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Abstract

CD59 protein functions as a negative regulator of the terminal pathway of the complement system by binding to the C8/C9

factors. To date, little is known about the role of CD59 in coronavirus infectious bronchitis virus (IBV) infection. In this study,

we discovered that CD59 was downregulated in IBV-infected cells and was associated with IBV virions. This association

protected IBV particles from antibody-dependent complement-mediated lysis. IBV titres in the supernatant were significantly

increased when CD59 proteins were overexpressed in cells followed by IBV infection, and this observation was further

supported by knockdown or cleavage of CD59. Because no considerable change in IBV N protein and viral RNA levels was

detected in total cell lysates prepared from the overexpression, knockdown or cleavage of CD59 groups, our data indicated

that CD59 was involved in IBV particle release and that IBV had evolved a mechanism to utilize CD59 to evade complement-

mediated destruction.

The complement system is one of the key components of
innate immunity, which is generally activated by the classi-
cal, lectin and alternative pathways [1]. The system plays
vital roles in stimulating complement-mediated cell lysis,
inflammatory reactions, opsonization, pathogen elimination
and also in inducing humoral and cell-mediated immune
responses [2, 3]. Activation of the complement system is a
proteolytic cascade rigorously regulated by cell surface and
soluble factors, such as CD59, complement receptor 1 and
decay-accelerating factor [3, 4]. CD59 is considered to be a
phosphoinositol-anchored membrane protein that inhibits
the formation of the complement terminal membrane attack
complex (MAC). To inhibit complement-dependent cytoly-
sis, CD59 can bind to complement components C8 and C9,
hence preventing C9 polymerization and insertion into
membranes. CD59 expression on tumour cells and virus-
infected cells renders these cells resistant to antibody-
dependent complement-mediated lysis (ADCML). The
complement system is crucial in regard to the immune sys-
tem’s regulation of inflammatory responses and elimination
of viruses; nevertheless, some viruses have employed

different evasion strategies to combat complement activity
[5]. One such strategy is expression of surface proteins that
bind to host complement regulators and subsequently block
complement activation [6]. Another strategy is the recruit-
ment of host complement regulators into their virions to
evade complement attacks [7].

In some enveloped viruses, such as influenza virus, human

cytomegalovirus, Ebola virus, human immunodeficiency

virus-1 (HIV-1) and herpes simplex virus-1, viral envelopes

associate with host complement regulators to escape

ADCML [8–12]. Coronavirus infectious bronchitis virus

(IBV) is an enveloped, positive-sense, single-stranded RNA

virus that belongs to the family Coronaviridae [13], along

with severe acute respiratory syndrome coronavirus and

Middle East respiratory syndrome coronavirus [14]. IBV is

a highly contagious pathogen of poultry and has caused

extensive economic losses to the poultry industry globally

[15]. Mannose-binding lectin can inhibit IBV replication in

the trachea by activating the complement system [16, 17],

but the role of host complement regulators in IBV infection
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remains unclear. In the present study, we investigated the

association of CD59 protein with IBV virions and its

potential role in IBV infection, in view of the fact that CD59

is a distinct complement regulator that prevents MAC

[C5b-9(n)] formation at the terminal pathway of comple-

ment activation [18, 19].

Accordingly, Vero, DF1 and H1299 cells were infected with
strain IBV P65 (GenBank accession number DQ001339
[20]) respectively, at a multiplicity of infection (MOI) of 1.0.
IBV virions were twice purified from the supernatant of
infected cells by sucrose gradient centrifugation as previ-
ously described [21]. Aliquots of the fractions from top to
bottom were then analysed by immunoblotting to detect
viral N proteins, CD59 proteins and beta-actins. Beta-actin
was included as a positive control for IBV particles because
it was previously reported to be physically associated with
IBV [21, 22]. Results showed that IBV N proteins, as well as
CD59 proteins and beta-actins, were successfully detected in
fractions 9–10 (Fig. 1a–c). Meanwhile, the supernatant from
mock-infected cells was fractionated as a control using the
same purification protocol, showing that neither CD59 nor
IBV N proteins were detected in the supernatant of mock-
infected cells (Fig. 1a–c). These data demonstrated that
CD59 proteins were likely to be associated with IBV
particles.

The potential association of CD59 proteins with IBV virions
was further confirmed through virus capture assay, which
was performed as previously described [8]. IBV virions were
captured by anti-CD59 monoclonal antibodies [mAbs
(abcam, UK, catalogue No.: ab79520)] and anti-beta-actin
mAbs (Abcam, UK, catalogue No.: ab8226). In the IBV cap-
ture assay by anti-CD59 mAbs, an average of 1.4 % (Vero
cell-cultured IBV), 2.1 % (H1299 cell-cultured IBV) and
1.6% (DF1 cell-cultured IBV) of IBV RNAs was captured
from an input of 104 50% tissue culture infective dose
(TCID50) IBV in a 100 µl supernatant of the infected cells,
as determined by IBV-specific semi-quantitative reverse
transcription PCR (sqRT-PCR, Fig. 1d). The use of purified
IBV virions significantly enhanced the IBV capture effi-
ciency, resulting in an average of 13.6% (purified IBV,
derived from Vero cells), 15.8% (purified IBV, derived from
H1299 cells) and 14.3% (purified IBV, derived from DF1
cells) of IBV RNAs being captured from an input of
104 TCID50 purified IBV resuspended in a 100 µl of Tris-
NaCl-EDTA (TNE) buffer (Fig. 1d). Meanwhile, the IBV
capture assay was carried out using anti-beta-actin mAbs,
the results showing that IBV RNAs had been detected in
neither the supernatant of infected cells nor the purified
IBV samples after capture (data not shown). The rational
explanation is that beta-actins probably exist within viral
envelopes. Therefore, the results of IBV capture assay

Fig. 1. CD59 proteins associated with IBV particles. (a, b and c) IBV virions were twice purified from the supernatant of IBV-infected

Vero, H1299 and DF1 cells by 10–50%sucrose gradient centrifugation. Aliquots of the fractions from top (T) to bottom (B) were ana-

lysed by Western blotting for detection of viral N proteins, CD59 and beta-actins. The supernatant from mock-infected cells was set as

the control. (d) Immunocapture of IBV virions by anti-CD59 mAbs from the cell-free supernatant of IBV-infected cells and the purified

IBV particles (fraction 10 after 10–50%sucrose gradient centrifugation). Viral genomic RNA capture rates were quantified by sqRT-

PCR. The purified viruses captured by mouse immunoglobulin G (IgG) were tested in parallel. All experiments were independently con-

ducted in triplicate.
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confirmed that CD59 proteins were present on the external
membranes of the IBV envelopes.

To assess the role of CD59 proteins in the IBV infection
process, we investigated CD59 expression at the mRNA

level in infected cells, through sqRT-PCR at 0, 16, 20, 24

and 28 h post-infection (pi). The sqRT-PCR results showed
that CD59 mRNA levels markedly decreased from 20 h p.i.

in the infected Vero, H1299 and DF1 cells (Fig. 2a). Mean-
while, we examined CD59 protein levels on cell membranes

during IBV infection; thesewere also markedly reduced on

the membranes of infected cells compared to those of
mock-infected cells at 28 h p.i. (Fig. 2b–d).

Cells over-/underexpressing CD59 proteins were subse-
quently infected with IBV, and the effect of CD59 on IBV
release was determined at 20, 24, 28 and 32 h p.i. Signifi-
cantly increased IBV titres in the supernatant of the
infected cells were detected from 28 h p.i when CD59 pro-
teins were overexpressed by transfection of the recombi-
nant plasmid pXJ-CD59-flag (Fig. 2e). However, levels of
IBV N proteins and viral RNAs in the pXJ-CD59-flag-
transfected cells were not markedly higher than those in
the empty vector transfected cells (Fig. S1a, b, available in
the online Supplementary Material). In this study, the lev-
els of IBV N proteins and viral RNAs were used to reflect
IBV replication levels in infected cells. The CD59 mRNAs

Fig. 2. CD59 proteins were involved in IBV release. (a) The CD59 mRNA levels in IBV-infected Vero, H1299 and DF1 cells markedly

decreased from 20 h p.i. compared with those in mock-infected cells. (b, c and d) CD59 proteins on the membranes of IBV-infected

Vero, H1299 and DF1 cells dramatically decreased from 28 h p.i. (e and f) Overexpression of CD59 remarkably increased IBV yields,

whereas knockdown of CD59 and cleavage of CD59 significantly reduced IBV titres, in the supernatant of the infected cells from

28 h p.i.
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were knocked down using targeted small interfering RNAs
(siRNAs) for further detection of IBV titres in the superna-
tant of the treated cells after IBV infection. The results
showed that viral titres in the supernatant of CD59-knock-
down cells markedly decreased from 28 h p.i. compared
with those of the control cells using scrambled siRNAs
(Fig. 2e). Cleavage of CD59 proteins from cell membranes
was conducted by phosphatidylinositol-specific phospholi-
pase C (PI-PLC) treatment assay. The viral titres in the
supernatant of CD59 cleavage cells were markedly reduced
from 28 h p.i., compared with those of the cells not sub-
jected to PI-PLC treatment (Fig. 2f). Nevertheless, the lev-
els of IBV RNAs and N proteins in cell lysates showed no
marked changes between the treatment and control groups
in both CD59 knockdown and cleavage experiments (Fig.
S1c–f). To rule out the possibility of virus release from the
breakdown cells after IBV infection, we determined the
viability of mock- and IBV-infected cells in CD59 overex-
pression, CD59 knockdown and CD59 cleavage experi-
ments using the MTT cell viability assay kit (Beyotime,
China). The data showed that there were no marked
changes in cell viability between mock- and IBV-infected
groups in overexpression, knockdown or cleavage of CD59
experiments (Fig. S2).

To investigate whether the association of CD59 with IBV
particles protects viruses against ADCML, we used CD59-
blocking mAbs BRIC229 (IBGRL, Bristol, UK) and PI-PLC
to abrogate the function of CD59 on IBV virions, and then
analysed the viral lysis of H1299 cell-cultured IBV in the
presence or absence of complement activity. Antibody spec-
ificity was also investigated in regard to complement-medi-
ated IBV lysis. IBV lysis was quantified by detecting the
release of IBV N proteins using antibody sandwich enzyme-
linked immunosorbent assay. As shown in Fig. 3a, b, the
optical absorbance values of IBV N proteins increased in
the BRIC229 mAb groups and PI-PLC treatment groups in
a dose-dependent manner. The increased values of optical
absorbance of the IBV N proteins were negated when com-
plement activity was inactivated by heating at 56

�

C for
30min (Fig. 3a, b) or when anti-IBV pAbs were replaced
with anti-Newcastle disease virus (NDV) pAbs (Fig. 3c).
Viral samples from the BRIC229 mAbs treatment assays
and PI-PLC cleavage experiments were then subjected to
plaque assay to assess infectivity. The results showed that
viral samples from both BRIC229 mAbs treatment and PI-
PLC cleavage groups had markedly lower viral titres than
those from untreated groups (Fig. 3d). These results sug-
gested that abrogation of CD59 function enhanced the
ADCML of IBV virions derived from H1299 cells, resulting
in a significant reduction in IBV infectivity.

The experiments described above indicated that CD59
proteins were associated with IBV particles, potentially
protecting IBV from ADCML, and were involved in the
IBV release process. Evolution has forced viruses to
develop diverse mechanisms to avoid or delay destruction
by the complement system [6]. To our knowledge, this

article is the first to report that CD59 proteins are associ-
ated with IBV virions, although parainfluenza virus 5,
mumps virus, vesicular stomatitis virus and NDV have
been found to be associated with complement regulators
through their envelopes [23–27]. Proteomic analysis of
IBV particles has demonstrated that dozens of host pro-
teins are present in the purified IBV virions, but CD59
was not detected [22, 28]. Several factors may have con-
tributed to this discrepancy. First, Kong et al. used brome-
lain protease to strip proteins from the outside of virus
particles, whereas CD59 may have been present on the
external surface of IBV virions and it is probable that the
CD59 on virus particles was stripped away before proteo-
mic analysis was conducted. Second, IBV virions used in
proteomic studies were derived from the allantoic fluid of
embryonated eggs, while we used the cell-cultured IBV
P65 strain to purify virions. Previous studies were con-
ducted using an in ovo system, which is far less complex
proteomically than cell-culture preparations. In addition,
the viral purification approaches used in the studies above
differ from those used in our work.

The role of CD59 protein was also investigated in IBV-
infected cells. CD59 protein levels were markedly reduced
on the plasma membranes of IBV-infected cells at 28 h p.i.
compared with those of mock-infected cells, implying that
IBV may have displaced CD59 from cell membranes when
viral particles were budding. The effect of CD59 on IBV
release was further determined after CD59 proteins were
over-/underexpressed in cells followed by IBV infection.
Overexpression of CD59 dramatically elevated viral titres
in the supernatant of IBV-infected cells, whereas knock-
down of CD59 mRNAs or cleavage of CD59 from cell
membranes markedly decreased viral titres. Because no
marked changes in the levels of IBV N proteins and viral
RNAs were observed in cell lysates prepared from the
overexpression, knockdown or cleavage of CD59 groups
compared with respective control groups, this suggests that
these treatments did not affect IBV replication in cells.
Taken together, these results indicate that CD59 is
involved in IBV release.

CD59 proteins are mainly located in lipid rafts, and many

enveloped viruses are assembled in these subdomains.

Knockdown or removal of CD59 can affect the lipid raft

structure, resulting in reduction of IBV particle assembly. In

fact, the assembly and release processes of the IBV replica-

tion cycle were not dramatically affected after lipid raft dis-

ruption by cholesterol depletion [29]. Perhaps the

distribution of CD59 proteins was decreased in lipid rafts

after depleting plasma membrane cholesterol with methyl-

b-cyclodextrin or mevastatin in that study, although the

level of CD59 proteins on plasma membranes remained sta-

ble. In the present study, we found that IBV titres in the

supernatant of IBV-infected cells were significantly

decreased when CD59 proteins were knocked down or

removed from cells followed by IBV infection. Thus CD59
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proteins not distributed on lipid rafts may play a vital role

in IBV release process using a novel mechanism.

Functional inhibition of CD59 reportedly restores the
activities of neutralizing and non-neutralizing antibodies in
initiating the ADCML of HIV-1 virions and provirus-
activated, latently infected cells [12]. Thus, we abolished
CD59 function by its blocker and PI-PLC cleavage, and
determined the sensitivity of IBV virions to ADCML. IBV
infectivity decreased markedly after the viral particles were
treated with CD59 blocker and PI-PLC cleavage, indicating
that the sensitivity of IBV virions to ADCML increased
after functional inhibition of CD59; and also that CD59 is
present on the external surface of IBV envelopes and pro-
vides protection against ADCML. This resistance to

ADCML possibly explains why some viruses cannot be
neutralized by the complement system in body fluids even
when viruses elicit high antibody titres. Interfering with
complement-mediated destruction by CD59 may help IBV
extend its lifespan in vivo and afford it further time for
replication and transmission. The direct influences of the
association of CD59 with IBV particles on complement
evasion in vivo during IBV delivery require further investi-
gation in the clinical setting.

In conclusion, we report for the first time that CD59 is a
novel protein that enables IBV to evade complement-medi-
ated destruction, and is involved in the IBV release process.
Further investigation on the role of complement in IBV
pathogenesis can provide valuable insights into virus–host

Fig. 3. Sensitivity of IBV to ADCML. (a and b) Cell-free supernatant from IBV-infected H1299 cells was preincubated with mouse IgG,

BRIC229 or PI-PLC at different concentrations, followed by the addition of anti-IBV pAbs plus normal chicken serum (NCS) or heat-inac-

tivated chicken serum (HCS). IBV lysis was quantified by detecting the release of IBV N proteins using antibody sandwich enzyme-

linked immunosorbent assay. Dose-dependent analysis of the IBV N proteins released from lysed IBV virions was performed in

response to BRIC229 and PI-PLC treatments with anti-IBV pAbs in the presence or absence of the complement components. (c) The

effects of antibody specificity on complement-mediated IBV lysis in response to treatment with PBS, mouse IgG, BRIC229, PI-PLC or tri-

ton X-100. Chicken-derived complement components in NCS were added in all groups with either anti-IBV pAbs or anti-NDV pAbs. (d)

Reduction test for IBV infectivity. A reduction test for IBV infectivity was conducted by inoculating 100% confluent H1299 cells with

viral samples from the groups treated with anti-IBV pAbs in Fig. 3(c). The number of infectious IBV particles retained in the samples of

the ADCML experiments was quantified by plaque assay.
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interactions, and may facilitate the discovery of novel targets
for preventing IBV-induced diseases.
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