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Preclinical animal models have largely ignored the immune-sup-
pressive mechanisms that are important in human cancers. The
identification and use of such models should allow better predic-
tions of successful human responses to immunotherapy. As a
model for changes induced in nonmalignant cells by cancer, we
examined T-cell function in the chronic lymphocytic leukemia (CLL)
E�-TCL1 transgenic mouse model. With development of leukemia,
E�-TCL1 transgenic mice developed functional T-cell defects and
alteration of gene and protein expression closely resembling
changes seen in CLL human patients. Furthermore, infusion of CLL
cells into young E�-TCL1 mice induced defects comparable to those
seen in mice with developed leukemia, demonstrating a causal
relationship between leukemia and the T-cell defects. Altered
pathways involved genes regulating actin remodeling, and T cells
exhibited dysfunctional immunological synapse formation and
T-cell signaling, which was reversed by the immunomodulatory
drug lenalidomide. These results further demonstrate the utility of
this animal model of CLL and define a versatile model to investigate
both the molecular mechanisms of cancer-induced immune sup-
pression and immunotherapeutic repair strategies.

Cancer cells induce changes in the tumor microenvironment.
The mechanisms whereby this occurs are poorly understood,

but include direct cancer cell-T cell interactions, production of
immune-suppressive factors by cancer cells, and induction of
regulatory T-cell subsets (1, 2). Understanding the elusive
mechanisms of tumor-driven immune evasion will aid the re-
finement of existing cancer immunotherapy strategies and iden-
tify novel treatments. To date, preclinical animal models that
closely model human cancer and, in particular, include exami-
nation of the immune-suppressive mechanisms used by cancer
cells have been under-characterized. The identification and use
of such models should allow better predictions of successful
human responses to immunotherapy.

Chronic lymphocytic leukemia (CLL) is an ideal model cancer
to study immune T cells that have been exposed to circulating
tumor B cells and is associated with immune dysfunction. CLL
is the most common adult leukemia in North America and
Europe and is currently incurable. Immunotherapeutic strategies
are believed to represent a promising treatment modality for this
disease if immune suppression can be controlled (3). Extensive
research has been carried out using CLL human patient cells,
including the characterization of altered gene and protein-
expression profiles (4) and suppressed functional responses in
patient T cells compared to healthy-donor T cells (1, 5).

We sought to determine whether development of leukemia in
the well-established E�-TCL1 transgenic murine model of CLL
(6) would induce changes in nonmalignant T cells. To examine
this, we examined changes in gene-expression profile, protein
expression, and function in T cells from E�-TCL1 transgenic
mice as they developed CLL. We demonstrate that development
of CLL in these transgenic mice is associated with similar

impairment of T-cell function and alteration of gene expression
in CD4 and CD8 T cells to that observed in human patients with
this disease. The causal relationship between leukemia and the
induction of T-cell changes is demonstrated in vivo by the finding
that infusion of CLL B cells into nonleukemia-bearing E�-TCL1
mice rapidly induces these changes, demonstrating a causal
relationship. This model allows dissection of the molecular
changes induced in CD4 and CD8 T cells by interaction with
leukemia cells, and further supports the concept that cancer
results in complex abnormalities in the immune microenviron-
ment. The similarities with human CLL, including reversible
immunological synapse dysfunction with an immunomodulating
drug (1), validates the use of E�-TCL1 mice as a model for
further analyses of ways to prevent and reverse cancer-induced
immune dysfunction.

Results
Dysfunctional T-Cell Function in E�-TCL1 Mice That Have Developed
Leukemia. To test the hypothesis that development of leukemia
would induce changes in the nonmalignant cells of the immune
system, we examined changes in T-cell function in E�-TCL1
transgenic mice (6, 7) as they developed leukemia from 12-
months of age [see supporting information (SI) Fig. S1]. Trans-
genic expression of TCL1 in B cells has no demonstrable effect
on T cells, because before development of leukemia (tested at
3–4 months) transgenic mice had normal T-cell numbers, CD4/
CD8 ratio, cytokine production on mitogen, and antigenic
stimulation (data not shown), and as described below, similar
gene-expression profiles to WT mice.

However, once the mice developed CLL they had decreased
in vivo antigen-specific T-cell activation, suppressed T-cell mi-
togenic proliferation, and impaired induction of idiotype-
specific CD8 T cells capable of killing CLL cells (Fig. 1)
compared to age-matched control WT mice or E�-TCL1 trans-
genic mice without CLL. Leukemic mice had dysfunctional
T-cell lymphokine production (Th2-preponderant) with in-
creased IL1, IL4, and IL6 but decreased IL2, IFN-�, and IL-12�
production. These mice also had impaired proliferation and IL-2
production following cross-linking of CD3/CD28 (data not
shown). These data identify defective T-cell function with the
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development of CLL by using this mouse model that is not a
result of aging or the expression of the transgene alone.

Molecular Basis for Defective T-Cell Function in the E�-TCL1 Mouse
Model. To understand the molecular basis for the observed
functional defects and to compare changes seen in mice and
patients with CLL (4), we performed gene-expression profiling.
Unsupervised analysis of highly purified CD4 and CD8 T cells
in CLL mice demonstrated altered gene-expression profiles
compared to WT mice or to young E�-TCL1 mice without
disease (Fig. S2). These findings again support the hypothesis
that the altered T-cell gene-expression is not a result of aging or
expression of a transgene in B cells. Because phenotypic and
functional changes were induced in healthy allogeneic human T
cells following short-term ex vivo coculture with CLL B cells, we
next examined whether this also occurred in vivo. We therefore
infused CLL B cells into 3-month-old E�-TCL1 mice that had
not developed leukemia and after 7 days analyzed gene expres-
sion in highly purified CD4 and CD8 T cells. Infusion of CLL
cells into young E�-TCL1 mice induced gene expression changes
comparable to those seen in mice with de novo development of
leukemia (see Fig. S2), demonstrating a causal relationship
between leukemia and the induction of T-cell defects. Super-
vised analysis identified 153 differentially expressed genes (P �
0.05) in CD4 T cells, with expression increased in 15 genes and
decreased in 138 genes, while in CD8 T cells there were 158
differentially expressed genes (P � 0.05), including 92 increased
and 66 decreased genes in E�-TCL1 mice with CLL or infused
with CLL cells compared to WT mice and E�-TCL1 mice
without CLL (Tables S1–S3). The higher the tumor burden in
these mice, the more clearly the impact on T-cell gene expression
was evident. This correlates with elevated tumor counts being
associated with enhanced functional T-cell defects in the human
disease.

Gene-expression profile changes were validated using quan-
titative RT-PCR and assessment of protein expression (Fig. S3).
Immunophenotyping confirmed altered expression of T-cell
antigen receptor (TCR)-dependent proteins, including de-
creased CD28 and the negative regulator B- and T-lymphocyte
attenuator (BTLA), with increased expression of cytotoxic T
lymphocyte-associated antigen 4 (CTLA4). In mice with CLL
there was an increase in the CD4�CD25�Foxp3�/CTLA4�

regulatory subset. Changes in expression of chemokines and
chemokine receptors in CLL mice were similar to those in CLL
patients (4).

Comparison of T-Cell Defects Between E�-TCL1 Mouse Model and
Human Patients. An important question was whether the changes
in gene-expression profiles observed in the mice with CLL were
similar to those observed in human patients with this disease. To
examine this, analysis of gene-expression changes in T cells in
CLL mice compared with those in patients (4) was performed
using RESOURCERER (8, 9), a database for annotating and
linking microarray resources within and across species. We
identified 50 overlapping genes in CD4� T cells (Fig. 2 A and B)
and 45 overlapping genes in CD8� T cells (Fig. 2 C and D). There
was less heterogeneity of gene expression in transgenic mice than
in CLL patients, making it easier to identify altered gene
expression in components of specific pathways in T cells.

The majority of differentially expressed genes in CD4 T cells
from both mice and patients with CLL were involved in cell
proliferation and activation pathways with increase in Lck and
the negative regulator CTLA4, and decreased expression of
Nfrkb, CD28, BTLA, Pi3k, Pkc, Nfkb and Rel and Ras family
members Gadd45b and Vav3 (Fig. 2 E). Within CD8 T cells
there was increased RNA expression of ranzyme B (Gzmb) and
perforin (Prf ) in both murine and human CD8 cells in CLL, but
decreased expression of granzyme and perforin in vesicles,
suggestive of decreased ability to package and traffic proteins
within the cell (4). In keeping with this, multiple defects within
the actin cytoskeletal formation pathways were identified in
both CD4 and CD8 T cells (Fig. 2 E and F). Integrity of the
T-cell cytoskeleton is essential to regulate the dynamic signal-
ing required for T-cell activation and effector function in
response to immunological recognition of antigen-presenting
cells (APCs). This cytoskeletal-dependent assembly of signal-
ing molecules results in the formation of the F-actin rich
immunological synapse (10). We observed impaired F-actin
polymerization at the immune synapse in T cells from patients
with CLL that could be reversed in vivo with the immuno-
modulatory drug lenalidomide (1).

Defective T-Cell Immunological Synapse Formation and Early T-Cell
Signaling Can Be Repaired in E�-TCL1 Mice with Lenalidomide. T-cell
conjugates from mice with leukemia had suppressed antigen-
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Fig. 1. Development of CLL in E�-TCL1 mice induces suppressed T-cell function. (A) Decreased in vivo gp33 antigen-specific T-cell activation in mice with CLL.
WT mice and mice with and without CLL were immunized with gp33 peptide. On day 8, spleen cells from immunized mice (n � 3 in each group) were stimulated
with indicated concentrations of KAVYNFATM peptide in triplicate for 3 days before [3H]-Thymidine incorporation was measured. (B) Decreased response to
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expressing this IgVH by the resulting T-cell lines was assessed at the effector:target ratios shown from wild type and E�-TCL1 mice with and without CLL. (A–C)
Results are the mean � SD and are representative of at least 3 independent experiments.
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dependent F-actin accumulation and early T-cell signaling at the
immune synapse with CLL cells (APCs) compared to WT-mice
conjugates. Moreover, we have demonstrated that infusion of
CLL cells into young mice induces this T-cell defect, demon-
strating an in vivo immunomodulating mechanism used by tumor
cells. Treatment of both CLL cells and autologous T cells from
leukemic mice with lenalidomide (0.5 �M for 24 h) enhanced the

formation of the F-actin immune synapse and recruitment of
tyrosine-phosphorylated proteins irrespective of the presence of
exogenous antigen (Fig. 3 A and B). In addition, autologous CD8
T-cell effector function was enhanced following treatment with
this agent (data not shown). Of note, the capacity to repair
immunological recognition with this agent was associated with
increased recruitment of the cytoskeletal-signaling molecules
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Lck and Cdc42 to the immunological synapse, regardless of
whether the gene was increased or decreased on gene-
expression profiling (Fig. 3 C and D). In addition, we have
identified increased activation of Rho GTPases, including
Cdc42, following drug treatment (data not shown) that is in
agreement with enhanced early T-cell signaling as measured by
increased tyrosine-phosphorylated activity at the synapse site.
Thus, lenalidomide appears to be acting on the actin cytoskel-
etal signaling pathways that are dysregulated in T cells from
CLL patients.

Discussion
Our analysis demonstrates that this murine model of CLL
induces similar T-cell defects to that seen in patients with CLL,
confirming that the E�-TCL1 transgenic mouse is an appropri-
ate animal model to study the mechanisms of immune dysregu-
lation in cancer. The induction of these changes by infusion of

CLL cells into young mice demonstrates the causal relationship
of the CLL cells with the subsequent development of T-cell
dysfunction. The altered gene-expression profiles in CD4 and
CD8 T cells in mice with CLL compared to age-matched WT
mice or to young E�-TCL1 mice that had not developed CLL
suggest that the observed changes in gene-expression profiles did
not result from aging or from transgenic expression of TCL1
alone. Additionally, because there was less heterogeneity of gene
expression among the transgenic mice than that observed in
patients with CLL, it was easier to identify alteration in gene
expression in components of specific pathways of T-cell activa-
tion and function.

We observed that the majority of the altered genes in CD4 T
cells were involved in cell proliferation, differentiation, and
cytokine/chemokine-response pathways. Cross-linking of CD3/
CD28 induces downstream MAPK-dependent signaling to pro-
mote T-cell proliferation and production of cytokines includ-
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for (C) Lck (green) or (D) Cdc42 (green), and F-actin (red). Arrows indicate protein localization at the T-cell-APC synapse site. Colocalization of proteins in the
merged images is shown in yellow. Images and quantifications are representative of evaluation of 150 conjugates from 3 independent experiments.
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ing IL-2 (11). CD28-dependent costimulation signaling occurs
by stimulation of Pi3k, Pkc and induces transcription activity
of Nfkb, Rel, and c-Jun, promoting cell proliferation and
cytokine production (11–13). Most of the gene products that
were down-regulated in CD4 T cells were involved in cell
proliferation and differentiation pathways and can be phos-
phorylated by TCR stimulation (14), including Vav3, Nfkb, Rel,
and c-Jun. VAV3 can induce MAPK pathway signaling
through Ras family members (R-Ras, K-Ras). We showed
altered gene and protein expression of molecules whose
functions are dependent on TCR signals (15), including de-
creased expression of CD28, increased expression of the
negative regulator CTLA4, and decreased expression of the
BTLA in CD4 T cells. In CD8 T cells in mice with CLL, we also
observed decreased expression of CD28 and increased expres-
sion of CD25 and changes in expression of chemokines and
chemokine receptors, similar to those observed in human
patients with CLL (4).

Functionally, these changes in gene and protein expression
would be expected to result in the decreased proliferative and
cytotoxic T-cell responses observed. Taken together, these re-
sults demonstrate that the leukemia cells induce changes in gene
and protein expression of multiple pathways that regulate anti-
gen recognition, immune response, T helper (Th) differentia-
tion, and cytotoxicity, and are in keeping with the observed
functional abnormalities in the T cells of mice with CLL and in
CLL patients (4, 5, 16). Major defects were identified within the
actin cytoskeleton-formation pathway, resulting in defective
immunological synapse formation (1). The immune synapse is
thought to function as a signaling platform or signalosome to
translate controlled cytoskeletal signaling into appropriate T-
cell functional responses in response to APCs. This synapse
defect in CLL can be repaired in part by treatment with the
immunomodulatory drug lenalidomide. Lenalidomide has clin-
ical activity in CLL (17, 18) and also improves CLL B-cell APC
function (19). The demonstration that treatment of E�-TCL1
transgenic leukemic and T cells with this agent improves the
defective immune synapse formation in CLL lends further
support that this mouse model can be used to examine unique
agents in CLL (20).

Our results demonstrate that leukemia cells induce changes in
multiple T-cell pathways regulating antigen recognition and
effector function with a reversible immunological synapse dys-
function. These findings validate the use of E�-TCL1 mice as a
model for further analyses of ways to prevent and reverse
cancer-induced immune dysfunction. Now that dysfunctional
intracellular targets and an immune suppressive mechanism
co-opted by tumor cells have been identified, ongoing experi-
ments are addressing ways to repair these defects using this
animal model. Experimental approaches include the use of
genetically manipulated T cells, monoclonal antibodies, and
immunomodulatory drugs, including lenalidomide. The use of
this model to understand and reverse the molecular changes in
T cells induced by leukemia will likely have broad applications
to maximize immune responses in patients.

Materials and Methods
Animals. B6C3 mice were purchased from Jackson Laboratory. TCL1 gene trans-
genic B6C3 mice (E�-TCL1) were provided by C. Croce (Ohio State University,
Columbus, OH). Protocols were approved by the Animal Care and Use Committee
of the Dana-Farber Cancer Institute and Barts and The London School of Medi-
cine, and mice maintained according to institute regulations. Ethical approval

and a project license from the Animal Procedures Committee of the Home Office
were obtained for all animal experiments. Additional methodology is described
in the SI Materials and Methods.

Antibodies and Reagents. Antibodies and reagents are listed in the SI Materials
and Methods.

Cell Isolation, RNA Extraction, and Gene-Expression Profiling. Splenic mononu-
clear cells were separated by ficoll-hypaque density gradient centrifugation and
CD4 and CD8 T cells selected by negative depletion (Miltenyi Biotech). Purity was
assessed using fluorescein-conjugated anti-CD4 and anti-CD8 antibodies. Cells
were lysed in TRIzol for total RNA isolation (Life Tech) and 2 to 15 �g of total RNA
usedforgene-chiparray.Gene-expressionprofilingwasperformedasoutlined in
the SI Materials and Methods. Data were normalized using DNA-Chip Analyzer
(dChip) (21). To identify the genes whose expression patterns best distinguished
groups, the permutation distribution of the maximum t-statistic was analyzed
using Permax (22). Differentially expressed genes (filtered by P � 0.05 and 1.2 �

fold �1.2) from supervised analyses by their involvement in specific cellular
pathways were determined using gene microarray pathway profiler 2.0 (Gen-
Mapp) software (23). CEL files have been deposited into the Gene Expression
Omnibus and are available with accession numbers GSE8835 for human data
(http://www.ncbi.nlm.nih.gov/geo/info/linking.html) GSE8836 for murine data
(http://www.ncbi.nlm.nih.gov/geo/info/linking.html).

Quantitative RT-PCR and Western Immunoblot. Representative genes were
analyzed for expression by real time, quantitative PCR using FAM-TAMRA-
labeled probes (Applied Biosystems) and protein expression measured by West-
ern immunoblotandimmunophenotyping.Additionalmethodology isdescribed
in the SI Materials and Methods.

Immune Assessment. CTL effector assays (24), in vivo antigen specific T-cell
activation assays (25, 26), and proliferation assays are described in the SI Materials
and Methods.

Cell Conjugation Assays. Cell conjugates were formed as previously described (1)
and are summarized in the SI Materials and Methods.

Immunofluorescence and Confocal Microscopy Image Acquisition. Immunoflu-
orescent labelings were done as previously described (1) and are summarized in
the SI Materials and Methods.

Quantitative Image Analysis of Protein Polymerization. Quantification of
F-actin, phosphotyrosine, Lck, and Cdc42 polarization at the immune syn-
apse was based on our previously described method (1) by random selec-
tion of at least 50 conjugate images containing a CellTracker Blue-stained
healthy or CLL B cell contacting a T cell. Polarization of proteins at the T-cell
contact site was scored independently. These findings were verified using
ImageJ software to calculate the relative recruitment index of proteins to
the T cell-B cell contact site.

Lenalidomide Treatment. CLL B cells and autologous T cells were treated
separately ex vivo with 0.5 �M lenalidomide in acidic PBS for 24 h in full culture
medium (10% serum) at 37 °C before cell-conjugation assays. Lenalidomide
was prepared as previously described (1). Untreated autologous cells were also
cultured separately using the acidic PBS alone without drug for 24 h in full
culture medium at 37 °C before conjugation assays.

Statistics. Statistical differences between experimental groups were evaluated
by 2-tailed Student’s t test. P � 0.05 was considered statistically significant.
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