
Glucose-6-Phosphate Dehydrogenase
Deficiency Enhances Human
Coronavirus 229E Infection

Yi-Hsuan Wu,1 Ching-Ping Tseng,1,2,3 Mei-Ling Cheng,2,3 Hung-Yao Ho,2

Shin-Ru Shih,1,2,3 and Daniel Tsun-Yee Chiu1,2,3

1Graduate Institute of Basic Medical Sciences and 2Graduate Institute of
Medical Biotechnology, Chang Gung University, and 3Department of Clinical
Pathology, Chang Gung Memorial Hospital, Kwei-Shan, Tao-Yuan, Taiwan

The host cellular environment is a key determinant of patho-
gen infectivity. Viral gene expression and viral particle pro-
duction of glucose-6-phosphate dehydrogenase (G6PD)– defi-
cient and G6PD-knockdown cells were much higher than their
counterparts when human coronavirus (HCoV) 229E was ap-
plied at 0.1 multiplicity of infection. These phenomena were
correlated with increased oxidant production. Accordingly,
ectopic expression of G6PD in G6PD-deficient cells or addi-
tion of antioxidant (such as �-lipoic acid) to G6PD-
knockdown cells attenuated the increased susceptibility to
HCoV 229E infection. All experimental data indicated that ox-
idative stress in host cells is an important factor in HCoV 229E
infectivity.

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the

most common enzyme deficiency worldwide [1]. Accumulating

evidence indicates that G6PD deficiency affects cells other than

those of erythrocytes. For example, G6PD deficiency is now

known to affect oocyte development and/or survival as well as

growth and senescence of human foreskin fibroblasts (HFFs).

Moreover, human G6PD-deficient neutrophils exhibit impaired

production of nitric oxide, superoxide, and hydrogen peroxide,

which may explain the impaired bactericidal effect of these cells

[2]. Taken together, these findings indicate that G6PD defi-

ciency causes abnormal cellular redox, thus affecting cells other

than red cells. Oxidative stress is known to affect viral prolifera-

tion and virulence [3]; however, the effect of G6PD deficiency on

viral infectivity has not been thoroughly studied.

In addition to being major sources of intracellular oxidants,

pulmonary cells are exposed to �8000 L of oxygen-rich air daily

as well as toxic particles [4]. Recent studies indicate that diesel

exhaust exacerbates influenza virus infections in respiratory ep-

ithelial cells [5]. Human coronavirus (HCoV) 229E, a common

pathogen for respiratory tract infection, is a large, enveloped

RNA virus and has a high affinity with airway cells. Recent iden-

tification of a novel coronavirus as a causative agent of severe

acute respiratory syndrome (SARS) has received substantial

clinical attention. Because pulmonary cells are under high oxi-

dative stress and because HCoV 229E is an interesting viral

pathogen affecting pulmonary cells, it would be of interest to

investigate how oxidative stress affects HCoV 229E infection of

airway cells.

Methods. Dulbecco’s modified Eagle medium (DMEM),

trypsin, penicillin, streptomycin, Lipofectamine 2000 transfec-

tion reagents, and dichlorofluorescin (DCF) diacetate were pur-

chased from Invitrogen. The G6PD antibody was acquired from

Genesis Biotech (Taiwan). Anti-actin and anti-CD13 antibodies

were purchased from Santa Cruz Biotechnologies, and antibiotic

G418 sulfate and �-lipoic acid were purchased from Promega.

G6PD-deficient (HFF1), normal (HFF3), and G6PD-over-

expressing fibroblasts (LGIN and LKGIN) were prepared as de-

scribed elsewhere [6]. Lung carcinoma cells (A549) and human

lung fibroblasts (MRC-5) were obtained from the American

Type Culture Collection. All cells were cultured in DMEM sup-

plemented with 10% fetal calf serum, 100 U/mL penicillin, and

100U/mL streptomycin at 37°C in a humidified atmosphere of

5% CO2 with or without 300 �g/mL G418, depending on

whether or not they were transfected.

For G6PD-RNAi plasmids, the complementary oligonucleo-

tides G6PD-143S (5'-ACACACATATTCATCATCGAAGCTT-

GGATGATGAATATGTGTGT-3') and G6PD–143AS (5'-GGA-

TACACACATATTCATCATCCAAGCTTCGATGATGAATA-

TGTGTGT-3') were annealed and ligated into pTOPO-U6 to

generate pTOPO G6PD-143. The plasmid was tested and then

removed to insert into the pCI-neo mammalian expression vec-

tor, as described elsewhere [7].
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For the virus and plaque assay, HCoV 229E (provided by

M. M. Lai, Academia Sinica) was propagated in MRC-5 cells as

described elsewhere [8]. The viral titer was calculated by plaque

formation on A549 cells.

G6PD activity and Western blot analysis was done as de-

scribed elsewhere [6]. Cell viability (MTT assay) was determined

as described elsewhere [9], using the following formula: (A490 �

A650) treated cells � 100/(A490 � A650) control cells, where A

indicates absorbance. To measure cell-specific receptors for

HCoV 229E, cell-surface membrane receptors for CD13 were

quantitated by flow cytometry.

Total RNA from HCoV-infected cells was isolated by use of

the RNeasy Mini Kit (Qiagen), and reverse-transcription poly-

merase chain reaction (RT-PCR) was performed using Super-

Script III reverse transcriptase (Invitrogen), in accordance with

the manufacturer’s instructions. To quantify the DNA fragment,

2 HCoV 229E–specific oligonucleotide primers of nucleocapsid

were used: 5'-AGGCGCAAGAATTCAGAACCAGAG-3' and 5'-

AGCAGGACTCTGATTACGAGAAAG-3'. Quantitative PCR

was performed as described elsewhere [10].

Cellular NADPH was quantified by high-performance liquid

chromatography, as described elsewhere [11]. Cells (4 � 105)

were acidified with 1% (wt/vol) metaphosphoric acid and then

filtered, and intracellular glutathione (GSH) was chromato-

graphed, both as described elsewhere [12]. Reactive oxygen spe-

cies (ROS) were detected by monitoring DCF fluorescence, as

described elsewhere [13].

Statistical differences were analyzed by Student’s t test. Differ-

ences were considered statistically significant at P � .05.

Results. To investigate whether G6PD deficiency affects vi-

ral infection, G6PD-deficient fibroblasts (HFF1) and normal fi-

broblasts (HFF3) were subjected to HCoV 229E infection at a

low viral inoculum (MOI of 0.1); viral gene expression was de-

termined by quantitative PCR. Because the actual nucleocapsid

gene expression did not differ significantly between HFF1 and

HFF3 at 2 h after infection, gene expression at 2 h after infection

was normalized to 1. In HFF1, viral gene expression at 4, 6, 8, and

10 h after infection was 2-, 29-, 468-, and 1801-fold higher than

at 2 h after infection, respectively. However, in HFF3, viral gene

expression at 4, 6, 8, and 10 h after infection was 1-, 6-, 47-, and

155-fold higher than at 2 h after infection, respectively (table 1).

To determine whether the enhanced viral gene expression of

G6PD-deficient fibroblasts after HCoV 229E infection was cell

specific, G6PD-knockdown cells derived from human A549 lung

epithelial cells were used. Three stable G6PD-knockdown cell

lines—A549 –5.8, A549 –5.18, and A549 –5.20 —were selected,

as was a control cell line transfected with pCI-neo vector only,

A549 –5S-5 (figure 1A). Likewise, viral gene expression was sim-

ilar in G6PD-knockdown A549 cells and revealed a much higher

increase than in control cells (table 1). These data indicate that

host cellular G6PD activity modulating viral gene expression

and the enhanced susceptibility to HCoV 229E infection in

G6PD-deficient fibroblasts is not cell-type specific.

Next, the effect of G6PD deficiency on production of viral parti-

cles was determined. In this experiment, viral particles were quan-

tified by plaque assay at 24 and 48 h after infection in G6PD-

deficient cells and control cells. The number of viral particles from

HFF1 was found to be 3-fold higher than that in HFF3 at an MOI of

0.1 at 24 h after infection (figure 1B) and even at 48 h after infection.

Table 1. Increased viral gene (nucleocapsid) expression in glucose-6-phosphate dehydro-
genase (G6PD)– deficient fibroblasts (HFF1 and LEIN) and in G6PD-knockdown cells (A549 –5.8,
A549 –5.18, and A549 –5.20), compared with normal fibroblasts (HFF3), vector-only controls
(A549 –5S-5), and G6PD-overexpressed cells (LGIN and LKGIN).

Cell

Viral gene expression after infection (fold)

2 h 4 h 6 h 8 h 10 h

HFF3 1 1.06 � 0.85 6.34 � 0.81 47.01 � 6.85 155.42 � 43.44
HFF1 1 1.56 � 0.06 28.84 � 3.27a 467.88 � 89.41a 1801.27 � 349.69a

A549–5S-5 1 3.06 � 0.54 9.66 � 3.09 410.94 � 49.19 ND
A549–5.8 1 13.71 � 4.56 68.29 � 7.17a 3586.70 � 642.819a ND
A549–5.18 1 11.82 � 5.45 59.83 � 7.19a 3315.55 � 210.65a ND
A549–5.20 1 9.16 � 2.45 258.01 � 74.29a 5300.41 � 313.08a ND
LGIN 1 1.21 � 1.29 3.66 � 0.10a 139.59 � 37.39a 564.18 � 141.97a

LKGIN 1 0.75 � 0.36 0.98 � 0.27a 12.42 � 5.02a 77.71 � 19.22a

LEIN 1 2.51 � 0.53 32.47 � 0.89 1018.79 � 165.32 4914.33 � 672.40

NOTE. Data are mean � SE values (n � 4). Gene expression at 4, 6, 8, and 10 h after infection was
normalized to that at 2 h after infection. At 2 h after infection, P � .0678 for the comparison between
G6PD-deficient and normal human foreskin fibroblasts (HFF1 and HFF3); P � .859, P � .302, and P � .579 for
comparisons between A549–5S-5 cells and A549–5.8, A549–5.18 or A549–5.20 cells, respectively; and
P � .089 and P � .066 for comparisons between LEIN and LGIN or LKGIN, respectively. ND, not determined.

a P � .05 for G6PD-deficient, G6PD-knockdown, or G6PD-overexpressed cells (LGIN and LKGIN) vs. control
cells at the same time after infection.
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Similar findings were also observed in G6PD-knockdown A549

cells (figure 1C). These data indicate that host cellular G6PD activity

modulates viral particle production.

An MTT assay to investigate how enhanced viral production

affects cellular viability revealed that cell viability was signifi-

cantly lower (8%) in HFF1 than in HFF3 at an MOI of 0.1 at 48 h

after infection (P � .05), and the difference increased to 18% at

72 h after infection (data not shown). Similarly, G6PD-

knockdown epithelial cells exhibited a significantly higher rate of

cell death than control cells at 48 and 72 h after infection (data

not shown). These data demonstrate that both G6PD-deficient

fibroblasts and G6PD-knockdown A549 cells are more suscepti-

ble to HCoV 229E–induced cell death.

HCoV 229E requires a receptor (CD13) to infect cells, and this

study further investigated whether enhanced viral infection in

G6PD-deficient cells is attributable to elevated CD13 expression

on these cells. Flow cytometry and Western blot analysis re-

vealed that G6PD-deficient fibroblasts and G6PD-knockdown

epithelial cells did not differ significantly in CD13 expression

compared with their controls (data not shown). These data in-

Figure 1. Elevated viral particle production in glucose-6-phosphate dehydrogenase (G6PD)– deficient cells and protective effect of antioxidants
against virus infection at 48 h after infection with human coronavirus (HCoV) 229E. A, G6PD activity and Western blot analysis. The indicated A549
vector and G6PD-knockdown cells were harvested for G6PD activity assay and Western blotting of G6PD protein. The activity of G6PD is given in
international units per milligram of protein in cell lysate; for infection and plaque assay, an MOI of 0.1 was used to measure virus titer. B and C, Viral
particle production. Viral particle production was visualized by plaque formation (B) and was higher in G6PD-deficient human foreskin fibroblasts (HFF1)
at 24 h after infection than in normal fibroblasts (HFF3). Similar data (C) indicated that viral particle production was higher in G6PD-knockdown A549
cells (A549 –5.8, A549 –5.18, and A549 –5.20) than in control cells (A549 –5S-5). D, Viral gene (nucleocapsid) expression. Viral gene (nucleocapsid)
expression in cells pretreated with an antioxidant, lipoic acid (LA), and in control cells was determined by quantitative polymerase chain reaction at
2, 4, 6, 8, and 10 h after infection with HCoV 229E. Data are mean � SE values (n � 4). **P � .01 for HFF1 vs. HFF3 and for vector-only A549 –5S-5
vs. G6PD-knockdown A549 –5.8, A549 –5.18, or A549 –5.20 epithelial cells infected with HCoV 229E) at an MOI of 0.1.

814 ● JID 2008:197 (15 March) ● BRIEF REPORT

 at State U
niv N

Y
 at Stony B

rook on February 8, 2015
http://jid.oxfordjournals.org/

D
ow

nloaded from
 

http://jid.oxfordjournals.org/


dicate that enhanced susceptibility to HCoV 229E infection in

G6PD-deficient and G6PD-knockdown cells is not attributable

to increased expression of viral receptor CD13.

Because G6PD-deficient cells were favored for viral replica-

tion, the redox status of G6PD-deficient cell was determined by

testing the cellular ROS level and by quantifying cellular

NADPH and intracellular GSH levels. In the basal condition,

G6PD-deficient fibroblasts (HFF1) had lower levels of NADPH

(314.7 nmol/g of protein) and intracellular GSH (28.0 �mol/g of

protein) than control HFF3 cells (403.4 nmol/g of protein and

35.7 �mol/g of protein, respectively). This phenomenon was

also observed in G6PD-knockdown A549 –5.8 cells (511.2

nmol/g of protein for NADPH and 72.7 �mol/g of protein for

GSH) compared with control A549 –5S-5 cells (686.1 nmol/g of

protein and 85.7 �mol/g of protein, respectively). All of these

data confirmed that G6PD-deficient cells had less reducing

power than control cells. Moreover, DCF staining revealed sig-

nificantly higher ROS production and significantly lower GSH

levels in virus-infected G6PD-knockdown epithelial cells than in

control cells (GSH, 49.5 vs. 66.3 �mol/g of protein). Taken to-

gether, the diminished reducing power and enhanced ROS pro-

duction indicated that viral infection caused more oxidative

stress in G6PD-knockdown epithelial cells than in control cells.

To further confirm that enhanced susceptibility to HCoV

229E infection is modulated by cellular G6PD activity, G6PD-

overexpressing fibroblasts (LGIN and LKGIN) were used to test

the effects of G6PD replenishment on HCoV 229E–induced cell

death and viral gene expression. The expression of CD13 in

LGIN and LKGIN did not differ significantly from that in the

control LEIN (data not shown). However, LGIN and LKGIN

showed less susceptibility to HCoV 229E–induced cell death

(12% vs. 18%) than LEIN at 72 h after infection (data not

shown). Subsequent determination of viral gene expression re-

vealed significantly less expression in LGIN and LKGIN than in

LEIN control cells (table 1). Taken together, these data provide

compelling evidence that cellular G6PD activity modulates cel-

lular susceptibility to viral infection.

To evaluate whether ectopic application of antioxidant pro-

tects G6PD-knockdown cells from viral infection, �-lipoic acid,

a potent antioxidant, was applied in culture medium for 5 h

before virus infection. The viral gene expression in G6PD-

knockdown cells pretreated with antioxidant was lower than

that in untreated cells (figure 1D). Additionally, A549 cells pre-

treated with antioxidant were 23% less susceptible to virus-

induced cell death than control cells 48 h after infection at an

MOI of 0.1 (data not shown). Taken together, these data further

demonstrate the association between susceptibility to HCoV

229E infection and cellular redox status.

Discussion. Although G6PD status reportedly affects the

clinical course of viral diseases such as AIDS [14] and hepatitis

[15], this study has demonstrated, for the first time, that oxida-

tive stress increases susceptibility of G6PD-deficient cells to viral

infection. Additionally, these findings demonstrate that en-

hanced viral infection in G6PD-deficient cells is ameliorated by

antioxidant agents, such as lipoic acid. These data provide fur-

ther evidence that host redox status is important in viral infec-

tivity.

Increased viral infection in G6PD-deficient cells may be partly

attributable to increased viral receptors in these cells or in-

creased production of viral particles. Because G6PD-deficient

cells do not express higher CD13 on the cellular surface than

control cells, it is unlikely that enhanced susceptibility of G6PD-

deficient cells to HCoV 229E infection is due to an increase in

human receptor CD13 expression on these cells. Conversely, en-

hanced production of viral particles in G6PD-deficient cells was

clearly demonstrated by increased plaque formation (figure 1)

and elevated viral gene expression (table 1) after virus infection.

Thus, G6PD-deficiency provides a more suitable milieu for viral

replication than that provided by non-G6PD-deficient cells.

One condition favoring viral replication is high oxidative

stress. More ROS is produced by G6PD-knockdown cells than

their normal counterparts, and cellular GSH content was lower

than that of control cells during viral infection. The low GSH

content in G6PD-knockdown cells has been associated with low

NADPH levels in these cells. Because these changes in redox

status of G6PD-knockdown cells are associated with increased

viral gene expression (table 1), these findings are consistent with

the postulate that increased oxidative stress in G6PD-

knockdown cells promotes viral gene expression.

Because increased susceptibility of G6PD-knockdown cells to

HCoV 229E infection correlates with ROS production, antioxi-

dant pretreatment should attenuate the phenomena. Indeed, the

enhanced susceptibility of these cells to viral infection can be

attenuated by pretreating G6PD-knockdown cells with lipoic

acid (figure 1D). The current finding that lipoic acid diminishes

ROS production in G6PD-knockdown cells supports the postu-

late that oxidative stress contributes to the enhanced susceptibil-

ity of these cells to HCoV 229E infection. Moreover, this finding

also suggests that antioxidant treatment may protect G6PD-

deficient subjects from viral infection.
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