3 Acl
dHex1 Hex7 HexNAcH NeulNAc3 Acl2 Fue Tetra NeuNAC3 Acl-2
dHex1 Hex? HexNAc6 NeuNAcd Acl-4 Fuc Tetra NeuNAct Acl-4
dHex1 Hex8 HexNAC7 NeuNAcd Acl{1)(2} Fuc Tetra Lacl NeuNAcd Acl
dHexl Hex# HexNAc7 NeulNAcd Ac2 Fuc Tetra Lacl NeuNAcd A2
dHex1 Hex9 HexINAB NeuNAct Acl-2 Fuc Tetra Lac2 NeuNAct Acl-2
B.C Hex6 HexNAC2 P1 Me-P
dHexl Hex6 HexNAcS NeuNAcZ(2) Fue Tri NeuNAC2
dHexl Hext HexNACS NeuNACHZ) Fuc Tri NeuNAS
dHex1 Hex6 HexINACH NeuNAG3 Acl{Z) Fuc Tri NeuMNACS Acl
dHex1 Hex7 HexNAco6 NeuNAC2(3) Fuc Tetra NeuNAc2
dHex1 Hex7 HexNAc6 NeuNAcd Fuc Tetra NeuNAc4
dHex1 Hex7 HexINAcS NeulNAcs Acl2 Fuc Tetra NeuNAcd Acl-2
dHex1 Hex8 HexNAcZ NeuNAcd Acl(1),(2) Fuc Tetra Lacl NeuNAcd Acl
dHex1 Hex8 HexNACT NeuNAcd Ac2 Fuc Tetra Lacl NeuNAcd Ac2
DE dHex1 Hex5 HexNAcs NeuNAG2 Fuc Bi NeuNAc2
dHex1 Hex6 HexMNAS NeulNA2(1) Fuc Tri NeuNAcZ
dHex1 Hex6 HexNAS NeulNAC3(2) Fue Tri NeulNAC3
dHex1 Hex7 HexNAch NeulNAc2(3) “ Fuc Tetra NeuNAc2
dHex1 Hex7 HexNAcH NeuNACG(3) Fuc Tetra NeuNACS
dHex1 Hex8 HexNAcT NeuNAC2(2),(3) Fuc Tetra Lacl NeuNAc2
dHex1 Hex8 HexNAc7 NeulNAc4(1).(2) Fuc Tetra Lacl NeuNAcdd
dHex1 Hex9 HexNAcE NeuNAct Fuc Tetra Lac2 NeuNAdd
F dHex1 Hexé HexNAcH NeuNAC3(1) Fuc Tri NeuNA
dHex1 Hex7 HexNAc6 NeuNAc2(2) Fuc Tetra NeuNAC2
dHex1 Hex7 HexNAcH NeuNAcd Fuc Tetra NeuNAcd
dHex1 Hex8 HexNAc7 NeuNAc4(1) . Fuc Tetra Lacl NeuNAcd
dHex1 Hex9 HexNAcS NeuNAc3(1) Fue Tetra Lac2 NeuNAc3
G dHex1 Hex6 HexINAcS NeuNAc2(1) Fuc Tri NeuNAC2
dHex1 Hex8 HexNAc7 NeuNAc4(2) Fuc Tetra Lacl NeulNAcd
dHex1 Hex9 HexMNAc8 NeuNAc3(1),(2) Fuc Tetra Lac2 NeuNAG
dHex1 Hex? HexMNAcE NeuNAcd Puc Tetra Lac2 NeuNAcd
dHex1 Hex10 HexNAcY NeuNAc3,4 Fug Tetra Lac3 NeuNAc3-4
H Hex5 HexNAcd NeuNAc1,2 Bi NeuNAc1-2
Hex6 HexNAcS NeuNAc3(1),{2) Tri NeuNAc3
dHex1 Hex7 HexNAct NeulNAc4 Acl-4 Fuc Tetra NeuNAcd Acl4
dHex1 Hex8 HexNACT NeuNAcd Ac2 Fuc Tetra Lacl NeulNAcs Ac2
1 dHex1 Hexé HexNA NeulNAc2(2) Fue Tri NeuNAc2
dHex1 Hext HexXNAS NeuNAC3(2) Fuc Tri NeuNAS
dHex1 Hex7 HexNAcS NeuNAC2(3) Fuc Tetra NeulNAC2
dHex1 Hex7 HexMNAcS NeuNACS(D) Fuc Tetra NeulNACS
dFex1 Hex7 HexNAct NeuNAcd Fuc Tetra NeulNAc4
dHex1 Hex8 HexNACT NeuNAc2(1) Fue Tetra Lacl NeuNA2
. dHex1 Hex8 HexNAc7 NeuNA3(1) Fuc Tetra Lacl NeulNAc3
dHex1 Hex8 HexNAc7 NeuNAc4(2) Fuc Tetra Lacl NeuNA¢d
dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine; NeulNAc, N-acetylneuraminic acid; Ac, acetyl group; P,
phosphate group; Fuc, fucose; Di, biantennary glycan; Tri, triantenarry glycan; Tetra, tetraantennary glycan; Lac,
N-acetyllactosamine motif. The number in parentheses indicates isomers, which correspond to those in Fig. 2 and Table 1.

It was reported that tEPOs were discriminated on thebasis ~ CONCLUSIONS

of their glycoforms by PCA using the peak area ratios of

intact EPO glycoforms obtained by CE/MS."! Whereas the  Discrimination between the glycan heterogeneities of nine
PCA score plot of glycoforms is based on differences in  rEPO products were performed by MVA using data obtained
molecular weight, PCA of the released glycan discriminates by LC/MS™. The PCA values were useful to evaluate the
the many different isomers, as demonstrated in this study.  relative differences among the glycan heterogencities of
For the differential glycosylation analysis of multiple rEPO  rEPOs. The characteristic glycans that contributed to the
products, both glycoform analysis and released glycan  differentiation were also successfully identified by OPLS-DA
analysis could be conducted. using the glycan profile data. We demonstrated that
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PCA and OPLS-DA are applicable for distinguishing
glycan heterogenecities that are nearly indistinguishable
on rEPO products.
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ABSTRACT

Interaction of the envelope glycoprotein (Env) of human T-lymphotropic virus 1 (HTLV-1) with the glucose transporter type 1
(GLUT1) expressed in target cells is essential for viral entry. This study found that the expression level of GLUT1 in virus-pro-
ducing 293T cells was inversely correlated with HTLV-1 Env-mediated fusion activity and infectivity. Chimeric studies between
GLUT1 and GLUT3 indicated that the extracellular loop 6 (ECL6) of GLUT1 is important for the inhibition of cell-cell fusion
mediated by Env. When GLUT1 was translocated into the plasma membrane from intracellular storage sites by bafilomycin Al
(BFLAL1) treatment in 293T cells, HTLV-1 Env-mediated cell fusion and infection also were inhibited without the overexpression of
GLUT1, indicating that the localization of GLUT1 in intracellular compartments rather than in the plasma membrane is crucial for the
fusion activity of HTLV-1 Env. Inmunoprecipitation and laser scanning confocal microscopic analyses indicated that under normal
conditions, HTLV-1 Env and GLUT1 do not colocalize or interact. BFLA1 treatment induced this colocalization and interaction, indi-
cating that GLUT1 normally accumulates in intracellular compartments separate from that of Env. Western blot analyses of FLAG-
tagged HTLV-1 Env in virus-producing cells and the incorporation of HTLV-1 Env in virus-like particles (VLPs) indicate that the pro-
cessing of Env is inhibited by either overexpression of GLUT1 or BFLALI treatment in virus-producing 293T cells. This inhibition
probably is due to the interaction of the Env with GLUT1 in intracellular compartments. Taken together, separate intracellular local-
izations of GLUT1 and HTLV-1 Env are required for the fusion activity and infectivity of HTLV-1 Env.

IMPORTANCE

The deltaretrovirus HTLV-1 is a causative agent of adult T-cell leukemia (ATL) and HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP). Although HTLV-1 is a complex retrovirus that has accessory genes, no HTLV-1 gene product
has yet been shown to regulate its receptor GLUT1 in virus-producing cells. In this study, we found that a large amount of
GLUT1 or translocation of GLUT1 to the plasma membrane from intracellular compartments in virus-producing cells enhances
the colocalization and interaction of GLUT1 with HTLV-1 Env, leading to the inhibition of cell fusion activity and infectivity.
The results of our study suggest that GLUT1 normally accumulates in separate intracellular compartments from Env, which is

indeed required for the proper processing of Env.

man T-lymphotropic virus 1 (HTLV-1) is a complex del-
" taretrovirus and a causative agent of adult T-cell leukemia
(ATL) (62-64) and HTLV-l-associated myelopathy/tropical
spastic paraparesis (HAM/TSP) (1, 2). The envelope glycoprotein
(Env) of HTLV-1 is synthesized in virus-infected cells as a poly-
protein precursor (gp62), which subsequently is cleaved by cellu-
lar proteinase(s) localized in the Golgi apparatus into two pro-
teins, surface glycoprotein (gp46; SU) and transmembrane
glycoprotein (gp21; TM). HTLV-1 entry is initiated by the specific
interaction of SU with cellular receptors, resulting in TM-medi-
ated fusion between viral and cellular membranes.

Three distinct molecules have been shown to be involved in
efficient entry of HTLV-1: glucose transporter 1 (GLUT1) (3),
heparin sulfate proteoglycans (HSPGs) (4), and neuropilin-1
(NRP-1) (5). It should be noted that transmission of HTLV-1
from virus-infected cells to target cells is mediated mainly by cell-
to-cell contact (cell-to-cell infection) (6-8) via virological synapse
(9) or biofilm-like extracellular assemblies (10), not by cell-free
virus, except in the case of transmission to dendritic cells (11).
Although GLUT1 is ubiquitously distributed, HTLV-1 mainly in-
fectshuman CD4* T cells (12-15) and immortalizes them (16). In

502 jviasm.org
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general, the expression of the receptor molecules in target cells is
essential for enveloped virus entry. However, surface expression
of the receptor molecules in virus-infected cells may interfere with
the incorporation of Env or the release of virions because of the
association of Env and the receptors. This effect is commonly
avoided by simple trapping of the Env-receptor complex in the
endoplasmic reticulum (ER) in most viruses. In contrast, another
human retrovirus, HIV-1, downregulates or degrades its receptor,
CD4, from the plasma membrane of the infected cells by HIV-1
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accessory proteins, such as Nef (17-19) and Vpu (20-22), to pro-
tectinfected cells from superinfection or to maintain the infectiv-
ity of HIV-1. However, it remains to be determined how the
receptors for HTLV-1, such as GLUT1, are regulated in HTLV-1-
infected cells. To address this issue, we overexpressed GLUT1 in
virus-producing cells with HTLV-1 Env and checked the cell fu-
sion activity and infectivity. We found that increased expression of
GLUT1 in the virus-producing cells inhibited the Env function.
Further analyses revealed that GLUT1 is localized in different cel-
lular compartments from Env, resulting in the efficient processing
and surface expression of Env in virus-producing cells.

MATERIALS AND METHODS

Cells and culture conditions. The 293T and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS; Gibco BRL,
Carlsbad, CA, USA). A human CD4-expressing glioma cell line (NP-2/
CD4) (23) and its derivatives (24) were maintained in Eagle’s minimum
essential medium (MEM; Sigma-Aldrich) supplemented with 10% FBS.
The TZM-bl cell line was provided through the AIDS Research and Ref-
erence Reagent Program, Division of AIDS, National Institute of Allergy
and Infectious Diseases, and maintained in DMEM supplemented with
10% FBS. The Jurkat cell line was purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA) and maintained in RPMI
1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS.

Plasmids. An HTLV-1 clone, pMT-2 (25), was provided by M. Mat-
suoka (Kyoto University). Reporter and packaging plasmids of HTLV-1
and HIV-1 for cell-to-cell infection (6) were kindly provided by D. Derse
and G. Heidecker (National Cancer Institute, USA). The plasmids,
pNL4-3, pCMV-rev, and pHP-dI-N/A, were obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases. The HIV-1 NL-Luc plasmid
pNLLucABglII was kindly provided by 1. S. Y. Chen (UCSF). A plasmid-
enhancing translation initiation, pAdvantage, was purchased from Pro-
mega (Madison, W1, USA).

Construction of expression vectors. An expression vector for
HTLV-1 Env was constructed from pMT-2 (25). Briefly, the SphI-Pstl
fragment of pMT-2 carrying HTLV-1 env (1.6 kb) was blunt ended and
ligated with an EcoRI linker. The env fragment digested with EcoRI was
further ligated into pcDNA3.1(+) to give pcDNA-1E. The BgllI-HindIII
fragment carrying the Rev-responsive element (RRE) of pNL4-3 was
cloned into pBluescript KS using BamHI and HindIII sites to give pKS-
RRE. The Xbal-Apal fragment of pKS-RRE then was inserted into
pcDNA-1E to give pcDNA-1E-RRE. An HTLV-1 Env expression vector
with a C-terminal FLAG tag was constructed by using Agel and Xbal sites
of pcDNA-1E-RRE. First, the Agel-Xbal fragment of the HTLV-1 encod-
ing C-terminal FLAG tag was obtained by PCR using pcDNA-1E-RRE as
a template. The primers used were the following: 5'-TTTCCTTGTCACC
TGTTCCCAC-3' and 5'-TCTAGATTACTTGTCGTCATCGTCTTTGT
AGTCCAGGGATGACTCAGGGTT-3' (the underlined portion indicates
the Xbal site). The amplified product then was replaced with pcDNA-1E-
RRE using Agel and Xbal sites to give pcDNA-1E-FLAG-RRE. The genes
encoding GLUT1 and GLUT3 with C-terminal FLAG tags were cloned by
PCR using cDNA libraries of human leukocytes and HeLa cells (Clontech,
Mountain View, CA, USA) as the templates, respectively. The primers
used were 5'-GCGCTGCCATGGAGCCCAGCAGCAAGAAG-3' and 5'-
GTTACTTGTCGTCATCGTCTTTGTAGTCCACTTGGGAATCAGCC
CCCA-3' for GLUT1 and 5'-CTCGAGGATTACAGCGATGGGGACAC
AGAA-3" and 5'-TTACTTGTCGTCATCGTCTTTGTAGTCGACATTG
GTGGTGGTCTCCTT-3' for GLUTS3, and the sequences were verified
using a 3130 genetic analyzer (Applied Biosystems, Foster City, CA, USA).
Expression vectors for FLAG-tagged GLUT1 and GLUT3 were obtained
by the insertion of each fragment into pcDNA3.1(—) using Xhol and
HindIII sites for GLUT1 and Xhol and EcoRV sites for GLUT3. Expres-
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sion vectors for GLUT1 and GLUT3 with C-terminal hemagglutinin (HA)
tags were constructed by using Stul and HindIIT sites of pcDNA-GLUT1-
FLAG and pcDNA-GLUT3-FLAG. The primers used were 5'-CTGCACC
TCATAGGCCTCGCTGG-3" and 5'-AAGCTTAAGCGTAATCTGGAA
CATCGTATGGGTACACTTGGGAATCAGC-3' for GLUTI and 5'-CA
TATGATAGGCCTTGGAGGGATGGC-3" and 5'-AAGCTTAAGCGTA
ATCTGGAACATCGTATGGGTAGACATTGGTGGTGGT-3' for GLUT3
(underlined portions indicate the Stul and Hind!III sites, respectively).
The amplified products were replaced with pcDNA-GLUT1-FLAG and
pcDNA-GLUT3-FLAG using Stul and HindlIII sites to give pcDNA-
GLUT1-HA and pcDNA-GLUT3-HA, respectively. The chimeric expres-
sion vectors between GLUT1-FLAG and GLUT3-FLAG first were con-
structed using common Stul sites located upstream of ECL5 of GLUT1
and GLUT3 genes by swapping restriction fragments. Chimeras between
GLUT1 and GLUT3 in ECL5 and ECL6 were constructed with the over-
lapping extension PCR method as previously described (26). To construct
a plasmid encoding GLUT1 with an N-terminal green fluorescent protein
(GFP) tag, an Xhol and BamHI fragment of pcDNA-GLUT1-FLAG first
was inserted into pEGFP-C1 (Clontech, Mountain View, CA, USA). The
FLAG tag was further removed by replacing the Sbfl-BamHI fragment of
pEGFP-GLUT1-FLAG with the PCR-amplified product using the primers
5'-GACCCATGACCTGCAGGAGATGAAGGAAG-3' (underlined por-
tion indicates the Sbfl site) and 5'-GGATCCTTAAGCCCCCAGGGGAT
GGAACAG-3'" (underlined portion indicates the BamHI site) to give
pEGFP-GLUTI. An infectious HIV-1 clone lacking the env gene
(pNL43ABglII) was constructed by the deletion of a BglII fragment pres-
entin HIV-1 env.

Transfection and HTLV-1 Env-mediated cell fusion and infection
assay. For the expression of HTLV-1 Env and the production of virus-like
particles (VLPs), 293T cells in six-well plates were transfected with 3.5 pug
of pNL43ABglII, 1.5 jug of pcDNA-1E-RRE, 0.5 g of pCMV-rev, and 0.5
g of pAdvantage (Promega) using a Profection kit (Promega) or Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s recommen-
dations. The expression of GLUT1 in 293T cells was decreased in the
indicated experiment by using short interfering RNA (siRNA) against
GLUT1 (Sigma) transfected with Lipofectamine 2000 (Invitrogen). The
siRNA universal negative control (Sigma) also was used as a negative
control. For cell-cell fusion assays, transfected 2937 cells were recovered 6
h posttransfection and cocultured with TZM-b! cells. Luciferase activities
were measured 30 h posttransfection using a luminometer (Berthold
Technology, Bad Wildbad, Germany) as previously described (27). For
cell-free infection, luciferase-reporter plasmid pNLLucABglII was used
instead of pNL43ABglII for the transfection. Viral supernatants recovered
24 h posttransfection were used for the infection of NP-2/CD4/CXCR4/
CCRS cells, and luciferase activities of the infected cells were measured 48
h postinfection. The p24 Gag in the culture supernatant was measured
using an HIV-1 p24 antigen enzyme-linked immunosorbent assay (Ag
ELISA) kit (Zeptometrix, Buffalo, NY, USA) according to the manufac-
turer’s instructions. Cell-to-cell infection assays were performed as previ-
ously described (6) using Jurkat cells as the targets. Briefly, 293T cells were
cotransfected with pUCHR-inGLuc@, pHP-dI-N/A, pCMV-rev, pAdvan-
tage, and pcDNA-1E-RRE in the presence of pcDNA-GLUT1-FLAG,
pcDNA-GLUT3-FLAG, or empty vector. Transfected cells were recovered
6 h posttransfection and cocultured with Jurkat cells. The luciferase activ-
ities were measured after 48 h of coculture.

Flow cytometry. The 293T cells were transfected with pcDNA-
GLUT1-FLAG, pcDNA-1E-RRE, pNL43ABglII, pPCMV-rev, and pAdvan-
tage as described above. The cells were recovered 24 h posttransfection
using cell dissociation solution (Sigma) and stained with anti-gp46 rat
monoclonal antibody (MAb) LAT-27 (28), followed by staining with al-
lophycocyanin (APC)-conjugated anti-rat IgG (BioLegend, San Diego,
CA, USA). The cells were further stained with fluorescein isothiocyanate
(FITC)-conjugated anti-GLUT1 (R&D Systems, Minneapolis, MN,
USA), fixed with 4% paraformaldehyde for 15 min, and analyzed using a
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FACSCalibur fluorescent-activated cell sorter (BD Biosciences, San Jose,
CA, USA).

Laser scanning confocal microscopy. The Hela cells were plated on
poly-L-lysine-coated eight-well glass slides (Matsunami Glass, Osaka,
Japan), transfected with pEGFP-GLUT1 and pcDNA-1E-RRE using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions, and cultured for 24 h. The cells were fixed with 4% paraformalde-
hyde for 15 min. The fixed cells were permeabilized with 0.2% Triton
X-100 and stained with the anti-gp46 rat MAb LAT-27 (28), stained with
anti-rat IgG conjugated with Cy3 (Jackson ImmunoResearch), and ana-
lyzed using an LSM-700-Zen confocal laser scanning microscope (Carl
Zeiss, Gottingen, Germany) with a 60X objective lens. The images were
processed using the LSM imaging browser (Carl Zeiss).

Immunoprecipitation and Western blotting. The 293T cells in six-
well plates were transfected with 3.5 wg of pNL43ABglll, 1.5 pg of
pcDNA-1E-RRE, 0.5 pg of pCMV-rev, and 0.5 pg of pAdvantage (Pro-
mega) using Lipofectamine 2000 (Invitrogen) and then cultured for 24 h
at 37°C. The cells then were solubilized using 1% Brij O10 (Sigma-
Aldrich) lysis buffer (1% Briji 010, 20 mM Tris-Cl, pH 8.0, 150 mM
NaCl) with a protease inhibitor cocktail (Nakalai Tesque, Kyoto, Japan).
For the preparation of VLPs, culture supernatants from transfected 293T
cells were harvested after 24 h of culture and filtered through 0.45-pm-
pore-size filters. The filtered supernatants then were centrifuged at
10,000 X g for 1 h at 4°C. The pellets were resuspended in 2X loading
buffer. The cell lysates or VLPs then were separated by SDS-PAGE and
blotted onto PVDF (polyvinylidene difluoride; Immobilon-P; Milli-
pore, Billerica, MA, USA) membranes. The membranes were incu-
bated with anti-gp46 rat MAb (LAT-27), anti-FLAG mouse MAb
(Wako, Osaka, Japan), anti-HA mouse MAb (Wako), anti-HIV-1 Gag
mouse MAb (24-3) (29), anti-cyclophilin A (CypA) rabbit polyclonal
antibody (Enzo Life Sciences, Farmingdale, NY, USA), or anti-B-actin
mouse MAD (Sigma), followed by staining with horseradish peroxi-
dase (HRP)-conjugated anti-mouse (Jackson ImmunoResearch, West
Grove, PA, USA), anti-rat (Jackson ImmunoResearch), or anti-rabbit
(Jackson ImmunoResearch) IgG. The signals were detected using
Chemi-Lumi One (Nacalai Tesque). For immunoprecipitation, the cells
first were treated with DSP (dithiobis[succinimidylpropionate]) cross-
linker according to the manufacturer’s instructions (Thermo Scientific,
Rockford, IL, USA) and solubilized using 1% Brij O10 lysis buffer with a
protease inhibitor cocktail. Cell lysates were incubated with anti-FLAG
mouse MAb (Wako) for 1 h at 4°C. Sepharose-protein G beads (GE
Healthcare Life Sciences, Uppsala, Sweden) were added, and samples were
incubated overnight at 4°C. Samples were washed four times with 1% Brij
010 lysis buffer, resuspended in 2 X loading buffer, and subjected to SDS-
PAGE. Proteins were analyzed by Western blotting using anti-gp46 rat
MAD (LAT-27). The reactions also were enhanced by using Can Get signal
(Toyobo, Osaka, Japan).

RESULTS

Inhibition of HTLV-1 Env-mediated cell fusion and infection by
overexpression of GLUT1 in VLP-producing 293T cells. It has
been shown that the expression of GLUT1 in target cells is essen-
tial for entry for HTLV-1 (3). However, it is unknown whether the
expression of GLUT1 in virus-producing cells affects the effi-
ciency of virus entry, because GLUT1 is physically associated with
HTLV-1 Env (3). To address this issue, we selected 293T cells as
VLP-producing cells, because 293T cells typically express low lev-
els of GLUT1 on their cell surfaces (Fig. 1A). For the efficient
production of VLPs, HIV-1 vectors pseudotyped with HTLV-1
Env also were used in this study. The overexpression of FLAG-
tagged GLUT1 in VLP-producing cells, which was confirmed by
Western blotting (Fig. 1B), increased the surface expression level
of GLUTI (Fig. 1A). GLUT] also was preferentially incorporated
into VLPs during the overexpression of GLUT1 compared with
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the level during overexpression of GLUT3, irrespective of the ex-
pression of HTLV-1 Env (Fig. 1B). When GLUT1 and HTLV-1
Env were coexpressed in VLP-producing 293T cells, the surface
expression level of gp46 did not appear to be affected by overex-
pression of GLUT1 compared with the expression level in mock-
transfected 293T cells (Fig. 1B).

We also noticed that mature gp46 was not incorporated into
VLPs produced from 293T cells expressing large amounts of
GLUTI. The larger molecular size recognized by anti-gp46 in
VLPs (~53 kDa), which corresponds to the size of an undergly-
cosylated and uncleaved form of Env, most likely was due to the
contamination of intracellular materials of the cells. In contrast,
mature gp46 was incorporated into the VLPs produced from
mock- or GLUT3-transfected 293T cells (Fig. 1B). The cell-cell
fusion activity, cell-to-cell infectivity, and cell-free virus infectiv-
ity also were profoundly reduced by the overexpression of GLUT1
but not by the overexpression of GLUT3 in VLP-producing 293T
cells (Fig. 1C). In contrast, fusion activity and infectivity mediated
by HIV-1 Env, including cell-cell fusion, cell-to-cell infection, and
cell-free infection, were not inhibited by overexpression of
GLUT1 or GLUT3 (data not shown). To exclude the effect of VLPs
produced by HIV-1 vectors, we also checked the effect of VLPs
produced by HTLV-1 vectors. We found that overexpression of
GLUT1in HTLV-1-VLP-producing cells also specifically and pro-
foundly inhibited HTLV-1 Env-mediated cell-to-cell infection
(Fig. 1D). These results indicate that GLUT1 specifically inhibits
HTLV-1 Env-mediated cell fusion and infectivity, probably owing
to the loss of mature gp46 incorporation into VLPs.

Inverse correlation between the expression level of GLUT1
and the fusion activity of HTLV-1 Env in VLP-producing 293T
cells. We further checked whether the expression level of GLUT1
is correlated with the inhibition of HTLV-1 Env-mediated fusion.
When 293T cells were transfected with increasing amounts of the
plasmid encoding FLAG-tagged GLUT1, GLUT1 was increasingly
incorporated into VLPs (Fig. 2A), while HTLV-1 Env-mediated
fusion activity and infectivity were inversely inhibited (Fig. 2B) in
a dose-dependent manner.

We next sought to check whether the knockdown of GLUT1 in
VLP-producing 293T cells augments the infectivity of HTLV-1
Env-bearing VLPs, because 2937 cells still endogenously express a
low level of GLUT1. The knockdown of GLUT1 by siRNA first was
verified by an observed reduction of FLAG-tagged GLUT1 expres-
sion (Fig. 2C), because the endogenous level of GLUT1 in 293T
cells was undetectable using anti-GLUT1 antibodies in Western
blotting (data not shown). We found that cell-free virus infectivity
recovered from VLP-producing 293T cells cotransfected with
siRNA against GLUT1 was significantly increased compared with
the infectivity of virus recovered from cells transfected with neg-
ative-control siRNA (Fig. 2C). These results indicate that the fu-
sion activity of HTLV-1 Env is inversely related to the expression
level of GLUT1 in VLP-producing cells.

The ECL6 region of GLUT1 is sufficient for the inhibitory
activity of GLUT1 against HTLV-1 Env-mediated fusion. Be-
cause GLUT3, which shares 63% amino acid sequence identity
with GLUT1, had no inhibitory effect on HTLV-1 Env-mediated
cell fusion, as shown in Fig. 1, we sought to determine the region of
GLUT]1 responsible for inhibition of HTLV-1 Env cell fusion ac-
tivity. Using a common restriction site and overlapping extension
PCR methods, we generated a series of GLUT1-GLUT3 chimeras,
as shown in Fig. 3A. The inhibitory activity against cell fusion for
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