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We searched for cell-surface-associated proteins overexpressed on
B cell chronic lymphocytic leukemia (CLL) to use as therapeutic
antibody targets. Antibodies binding the immunosuppressive mol-
ecule CD200 were identified by cell panning of an antibody phage
display library derived from rabbits immunized with primary CLL
cells. B cells from 87 CLL patients exhibited 1.6- to 5.4-fold cell-
surface up-regulation of CD200 relative to normal B cells. An effect
of increased CD200 expression by CLL cells on the immune system
was evaluated in mixed lymphocyte reactions. Addition of primary
CLL but not normal B cells to macrophages and T cells down-
regulated the Th1 response, as seen by a 50–95% reduction in
secreted IL-2 and IFN-�. Antibodies to CD200 prevented down-
regulation of the Th1 response in most B cell CLL samples evalu-
ated, indicating abrogation of the CD200�CD200R interaction can
be sufficient to restore the Th1 response. A disease-progression-
associated shift of the immune response from Th1 to Th2 has been
observed in numerous cancers. Because this cytokine shift is also
believed to promote the induction of regulatory T cells, reverting
the immune response to Th1 through direct targeting of the cancer
cells may provide therapeutic benefits in CLL by encouraging a
cytotoxic T cell response.

CD200 � chronic lymphocytic leukemia � immune evasion � immunotherapy

Chronic lymphocyte leukemia (CLL), the most common leuke-
mia in Western countries, with �7,000 new cases and 4,500

deaths per year in the U.S. (1), is an incurable chronic disease
caused by the clonal expansion of mature B lymphocytes with the
immunophenotype CD5�CD19�CD23�sIglowCD79b�/low. CLL is
a difficult disease to treat with chemotherapeutics, because
apoptotic control in B lymphocytes is deregulated (2), and most
cells are growth-arrested in early G1 phase with small compart-
ments of proliferating cells present in microenvironments of the
lymph nodes, spleen, and bone marrow.

Patients with CLL can be subdivided into a population with
stable disease (median survival of 26 years) and a population
progressing to aggressive disease (median survival of 8 years) (3,
4). Risk stratification is based on tests examining CD38, p53, zeta
associated protein-70 (ZAP-70), variable heavy (VH) muta-
tional status, and FISH (5) profiles.

Despite advances in the ability to diagnose high-risk patients
earlier in the disease, CLL remains incurable. Chemotherapeutic
approaches have largely failed to result in major advances, but
with the development of therapeutic antibodies, a novel form of
targeted cancer therapy has emerged either as monotherapy or
in combination with chemotherapy. Hematopoietic malignancies
are generally considered to be particularly amenable to antibody
therapy based on relatively good accessibility of the antibody to
target cells. However, despite the success of Rituximab (Genen-
tech, South San Francisco, CA) (anti-CD20) treatment in a
number of lymphomas and leukemias, clinical trials in CLL with
single-agent Rituximab have demonstrated only partial re-
sponses in the majority of patients, with little to no effect on

long-term survival. Ongoing clinical studies are evaluating the
use of Rituximab in combination chemoimmunotherapy treat-
ment regimens (6). Alemtuzumab (Berlex Laboratories, Rich-
mond, CA) (anti-CD52) was the first approved antibody treat-
ment of CLL, but infusion reactions and opportunistic infections
limit its use (7).

We used antibody phage-display technology to identify
cell-surface proteins that are up-regulated on CLL cells. Such
proteins may be useful as targets for monoclonal antibody
therapy or as diagnostic markers for CLL. Our results show
that the immunosuppressive protein CD200 is up-regulated on
B cells from all patients with CLL. CD200 is a type 1a
membrane protein, related to the B7 family of costimulatory
receptors, with two extracellular IgSF domains, a single trans-
membrane region, and a short cytoplasmic tail with no known
signaling motifs. It is normally expressed on thymocytes, T and
B lymphocytes, some dendritic cells, neurons, and endothelial
cells. CD200 binds to its receptor, CD200R, expressed on cells
of the monocyte�macrophage lineage; on T lymphocytes; and
on monocyte-derived dendritic cells. Knockout of the CD200
gene in mice and studies with blocking antibodies and recom-
binant Fc fusion proteins containing the CD200 or CD200R
extracellular domains have shown that CD200 is a potent
immunosuppressant (8, 9).

In this report, we demonstrate that up-regulation of CD200 on
CLL cells is sufficient to down-regulate a Th1 immune response,
including cytokines such as IL-2 and IFN-�. Th1 cytokines are
required for efficient cytotoxic T cell function. Because progres-
sion of many cancer types has been correlated with a shift from
Th1 to Th2 cytokines (10–14), strategies to reverse this shift are
believed to be therapeutically beneficial. Our data indicate that
up-regulation of CD200 may be a mechanism used by CLL
tumors to evade eradication by the immune system. We dem-
onstrate that blocking CD200 on B cell CLL (B-CLL) cells by
monoclonal antibody restores a Th1 cytokine profile, suggesting
that blocking the interaction of CD200 with its receptor might be
therapeutically useful. CD200 has also been implicated in the
induction of regulatory T cells, which are thought to hamper
tumor-specific effector T cell immunity (15–17). Blocking the
induction of regulatory T cells in CLL by anti-CD200 therapy
might reinstate potent tumor-associated antigen-specific T cell
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production. The combination of direct targeting of the cancer
cells, as well as driving a Th1 response against the tumor through
a single anti-CD200 treatment regimen, has the potential to be
a unique and very efficient therapy for CLL with long-lasting
effects.

Results
Antibody Selection by Cell Panning. To identify cell-surface anti-
gens commonly associated with CLL, rabbits were immunized
with a pool of primary CLL cells from 10 patients. Two
single-chain variable region fragment (scFv) phage antibody
libraries, each containing �109 independent clones, were
constructed. The libraries were enriched for CLL-specific cell
surface antigens by multiple rounds of negative selection on
the human erythroleukemia cell line TF-1 and positive selec-
tion on primary CD19� B-CLL cells. Analysis of pools of
clones obtained after three rounds of positive-negative selec-
tion showed �200-fold enrichment, indicating that we success-
fully selected clones recognizing CLL cells (see Table 2, which
is published as supporting information on the PNAS web site).
Enrichment of the selected pools for scFv antibodies that bind
to primary CLL cells was confirmed by f low cytometry (data
not shown) and cell ELISA (Fig. 1). The percentage of
CLL-positive antibodies in the round three pools was �64%
and 34% for the two libraries (see Table 2). To identify
antibodies recognizing targets that are up-regulated on CLL
cells, CLL-positive clones were rescreened by cell ELISA for
binding to CLL compared with normal peripheral blood
mononuclear cell (PBMC), normal B cells, and three human
leukemia cell lines: Ramos (Burkitt’s lymphoma), RL (non-
Hodgkin’s lymphoma), and TF-1 (erythroleukemia). Results
from five of six clones chosen for further analysis based on
differential binding to CLL cells are shown in Fig. 1 (data for
clone 4E5 not shown). Clones 2G12.1, 3E1, 4E5, 6D11.1, 9E2,
and 10E11 all bound strongly to PBMC isolated from CLL
donors and had minimal binding to PBMC from healthy
donors (Fig. 1 A). Five of these clones, 3E1, 4E5, 6D11.1, 9E2,
and 10E11, also consistently exhibited significantly higher
binding to PBMC isolated from CLL donors relative to normal
primary B cells (Fig. 1B) but little or no binding to the human
B cell lines Ramos and RL (data not shown). In contrast, clone
2G12.1 consistently showed slightly higher binding to normal
primary B cells and B cell lines than to CLL cells (Fig. 1B).
None of the six clones bound to TF-1 cells.

Antigen Identification. Antigens recognized by those scFv clones
that appeared to bind to epitopes up-regulated on CLL cells
relative to normal B cells were identified by immunoprecipi-
tation (IP) from CLL-AAT cells, a stable B cell line derived
from a patient with CLL (described in Supporting Text, which
is published as supporting information on the PNAS web site)
and reverse-phase HPLC nanoelectrospray tandem MS. Rep-
resentative IP results are shown in Fig. 4, which is published
as supporting information on the PNAS web site. Clone 2G12.1
bound to the pan B cell marker CD19. Of the five clones that
recognized epitopes up-regulated on CLL, 3E1 and 6D11.1
bound to CD23, a well known marker for CLL; and 9E2,
10E11, and 4E5 bound to CD200. Specificity of these three
clones for CD200 was confirmed by testing the ability of the
scFvs to bind specifically to CD200-transfected 293-EBNA
cells by f low cytometry (Fig. 5A, which is published as sup-
porting information on the PNAS web site). On normal
lymphocytes, all three antibodies bound to B cells (Fig. 5Bd)
and to a subset of CD4� T cells (Fig. 5Bb and data not
shown), a pattern consistent with that previously reported for
CD200 (18).

To examine the up-regulation of CD200 in CLL in more detail,
as well as correlation with other cell surface markers, CD200

levels on peripheral blood lymphocytes from CLL donors and
normal donors were compared by flow cytometry (Table 1 and
Fig. 5C). The geometric mean fluorescence intensity of anti-
CD200 mAb staining was consistently higher on B-CLL lym-
phocytes (CD19�CD5�) relative to normal B lymphocytes

Fig. 1. Identification of scFv antibodies that bind preferentially to CLL cells
by cell ELISA. Microtiter plates were coated with 105 PBMC from patients
diagnosed with CLL, PBMC from a normal donor, or purified normal human B
lymphocytes. The cells were incubated with bacterial supernatants containing
HA-tagged scFv antibodies, and unbound antibodies were removed by wash-
ing with PBS. Bound scFv antibodies were detected with mouse anti-HA IgG,
AMDEX alkaline phosphatase-conjugated sheep anti-mouse IgG, and PNPP
p-Nutrophenyl phosphate substrate. (A) Cell ELISA comparing binding of
selected scFv antibodies with CLL PBMC and normal PBMC. Negative control,
cells incubated with bacterial supernatant not containing any scFv; ScFv-S
library, supernatant from bacteria infected with the entire phage scFv-S
library; ScFv-S R3 Pool, supernatant from bacteria infected with the entire pool
of scFv-S phage after three rounds of selection by cell panning; CD5, mouse
anti-human CD5 IgG. (B) Cell ELISA comparing binding of scFv antibodies with
CLL PBMC and purified normal B lymphocytes. ScFv-L Library, supernatant
from bacteria infected with the entire phage scFv-L library; ScFv-L R3 Pool,
supernatant from bacteria infected with the entire pool of scFv-L phage after
three rounds of selection by cell panning; CD19, mouse anti-human CD19 IgG.
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(CD19�) with a mean B-CLL�normal B ratio of 3.3 � 1.1 (n �
16; Table 1). In this study, the extent of CD200 up-regulation did
not correlate with the prognostic marker CD38 (Table 1). A
separate larger study was carried out to evaluate whether the
extent of CD200 up-regulation correlated with ZAP-70 status.
This study encompassed 23 additional patients in one center and
48 additional patients in another center (Fig. 6, which is pub-
lished as supporting information on the PNAS web site). CD200
levels were again consistently up-regulated in B-CLL cells
relative to normal B cells, but no correlation was found between
the extent of CD200 up-regulation and ZAP-70. To evaluate a
potential therapeutic effect of targeting CD200 for CLL, we
isolated a panel of chimeric murine anti-human CD200 antibod-
ies containing murine V regions and human constant regions and
evaluated these for their ability to bind to human CD200 and
compete with scFv-9E2 (unpublished results). One antibody,
d1B5, was characterized in more detail for antagonist properties,
as described below.

Validation of Potential Antagonistic Properties of the Anti-CD200
Antibody. To evaluate the antagonistic properties of the chimeric
antibody, disruption of the interaction of CD200-coated fluo-
rescent beads with CD200 receptor-transfected cells was as-
sessed. The presence of the chimeric antibody at 20 �g�ml
completely blocked the interaction of CD200 with its receptor
(data not shown). Because it has been demonstrated in murine
systems that the presence of CD200 in mixed lymphocyte
reactions results in a shift from secretion of Th1 cytokines such
as IL-2 and IFN-� to Th2 cytokines such as IL-4 and IL-10 (19),
we evaluated whether these results could be extended to the
human setting. As shown in Fig. 2 (IL-2) and Fig. 7, which is

published as supporting information on the PNAS web site
(IFN-�), cytokine analysis of culture supernatants from mixed
lymphocyte reactions in the presence of CD200-transfected cells,
but not untransfected cells, indeed showed lower Th1 cytokine
levels. IFN-� and IL-2 production dropped to below detection in
the presence of CD200. IL-4 levels were below our limit of
detection of 70 pg�ml. Addition of 20 �g�ml anti-CD200 re-
stored Th1 cytokine profiles, indicating that the anti-CD200 has
antagonistic properties.

Cytokine Profiles of Mixed Lymphocyte Reactions in the Presence of
B-CLL Cells. To extend our results to the primary CLL setting, B
cells from either healthy donors or CLL patients were added
to mixed lymphocyte reactions to determine whether their
presence would prevent Th1 cytokine production. Data in Fig.
3 (IL-2) and Fig. 8, which is published as supporting informa-
tion on the PNAS web site (IFN-�) demonstrate that the
presence of B-CLL cells resulted in substantially lower levels
of IL-2 and IFN-�. Reduction varied between 2- and 20-fold.
Addition of cells from donor 1325248 and 4539931 also
resulted in production of IL-10 (data not shown). All samples
overexpressing CD200 reduced Th1 cytokine levels, whereas B
cells from healthy donors did not. Our CD200 antibody (d1B5)
prevented that shift in four of five patient samples. In contrast,
a control antibody (ALXN-4100) that does not react with CLL
cells did not affect the cytokine profile. Because the sample
that was not affected by the antibody has equal or higher
CD200 expression compared with the other samples, the lack
of response to antibody treatment might be due to other factors
intrinsic to the CLL cells themselves and contributing to a Th2
response. Alternatively, extrinsic factors that cannot be ruled
out include the presence of contaminating regulatory T cells
in the B-CLL preparations, which could also alter the cytokine
profile.

Discussion
We identified potential therapeutic antibodies for CLL by
selecting antibodies to tumor-associated proteins from immune

Table 1. FACS analysis of CD200 expression on B-CLL cells in
comparison with normal B cells

CLL donor Normal donor

GMFI ratio
(CLL�normal)Donor ID

B-CLL CD200
(GMFI) % CD38�

Normal B CD200
(GMFI)

011731 93 27 58 1.6
020934 659 39 185 3.6
073031* 334, 409 1.5, 0 64, 98 5.2, 4.2
011846* 156, 190 62, 42 64, 55 2.4, 3.5
101735 420 0 95 4.4
6988172 290 67 97 2.9
8074020 403 10 97 4.2
8267677 300 18 97 3.1
040439 123 0 41 3.0
700036926 145 0 27 5.4
1325248 178 4.3 77 � 7† 2.3
7029373 154 14.5 77 � 7† 2.0
8942820 146 26.6 77 � 7† 1.9
8451869 237 3.2 77 � 7† 3.1
4539931 215 1.7 77 � 7† 2.8
6787771* 305, 273 2.7, 2.4 77 � 7†, 55 4.0, 5.0

Mean � 3.3
SD � 1.1

PBMC were isolated from CLL patients or from healthy donors, and CD200
protein expression on the B lymphocyte population was measured as de-
scribed in Fig. 3C. The geometric mean fluorescent intensity (GMFI) of CD200
staining was used as a measure of CD200 expression and the ratio of GMFIs as
a measure of CD200 up-regulation on CLL relative to the normal B cell control.
The percentage of CD38� B cells in the CLL samples was determined by flow
cytometry by using CD38-APC, CD19-PE, and CD5-FITC.
*Two values are shown for these CLL donors, because they were analyzed in
two independent experiments.

†Mean � SD of GMFIs from six normal B cell donors analyzed in the same
experiment.

Fig. 2. Effect of anti-CD200 on IL-2 production in mixed lymphocyte reac-
tions in the presence of CD200 overexpressing cells. Mixed lymphocyte reac-
tions were set up by using 200,000 dendritic cells�macrophages matured as
described under Materials and Methods and 1 � 106 T cell-enriched lympho-
cytes. Two hundred thousand CD200 transfected or untransfected Epstein–
Barr nuclear antigen (293-EBNA) cells were added to the dendritic cells in the
presence or absence of 20 �g�ml anti-CD200 antibody or 2–4 h before lym-
phocyte addition. Supernatants were collected after 48 and 68 h and analyzed
for the presence of IL-2. (A) Dendritic cells � T cells; (B) dendritic cells � T cells
� untransfected EBNA cells; (C) dendritic cells � T cells � CD200-transfected
EBNA cells; (D) dendritic cells � T cells � untransfected EBNA cells � anti-
CD200; (E) dendritic cells � T cells � CD200-transfected EBNA cells� anti-
CD200. All samples represent the average of duplicates from two experiments.
The experiment was repeated four times with similar results. ***, P � 0.0001
as determined by Student’s unpaired t test.
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repertoire libraries. Previous studies have demonstrated the
feasibility of this approach (20–22). Using positive selection of
antibody libraries on primary CLL cells and negative selection on
an erythroleukemia cell line, we enriched for antibodies to
CD19, CD23, and CD200.

We find CD200 protein to be up-regulated 1.6- to 5.4-fold on
CLL cells in all disease patients compared with CD200 expres-
sion on B cells from healthy volunteers. CD200 appears to be
up-regulated early in the disease process of CLL, because we find
it to be up-regulated in patients irregardless of their ZAP-70 or
variable heavy mutational status, and the degree of up-
regulation does not correlate with those disease markers. How-
ever, continuous elevated expression of CD200 in all CLL
patients suggests an important role of this molecule in the
disease.

Up-regulation of CD200 appears to be another example
where tumors have proven adept at concealing their identity
from the immune system. CD200 has a demonstrated potent
role in suppressing immune responses. Soluble CD200-Fc can
prolong allograft and xenograft survival in mice and can
suppress autoimmune responses in mouse models (8, 23).
Additionally, human herpesvirus and myxoma virus each
express CD200-related proteins that result in down-regulation
of the human immune response (24). Further, Gorczynski et al.
(25) demonstrated in a mouse model that infusion of
CD200-Fc suppressed protection of tumor growth by the
immune system. Our data suggest that CLL cells themselves
have found a direct mechanism to evade eradication by the
immune system through up-regulation of CD200. Our data
further suggest that even a 2-fold up-regulation is biologically
relevant. Interaction of CD200 as a cell-bound ligand with its
receptor on macrophages has been shown to perturb immune
functioning and shift immune responses from a Th1 toward a
Th2 cytokine profile. We demonstrate that primary PBMCs
from CLL patients down-regulate Th1 cytokine production in
mixed lymphocyte reactions in vitro, whereas B cells from
healthy donors do not. The presence of our anti-CD200
antibody restores the profile seen in the absence of CD200,
indicating that we have selected an antagonistic antibody that
blocks a key mediator in these immunomodulation reactions.

A shift from Th1 to Th2 cytokine production has been
observed during the progression of many cancer types, includ-
ing various lymphomas, renal carcinoma, prostate carcinoma,
cervical carcinoma, lung carcinoma, and melanoma, and has
been associated with a negative prognosis (10–14). Pod-

horecka et al. (26) showed that a Th1 cytokine response shifts
to a Th2 cytokine response during the progression of CLL. Our
observation that CLL cells alter the cytokine profile in mixed
lymphocyte reactions suggests that CLL cells themselves can
directly affect the cytokine profile of surrounding cells. A shift
to Th2 might prevent the support of cytotoxic T cells, thought
to be the most important effector cells to eradicate cancer
cells, and might favor the production of regulatory T cells.
Also, type 2 cytokines have been reported to down-modulate
tumor-specific immune responses by reducing tumor-
associated MHC expression and by inhibiting tumor antigen
presentation by antigen-presenting cells. Furthermore, IL-4
has been shown to prevent apoptosis of CLL cells (27).
Although cytokine imbalance is a well known phenomenon in
cancer, the underlying mechanisms are not well defined.
Certain tumors, including CLL (28), have the capability of
producing soluble factors such as IL-10 and IL-6, thereby
inhibiting a broad array of immune functions, including Th1
cytokine production. Here, we demonstrate that increased cell
surface expression by tumor cells of the costimulatory mole-
cule CD200 is sufficient to prevent a Th1 response, thereby
altering the cytokine milieu surrounding the tumor cells.

For therapeutic benefit, targeting CD200 to skew the im-
mune system toward a Th1 response would similarly require
that the immune system mounts an anti-CLL response. Au-
tologous cytotoxic T cells capable of killing CLL cells have
been generated in vitro by expansion over several weeks,
indicating that they are present at some level in patients (29,
30). However, it has been difficult to initiate autologous T cell
responses against unstimulated CLL cells, and CLL cells are
ineffective stimulator cells in autologous and allogeneic mixed
lymphocyte cultures (31). The lack of response has, in part,
been explained by low levels of expression of costimulatory
molecules on CLL cells, rendering them inefficient antigen-
presenting cells (31). Recent data suggest that good-prognosis
cytogenetics in CLL is associated with enhanced immunoge-
nicity in vitro (32). Our results point to the importance of the
capability of CLL cells to affect the most potent antigen-
presenting cells in the body, dendritic cells. By stimulating
CD200R on dendritic cells�macrophages, the immune system
is driven to a Th2 response and potentially to the production
of regulatory T cells. Our observations are consistent with the
finding that dendritic cells in patients with CLL are defective
and unable to stimulate an effective T cell response (33).

Shifting the cytokine balance has shown some success in
preclinical models and patients. It has been demonstrated that
arabinomannan, an agent shifting Th2 to Th1 response, sup-
presses tumor metastasis in a fibrosarcoma model (34), and its
effectiveness is currently being tested in patients with head and
neck cancer. Cyclophosphamide had a similar effect in a rat
metastatic lymphoma model (35). Furthermore, administration
of IFN-� in CML patients resulting in remission restored the Th1
cytokine balance (36).

In recent years, it has become clear that the presence of
regulatory T cells provides a major obstacle for efficient
elimination of tumor cells by the immune system (37). Inter-
estingly, interaction of CD200 with its receptor on macro-
phages turns on an immunosuppressive pathway, resulting in
the induction of regulatory T cells (15–17). Furthermore,
Beyer et al. (38) demonstrated higher frequencies of regulatory
T cells in CLL patients. Because expression of CD200 on CLL
cells most likely contributes to higher regulatory T cell fre-
quencies, anti-CD200 therapy might be very beneficial in
preventing regulatory T cell induction, as well as in combina-
tion with ONTAK or Fludarabine therapy to eliminate pre-
existing regulatory T cells.

In future studies, we may evaluate the benefits of blocking
immune suppression in CLL by targeting human leukemic cells

Fig. 3. Effect of CLL cells on IL-2 production in mixed lymphocyte reactions
Mixed lymphocyte reactions were set up in the presence of either PBMCs from
healthy donors or PBMCs from CLL patients. Twenty �g�ml anti-CD200 or
ALXN-4100 (nonbinding control antibody) were added to samples, as indi-
cated. All samples represent the average of triplicates of one experiment. The
experiment was repeated seven times.
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directly through CD200. In particular, we may address in
animal models whether stimulating the immune system with
anti-CD200 will allow the eradication of CLL cells from the
spleen and lymph nodes through CLL reactive T cells that may
have better access to these organs than antibodies. Another
crucial question that remains is whether targeting CD200 on
CLL cells and blocking its interaction with CD200R will lead
to the lysis of tumor cells. The potential effect of direct CLL
cell killing through antibody-dependent cellular cytotoxicity
activity or other signaling events triggered by anti-CD200 may
be explored in future studies. The combination of direct cell
killing, driving the immune response toward a Th1 profile and
thereby preventing the induction of regulatory T cells, and
enhancing immune function may be a particularly powerful
approach that could potentially be achieved by treatment with
anti-CD200 alone or in combination with other B cell cyto-
toxins, cancer vaccines, or other immunostimulatory therapies.

Materials and Methods
Patients and Sample Collection. After obtaining Internal Review
Board approval and informed consent, blood was drawn from
patients diagnosed with CLL at Scripps Clinic (La Jolla, CA),
as well as from healthy donors at Alexion Antibody Technol-
ogies, San Diego. PBMC were isolated by Ficoll–Paque gra-
dient centrifugation (Histopaque, Sigma-Aldrich) and stored
frozen.

Cell Immunizations and scFv Antibody Library Construction. Two
rabbits were each immunized three times with 2 � 107 PBMC
pooled from five different CLL donors (10 donors total). Five
days after the final immunization, spleen, bone marrow, and
PBMC were harvested. Total RNA was isolated by using
Tri-Reagent (Molecular Research Center, Cincinnati). scFv
antibody phage display libraries were constructed as de-
scribed (39).

Antibody Selection by Cell Surface Panning. Libraries were en-
riched for CLL cell-surface-specific antibodies by positive-
negative selection with a magnetically activated cell sorter, as
described (40) , with some modifications. Primary CLL cells
(107) pooled from several donors were labeled with anti-
human CD19 conjugated to microbeads (Miltenyi Biotec,
Auburn, CA). The labeled cells were mixed with a 10-fold
excess of absorber cells (the human erythroleukemia cell line
TF-1), pelleted, and resuspended in 50 �l (1010-1011 plaque-
forming units) of phage particles for 30 m at 25°C. CLL cells
and bound phage were captured by using a MiniMACS MS�

separation column (Miltenyi Biotec). Phage particles were
eluted and amplified in Escherichia coli for the next round of
panning, as described (40). For each round of panning, the
input and output phage titers were determined. An enrichment
factor (E) was calculated by using the formula E � (Rn
output�Rn input)�(R1 output�R1 input).

Antibody Production and Purification. Pools of hemagglutinin
(HA)-tagged scFv antibodies were produced in E. coli strain
TOP10F	 and used as culture supernatants. Periplasmic frac-
tions from individual clones expressing scFv antibodies were
prepared as described (39). scFv antibodies were affinity-
purified by using rat anti-HA affinity columns (Roche Mo-
lecular Biochemicals).

Flow Cytometry. Binding of HA-tagged scFv antibodies to cells
was assayed by flow cytometry by using rat anti-HA (clone 3F10,
Roche Molecular Biochemicals) and phycoerythrin (PE)-
conjugated anti-rat IgG. Alternatively, biotinylated rat anti-HA
was used as secondary antibody, and PE-conjugated streptavidin
was used for detection. Fluorochrome-conjugated antibodies

against CD5, CD19, and CD38 were obtained from Becton
Dickinson. For the evaluation of CD200 expression on a large
panel of CLL patients, PE-conjugated anti-CD200 antibody
(clone OX-104, Serotec) was used.

Cell ELISA. ELISA plates were coated with ConA (10 mg�ml in 0.1
M NaHCO3, pH 8.6�0.1 mM CaCl2). Cells (105) in PBS were
added per well, and the plates were centrifuged at 250 � g for
10 min. Cells were fixed by overnight incubation with 0.02%
glutaraldehyde in PBS. After two PBS washes, nonspecific
binding sites were blocked with 4% nonfat dry milk in PBS for
3 h, followed by a 2-h incubation with 50 �l of HA-tagged scFv
antibody at room temperature. After six PBS washes, bound scFv
antibodies were detected by using an anti-HA antibody (clone
12CA5) and AMDEX alkaline phosphatase (AP)-conjugated
anti-mouse IgG (Amersham Pharmacia Biotech). AP-AMDEX
antibody was detected with PNPP substrate and measured at 405
nm using a microplate reader.

Maturation of Dendritic Cells from Blood Monocytes. Buffy coats
were obtained from the San Diego Blood Bank and primary
blood lymphocytes were isolated by using Ficoll (StemCell
Technologies, Vancouver). Cells were adhered for 1 h in Eagle’s
minimal essential medium containing 2% human serum fol-
lowed by vigorous washing with PBS. Cells were cultured for 5 d
in the presence of 800 units�ml human recombinant granulo-
cyte–macrophage colony-stimulating factor�500 units�ml hu-
man recombinant IL-4 (StemCell Technologies)�100 �g/ml hu-
man recombinant IFN-� (R & D Systems). Matured cells were
harvested and irradiated at 2,000 rad by using a �-irradiator
(University of California, San Diego).

Mixed-Lymphocyte Reaction. Mixed-lymphocyte reactions were set
up in 24-well plates by using 200,000 dendritic cells and 1 � 106

responder cells. Responder cells were T cell-enriched lympho-
cytes purified from peripheral blood by Ficoll separation. T cells
were enriched by incubating the cells for 1 h in tissue culture
flasks and taking the nonadherent cell fraction. Two hundred
thousand CD200-transfected 293-EBNA cells or CLL cells were
added to the dendritic cells in the presence or absence of 20
�g�ml anti-CD200 antibody 2–4 h before lymphocyte addition.
Supernatants were collected after 48 and 68 h and analyzed for
the presence of cytokines.

Cytokine Analysis. Cytokines such as IL-2, IFN-�, IL-4, IL-10,
and IL-6 found in the tissue culture supernatant were quan-
tified by using ELISA. Matched capture and detection anti-
body pairs for each cytokine were obtained from R & D
Systems, and a standard curve for each cytokine was produced
by using recombinant human cytokine. Anticytokine capture
antibody was coated on the plate in PBS at the optimum
concentration. After overnight incubation, the plates were
washed and blocked for 1 h with PBS containing 1% BSA and
5% sucrose. After third washes with PBS containing 0.05%
Tween, supernatants were added at the indicated dilutions in
PBS containing 1% BSA. Captured cytokines were detected
with the appropriate biotinylated anticytokine antibody fol-
lowed by the addition of alkaline phosphatase-conjugated
streptavidin and SigmaS substrate. Color development was
assessed with an ELISA plate reader (Molecular Devices).

Supporting Information. All methods for isolation of the CLL-
AAT cell line, immunoprecipitation, mass spectrometry, cloning
and expression of CD200, conversion of scFv-9E2 to rabbit-
human chimeric IgG, and ZAP-70 analysis are detailed in
Supporting Text, which is published as supporting information on
the PNAS web site.
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