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a b s t r a c t

Massive aggregations of macrophages are frequently detected in afflicted lungs of patients with severe
acute respiratory syndrome-associated coronavirus (SARS-CoV) infection. In vitro, ectopic expression
of transcription factors, in particular CCAAT/enhancer-binding protein alpha (C/EBP�) and C/EBP�, can
convert B cells into functional macrophages. However, little is known about the specific ligands respon-
sible for such phenotype conversion. Here, we investigated whether spike protein of SARS-CoV can act
as a ligand to trigger the conversion of B cells to macrophages. We transduced SARS-CoV spike protein-
displayed recombinant baculovirus (SSDRB), vAtEpGS688, into peripheral B cells and B lymphoma cells.
Cell surface expression of CD19 or Mac-1 (CD11b) was determined by flow cytometry. SSDRB-mediated
changes in gene expression profiles of B lymphoma cells were analyzed by microarray. In this report, we
showed that spike protein of SARS virus could induce phenotypic conversion of human B cells, either
from peripheral blood or B lymphoma cells, to macrophage-like cells that were steadily losing the B-cell
marker CD19 and in turn expressing the macrophage-specific marker Mac-1. Furthermore, we found that
SSDRB enhanced the expression of CD86, hypoxia-inducible factor-1� (HIF1�), suppressor of cytokine
signaling (SOCS or STAT-induced STAT inhibitor)-3, C/EBP�, insulin-like growth factor-binding protein 3

(IGFBP3), Krüpple-like factor (KLF)-5, and CD54, without marked influence on C/EBP� or PU.1 expression
in transduced cells. Prolonged exposure to hypoxia could also induce macrophage-like conversion of B
cells. These macrophage-like cells were defective in phagocytosis of red fluorescent beads. In conclusion,
our results suggest that conversion of B cells to macrophage-like cells, similar to a pathophysiological
response, could be mediated by a devastating viral ligand, in particular spike protein of SARS virus, or

re loc
in combination with seve
patients.

. Introduction

Massive aggregations of macrophages are frequently detected in
fflicted lungs of patients with severe acute respiratory syndrome-
ssociated coronavirus (SARS-CoV) infection (Chow et al., 2004).
uch a phenomenon had been suggested to be caused by infection-
nduced expression of IL-8 in the infected sites (Chang et al., 2004).
owever, available in vitro data do not fully interpret the patholog-
cal findings in which only macrophages were profusely detected in
he afflicted lung. No evident neutrophil or lymphocyte infiltration
s found in the traumatized area, which is unusual for general virus
nfection (Chow et al., 2004). Moreover, the estimated volume of
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al hypoxia, which is a condition often observed in afflicted lungs of SARS

© 2010 Elsevier Ltd. All rights reserved.

atypical macrophages (Chow et al., 2004), which are distinct from
alveolar macrophages, is well beyond the number of monocytes
that can be provided by a patient’s bone marrow within such a short
time of virus infection. These clinical data suggest that other sources
might be responsible for the unusual presence of macrophages.
Based on the atrophic white pulp of spleen and the absence of
lymphocytes in the damaged lung, it was proposed that SARS
virus infection-specific product(s) could be potentially lympho-
toxic (Chow et al., 2004; Nicholls et al., 2003; Zhan et al., 2006). The
lack of evident karyorrhexis (Chiu et al., 2000) within the afflicted
lung, however, argued against lymphotoxicity of SARS-CoV infec-
tion. These data prompt us to speculate that certain component(s)
of SARS-CoV or microenvironmental conditions of SARS-CoV infec-

tion could act as the ligand or inducing factor for the conversion of
lymphocytes to macrophages.

Traditionally, different blood cell types are all derived from
a common hematopoietic stem cell, and the differentiation is
considered irreversible; that is, following the commitment of

dx.doi.org/10.1016/j.molimm.2010.06.014
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ultipotent progenitors, differentiation of hematopoietic cells
ecomes lineage-restricted (Akashi et al., 2000; Alexander, 1998;
eyworth et al., 2002; Stanley and Jubinsky, 1984). This irre-
ersible process is normally directed by a series of specific growth
actors, cytokines, and the expression of corresponding recep-
ors (Akashi et al., 2000; Alexander, 1998; Stanley and Jubinsky,
984). Interestingly, by examining the gene expression profile
f hematopoiesis, several studies have found that transcription
actors, such as AML-1, CCAAT/enhancer-binding protein alpha
C/EBP�), C/EBP�, C/EBP�, E2A, GATA-1, GATA-2, c-myb, PU.1, and
etinoic acid receptor (RAR, RXR), are essential for normal blood for-
ation (Heyworth et al., 2002; Nakajima et al., 1994; Reddy et al.,

002; Xie et al., 2004). A deficiency in one of these factors impedes
ematopoiesis and produces a variety of intermediate precursors
f blood cells (Laslo et al., 2006; Loose and Patient, 2006; Wang et
l., 2006). Replenishment of the specific factors, either alone or in
ombination, reestablishes hematopoiesis in gene-deficient cells
r in differentiation-interrupted precursors of the same lineage.
nforced expression of those factors in progenitors of different
ineages, however, prevents these cells from differentiating into
he predetermined progeny cell types. Instead, these cells differ-
ntiate into transcription factor-specified lineages (Reddy et al.,
002; Wang et al., 2006; Xie et al., 2004). An elegant study by
ie et al. (2004) showed that ectopic expression of C/EBP� and
/EBP� in mature B cells led to the inhibition of B-cell-specific acti-
ator protein (BSAP, also called Pax5) and the downregulation of
ts target CD19. Moreover, C/EBP� and C/EBP� acted in synergy

ith endogenous PU.1 to remodel the transcription network and
pregulate the expression of the myeloid marker Mac-1 (Xie et
l., 2004). Others reported that C/EBP� could direct differentia-
ion of hematopoietic progenitor cells into granulocytes (including
eutrophils) while the enforced expression of PU.1 could promote
ifferentiation into monocytes (Reddy et al., 2002; Wang et al.,
006). Coexpression of both C/EBP� and PU.1, however, prompts
ells to express both markers of neutrophils and monocytes (Laslo
t al., 2006). These observations suggest that a reprogrammed
transcription network” can direct progenitor blood cells onto dif-
erent differentiation paths. However, the specific ligands, such as
ytokines, growth factors, or other extracellular signals, responsible
or such phenotype conversion are mostly unknown.

In this study, we investigated whether spike protein of SARS-
oV can act as a ligand to trigger the conversion of B cells to
acrophages. Moreover, because SARS infection might provoke

evere local hypoxia in the afflicted lung, we also examined the
ffect of hypoxia on the phenotypic conversion of B cells.

Our results show that spike protein of SARS displayed on recom-
inant baculovirus or prolonged exposure to hypoxia can trigger
he conversion of peripheral B cells and B lymphoma cells into

ac-1 positive macrophage-like cells.

. Materials

.1. Cell lines and blood samples

CA46, HT, Toledo, LADC, H226, A549, and H125 cell lines were
btained from ATCC (Manassas, VA, USA). Cells were maintained
n RPMI 1640 supplemented with 10% fetal calf serum, 100 I.U./mL
enicillin and 100 �g/mL streptomycin (Hyclone, Logan, UT, USA)

n a humidified incubator at 37 ◦C with 5% CO2.

.2. Isolation of mouse alveolar type II pneumocytes (ATII cells)

nd preparation of peripheral B lymphocytes

Eight-week-old male BALB/c mice were obtained from the
ational Animal Center (Taipei, Taiwan). Mouse ATII cells were

solated from freshly dissected lungs and characterized by using
nology 47 (2010) 2575–2586

a previously described method with some modifications (Corti et
al., 1996). The purity of the isolated ATII cells was determined by
their morphology and immunocytochemistry to surfactant protein
B (Chemicon, Temecula, CA).

Peripheral white blood cells (WBCs) were isolated from healthy
donors through Histopaque (Sigma, St. Louis, MO, USA) density
gradient centrifugation. B lymphocytes were purified by anti-
CD19-conjugated magnet dynabeads (Dynabeads® CD19 Pan B,
Invitrogen Taiwan, Ltd., Taipei, Taiwan). Viable B cells were har-
vested from the beads by using DETACHaBEAD® CD19 (Invitrogen
Taiwan, Ltd., Taipei, Taiwan). Briefly, peripheral WBCs were sus-
pended in phosphate-buffered saline (PBS) with 0.1% bovine serum
albumin (BSA) and then incubated with anti-CD19-conjugated
magnet dynabeads at 4 ◦C for 20 min. The reaction mixture was
then placed on a magnet to attract cells that expressed CD19 on
their membrane. Magnet-bound cells were washed 4 times with
PBS and then detached from the beads by DETACHaBEAD® CD19.
The purity of the isolated cells was determined by immunocyto-
chemistry to anti-CD19. These CD19+ B cells were cultured in RPMI
1640 supplemented with 10% fetal calf serum, 100 I.U./mL peni-
cillin, and 100 �g/mL streptomycin in a humidified incubator at
37 ◦C with 5% CO2.

2.3. Recombinant baculovirus, transduction, and electroporation

Recombinant baculovirus vAtEpGS688 expressing amino acids
17–688 of SARS-CoV spike protein on the surface of its envelope
(Chang et al., 2004) and vAtE vector control were kindly pro-
vided by Dr. Y.-C. Chao (Institute of Molecular Biology, Academia
Sinica, Nankang, Taipei, Taiwan). These vAtE-derived recombi-
nant baculoviruses carry an EGFP gene in the viral genome, which
is under the control of the CMV promoter. If such recombinant
viruses can be transduced into mammalian cells, their viral genome
can express EGFP for fluorescence detection (Chang et al., 2004).
The vAtE control vector is identical to vAtEpGS688 except that it
does not express SARS-CoV spike protein. Recombinant baculovirus
vAtEpGS688 has been demonstrated to be able to enter human
lung cells and induce chemokine with high efficiency (Chang et
al., 2004).

The virus was amplified with multiplicity of infection (MOI) of
0.1 for 4 days in Spodoptera frugiperda (Sf21) cells (Clontech, Moun-
tain View, CA, USA), and then harvested from the culture medium
by centrifugation at 800 × g for 5 min to remove cell debris. Viral
titer was measured by real-time polymerase chain reaction. The
transduction reactivity of the virus was determined on Vero E6
cells (CRL-1586, ATCC). Cells were seeded at 1 × 106 cells/well in a
24-well Plate 18 h before virus transduction. Cells were incubated
with the recombinant baculovirus under various MOI at 37 ◦C for
2 h. The unbound virus was then removed from cells. Cells were fur-
ther cultured at 37 ◦C in fresh culture medium for 24–48 h before
examination with fluorescence microscopy or analysis with flow
cytometry.

2.4. Flow cytometric analysis

Cells (1 × 106 cells/well) were collected by centrifugation
(800 × g, 5 min). After decanting the supernatant, cells were
resuspended in PBS with 1% BSA and incubated with fluorescence-
labeled antibodies [phytoerythrin (PE)-Cy5-conjugated anti-CD19,
PE-conjugated anti-CD11b, and/or PE-conjugated anti-CD3 (BD
PharMingen, San Diego, CA)] on ice for 30 min. Cells were washed

twice with PBS containing 0.1% BSA before brief fixation with 1%
paraformaldehyde on ice. The number of antibody-labeled cells was
then determined by flow cytometry (Beckman Coulter CytomicsTM

FC500), and data were analyzed using machine-embedded CXP
software.
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.5. Immunocytochemistry

Immunocytochemistry were performed as previously described
Chow et al., 2004). Cells were deposited onto slides using a
ytospin procedure. Slides were air dried for 20 min and fixed

n cold methanol/acetone for 10 min. Following blockage of the
ndogenous peroxidase activity and nonspecific antibody binding
ites with 3% H2O2/0.2% NaN3 [15 min, room temperature (RT)]
nd 5% goat serum (10 min, RT), respectively, slides were incu-
ated with monoclonal antibodies specific to human CD-68 (DAKO,
lostrup, Denmark) at RT for 90 min, before further treatment
ith LSAB2 (DAKO). Chromogenic development was processed
ith peroxidase-conjugated streptavidin and aminoethylcarbazole

Sigma, St. Louis, MO) solution. The slides were counterstained
ith hematoxylin before mounting with glycerol gelatin and cov-

rslips. Cells with a crimson red precipitate were identified as
ositive.

.6. Phagocytosis assay

Macrophages were collected as peritoneal exudate cells after
ashing mouse abdominal cavity with 5 mL cold sucrose solution

0.34 M) (Trepicchio et al., 1996). Adherent macrophages or trans-
uced lymphoma cells were incubated with 0.5 �L of 1 �m red
arboxylated FluroSpheres (Molecular Probes, Invitrogen Taiwan,
td., Taipei, Taiwan) at 37 ◦C for 1 h. After several washes with PBS,
ells were fixed in situ with 2% paraformaldehyde at room temper-
ture for 5 min before microscopic examination.

.7. RNA preparation and oligonucleotide microarrays

B lymphoma cells (Toledo) were collected without transduc-
ion (0 h) or following transduction with either vAtEpGS688 for 12,
4, and 48 h, or vAtE for 48 h. RNA extraction has been described
reviously (Chen et al., 2006). Briefly, following RNA extraction,
he amount of RNA was measured by a ND-1000 spectropho-
ometer (NanoDrop Technologies, Wilmington, DE) at OD260. The
amples were divided into individual aliquots for gene expression
nalysis on a microarray platform. The procedures for microarray
nalysis were performed following the manufacturer’s protocols.
riefly, following synthesis of cRNA from total RNA, the probe RNA
as amplified (Fluorescent Linear Amplification Kit, Agilent Tech-
ologies, Santa Clara, CA) and respectively labeled with Cy3-CTP
r Cy5-CTP (PerkinElmer, Waltham, MA). cRNA of vAtEpGS688-
reated cells was labeled with Cy5, and cRNA from control cells
as labeled with Cy3. The Cy-labeled cRNA was then fragmented

nd hybridized to Agilent Whole Human Genome 4 × 44k oligo
icroarray (Agilent Technologies, Santa Clara, CA) at 60 ◦C for 17 h.

he hybridized microarrays were scanned with an Agilent microar-
ay scanner (Agilent Technologies, Santa Clara, CA) at OD535 for
y3 and OD625 for Cy5. Scanned images were analyzed by Feature
xtraction software 8.1 (Agilent Technologies). After image analy-
is, data were normalized by a rank-consistency-filtering LOWESS
ethod.

.8. GeneSpring analysis

Microarray data were analyzed using GeneSpring GX 7.3.1 (Agi-
ent Technologies). Defined data analysis algorithm was used with
equential steps listed below: Probes were filtered with “Present
r Marginal flags” in each sample. The resulting 35,713 probes

ere selected for differential expression, and 5186 differentially

xpressed genes had at least 2-fold changes and P < 0.05 by error
odel. The differentially expressed genes were further analyzed
ith cluster analysis. Gene annotations and gene ontology (GO)

lassifications of each cluster were obtained with gene ontology
nology 47 (2010) 2575–2586 2577

annotation (the correlated genes were connected with a symbol)
and Proteome slim.

3. Results

3.1. Transduction specificity of SARS-CoV spike-displayed
recombinant baculovirus

We evaluated the transduction efficacy of SARS-CoV spike
protein-displayed recombinant baculovirus (SSDRB), vAtEpGS688,
which carried amino acids 17–688 of SARS-CoV spike protein on
the surface of viral envelope and the enhanced green fluorescent
protein (EGFP) gene in the viral genome (Chang et al., 2004), in
isolated murine alveolar type II epithelial cells (type II pneumo-
cytes or ATII cells) and alveolar epithelium-derived lung cancer
cells. Once transduced, EGFP gene under the control of the CMV
promoter would be expressed in mammalian cells for fluorescence
detection (Chang et al., 2004). On the other hand, spike protein
displayed on SSDRB was produced under the control of the poly-
hedrin promoter (Chang et al., 2004), which would not be expressed
in mammalian cells. As anticipated, SSDRB effectively transduced
ATII cells (Fig. 1A). As a vector control, vAtE, which did not express
SARS-CoV spike protein on the surface of viral envelope, could not
transduce ATII cells (Fig. 1A).

Subsequently, human lung adenocarcinoma (LADC) cell lines,
H226 and A549, and a human squamous cell lung cancer cell line,
H125, were tested for in vitro SSDRB transduction assay. Among
these 3 lung cancer cell lines, SSDRB barely infected H125, a cell
line derived from alveolar type I (ATI) epithelial cancer, but effi-
ciently transduced ATII-derived lung cancer cells, H226 (Fig. 1B)
and A549 (data not shown). H226 cells were derived from a non-
smoker lung cancer patient, whereas A549 cells were derived
from a lung cancer patient who smoked (http://www.atcc.org). The
transduction rate, which was based on the presence of EGFP+ cells,
correlated with viral load. The average transduction rate under
100 MOI was around 35% and 16%, respectively, for murine ATII
cells and H226 at 24 h posttransduction. These results indicate
that SSDRB can indeed transduce ATII cells and ATII-derived LADC
cells.

3.2. Transduction activity of SSDRB in human B cells

We tested the transduction activity of SSDRB on peripheral
WBCs. EGFP+ fluorescence microscopy confirmed that SSDRB could
transduce peripheral WBCs (Fig. 2A). The transduction rate (based
on EGFP+ cells) was similar at 24–48 h posttransduction. Many
transduced cells remained alive for at least 5 days (Fig. 2B). To
determine the type of WBC that could be transduced by SSDRB,
we used anti-CD19-coated magnetic beads to isolate and enrich
human B cells from peripheral WBC. The result showed that SSDRB-
transduced human B cells (right panel of Fig. 2C). Interestingly,
the appearance of EGFP+ B cells was larger and more granular
than that of normal B cells at 24 h posttransduction. Cell mor-
phology shows the presence of macrophages (center and lower
right panels of Fig. 2C). Transduction of CD19-negative WBC, on
the other hand, was minimal (left panel of Fig. 2C). The aver-
age transduction rate of SSDRB (50 MOI) in human peripheral B
(CD19+) cells was 17.9%. In a representative flow cytometric anal-
ysis, about 17% of peripheral B cells were transduced by SSDRB (50
MOI) at 24 h posttransduction (Fig. 2D), which was much higher
(over 5-fold) than that by vAtE vector (3.2% transduced). About 64%

(10.9% of 17%) of these SSDRB-transduced (GFP-positive) peripheral
B cells simultaneously expressed CD19 and the myelocytic marker
Mac-1 (CD11b). In contrast, only 2.6% (2.2% of 83%) of SSDRB-
untransduced (GFP negative) cells simultaneously expressed CD19
and Mac-1 (Fig. 2D).

http://www.atcc.org/
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Fig. 1. Transduction specificity of SSDRB. (A) SSDRB (vAtEpGS688), which carried SARS-CoV spike protein on viral envelope and enhanced green fluorescent protein (EGFP)
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.3. Conversion effect of SSDRB transduction on B lymphoma cells

To rule out the possibility that our observation was a result
f the residual monocytes from the peripheral WBCs, we used

lymphoma cell lines, CA46, HT, and Toledo as the homoge-
eous B cells in the following studies. As shown by fluorescence
icroscopy, SSDRB-transduced all 3 B lymphoma cells (Fig. 3A).

nterestingly, the appearance of SSDRB-transduced EGFP+ cells
as also larger and more granular than that of the control B

ymphoma cells (without transduction or 0 h) (Fig. 3A). The trans-
uction rate of SSDRB was dependent on viral load (P < 0.05,
< 0.05, and P < 0.001 for CA46, HT, and Toledo cells, respec-

ively) (Fig. 3B). In contrast, the transduction rate of vAtE control
as minimum (Fig. 3B). The average transduction rate (based on

GFP+ cells) of SSDRB (50 MOI) for CA46, HT, and Toledo cells at

4 h posttransduction was determined as 14.6%, 23.8%, and 33.9%,
espectively (Fig. 3B). Results of flow cytometry revealed that a
ortion of SSDRB-transduced B cells could in fact express the mye-

ocytic marker Mac-1 (CD11b). In a representative flow cytometric
nalysis, about 57.7% of SSDRB-transduced CA46 (9.4% of 16.3%)
at 100 MOI, as measured by the presence of EGFP+ cells, was around 35%. (B) SSDRB
nsduction rate at 100 MOI was 16%.

concurrently expressed Mac-1 and CD19 and 9.8% of them (1.6% of
16.3%) expressed Mac-1 only (GFP positive, lower right of Fig. 3C).
In contrast, SSDRB-untransduced CA46 cells rarely expressed Mac-
1 (0%) (GFP negative, right panel of Fig. 3C). Similar ratios were
observed in HT cells (data not shown). On the other hand, 17.4%
of SSDRB-transduced Toledo cells (5.6% of 32.1%) concurrently
expressed Mac-1 and CD19, whereas 50.1% of them (16.1% of 32.1%)
expressed Mac-1 exclusively (lower right of Fig. 3C). In sum, 67.5%
of SSDRB-transduced CA46 or Toledo cells became Mac-1 positive.
On the other hand, few (0.8% of 67.9%) SSDRB-untransduced Toledo
cells expressed Mac-1 (GFP negative, right panel of Fig. 3C). As
an untreated control, only 0.5% of CA46 and 0.9% of Toledo cells
expressed Mac-1. As a vector control, vAtE treated-B lymphoma
cells scarcely expressed Mac-1 (left panel of Fig. 3C). These data
suggest that SSDRB could convert B cells into macrophage-like

cells.

Immunocytochemical characterization showed that transduced
B cells expressed the activated monocyte/macrophage-specific
marker CD68 (stained in crimson red with aminoethylcarbazole)
from 24 to 48 h posttransduction. These CD68-positive cells
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Fig. 2. SSDRB transduction of human peripheral B cells. (A) Peripheral white blood cells (WBCs) were transduced with SSDRB (50 MOI), and EGFP+ transduced cells were
observed by fluorescence microscopy. (B) Human WBCs were transduced with SSDRB (50 MOI) and observed by fluorescence microscopy at 24, 48, and 120 h, respectively.
(C) SSDRB (50 MOI) transduced anti-CD19-magnetic bead-enriched human peripheral B cells (right panel). Transduction of CD19− WBCs was minimal (left panel). The
appearance of EGFP+ B cells was larger and more granular than that of normal B cells at 24 h posttransduction. Cell morphology was similar to that of macrophages (center
and upper right panels). (D) Human peripheral B (CD19+) cells were transduced with SSDRB (50 MOI), and analyzed by flow cytometry at 24 h posttransduction. Cells were
gated for GFP fluorescence. Both transduced (GFP-positive) and untransduced (GFP negative) cells were analyzed for the expression of CD19 and Mac-1 (CD11b).
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Fig. 2.

ontinuously increased in size from 24 to 48 h and became mor-
hologically similar to monocyte/macrophages with enlarged and
orseshoe-shape nuclei (counterstained in blue with hematoxylin)
Fig. 3D).

.4. SSDRB-mediated changes of gene expression patterns during
onversion of B lymphoma cells

To determine SSDRB-mediated changes of gene expression pro-
les, oligonucleotide microarrays were used to identify genes that
ere expressed at 12, 24, and 48 h after SSDRB or 48 h after vAtE

ddition in Toledo cells. Gene expression profiles of Toledo cells
arvested without induction were analyzed in parallel as the 0-
control. Following analyses of scatter plotting and hierarchical

lustering (Fig. 4A), differentially expressed genes were identi-
ed. Results showed that expression of CD86 (B7-2), which is
marker of monocytic/dendritic lineage (Re et al., 2002), and

ypoxia-inducible factor-1� (HIF1�) increased markedly within
2 h of SSDRB treatment. At 48 h after SSDRB addition, the level
f CD86 and HIF1� increased to more than 4-fold and 2.5-fold,
espectively. Expression of suppressor of cytokine signaling (SOCS
r STAT-induced STAT inhibitor)-3, CCAAT/enhancer-binding pro-
ein beta (C/EBP�), insulin-like growth factor-binding protein

(IGFBP3), Krüpple-like factor (KLF)-5, and CD54 (receptor
or Mac-1) increased gradually around 24–48 h after SSDRB
reatment (Fig. 4B). On the other hand, vAtE control did not
how apparent enhancement in these gene expression profiles
Fig. 4C).

In this study, we observed SSDRB-mediated upregulation of HIF-
� during conversion of B lymphoma cells. Because HIF-1� has
een known to correlate with phagocytosis activity of macrophages
nder hypoxic conditions (Anand et al., 2007), we thereby investi-
ated whether hypoxia could have any effect on the conversion
f B lymphoma cells into macrophage-like cells. Interestingly,
ollowing exposure to hypoxia for 16–24 h (in an incubation cham-
er with 5% CO2 and 95% nitrogen), size and morphology of

lymphoma cells changed markedly and bore a resemblance
o monocytes/macrophages with enlarged and horseshoe-shape
uclei. These macrophage-like cells were positive for CD68 (Fig. 5A)
nd could readily ingest recombinant SARS spike proteins (RSSP)
4 h posthypoxia (data not shown). However, unlike macrophages
solated from mouse peritoneal cavity, these cells did not read-
ly adhere to plates nor engulfed red fluorescent beads. Likewise,
SDRB-transduced B lymphoma cells (Toledo) (EGFP+ cells) could
ardly engulf any red fluorescent beads (microspheres) under both
ormoxia and hypoxia exposures (Fig. 5B and C).
nued ).

4. Discussion

In previous studies, we and others have demonstrated that type
II pneumocytes and macrophages are the target cells of SARS-CoV in
the lung (Chow et al., 2004; Ding et al., 2004; Gu et al., 2005; Shieh
et al., 2005). In this study, we showed that SSDRB could indeed
transduce mouse type II pneumocytes (ATII cells) and ATII-derived
cancer cells (H-226) (Fig. 1), indicating that SSDRB can bind to and
enter target cells of SARS-CoV. Our results further indicate that
spike protein displayed on SSDRB can indeed trigger the conversion
of peripheral B cells and B lymphoma cells into macrophage-like
cells. Among 3 B lymphoma cell lines, transduced CA46 and HT cells
could concurrently express Mac-1 and CD19, whereas transduced
Toledo cells mainly expressed Mac-1. In addition, conversion of B
cells into macrophage-like cells could also take place under severe
hypoxia, a compounded condition of SARS infection. Our data pro-
vide a reasonable explanation for the reduced B lymphocytes and
the profusely infiltrated macrophages in SARS patients, in whom
the newly emerged macrophages in the infected lung expressed B-
cell markers (Chow et al., 2004). In contrast to B cells, we observed
a very low transduction rate on CD19-negative WBC (left panel
of Fig. 2B), indicating that peripheral T lymphocytes were not the
target for SSDRB.

Pathologically, expression of bilineage markers for both neu-
trophils and monocytes, or that of mixed-lineage markers for
both lymphocytes and monocytes, has been found in a subtype
of acute myelocytic leukemia, M4, or non-Hodgkin’s lymphoma
(Horny et al., 1994; Umiel et al., 1993). Coexpression of B-cell
and macrophage markers, e.g., Mac-1 (CD11b), CD14, CD15, CD19,
CD20, and CD68, has been found in Hodgkin’s and Reed–Sternberg
(RS) cells of Hodgkin’s lymphoma (HL) (Hsu et al., 1990; Zukerberg
et al., 1991). Malignant HL cells behave like macrophages in
vitro, engulfing exogenously added Candida albicans (Hsu et al.,
1990). Moreover, among HL subtypes, including lymphocyte pre-
dominance, mixed cellularity, nodular sclerosis, and lymphocyte
depletion, reduction of lymphocytes is correlated with poorer
prognosis of the disease (Shimabukuro-Vornhagen et al., 2005).
Interestingly, Epstein-Barr virus (EBV) is frequently detected in
HL lesions (Weiss et al., 1987) and EBV infection is also asso-
ciated with disease progression (Claviez et al., 2005; Keegan et
al., 2005), particularly in older patients with nodular sclerosis

and lymphocyte depletion. Based on these data and our current
results, we propose that virus infection, such as EBV and SARS,
may take a shortcut in accelerating unusual conversion of lympho-
cytes to macrophage-like cells under severe conditions, in which
the patient’s immune system may not be able to respond in time
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o neutralize viral infection either humorally or cellularly (Ding et
l., 2003).

As determined by microarray analysis, expression of CD86 (B7-
) gene was rapidly induced in B lymphoma cells within 12 h
f SSDRB treatment (Fig. 4B). This result suggests that SSDRB-

ig. 3. SSDRB transduction-induced conversion of B lymphoma cells into macrophages. (
ells, CA46, HT, and Toledo. The appearance of EGFP+ cells was larger and more granu
ransduced with SSDRB at 10 and 50 MOI, respectively. (C) SSDRB-treated CA46 and Tole
4 h posttransduction. SSDRB-treated cells were gated for GFP fluorescence (right panel)
ells expressed the macrophage-specific marker CD68 from 24 to 48 h. These CD68-positiv
ike monocyte/macrophages with enlarged and horseshoe-shape nuclei (counterstained
ymphoma cell. Each experiment was repeated at least 3 times.
nology 47 (2010) 2575–2586 2581
transduced B lymphoma cells were redirected to express marker
of monocytic/dendritic lineage (Re et al., 2002). Likewise, HIF1˛
gene expression was induced within 12 h of SSDRB treatment.
Interestingly, expression of HIF1˛ has been known to correlate
with increased phagocytic activity of macrophages under hypoxia

A) As shown by fluorescence microscopy, SSDRB (50 MOI) transduced B lymphoma
lar than that of the untransduced B lymphoma cells. (B) B lymphoma cells were
do cells were analyzed by flow cytometry for the expression of Mac-1 and CD19 at
. (D) Immunocytochemical characterization showed that transduced B lymphoma
e cells continuously increased in size from 24 to 48 h, and became morphologically

in blue with hematoxylin) (arrowhead). White arrow indicates an untransduced B
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Anand et al., 2007). Besides SSDRB, prolonged exposure to hypoxia
lso induced conversion of B cells to macrophage-like cells (Fig. 5A).
SDRB and hypoxia may somehow interact synergistically to induce
henotype conversion (Fig. 5B). Taken together, we have iden-
ified the Mac-1 marker (macrophage specific) (Fig. 2D and 3C),
D68 marker (monocyte/macrophage specific) (Fig. 3D), and
D86 marker (for monocytic/dendritic lineage) (Fig. 4B) in these
acrophage-like cells converted from SSDRB-transduced B cells.
onetheless, these macrophage-like cells might not readily func-

ion as normal macrophages since they did not adhere well to plates
or efficiently engulfed red fluorescent beads (Fig. 5B and C). There-

ore, such phenotypic conversion could be a pathological effect
ather than a host-protective response.

Enhanced expression of C/EBP� in SSDRB-transduced B lym-
homa cells was observed around 24–48 h after SSDRB treatment.

otably, several previous studies reported that ectopic expression
f transcription factors, either C/EBP� plus C/EBP� or PU.1 alone,
nitiated phenotypic conversion of B cells into macrophages (Orkin,
000; Sieweke and Graf, 1998; Xie et al., 2004). In our study, levels
f C/EBP� and PU.1 gene expression were not significantly differ-
nued ).

ent after SSDRB transduction. Instead, 2 other transcription factors,
HIF1� and KLF-5, were found upregulated in SSDRB-transduced
B lymphoma cells (Fig. 4B). In the future, it would be necessary
to determine whether HIF1� and KLF-5 may interact together
with C/EBP� or act independently to participate in the conver-
sion of B cells into macrophage-like cells. Grutkoski et al. (2003)
has reported that SOCS-3 is induced exclusively in macrophages of
septic mice to suppress inflammatory response. Here, we observed
upregulated SOCS-3 gene expression around 24–48 h after SSDRB
treatment, suggesting that macrophage-like cells converted from B
cells might block inflammatory signaling via SOCS-3 action. In addi-
tion, our microarray analysis showed an increased expression in
CD54 after SSDRB treatment. Interestingly, CD54 and Mac-1 upreg-
ulation is known to be related to the transmigration of peripheral
monocytes and their differentiation into peritoneal macrophages

(Liberek et al., 2004). In our study, upregulation of CD54 (by
microarray) and Mac-1 (by flow cytometry) correlated well with
the conversion into macrophage-like cells. This result suggests that
these macrophage-like cells may possess transmigration ability.
Moreover, IGFBP3 was induced after SSDRB treatment. IGFBP3 may
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Fig. 4. SSDRB-mediated changes of gene expression profiles in B lymphoma cells.
Microarray was used to identify genes that were expressed in Toledo cells after
SSDRB (50 MOI) transduction. (A) Following analyses of scatter plotting and hierar-
chical clustering, differentially expressed genes were identified. Red indicates genes
that were upregulated. Green indicates genes that were downregulated. Unchanged
genes were shown in black. (B) Expression of CD86 and HIF1� increased markedly
within 12 h of SSDRB treatment. At 48 h after SSDRB addition, the level of CD86 and
H
3
t
S

f
i
e
a
a
c
m

IF1� increased to more than 4-fold and 2.5-fold, respectively. Expression of SOCS-
, C/EBP�, IGFBP3, KLF-5, and CD54 increased gradually around 24–48 h after SSDRB
reatment. (C) Folds of gene enhancement (48 h vs. 0 h) were compared between
SDRB-treated cells and vAtE control. Each experiment was repeated at least 3 times.

unction either as an antiapoptotic or proapoptotic factor depend-
ng on the cell type and condition (Granata et al., 2004). Wilson

t al. (2005) has reported that IGFBP3 may protect myeloid cells
gainst apoptosis mediated by Fas ligand or tumor necrosis factor
lpha (TNF�). Accordingly, IGFBP3 could protect macrophage-like
ells from apoptosis. As shown in Fig. 4A, several genes that
ay be involved in cell death were differentially expressed after
nology 47 (2010) 2575–2586 2583

SSDRB treatment. Nonetheless, many of them were not signifi-
cantly different until 48 h posttransduction. Among 6 genes that
were upregulated at 48 h posttransduction, 3 encoded antiapop-
totic factors (GADD45B, BAG-3, osteopontin) (Gupta et al., 2006; Liao
et al., 2001; Song et al., 2008) and 3 encoded apoptotic factors
(galectin-1, Fas, and DEDD2) (Kovács-Sólyom et al., 2010; Itoh et al.,
1991; Alcivar et al., 2003) (data not shown). By flow cytometry, we
observed a small fraction of SSDRB-treated cells in the sub-G1 phase
(data not shown), which may represent apoptotic cells and could
explain in part the lymphopenia observed in SARS patients (Chow
et al., 2004; Nicholls et al., 2003; Zhan et al., 2006). However, given
the fact that the percentage of sub-G1 cells was much lower than
the transduction rate, and around two-thirds of SSDRB-transduced
cells became Mac-1 positive, we expect that macrophage-like cells
converted from B cells may not represent dying proapoptotic cells.
Finally, these macrophage-like cells (Figs. 3D and 5A) did not show
any apoptotic features such as shrinkage in morphology, nuclear
condensation, or apoptotic bodies (Kerr et al., 1972; Rich et al.,
1999).

Certain murine B-cell lines have been reported to be able to
transform into macrophage-like cells without ectopic overexpres-
sion of transcription factors (Tanaka et al., 1994; Spencker et
al., 1995). Among them, a nonadherent pre-B-cell line, 70Z/3, is
known to be able to transform into an adherent pre-B-cell lin-
eage and from which a macrophage-like lineage can be generated
spontaneously without any known ligand (Tanaka et al., 1994).
However, transition from an adherent pre-B subclone of 70Z/3 to
macrophage-like lineage takes about 1 month. On the other hand,
CD5+ pre-B or B1 cell lines (e.g., SPGM-1, TH2.52) can be converted
into macrophage-like cells from 1 to 3 days upon induction with
ligands such as phorbol ester/calcium ionophore or interferon-
gamma (IFN-�) (Spencker et al., 1995; Koide et al., 2002). In our
study, we also observed a fast transition (within 1–2 days post-
transduction) from peripheral B cells or B lymphoma cells to
macrophage-like cells after stimulation with spike protein of SARS
displayed on recombinant baculovirus. Addition of recombinant
spike protein, in contrast, did not result in such phenotypic tran-
sition (data not shown). It is likely that spike protein displayed
on recombinant baculovirus adopts a similar conformation as that
on SARS-CoV. However, we should point out that the experiments
presented here were done with a spike-expressing recombinant
virus instead of SARS-CoV. In the future, it is imperative to elu-
cidate whether SARS-CoV or other viruses may induce B cell
conversion.

Undoubtedly, all these observations may have other interpre-
tations (Chang et al., 2004; Chow et al., 2004), and the impact of
SARS infection on lymphocyte conversion and delayed immune
responses remains to be clarified. Although other gene products
of SARS virus could be associated with the pulmonary pathology
(Chow et al., 2004; Ding et al., 2003), it is clear that spike pro-
tein, either directly or indirectly, affects lymphocyte conversion
to myeloid cells, in particular if the viral effect is pathologically
combined with hypoxia, which is an inevitable consequence of
SARS infection. This in and of itself should provide a tool for elu-
cidating the mechanism of delayed immune responses resulting
from virus infection, and the subsequent pulmonary pathology
and fatality (Chow et al., 2004; Ding et al., 2003), of which the
clinical symptoms are similar to those seen in patients infected
with the avian influenza virus H5N1 (Ng et al., 2006). It is pos-
sible that conversion of B cells to macrophage-like cells could be
general during malicious virus infection, and such immediate host

response could become more devastating than the routine immune
response.

In conclusion, we show that spike protein of SARS displayed
on recombinant baculovirus or prolonged exposure to hypoxia
can trigger the conversion of peripheral B cells and B lym-
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Fig. 5. Exposure to hypoxia induces conversion of B lymphoma cells to macrophages. (A) Following exposure to hypoxia (in an incubation chamber with 5% CO2 and 95%
nitrogen) for 16–24 h, the size of some B lymphoma cells (as determined by Giemsa stain), both CA46 and Toledo, was increased markedly (indicated by arrows). Cell
morphology of enlarged cells resembled that of monocytes/macrophages with horseshoe-shape nuclei. These cells were immunologically positive for CD68. (B) SSDRB-
transduced B lymphoma cells (Toledo) (EGFP+ cells) could hardly engulf any red fluorescent beads (microspheres) under both normoxia and hypoxia exposures. In contrast,
macrophages isolated from mouse peritoneal cavity could readily ingest red fluorescent microspheres with high efficiency. (C) Phagocytosis percentage (%) of SSDRB-
transduced B lymphoma cells (Toledo) under normoxia or hypoxia was determined, respectively, as the percentage of cells positive with more than 2 internalized microspheres.
***Significantly different (P < 0.001). Each experiment was repeated at least 3 times.
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homa cells into Mac-1 positive macrophage-like cells. This is
he first time a viral protein is identified as a ligand for phe-
otype conversion of B cells. Spike protein of SARS or hypoxia
reatment may provide the convenient platform for studying
ignaling pathways involved in leukocyte interconversion or
ifferentiation.
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