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Regulating appropriate activation of the immune response in the healthy host despite continual immune surveillance dictates
that immune responses must be either self-limiting and therefore negatively regulated following their activation or prevented
from developing inappropriately. In the case of antigen-specific T cells, their response is attenuated by several mechanisms, in-
cluding ligation of CTLA-4 and PD-1. Through the study of the viral OX2 (vOX2) immunoregulator encoded by Kaposi’s
sarcoma-associated herpesvirus (KSHV), we have identified a T cell-attenuating role both for this protein and for CD200, a cellu-
lar orthologue of the viral vOX2 protein. In vitro, antigen-presenting cells (APC) expressing either native vOX2 or CD200 sup-
pressed two functions of cognate antigen-specific T cell clones: gamma interferon (IFN-�) production and mobilization of
CD107a, a cytolytic granule component and measure of target cell killing ability. Mechanistically, vOX2 and CD200 expression
on APC suppressed the phosphorylation of ERK1/2 mitogen-activated protein kinase in responding T cells. These data provide
the first evidence for a role of both KSHV vOX2 and cellular CD200 in the negative regulation of antigen-specific T cell re-
sponses. They suggest that KSHV has evolved to harness the host CD200-based mechanism of attenuation of T cell responses to
facilitate virus persistence and dissemination within the infected individual. Moreover, our studies define a new paradigm in
immune modulation by viruses: the provision of a negative costimulatory signal to T cells by a virus-encoded orthologue of
CD200.

In order to protect against autoimmune pathogenesis, antigen-
specific T cells require negative regulatory signals to limit their

responses. Perhaps the archetypal proponent in this regard is cy-
totoxic T lymphocyte-associated antigen 4 (CTLA-4) expressed
on the surface of activated memory and regulatory T cells. Its
negative regulatory role in T cell responses was recognized from
the study of CTLA-4-deficient mice (45, 48). Current opinion on
the mechanism of CTLA-4 negative regulation suggests that it
subsumes the T cell receptor (TCR) “stop signal” that enables T
cells and antigen-presenting cells (APC) to engage in order to
effect the formation of the immunological synapse (39). CTLA-4
therefore reduces the duration of the interaction between effector
and target cells (see reference 36). This process occurs through
CTLA-4 capturing from opposing cells the CD80 and CD86 li-
gands it shares with the CD28 stimulatory receptor. Capture en-
sues through trans-endocytosis, and the costimulatory ligands are
then degraded within the CTLA-4-expressing cells (30). However,
the complexity of the effector-target cell interaction mandates that
multiple mechanisms operate in concert to fine-tune it and its
potential immunopathogenic consequences. Indeed, other such
negative regulatory mechanisms include ligation of PD-1 on the T
cell surface by either PD-L1 or PD-L2 on the APC (14), CD8
downregulation to “detune cytotoxic T lymphocytes (CTL)” (51),
and the production of anti-inflammatory interleukin-10 (IL-10)
by influenza virus-specific T cells (44). Additionally, regulatory T
cells attenuate CTL responses, for example, during acute virus
infection (52).

In the present study, we present evidence for a further negative
costimulatory or tolerizing component of antigen-specific T cells,
identified through the study of the immunomodulatory faculties

of Kaposi’s sarcoma-associated herpesvirus (KSHV). KSHV (10),
the etiologic agent of Kaposi’s sarcoma and primary effusion lym-
phoma, is also associated with multicentric Castleman’s disease
(6). KSHV gene K14 is expressed during viral replication. This
gene encodes the viral OX2 (vOX2) protein, which shares 36%
protein identity with human CD200. The vOX2 protein inhibits
innate immune responses, including those of neutrophils (33),
basophils and natural killer cells (40), and macrophages (13), but
it may also activate macrophages (11, 37). KSHV is not alone in
carrying a CD200 orthologue, with other members of the herpes-
virus and poxvirus families also encoding such genes (9, 13).

CD200, also called OX2, is widely distributed throughout the
body (50). In contrast, the expression of its cognate receptor
(CD200R) is restricted to T cells and myeloid lineages (23, 49).
CD200 and vOX2 interact with CD200R with similar affinities
(13). The role of CD200 in negative immunoregulation, or toler-
ance, in vivo was first demonstrated by Gorczynski et al. with a
recombinant form of the protein that increased the survival of
murine recipients of allografts and xenografts (15). Likewise,
Hoek et al. demonstrated immune activation in murine CD200
(mCD200) knockout mice (19) with increased incidence and se-
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verity of collagen-induced arthritis, a murine model of rheuma-
toid arthritis. Murine experimental autoimmune uveoretinitis is
also more severe in mCD200�/� mice (7), and skin grafts from
mCD200�/� mice onto wild-type (WT) mice were more inflamed
and susceptible to hair loss than grafts from WT mice (34). During
influenza virus infection, inflammation, pathology, and disease
severity were increased in mCD200�/� mice (41). In cancer,
CD200 appears to negatively regulate tumor immunity both in in
vivo models and because CD200 expression in multiple myeloma
and acute myeloblastic lymphoma correlates with a poorer prog-
nosis (see reference 22).

These in vivo studies, coupled with the cellular distribution of
CD200 and CD200R, hint that this axis negatively regulates adap-
tive immune responses and may explain the existence of a CD200
orthologue in KSHV and other viruses. We therefore evaluated
KSHV vOX2 for evidence of immunoregulatory activity against
antigen-specific T cells. In parallel, we compared the activity of
CD200, since both are likely to have evolved from the same ances-
tral gene. Ectopic expression of either KSHV vOX2 or cellular
CD200 on APC suppressed two functions of cognate antigen-spe-
cific T cell clones: gamma interferon (IFN-�) production and mo-
bilization of CD107a, a cytolytic granule component and measure
of target cell killing ability. The mechanism involves inhibition of
ERK1/2 phosphorylation. Our data suggest that CD200 contrib-
utes to the maintenance of the homeostasis of antigen-specific T
cell responses in vivo by negatively regulating their activity in a
manner similar to that of other negative costimulatory signals,
including CTLA-4 and PDL-1/-2. KSHV vOX2 functions simi-
larly.

MATERIALS AND METHODS
PBMC preparation, T cell cloning and keratinocyte immortalization.
Peripheral blood mononuclear cells (PBMC) were prepared from venous
blood by density gradient centrifugation (5). T cell cloning and peptide
epitope mapping were performed as described previously (42). An autol-
ogous keratinocyte cell line was derived from Epstein-Barr virus (EBV)-
seropositive donor 1 by immortalizing primary keratinocytes cultured
from a skin punch biopsy specimen from this donor with simian virus 40
(SV40) as described previously (8).

Ethical approval. Ethical approval for the collection of peripheral
blood was provided by the South Birmingham Research Ethics Commit-
tee (06/Q2707/300: Immunity to Herpesviruses in Healthy People). Writ-
ten informed consent was provided by study participants and/or their
legal guardians.

Mixed-lymphocyte reaction (MLR). Stimulator PBMC (PBMC
panel) were prepared by mixing PBMC from five subjects and incubating
them at 106/ml with 25 �g ml�1 mitomycin C for 1 h. Stimulator U937
cells were engineered to stably express vOX2 by plasmid transfection
(U937.vOX2); isogenic control cells were stably transfected with empty
vector (U937.pBK). These cells were incubated with recombinant IFN-�
(500 IU ml�1, 48 h) and treated with mitomycin C (50 �g ml�1, 1 h).
Responder human PBMC from healthy volunteers were obtained by den-
sity centrifugation and mixed in triplicate at a 1:1 ratio with stimulator
cells. The activation response was measured by [3H]thymidine incorpo-
ration after 4 days of coculture.

Polyclonal anti-vOX2 antibody generation. Polyclonal anti-vOX2
antibody was raised by rabbit inoculation with purified recombinant
vOX2-Fc fusion protein. This protein is a recombinant derivative of
vOX2. It was expressed as an N-terminal fusion with the C-terminal crys-
tallizable fragment (Fc) of human IgG1 from an engineered Chinese ham-
ster ovary cell line (see reference 33). The fusion protein was purified from
the culture fluid by affinity chromatography on HiTrap recombinant pro-
tein A (Amersham), followed by gel filtration through a HiLoad 16/60

Superdex 200 size exclusion column (Amersham). New Zealand rabbits
were inoculated with 50 to 100 �g protein in complete Freund’s adjuvant,
followed by incomplete Freund’s adjuvant, at 14-day intervals. After the
third immunization, the rabbits were test bled and the serum was tested
for reactivity to the immunogen. Responders in this screening were
boosted a fourth time with 50 �g protein, and serum was collected fol-
lowing exsanguination and before antibody concentration by affinity pu-
rification.

Engineering of APC to express vOX2 and CD200. Transient transfec-
tion of HEK293 and MJS cells to express either vOX2 or CD200 was
performed with Lipofectamine 2000 (Invitrogen). The vOX2-expressing
plasmid was described previously (33). The CD200 gene was subcloned
into the same parental plasmid backbone. BJAB cells were engineered to
stably express either vOX2 or CD200 by retroviral transduction with the
pQCXIP vector (Clontech), using retrovirus prepared with a commercial
kit (Clontech). Stably transduced APC were cultured under puromycin
selection.

KSHV-infected cells. BCBL-1 cells are naturally infected with latent
KSHV that can be reactivated by phorbol ester treatment (31).

Quantification of T cell responses by extracellular IFN-� produc-
tion. HEK293 (HLA-A2-expressing) and MJS (HLA-B8-expressing) cells
were transiently transfected in 24-well plates using 2 �l Lipofectamine
2000 (Invitrogen) per well with plasmid vectors expressing EBV antigen
BRLF1, BMLF1, or BZLF1. Some cells were cotransfected with plasmid
vectors expressing vOX2, CD200, or BILF1. The total plasmid load for all
cotransfections was normalized to 2.0 �g per well with empty expression
vector pQCXIP. Negative-control cells that do not express EBV antigen
were transfected only with pQCXIP. The total volume of transfection
mixture added to each well was 150 �l in OPTI-MEM (HEK293 cells) or
RPMI (MJS cells). Following 5 h of incubation in a humidified incubator
with the transfection mixture, 1 ml of Dulbecco’s modified Eagle’s me-
dium plus 10% fetal calf serum (FCS) (HEK293 cells) or RPMI plus 10%
FCS (MJS cells) was added to each well and the cells were incubated for a
further 11 h. The cells were then disaggregated with trypsin, washed, and
resuspended in RPMI plus 10% FCS. The cells were plated in triplicate in
96-well V-bottom plates (50,000 cells per well) and T cell clones specific
for the EBV antigen peptide were added (5,000 cells per well) in a total
volume of 100 �l per well. The plate was incubated in a humidified incu-
bator for 16 h, following which the medium from each well was assessed
for IFN-� by enzyme-linked immunosorbent assay (ELISA) as described
previously (18).

Measurement of CD200R expression. T cells were stained with
mouse monoclonal anti-CD200R antibody (OX-108; Abcam, ab17225),
washed, and stained with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG. Unbound sites on the secondary antibody were
blocked with 10% normal mouse serum, and the T cells were then stained
with VioBlue-conjugated mouse anti-CD8 antibody. Flow cytometry
analyses were carried out with an LSR II flow cytometer (BD Biosciences),
and analyses of the CD8� gated population were performed with FACS-
Diva software (version 6.1.3).

Quantification of T cell responses by surface CD107a mobilization.
Surface CD107a expression was determined as described previously (35).
Briefly, T cell clones and APC were cocultured for 30 min in a well of a
96-well plate at a ratio of 5,000 T cells to 50,000 APC/well. Monensin (2
�M; Sigma) and anti-CD107a–FITC antibody (eBioscience) were then
added. Cells were incubated for 5 h at 37°C in a humidified environment,
washed in phosphate-buffered saline, and stained with anti-CD8 Amcyan
antibody (BD Biosciences) and dead cell exclusion dye (red; Invitrogen,
Eugene, OR) for 20 min at 4°C. Samples were then washed and analyzed
by flow cytometry. Flow cytometry analyses were carried out with an LSR
II flow cytometer (BD Biosciences) and FACSDiva software (version
6.1.3). Single-color compensation beads (BD Biosciences) were included
for each experiment, and offline automated compensation (FACSDiva
version 6.1.3; BD Biosciences) was performed.
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Intracellular staining and quantification. For intracellular quantifi-
cation of IFN-�, engineered BJAB cells were incubated with EBV peptide
antigens (60 min), washed, and then cocultured with cognate T cell clones
for 60 min before the addition of brefeldin A (7.5 �g/ml). After a further
2 h, the cells were fixed with formaldehyde (1.5%) and stained with either
anti-CD8 or anti-CD4 fluorophore-conjugated antibody (Miltenyi, 60
min, 4°C). After being washed, the cells were permeabilized with ice-cold
methanol and stained with fluorophore-conjugated anti-IFN-� antibody.
Antibody labeling of the T cells was quantified by flow cytometric analysis
(LSR II; BD Biosciences), and postcollection analysis of the data was car-
ried out with FlowJo7 software (TreeStar Inc.).

Intracellular quantification of phosphoproteins was performed simi-
larly, except that the APC and T cells were cocultured for 5 min and cell
activity was immediately quenched with formaldehyde. After fixation, the
cells were stained with either anti-CD4 – or anti-CD8 –VioBlue antibodies
(Miltenyi), washed, and permeabilized with 100% methanol (30 min,
4°C) to enable labeling of intracellular antigens. After washing, staining
was performed with antibodies directed against the phosphorylated forms
of intracellular signaling molecules: anti-phospho-ERK1/2–phycoeryth-
rin (PE), anti-phospho-p38 –Alexa Fluor 647, anti-phospho-�-chain-as-
sociated protein kinase 70 (Zap70)–Alexa Fluor 647, anti-phospho-Src
homology 2 domain-containing leukocyte protein of 76 kDa (SLP-76)–
PE, and anti-phospho-Akt–Alexa Fluor 647 (BD Biosciences). Flow cyto-
metric quantification and analyses were performed as described above.

RESULTS
vOX2 suppresses an allogeneic response. We first determined
whether vOX2, when expressed on the surface of stimulator cells,
could deliver an inhibitory signal to human PBMC in the one-way
MLR. PBMC were cocultured with U937 cells expressing native
transmembrane vOX2 (U937.vOX2), U937 cells transfected with
a plasmid vector lacking vOX2 (U937.pBK), or a panel of pooled
allogeneic PBMC from five donors. Their proliferation was mea-
sured by quantifying [3H]thymidine incorporation after 4 days of
coculture and normalized to the level obtained by coculture with
U937.pBK cells (Fig. 1). Transmembrane vOX2 significantly sup-
pressed T cell responses to allogeneic stimulation compared to
those of either U937.pBK cells (U937.vOX2 versus U937.pBK;
P � 0.02 [nonparametric Mann-Whitney U test]) or the positive-
control stimulator cells consisting of pooled PBMC (U937.vOX2
versus PBMC panel, P � 0.04 [nonparametric Mann-Whitney U
test]). There was no statistically significant difference between the

proliferation stimulated by U937.pBK and that stimulated by the
PBMC pool.

vOX2 and CD200 suppress extracellular IFN-� production
by PBMC. Given that the one-way MLR was inhibited by vOX2,
we determined whether this activity extended to inhibition of the
effector function of antigen-specific T cells. First, the effect of
vOX2 and CD200 on the ability of fresh PBMC from a single
donor (donor 1) to secrete IFN-� was determined. PBMC from
donor 1 were cocultured with autologous keratinocyte APC that
had been stably transduced to express either CD200 or vOX2 and
pulsed with EBV antigen peptide. In three independent experi-
ments, expression of either vOX2 or CD200 inhibited extracellu-
lar IFN-� production by up to 50% (Fig. 2).

vOX2 and CD200 suppress extracellular IFN-� production
by antigen-specific T cell clones. Next, a model system was estab-
lished to investigate the effect of either ectopic vOX2 or CD200
expression on the surface of cognate APC on the responses of T
cell clones with defined epitope specificity. APC were transduced
to express either vOX2 or CD200 on their surface, since this approach
avoided known KSHV T cell modulators, which would confound the
study if KSHV-infected APC were used. For example, KSHV nega-
tively regulates T cell responses by causing lysosomal degradation of
cell surface major histocompatibility complex (MHC) class I through
the viral E3 ubiquitin ligases K5 and K3 (3, 12, 20, 43, 46). Since T cell
clones specific for KSHV antigens were not available, clones specific
for defined EBV antigens were studied. EBV-specific human T cell
clones were derived from seven EBV-seropositive donors by standard
procedures (42). Clones specific for the HLA-A2-restricted EBV lytic-
cycle epitopes YVLDHLIVV (YVL) from BRLF1 and GLCTLVAML
(GLC) from BMLF1 and the HLA-B8-restricted epitope RAKFKQLL
(RAK) from BZLF1 were studied.

FIG 1 KSHV vOX2 inhibits allostimulation in the one-way MLR assay. The
impact of native, transmembrane vOX2 protein in U937 stimulator cells was
evaluated by the one-way MLR in human PBMC, quantifying [3H]thymidine
incorporation after 4 days of coculture. The data represent the responses of
four donors’ PBMC, each cocultured in triplicate with either the stimulator
U937 cells stably transfected with a vOX2 expression vector (U937.vOX2) or
stably transfected with plasmid vector lacking vOX2 (U937.pBK). Alterna-
tively, stimulation with a pool of PBMC from five donors served as the positive
control (PBMC panel). The level of [3H]thymidine incorporation was normal-
ized to that induced by U937.pBK. *, P � 0.02 (U937.vOX2 versus U937.pBK,
nonparametric Mann-Whitney U test).

FIG 2 Inhibition of antigen-specific T cell restimulation by autologous APC
expressing either vOX2 or CD200. An autologous keratinocyte cell line was
derived from EBV-seropositive donor 1 by immortalizing primary keratino-
cytes cultured from a skin punch biopsy specimen from this donor with SV40.
Derivative APC lines were transduced with a retroviral vector to express either
vOX2 (vOX2) or CD200 (CD200) or with the parental retroviral vector
pQCXIP lacking an inserted gene (Empty). PBMC from donor 1 were pre-
pared from freshly obtained whole blood. APC lines were pulsed with HLA-
A2-restricted peptide antigen and cocultured with PBMC for 16 h. The extent
of antigen-specific T cell restimulation was measured by quantifying IFN-�
production by ELISA. The data are from one experiment performed in dupli-
cate and representative of three.
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For these clones, HEK293 cells that express native HLA-A2 and
MJS cells that express native HLA-B8 served as APC. Both cell
lines naturally lack CD200. The cells were transiently cotrans-
fected with expression vectors for vOX2 or CD200 and the EBV
BRLF1, BMLF1, or BZLF1 antigen and cocultured with the T cell
clones. T cell responses were measured by quantifying extracellu-
lar IFN-�.

Data are presented for six clones, two with specificity for each
of the three peptide antigens. The responses of all six T cell clones
to their cognate antigens were significantly suppressed when the
APC expressed either vOX2 or CD200; replicate experiments were
performed, and representative data are shown in Fig. 3. Thus,
BRLF1-specific clone YVL 63 was suppressed in a manner that was
dependent on the amount of either vOX2- or CD200-expressing
plasmid transfected into the APC (Fig. 3, upper row). For both
BRLF1-specific clones YVL 113 and YVL 63, the extent of suppres-
sion of IFN-� production was on the order of 50% at the highest
level of plasmid transfected, compared to APC transfected with
the same amount of parental vector lacking either vOX2 or CD200
(�, Fig. 3). Negligible background levels of IFN-� were produced
either in the absence of APC (T, Fig. 3), or in the presence of APC
transfected with the parental vector lacking EBV BRLF1 (pQX,
Fig. 3). As an internal control for viral protein-mediated inhibi-
tion of T cell responses, APC were transfected with a plasmid
vector expressing the established immune modulator EBV BILF1
(BILF1, Fig. 3). This protein inhibits T cell responses by interfer-
ing with MHC class I antigen processing (54). As expected, expres-
sion of BILF1 suppressed IFN-� production by clones YVL 113
and YVL 63. Although the extent of suppression and the dose-
response profile varied for each clone, this pattern of IFN-� pro-
duction and its inhibition by ectopic expression of either vOX2 or
CD200 was replicated for BMLF1-specific T cell clones GLC 30
and GLC 3 (Fig. 3, middle row) and BZLF1-specific clones RAK 13
and RAK 21 (Fig. 3, lower row).

Since CD200 and vOX2 interact with CD200R with similar
affinities (13), the expression of CD200R on the T cell surface was
determined. All of the clones expressed CD200R (Fig. 4).

For the majority of the clones (YVL 63, GLC 3, RAK 13, and
RAK 21), the level of suppression conferred by the ectopic expres-
sion of vOX2 was slightly less than that of CD200. This difference
is attributed to a slightly lower level of expression of vOX2 than of
CD200. This difference in the ectopic expression of the two pro-
teins was established by creating expression vectors in which
vOX2 or CD200 was fused to enhanced green fluorescent protein
(eGFP) and then comparing the eGFP levels in transfected cells
(data not shown). This approach mitigated any confounding ef-
fects imposed by the different affinities of the CD200 (monoclo-
nal) and vOX2 (polyclonal) antibodies.

The expression of either vOX2 or CD200 did not affect the level
of antigen expression, as determined by Western blotting (data
not shown). These data indicate that vOX2 and CD200 suppres-
sion of IFN-� production by the T cell clones is independent of a
mechanism regulating antigen expression levels by the APC.

Investigation of the impact of vOX2 and CD200 on CD107a
production by antigen-specific T cell clones. Quantification of
extracellular IFN-� production is one functional assay for anti-
gen-specific T cells. To determine whether degranulation, another
function of T cells, was similarly inhibited by the expression of
either vOX2 or CD200 on the APC, T cell surface mobilization of
CD107a was quantified. CD107a or lysosomal membrane protein

FIG 3 Expression of either vOX2 or CD200 on HEK293 and MJS APC reduces
the production of IFN-� by CD8� T cell clones. EBV-specific, CD8� T cell
clones were cocultured with HLA-matched HEK293 (HLA-A2-expressing) or
MJS (HLA-B8-expressing) APC transiently transfected with plasmid vectors
expressing a cognate antigen, i.e., BRLF1 (HEK293, upper row), BMLF1
(HEK293, middle row), or BZLF1 (MJS, lower row). In order to determine the
effect of the cell surface expression of either vOX2 or CD200 on T cell IFN-�
production, APC were cotransfected with increasing amounts (0.2 to 2.0 �g)
of a plasmid expressing either of these proteins. The total plasmid load for each
transfection was normalized among all of the APC used in an experiment with
empty expression vector pQCXIP (pQX). The data for six clones in total are
presented, with two T cell clones specific for each of the three antigens: BRLF1
(top row), clones YVL 113 and YVL 63; BMLF1 (middle row), clones GLC 30
and GLC 3; BZLF1 (bottom row), clones RAK 13 and RAK 21. T cell responses
were quantified by IFN-� ELISA after 16 h of coculture. �, APC transfected
with the EBV antigen-expressing vector and the empty vector lacking either
vOX2 or CD200. pQX-vOX2, APC transfected with increasing amounts of an
expression vector for the KSHV vOX2 protein. pQX-CD200, APC transfected
with increasing amounts of an expression vector for the cellular CD200 pro-
tein. BILF1, APC transfected with an expression vector for the known EBV-
encoded T cell inhibitory protein BILF1 (54). pQX, APC transfected with only
the empty expression vector (pQCXIP) lacking EBV antigen. T, cultures lack-
ing APC. The data are from one experiment performed in triplicate and rep-
resentative of two to four independent replicate experiments for each T cell
clone. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s one-tailed t test
compared to the negative control [APC expressing antigen but not vOX2 or
CD200] for all replicate experiments).
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1 is a component of cytolytic granules that is transiently mobilized
to the cell surface during degranulation. Its quantification pro-
vides a robust measure of the ability of T cells on which it is ex-
pressed to kill target cells, as determined by comparison of surface
CD107a expression with the conventional chromium release assay
of cytotoxicity (35).

Thus, the experiments shown in Fig. 3 were repeated; in addi-
tion to the quantification of extracellular IFN-� production by T
cell clones, surface CD107a levels were quantified in parallel on
the CD8� population to identify those T cells within the clonal
population that have the potential to kill target cells. A further two
clones, GLC 8 and RAK 44, were evaluated in parallel with clone
GLC 3 described in Fig. 3. Other cells described in Fig. 3 and 4 were
not studied further, as they are not immortal and expired due to
clonal exhaustion. GLC 8 recognizes the HLA-A2-restricted
epitope of BMLF1 (GLC), and RAK 44 recognizes the HLA-B8-

restricted epitope of BZLF1 (RAK) described above. Both of these
clones also expressed CD200R (data not shown). Again, HEK293
cells that express native HLA-A2 and MJS cells that express native
HLA-B8 served as APC.

As before (Fig. 3), the production of extracellular IFN-� by
these clones was suppressed in a manner that depended upon the
amount of either vOX2- or CD200-expressing plasmid trans-
fected into the APC (Fig. 5, left panels). Similarly, the frequency of
T cell clones mobilizing CD107a to the surface was partly reduced
by the ectopic expression of either vOX2 or CD200 (Fig. 5, right
panels). The extent of the reduction depended upon the amount
of ectopic expression plasmid that was transfected into the APC.
For clone RAK 44, the magnitude of the reduction in CD107a
surface-expressing cells by vOX2 and CD200 expression mirrored
that seen for extracellular IFN-�. For clones GLC 3 and GLC 8, this
magnitude of reduction was smaller, except at the highest levels of
transfected pQX-CD200. These differences most likely represent
different assay readouts, i.e., the quantification of IFN-� by ELISA
and that of CD107a by flow cytometry. Moreover, they also very
likely reflect different assay conditions for extracellular IFN-�
quantification, which was performed after 16 h of coculture of T
cells with APC, compared with the CD107a assay, which was
performed after 5 h of coculture. Taken together, these data dem-
onstrate that vOX2 and CD200 expressed on the APC surface
suppress two functions of these T cell clones in response to their
cognate peptide epitope, i.e., IFN-� production and cytolytic
ability.

To verify this finding, intracellular IFN-� and surface CD107a
levels were quantified in the same cells by flow cytometric analyses
(see Fig. 6) of two clones, GLC3 and GLC8, as shown in Fig. 5. The
data reveal that there are three populations of T cells expressing
either CD107a or IFN-�, i.e., CD107a� IFN-��, CD107a� IFN-
��, and CD107a� IFN-��. The responses of all three populations
were suppressed when either vOX2 or CD200 was expressed on
the APC surface (Fig. 6).

Comparison of relative levels of endogenous and ectopic
CD200 and vOX2. Since the studies defining the inhibitory activ-
ity of vOX2 and CD200 depended on the ectopic expression of
these proteins by APC, the levels of ectopic vOX2 and CD200
expression on these cells were compared with those of natural
expression. Thus, expression of vOX2 on the surface of naturally
infected BCBL-1 cells treated with phorbol ester to undergo lytic
KSHV reactivation was compared with that of ectopic expression
on HEK293 and MJS cells by flow cytometry (Fig. 7a). Both APC
lines expressed much lower levels of vOX2 than did BCBL-1 cells.
The level of vOX2 expression on MJS cells was lower than that on
HEK293 cells, consistent with the reduced transfection efficiency
of MJS cells. The data are summarized in Fig. 7c. Likewise, natural
CD200 expression on primary CD19� B cells and human umbil-
ical vein endothelial cells (HUVEC) was measured and compared
to ectopic CD200 expression levels (Fig. 7b). Ectopic expression in
HEK293 cells generated levels of CD200 comparable to those of
natural expression by both CD19� B cells and HUVEC. In MJS
cells, ectopic CD200 expression was much lower than that of nat-
ural CD200 expression on either of these cell types and of HEK293
cells. As for vOX2 expression levels, we attribute this lower expres-
sion of CD200 on MJS cells to their reduced transfection efficiency
compared to that of HEK293 cells. The data are summarized in
Fig. 7c. Taken together, these data suggest that, like the natural
expression levels of ectopic vOX2 and CD200, those of these pro-

FIG 4 CD200R expression on the antigen-specific T cell clone surface. The
expression of CD200R on CD8� antigen-specific T cell clones was confirmed
by flow cytometry. These data were acquired from aliquots of cells at the same
time as their functional analyses were performed (Fig. 3). They are represen-
tative of replicates performed at least three times.
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teins would be sufficient to inhibit T cell antigen-specific IFN-�
production and cytolytic activity.

vOX2 and CD200 inhibit ERK1/2 activation in T cell clones.
Both vOX2 and CD200 bind CD200R with equivalent affinities
(13). CD200R signaling has been defined most completely in mu-

FIG 5 Investigation of whether vOX2 and CD200 are capable of suppressing
cytotoxic T cell activity. EBV-specific, CD8� T cell clones were cocultured with
HLA-matched HEK293 (HLA-A2-expressing) or MJS (HLA-B8-expressing)
APC transiently transfected with plasmid vectors expressing a cognate antigen,
either BMLF-1 (upper and middle rows) or BZLF-1 (lower row). In order to
determine the effect of the cell surface expression of vOX2 or CD200 on T cell
surface CD107a levels (a measure of degranulation), APC were cotransfected
with a plasmid expressing either of them. The total plasmid load for each
transfection was normalized among all of the APC used in an experiment with
empty expression vector pQX. The data for three clones are presented. T cell
surface CD107a expression was quantified by flow cytometry after 5 h of
coculture in the presence of monensin. T cell IFN-� production was also quan-
tified by ELISA performed with medium samples taken from parallel cocul-
tures of T cells and APC after 16 h. �, APC transfected with the EBV antigen-
expressing vector and the empty vector lacking either vOX2 or CD200.
pQX-vOX2, APC transfected with increasing amounts of an expression vector for
the KSHV vOX2 protein. pQX-CD200, APC transfected with increasing

amounts of an expression vector for the cellular CD200 protein. BILF1, APC
transfected with an expression vector for the known EBV-encoded T cell in-
hibitory protein BILF1 (54). pQX, APC transfected with only the empty ex-
pression vector lacking EBV antigen. These data from a single experiment
performed in duplicate are representative of two or three performed separately
and two for the CD107a studies. *, P � 0.05; ***, P � 0.001 (Student’s 1-tailed
t test compared to the negative control [APC expressing antigen but not vOX2
or CD200] for all replicate experiments). Statistical analyses of the CD107a
data were not determined due to the biological variability of absolute percent-
ages between replicate experiments, but the trend was the same between rep-
licates.

FIG 6 vOX2 or CD200 suppression of CD107a degranulation and IFN-�
production by antigen-specific T cells. Shown are representative dot plot data
from which those of Fig. 5 are derived. CD107a degranulation (y axis) and
IFN-� production (x axis) are presented for two T cell clones, GLC 3 and GLC
8. The percentages in each plot are the percentages of cells in the quadrants. For
experimental details, see the legend to Fig. 5. �, APC transfected with the EBV
antigen-expressing vector and the empty vector lacking either vOX2 or CD200.
pQX-vOX2 (2.0 �g), APC transfected with 2.0 �g of an expression vector for
the KSHV vOX2 protein. pQX-CD200 (2.0 �g), APC transfected with 2.0 �g
of an expression vector for the cellular CD200 protein. BILF1, APC transfected
with an expression vector for the known EBV-encoded T cell inhibitory pro-
tein BILF1 (54). pQX, APC transfected with only the empty expression vector
lacking EBV antigen.
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rine mast cells engineered to overexpress mCD200R1 and in hu-
man myeloid lineage cells but has not been investigated in T cells.
In the engineered mast cells, recruitment of inhibitory RasGAP
and SHIP by the CD200R signaling cascade inhibited the mitogen-
activated protein (MAP) kinases ERK, p38, and JNK (53). In the
study of human myeloid cells, the recruitment of RasGAP de-
pended upon the adaptor protein downstream of tyrosine kinase 2
(Dok2), which was, in turn, negatively regulated by Dok1 (26).

To determine the mechanism by which vOX2 and CD200 ex-
pressed on the APC surface attenuated the response of HLA-
matched antigen-specific T cell clones, intracellular signaling
components participating in known T cell response pathways
were quantified by flow cytometry. The approach of using flow
cytometric quantification was essential for these studies; Western
blotting is inappropriate, since the assay of T cell response neces-
sitates the generation of a mixed cell population of T cells and
either vOX2- or CD200-expressing APC; hence, Western blot
analyses would not distinguish T cell-specific phosphoproteins
from those of APC. Intracellular T cell-specific events can be mon-
itored flow cytometrically by gating on live T cells.

In order to perform these flow cytometric signaling studies, a
variation of the T cell functional assays described in Fig. 3 and 5
was devised with an APC line that grows in suspension. This APC,
the EBV-negative Burkitt’s lymphoma cell line BJAB, served as a
target for two further HLA-matched T cell clones (PRS 93 CD4�

and YVL 15 CD8�). Like other clones evaluated in the present
study (Fig. 4), both of these clones also expressed CD200R (data
not shown). BJAB cells were stably transduced with a retroviral
vector engineered to express either vOX2 or CD200 or with the
retrovirus lacking an inserted gene.

The responses of these T cell clones to peptide-sensitized APC
were evaluated by measuring intracellular IFN-� accumulation
flow cytometrically. Thus, the relative levels of IFN-� accumula-
tion were quantified by median fluorescence intensity, and these
data were then normalized to those obtained with peptide-pulsed
cells lacking either vOX2 or CD200 (i.e., empty vector [Neg] con-
trols; Fig. 8). The cumulative data over three experiments each
performed independently are summarized in Fig. 8a, and those
from a single representative experiment are summarized in Fig.
8b. The clones recognized either the MHC class II HLA-
DRB3*0201-restricted latent EBNA2 (PRS) epitope (PRS 93
CD4�) or the YVL epitope of BRLF1 (YVL 15 CD8�). The expres-
sion of vOX2 on the surface of the BJAB APC resulted in signifi-
cant suppression of intracellular IFN-� accumulation by an aver-
age of 33.4% for clone PRS 93 CD4� and 37.3% for clone YVL 15
CD8� over three experiments. The expression of CD200 on the
surface of the BJAB APC also significantly suppressed intracellular

IFN-� accumulation and to a greater extent than vOX2: 62.4% for
clone PRS 93 CD4� and 59.6% for clone YVL 15 CD8�.

These data for intracellular IFN-� accumulation obtained with
engineered BJAB cells as the APC are consistent with those pre-
sented in Fig. 3 and 5, demonstrating the suppressive effects of
vOX2 and CD200 on the responses of separate T cell clones to
peptide-sensitized HEK293 and MJS APC by quantifying extracel-
lular IFN-� levels. The lower suppression by vOX2 than by CD200
is also consistent with our previous studies (e.g., Fig. 3, clone YVL
63, and Fig. 5, clone RAK 44) and likely reflects the slightly lower
levels of vOX2 than CD200 expression discussed above. Taken
together, the data reinforce the notion that vOX2 and CD200,
when expressed on the surface of different APC, inhibit the T cell
responses of HLA-matched T cell clones to their cognate peptide
epitope.

Because vOX2 and CD200 suppressed cytokine production by
T cells, the effect of these molecules on the signaling pathway
initiated by TCR-peptide binding was analyzed. Upon the presen-
tation of an MHC-bound peptide to a TCR, a complex signaling
cascade is initiated. The ITAM motifs of the TCR � chain and CD3
are phosphorylated by Lck or Fyn, Src family kinases that bind to
the cytoplasmic tail of CD4 and CD8. Zap70 translocates to the
phosphorylated ITAM tyrosines and binds to them via its two SH2
domains. Zap70 is subsequently phosphorylated by Lck and is
crucial for the development of downstream signaling cascades (4).
Activated p-Zap70 phosphorylates several domains on LAT and
SLP-76, generating docking stations for other signaling molecules.
Zap70-mediated phosphorylation of LAT is also essential for ac-
tivation of the Ras pathway downstream of PLC-�1 (29). The
adaptor protein Ras, activated by PLC-�1, recruits Raf-1 to the
plasma membrane following TCR stimulation. Raf-1 is subse-
quently activated and in turn phosphorylates MEK-1 and MEK-2,
the upstream initiators of ERK1/2 activation. Phosphorylated
ERK (p-ERK1/2) is able to translocate to the nucleus and directly
activate transcription factors such as AP-1, composed of Fos and
Jun (1). Costimulation through the coreceptor CD28 augments
the TCR signaling cascade. CD80 and CD86, proteins expressed
by APC, bind to CD28 on the surface of resting T cells. Activation
of phosphatidylinositol 3-kinase by CD28 subsequently phospho-
rylates Akt, a protein that has been identified as the regulator of
IL-2 and IFN-� secretion in T cells (2). Akt is also phosphorylated
by the TCR signaling pathway downstream of Ras activation, sug-
gesting that CD28 ligation may only enhance the TCR response
rather than initiate a distinct signaling pathway.

Consequently, in the present study, intra-T-cell phosphopro-
tein signaling components were quantified, concentrating on the
MAP kinases, due to their reported inhibition downstream of

FIG 7 Comparison of native levels of vOX2 and CD200 expression with those of cells transfected with expression vectors for either protein. (a) Quantification
of vOX2 expression by fluorescence. Shown are representative histogram data from which those of panel c (left panel) were derived. KSHV in BCBL-1 cells was
reactivated into lytic replication by the addition of 75 mM phorbol myristate acetate for 72 h in order to detect vOX2 expression. Data from two experiments
(expt. 1 and expt. 2) are shown. To compare these levels with those of vOX2 expression in transfected APC, data are shown for HEK293 and MJS APC transfected
with increasing amounts of vOX2 expression vector pQX-vOX2. (a) Quantification of CD200 expression by fluorescence. Shown are representative histogram
data from which those of panel c (right side) were derived. CD200 expression in CD19� or HUVEC from two donors is shown. To compare these levels with those
of CD200 expression in transfected APC, data are shown for HEK293 and MJS APC transfected with increasing amounts of the CD200 expression vector
pQX-CD200. (c, left side) Comparison of endogenous vOX2 expression levels on BCBL-1 cells treated to reactivate KSHV lytic replication with ectopic levels of
HEK293 and MJS APC transfected with a vOX2 expression vector. (c, right side) Comparison of natural CD200 expression levels on CD19� cells and HUVEC
with ectopic levels of HEK293 and MJS APC transfected with the CD200 expression vector. Cells were transiently transfected with either pQX-vOX2 or
pQX-CD200 for use as APC in T cell coincubation experiments (Fig. 3 and 5), and aliquots were stained with an anti-vOX2, an anti-CD200, or an isotype-
matched control antibody. The level of vOX2 and CD200 expression was quantified by flow cytometry, and the average median fluorescence intensity calculated
with FlowJo software from three experiments performed separately is shown.
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CD200R ligation (53). The cumulative data from all of the exper-
iments, each performed independently, are summarized in Fig. 9a,
and those from a representative experiment measuring the phos-
phorylation of ERK1/2 are shown in Fig. 9b. In both T cell clones,
ERK1/2 phosphorylation was significantly reduced by the expres-
sion of either vOX2 or CD200 (Fig. 9a). Akt phosphorylation was

FIG 9 Expression of either vOX2 or CD200 on the surface of the cognate APC
significantly reduces the phosphorylation of ERK1/2 and Akt in the T cell. Two
human T cell clones (PRS 93 CD4� and YVL 15 CD8�) were incubated for 5 min
with cognate antigen peptide-pulsed BJAB cells transduced with a retroviral vector
to express either vOX2 or CD200 or with the parental retroviral pQCXIP vector
lacking an inserted gene (negative vector, Neg). Target signaling molecules were
detected by antibody staining and quantified by flow cytometry. (A) Phosphopro-
tein levels (median fluorescence intensity) for each experiment were normalized to
the levels obtained in parallel with peptide antigen-pulsed BJAB cells transduced
with the parental pQCXIP vector lacking either vOX2 or CD200 (Neg) to generate
the parameter plotted, i.e., percent control. Each icon indicates an independent
experiment. The mean of each sample group is represented by a horizontal bar. *,
P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s one-tailed t test). (B) Data from
one representative experiment quantifying p-ERK-1/2 are depicted for each clone.
In the upper row, data are shown for cells treated without peptide (DMSO vehicle
alone) and the lower row depicts data for cognate-peptide-treated cells. The left-
hand marker was set to gate 99% of the cells from the DMSO-treated negative
sample to be p-ERK-1/2 negative; a shift of the fluorescence to the right indicates
greater ERK-1/2 phosphorylation. The median fluorescence intensity (MFI) val-
ues for this experiment are presented within each histogram.

FIG 8 Expression of vOX2 and CD200 on BJAB APC reduces the accumula-
tion of intracellular IFN-� in CD4� and CD8� T cell clones. EBV antigen-
specific T cell clones were cocultured with cognate antigen peptide-pulsed
BJAB cells transduced with a retroviral vector to express either vOX2 (vOX2)
or CD200 (CD200) or with the parental retroviral pQCXIP vector lacking an
inserted gene (negative vector, Neg). Peptides were PRS (HLA DRB3*0201-
restricted) for PRS 93 CD4� and YVL (HLA-A2 restricted) for YVL 15 CD8�.
Intracellular IFN-� was quantified by flow cytometry as median fluorescence
intensity values. (A) Cumulative data from three independent experiments
were pooled and normalized to the levels obtained in parallel with peptide
antigen-pulsed BJAB cells transduced with the parental pQCXIP vector lack-
ing either vOX2 or CD200 (Neg) to generate the parameter plotted, i.e., percent
negative BJAB cells plus peptide. The data are presented as this normalized
mean � the standard error of the mean. *, P � 0.05, **, P � 0.01, ***, P � 0.001
(Student’s one-tailed t test). (B) Data from one representative experiment are
depicted for each clone. In the upper row, data are shown for cells treated
without peptide (DMSO vehicle alone) and the lower row depicts data for
cognate-peptide-treated cells. The left-hand marker was set to gate 99% of the
cells from the unstimulated negative sample to be IFN-� negative; a shift of the
fluorescence to the right indicates greater IFN-� production. The median flu-
orescence intensity (MFI) values for this experiment are presented within each
histogram.
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also significantly inhibited in both T cell clones following their
exposure to peptide-pulsed APC expressing either vOX2 or
CD200, but not to the same extent as ERK1/2 phosphorylation
(Fig. 9a). Phosphorylation of p38 was statistically significantly in-
hibited in the CD4� T cell clone but not in the CD8� clone
following exposure to either vOX2- or CD200-expressing APC
(Fig. 9a).

To determine the specificity of these results, upstream phos-
phoprotein components of the T cell signaling pathway were
quantified in parallel. Zap70 phosphorylation was readily detect-
able but was not suppressed by either vOX2 or CD200 in either T
cell clone (Table 1). Likewise, SLP-76, associated with the LAT
complex of adaptor proteins and a direct target of activated Zap70,
was also not affected in either clone by either vOX2 or CD200
(Table 1).

These data suggest that TCR-proximal events are not influ-
enced by vOX2 and CD200 expression on the APC surface.
Rather, TCR-distal events are suppressed, and of the signaling
components analyzed, activation by phosphorylation of ERK1/2 is
inhibited the most by vOX2 and CD200.

DISCUSSION

In the present study, we investigated the ability of the KSHV pro-
tein vOX2 to modulate cellular adaptive immune function. The
data demonstrating inhibition of allogeneic proliferation of
PBMC by native vOX2 (Fig. 1) generated the hypothesis that
vOX2 (and CD200 [15, 16]) attenuates T cell-specific function. To
test this hypothesis, a model in vitro system was established in
which APC were engineered to express either native vOX2 or
CD200. When these cells presented defined EBV-derived epitopes
to either autologous PBMC (Fig. 2) or cognate HLA-matched hu-
man T cell clones (Fig. 3, 5, and 8), the data revealed that vOX2
and CD200 suppressed the antigen-specific T cell response. Two
functions of the T cells were suppressed, i.e., (i) IFN-� produc-
tion, both extracellular (Fig. 2, 3, and 5) and intracellular (Fig. 8),
and (ii) target cell killing ability, as defined by measuring the mo-

bilization of the cytolytic granule component CD107a to the cell
surface (Fig. 5 and 6).

Throughout these studies, there was a trend toward greater
suppression of T cell responses by CD200 than by vOX2. Given
that CD200 was expressed to a slightly higher level than vOX2 in
both our HEK293 and MJS model APC (data not shown), this
elevated expression of CD200 most likely accounts for this differ-
ence in T cell function-suppressing activity. Moreover, the level of
ectopic expression of CD200 in our system resembles the level of
natural expression in at least two primary human cell types,
CD19� B cells and HUVEC (Fig. 7b and c). The level of expression
of ectopic vOX2 by both HEK293 and MJS APC was much lower
than the level of endogenous vOX2 expressed by naturally infected
BCBL-1 cells treated to undergo lytic KSHV replication (Fig. 7a
and c). These data suggest that natural levels of expression of
CD200 and vOX2 would be sufficient to suppress T cell responses
and indicate physiological relevance for our studies.

The mechanism of suppression of T cell responses is associated
with the inhibition of phosphorylation of ERK1/2 (Fig. 9), because
the levels of phospho-ERK1/2 in responding T cells were signifi-
cantly reduced by the expression of vOX2 or CD200 on the APC.
Suppressed ERK1/2 phosphorylation has been associated with re-
duced T cell responses by others. It was correlated with UV-in-
duced inhibition of IFN-� production by ex vivo human cells (25)
and reduced IFN-� production and rheumatoid arthritis severity
in mice invoked by deleting the gene encoding macrophage mi-
gration inhibitory factor (MIF) (38). MIF enhances ERK1/2 phos-
phorylation.

Akt phosphorylation in responding T cells was also inhibited
by the presence of either vOX2 or CD200 on the surface of the
APC, but not to the same extent as ERK1/2 phosphorylation (Fig.
9). Since Akt augments the production of IFN-� (21), a contrib-
uting mechanistic role for vOX2 and CD200 in negatively modu-
lating levels of phospho-AKT in the responding T cells is also
likely.

Taken together, the findings of the present study implicate
vOX2 and CD200 in providing a negative costimulatory signal to
antigen-specific T cells. The data suggest that one role of CD200, a
protein expressed on a diversity of cells (50), is therefore to con-
tribute to the attenuation of antigen-specific T cell responses, pro-
viding a strategy analogous to that of the CTLA-4-CD80/CD86
axis. CD200 may function either in addition to or synergistically
with other negative costimulatory signals, such as CTLA-4. It may
also operate for those cells on which CTLA-4 ligands are absent.
Our data provide a mechanistic explanation for CD200-mediated
suppression of inflammation (7, 16, 19, 41), for reduced T cell
responses to CD200-expressing tumor cells (24), and for the
poorer prognosis of CD200-expressing multiple myeloma (28)
and acute myeloid leukemia (47).

In the case of vOX2, the reason why KSHV has acquired this T
cell immunomodulatory activity is presumably Darwinian, i.e., to
help defend infected cells against elimination by KSHV-specific T
cells, thereby facilitating virus replication. By convention, vOX2
will be expressed by those infected cells in which lytic KSHV rep-
lication is taking place. However, in vivo, it may also be expressed
in those cells in which a proportion of the lytic-cycle genes are
induced, including those undergoing abortive lytic replication.
Indeed, the demarcation between genes expressed during latency
and those expressed during lytic replication may be more diffuse
than previously thought (for discussion, see references 17 and 32).

TABLE 1 Relative quantification of phosphorylation of intracellular
signaling molecules in T cell clones cocultured with BJAB APC
expressing vOX2 or CD200a

Phosphosignaling molecule and
T cell clone

% Phosphorylation of peptide-pulsed
BJAB plus:

EV1 vOX22 CD2003

Zap-70
CD4� (SL c93) 100 110.93 � 8.33 105.93 � 4.82
CD8� (IM140.1 Y15) 100 94.34 � 8.34 96.12 � 6.14

SLP-76
CD4� (SL c93) 100 104.20 � 7.26 112.15 � 5.87
CD8� (IM140.1 Y15) 100 98.92 � 17.49 94.58 � 4.99

a EBV-specific T cell clones were cocultured with cognate antigen peptide-pulsed BJAB
cells transduced with a retroviral vector to express either vOX2 (vOX22) or CD200
(CD2003) or with the parental retroviral pQXIP vector lacking an inserted gene (EV1).
Peptides were PRS (HLA DRB3*0201restricted) for PRS 93 CD4� and YVL (HLA-A2
restricted) for clone YVL 15 CD8�. Intracellular phosphorylated signaling molecules
SLP-76 and Zap-70 were labeled with a fluorophore-conjugated monoclonal antibody
and detected by flow cytometry. The no-peptide value of each sample was subtracted
from the with-peptide value to account for the baseline level of phosphorylation. The
data for BJAB-vOX2 and BJAB-CD200 were then normalized to the value for BJAB-EV.
The data represent the mean � the standard error of the mean of three to five
experiments.
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Importantly, the data suggest a new paradigm in virus inhibition
of T cell responses, i.e., the active provision of a negative T cell
costimulatory signal.

In the context of KS pathogenesis, CD8� T cell infiltration of
tumors is abundant (27) and continuous rounds of lytic replica-
tion are likely required to recruit additional latently infected cells
(17, 32). Thus, in this setting, one role for vOX2 would be to
reduce the direct killing of KSHV-infected cells by antigen-specific
cytotoxic T cells. The contribution of CD200 to immunoevasion
by cancer stem cells (22) may be explained similarly.
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