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Abstract Lenalidomide (Revlimid®; CC-5013) and
pomalidomide (CC-4047) are IMiDs® proprietary drugs
having immunomodulatory properties that have both shown
activity in cancer clinical trials; lenalidomide is approved in
the United States for a subset of MDS patients and for treat-
ment of patients with multiple myeloma when used in com-
bination with dexamethasone. These drugs exhibit a range
of interesting clinical properties, including anti-angiogenic,
anti-proliferative, and pro-erythropoietic activities although
exact cellular target(s) remain unclear. Also, anti-inflam-
matory effects on LPS-stimulated monocytes (TNF-a is
decreased) and costimulatory effects on anti-CD3 stimu-
lated T cells, (enhanced T cell proliferation and proinflam-
matory cytokine production) are observed These drugs also
cause augmentation of NK-cell cytotoxic activity against
tumour-cell targets. Having shown that pomalidomide con-
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fers T cell-dependant adjuvant-like protection in a preclini-
cal whole tumour-cell vaccine-model, we now show that
lenalidomide and pomalidomide strongly inhibit T-regula-
tory cell proliferation and suppressor-function. Both drugs
inhibit IL-2-mediated generation of FOXP3 positive
CTLA-4 positive CD25"&" CD4+ T regulatory cells from
PBMCs by upto 50%. Furthermore, suppressor function of
pre-treated T regulatory cells against autologous responder-
cells is abolished or markedly inhibited without drug
related cytotoxicity. Also, Balb/C mice exhibit 25% reduc-
tion of lymph-node T regulatory cells after pomalidomide
treatment. Inhibition of T regulatory cell function was not
due to changes in TGF-f or IL-10 production but was asso-
ciated with decreased T regulatory cell FOXP3 expression.
In conclusion, our data provide one explanation for adju-
vant properties of lenalidomide and pomalidomide and sug-
gest that they may help overcome an important barrier to
tumour-specific immunity in cancer patients.

Keywords Lenalidomide - Pomalidomide -
T regulatory cells - IMiDs® - Immunomodulatory drugs

Introduction

Lenalidomide has shown clinical activity in patients in a
number of haematological malignancies. It is currently
FDA-approved in the US for the treatment of patients with
transfusion-dependent anaemia due to low-or- intermedi-
ate-1-risk myelodysplastic syndromes associated with a
deletion 5q cytogenetic abnormality with or without addi-
tional cytogenetic abnormalities. This approval was based
on data from an expanded phase II study (manuscript sub-
mitted), that confirmed findings from a phase I clinical
study [40]. This showed that among patients completing
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eight or more weeks of treatment with lenalidomide, 67%
experienced an erythroid response (red blood cell transfu-
sion independence for >8 weeks or rise in haemoglobin of
2 g/dl). Complete cytogenetic remissions were observed in
10 of 20 evaluable patients with abnormal karyotype, nine
of whom had del (5) (q31.1). Achievement of cytogenetic
remissions suggests a direct effect on the malignant clone.

Lenalidomide has also been FDA approved for use in
combination with dexamethasone for treating patients with
multiple myeloma who have received at least one prior
therapy. This submission was based on data from two piv-
otal phase III trials in which lenalidomide plus dexametha-
sone was compared to dexamethasone alone [17].
Lenalidomide treatment also appears to be active in patients
with chronic lymphocytic leukemia (CLL) [10], non-Hodg-
kin’s lymphoma (Wiernik et al. ASCO meeting abstract
2006) and cutaneous T cell lymphoma (CTCL) [49].

Pomalidomide has shown activity in MM [51] and is cur-
rently being developed for myelofibrosis [37] with myeloid
metaplasia, sickle cell anaemia [15] (due to an ability to
enhance foetal haemoglobin) and small cell lung carcinoma.

The ability of thalidomide to costimulate T cells was first
reported by Haslett et al. [28] and confirmed with lenalido-
mide and pomalidomide for both CD4+ and CD8+ T cells
[43]. This activity has also been shown to be important for
the generation of anti-viral CD8+ T cell responses [27].
Furthermore, in a preclinical whole tumour cell vaccine
model, pomalidomide was shown to augment tumour-spe-
cific immunity in association with enhanced Th1-type cyto-
kine production [18]. It has been reported that select
IMiDs® drugs can augment innate immunity by enhancing
10 T cell [23], NK cell [14] and NKT cell [11] activities.
IL-2-primed peripheral blood mononuclear cells (PBMCs)
treated with certain IMiDs® drugs demonstrate significantly
increased lysis of MM cell lines with killing mediated by
CD3-CD56+ cells, and cold target competition assays sug-
gest that this is an NK rather than a LAK related phenome-
non [14, 30]. Furthermore, in more recent studies, increased
production of IL-2 from lenalidomide/pomalidomide-
treated T cells has been shown to be responsible for the
enhancement of NK cell activity [30].

The immunopotentiating aspects of lenalidomide and
pomalidomide have more recently been demonstrated in
patients by increased circulating activated/memory
CD45RO+ T cells and increased serum levels of activation
markers, cytokines and growth factors, such as soluble
interleukin-2 (sIL-2) receptor, granulocyte—macrophage
colony-stimulating factor (GM-CSF), IL-12, tumour necro-
sis factor-o (TNF-a) and IL-8 [5, 51].

The ability of lenalidomide and pomalidomide to
enhance immune function led us to investigate the possibil-
ity that these drugs may also inhibit the function of T regu-
latory cells. T regulatory cells are established as important
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controllers of the immune response and crucial in the con-
trol of autoimmune disease [38] and as suppressors of anti-
tumour immunity [1, 2]. T regulatory cell numbers are
increased during the establishment of tumours [25] and T
regulatory cell depletion results in rejection of tumours in
several murine tumour models [35, 55]. The presence of T
regulatory cells in the tumour infiltrating lymphocyte popu-
lation is indicative of a poor prognosis in patients with gas-
tric and oesophageal cancers [34]. Furthermore, many solid
tumours also have infiltrating T regulatory cells [12, 16, 41]
and in ovarian cancer a high CDS8:T regulatory cell ratio is a
good prognostic indicator [50] (reviewed in reference [67]).
T regulatory cells are significantly raised in patients with
multiple myeloma [7], non-Hodgkin’s lymphoma [65] and
chronic lymphocytic leukaemia [45], conditions which
appear to respond to lenalidomide treatment. Interestingly,
CTCL blasts in the skin may also resemble T regulatory
cells [62]. T regulatory cells can also inhibit the cytolytic
effects of NK cells and CD8+ cells, a potential factor in the
progression of tumours [59] and which have been shown to
be enhanced by lenalidomide and pomalidomide [14, 29].

Inhibition of T regulatory cell function using antibodies
such as Ontak® (IL-2-diphtheria toxin fusion protein) [21,
22, 48] and CTLA4-1G [19, 42] is a developing clinical
strategy for augmenting anti-tumour responses during can-
cer vaccination. Inhibition of T regulatory cells using
CD25-specific monoclonal antibodies has been shown to
promote the rejection of several transplantable murine
tumour cell lines including melanoma, leukemia and colo-
rectal carcinoma [35, 63] and to enhance vaccine-mediated
anti-tumour immunity in renal cell carcinoma patients [13].

The current study demonstrates that lenalidomide and
pomalidomide can inhibit the proliferation of FOXP3+
CTLA-4+CD4+CD25"" T regulatory cells in vitro. Fur-
thermore, these drugs can also inhibit the suppressor func-
tion of the T regulatory cells against autologous responder
cells in vitro. This inhibitory activity is associated with
reduction of FOXP3 and OX40 expression. Finally, we
show that pomalidomide is able to reduce lymph node T
regulatory cell numbers following challenge with live
tumour cells. These results suggest a mechanism by which
these drugs may overcome T regulatory cell suppressive
effects and increase anti-tumour immunity independently of
their documented direct T cell costimulatory activity.

Materials and methods
Reagents
Thalidomide, lenalidomide and pomalidomide were

obtained from the Celgene Corp (Summit, New Jersey,
USA), and dissolved in DMSO to create 10 mM stock
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solutions that were maintained at —20°C for no longer than
1 week. For in vivo studies, the drugs were dissolved in at
a concentration of 5 mg/ml in 0.5% DMSO in PBS and
stored at 4°C for the duration of the experiment.

Phenotyping of activated PBMCs

PBMCs were obtained from fresh buffy coats and seeded at
1 x 10° cells/ml in 24-well plates in RPMI culture medium
(RPMI containing 10% foetal calf serum, 100 units of peni-
cillin and streptomycin and 100 units of glutamine), to
which 150 U/ml of IL-2 (Chiron UK) was added. In addi-
tion cultures were treated with lenalidomide, pomalidomide
or thalidomide (all 10 pM) or the equivalent concentration
of DMSO (0.1% v/v). During culture aliquots of cells were
taken regularly over a period of 12 days, and surface
stained with anti-CD25 FITC and anti-CD4 PerCP fol-
lowed by intracellular staining with anti-CTLA-4 (CD152)
PE (Becton Dickinson) and anti-FOXP3 (clone PCH101
from Ebioscience). Expression of CD25"'CD4+ cells
expressing CTLA-4 and FOXP3 in the PBMC population was
analysed using a FACSCalibur. The expression of T regulatory
cells in PBMC cultures was also examined using varying
concentrations of the pomalidomide, lenalidomide, and
thalidomide, after a period of incubation which was shown
to give a maximal inhibition of T regulatory cell expression.

Measurement of T regulatory cell proliferation
in PBMC populations

Freshly isolated PBMC were stained using the CellTrace™
CFSE Cell Proliferation Kit (Molecular Probes, Eugene,
USA). PBMC were re-suspended in pre-warmed PBS/0.1%
BSA at a final concentration of 1 x 10° cells/ml plus CFSE
(1 uM). The cells were incubated with the dye at 37°C for
10 min and the staining was quenched by addition of five
volumes of ice-cold RPMI culture medium and 5-min incu-
bation on ice. The cells were pelleted by centrifugation and
washed. The stained PBMC were treated for 7 days in
RPMI culture medium with lenalidomide, pomalidomide
(both 10 uM) and thalidomide (10 and 100 uM), plus IL-2
(500 IU/ml). Cells were surface stained with anti-CD4-
PerCP and anti-CD25-APC (BD Pharmingen), followed by
intracellular staining with anti-FOXP3-PE (clone PCH101,
Ebioscience). The expression of CD4+CD25"eh T cells
expressing FOXP3 and showing changes in CFSE staining
was measured using a FACSCalibur.

Isolation of T regulatory cells from buffy coats
Buffy coats were obtained from the National Health Blood

Service and used to prepare PBMCs. The PBMCs were
used for the isolation of CD25+CD4+ cells using a Dynal

CD4+CD25+ isolation kit either immediately, or after
7 days of culture with 500 IU u/ml IL-2 and either 10 uM
of pomalidomide or lenalidomide, 100 uM thalidomide or
DMSO. Briefly, PBMCs were treated with a mixture of
CD14, CD56, CD19, CD8 and CD235a (glycophorin A),
followed by depletion dynabeads to prepare a population of
isolated CD4+ cells. These cells were then treated with
CD25 dynabeads, and the CD25— population was sepa-
rated out and stored (at 37°C) for later use, while the
CD25+ population was detached from the beads using
DETACHaBEAD™. CD45RA expressing cells were
depleted, providing a population of CD45RO positive
CD4+CD25+ T cells (to which regulatory activity is
restricted [36, 53, 56]). The purity of this population was
typically 95%. The T regulatory cells isolated immediately
from PBMCs were treated overnight with pomalidomide,
lenalidomide or DMSO control without exogenous IL-2.
After incubation, one aliquot of the cells were washed, and
surface-stained with anti-CD25 APC, and anti-CD4 PERCP
(BD Pharmingen), followed by intracellular staining with
anti-CTLA-4 (CD152) (BD Pharmingen) and FOXP3-
FITC (clone PCH101 from Ebioscience). A second aliquot
was used to stain for CD134 (OX-40) expression, and the
staining included anti-CD4 PERCP, anti-CD25 APC, anti-
CTLA-4 PE, and the anti-CD134 FITC (BD Pharmingen).
A further aliquot was used for performing an annexin 5/
TAAD apoptosis assay. Briefly, cells were stained with
annexin 5-PE and 7AAD PERCP, and the expression of
these markers on the cells was analysed using a FACscali-
bur. The percentage of early apoptotic (annexin 5 positive),
late apoptotic (7TAAD positive) and dead cells (annexin 5/
7AAD positive cells) was then determined. The remaining
T regulatory cells were used for the proliferation assay as
described below.

Analysis of T regulatory cell TGF-f} receptor,
surface TGF-f3, intracellular IL-10, GITR and OX40

T regulatory cells were isolated by the procedure above and
treated for 24, 48 or 72 h with pomalidomide, lenalidomide
or thalidomide (10 pM). Cells were then surface stained with
anti-CD4 PerCP and anti-CD25 APC antibodies (BD Pharm-
ingen), and mouse antibodies to TGF-f or biotinylated TGF-
f (R&D), followed by staining with anti-mouse IgG FITC or
Streptavidin FITC, respectively. For IL-10 staining, cells
were treated for 3 h with brefeldin A followed by surface
staining with anti-CD4 PERCP and anti-CD25 APC antibod-
ies, and then cells were fixed and permeabilized before stain-
ing with FITC-conjugated anti-IL-10 (R&D). For GITR and
CD134 (OX-40) analysis, cells were incubated for 24 h with
various concentrations of pomalidomide, lenalidomide,
thalidomide or DMSO control, then surface stained with
anti-CD4 PerCP and anti-CD25 APC antibodies (BD
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Pharmingen), followed by permeabilization and intracellular
staining with anti-GITR-PE (BD Pharmingen) and anti-
CD134-FITC. Flow cytometric data are expressed as
percentage of the mean channel fluorescence (MCF) values
obtained with the DMSO control in the CD4+ population
using a CD25+ gate and as percentage values in comparison
with the DMSO control % expression in the purified T regs.

Measurement of suppressor function of T regulatory cells
using a proliferation assay with CD25—CD4+ cells

T regulatory cells were isolated by the procedure outlined
in “isolation of T regulatory cells from buffy coats” either
immediately from the fresh bufly coat or after 7 days of cul-
ture of the buffy coat PBMCs with 500 units/ml IL-2 and
either 10 pM of lenalidomide, pomalidomide, thalidomide
or a DMSO control. When isolated immediately from bufly
coats they were treated overnight with varying concentra-
tions of pomalidomide, lenalidomide, thalidomide or
DMSO control. The cells were washed thoroughly (three
times with RPMI culture medium) after incubation with the
IMiDs, DMSO and IL-2 and then incubated with
CD4+CD25— cells obtained from the same buffy coat at a
1:1 ratio, in a 3-day proliferation assay using 96-well plates
pre-coated with 0.1 pg/well CD3. After 72 h thymidine
(0.5 pCi) was added to each well overnight, and cells were
harvested to obtain counts per minute (cpm) per well.
Under these conditions, the CD4+CD25+ (T regulatory
cell) population inhibits proliferation of the CD4+CD25—
population of cells. The inhibitory effects of certain IMiDs®
drugs on the regulatory T cell suppressor function were
assessed by calculating the increase in cpm detected in mixed
CD4+CD25+:CD4+CD25— cultures when the CD4+CD25+
cells were pre-treated with drugs versus DMSO control.

Established tumour cell lines and animals

CT26 mouse colon carcinoma cells were grown in
DMEM + 10% FCS + 2 mM L-glutamine and maintained
in a sub-confluent monolayer at 37°C in humidified atmo-
sphere containing 5% CO, and subcultured every 3-5 days
using Accutase. Balb/c female mice were purchased from
Harlan (UK) and used at approximately 12—15 weeks old.

Effects of certain ImiDs® drugs on expression of murine
T regulatory cells in vivo from spleen and lymph nodes

The effect of pomalidomide on T regulatory cell expansion
in a CT26 colorectal cancer murine model was investigated.
Balb/c mice were injected subcutaneously with 5 x 10 live
CT26 cells and then mice were treated intraperitoneally
with pomalidomide (50 mg/kg) or PBS daily for 6 days. On
day 7 spleen and draining lymph nodes were collected.
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Lymphocytes and splenocytes were washed and red cells
were lysed with red cell lysis solution (Gentra, USA). Cells
were washed with staining buffer (FACSflow, Becton Dick-
inson) containing 1% normal mouse serum (Sigma) and
0.01% azide (Sigma), in a 96-well round bottom plate, and
then incubated with 10 pl of the pre-titrated monoclonal
antibodies anti-CD4 FITC, anti-CD25 PercP, anti-CTLA-4
PE and anti-FOXP3 APC or their respective isotype con-
trols for 20 min at 4°C. They were washed once with stain-
ing buffer. Cells were washed once with FACs buffer and
twice with Cytofix (BD Cytofix/Cytoperm kit). Then they
were permeabilized with Perm wash (BD Cytofix/Cyto-
perm kit) for 10 min at room temperature. The intracellular
antibody was added in combination with Perm wash and
incubates for 15 min at 4°C. Cells were washed once with
FACs buffer and resuspended in 200 pl of 1% paraformal-
dehyde (Sigma) and stored in the dark at 4°C until analysis.
Analysis was carried out using a FACScan (Becton Dickin-
son). All antibodies were from BD Pharmingen (Oxford, UK).

Statistical analyses

Statistical significance of the results was measured by one-
way ANOVA followed by post hoc bonferonni calculations
or paired ¢ tests as appropriate to the experiment used using
the program Graphpad PRIZM. The numbers of experi-
ments and the data points collected were calculated in order
to ensure that enough data points were available for signifi-
cant statistical calculations.

Results

Pomalidomide and lenalidomide inhibit the expansion
of CD25 high CD4+CTLA4+FOXP3+ T regulatory cells
in activated PBMCs

To determine whether lenalidomide or pomalidomide can
alter the expansion of T regulatory cells in a PBMC popula-
tion we examined the expression of FOXP3+CTLA-
4MehCD25MECD4+ cells in PBMC maintained in IL-2 over
the course of 7 days. Figure 1 shows that there is an inhibi-
tory effect of lenalidomide or pomalidomide on the expres-
sion of CD4+CD25"¢"CTLA-4+FOXP3+ cells. In cells
treated with IL-2 alone, there is a marked increase in the
percentage of CD4+CD25""CD1524+FOXP3+ T regula-
tory cells in a population of CD4+CD25"e" cells over a
period of 7 days. Incubation with lenalidomide or pomalid-
omide significantly decreases expression of the T regula-
tory cell population after 7 days of culture (Fig. la). The
drugs decrease the percentage of CD4+CD25"e" cells
expressing both CTLA-4 and FOXP3 from 25 to 12%
(P < 0.01 using one way ANOVA and post-hoc bonferroni
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Fig. 1 Effect of IL-2 and pomalidomide, lenalidomide and thalido-
mide treatment on expression of T-regulatory cells in a PBMC popula-
tion. PBMC were treated with IL-2 (150 U/ml) and either
lenalidomide, pomalidomide, thalidomide (all 10 uM) or DMSO alone
every 2 days. Cells were then harvested, stained with anti-CD4 PER-
CP, anti-CD25 APC, anti-CTLA-4 PE (BD Pharmingen) and anti-
FOXP3 FITC (Ebioscience) and analysed using a FACSCalibur as de-
scribed in “Materials and methods”. a Shows results in a 7-day time
course, expressed as the mean percentage of the expression of
CD4+CD25"¢" CTLA-4+ FOXP3+ cells in the CD4+CD25+ popula-
tion derived from three separate experiments and error bars indicate
standard error. Asterisks indicate significant differences (P < 0.05) be-
tween cell expression in the DMSO control versus lenalidomide or
pomalidomide using repeated measures ANOVA. b Shows results
with varying concentrations of lenalidomide, pomalidomide or thalid-
omide cultured under the conditions above with harvesting of cells on
day 7. There is no significant increase in the apoptosis of
FOXP3+CD4+CD25+ cells on day 7 after treatment of the PBMC with
10 uM lenalidomide, pomalidomide or 100 uM thalidomide (c¢)

test). In contrast, thalidomide has no significant effect on
the percentage of T regulatory cells in the PBMC popula-
tion during the time course. The inhibition occurs to a simi-
lar extent in both CTLA-4+ and CTLA-4— populations.
The decrease in the expression of these cells is not due to an
increase in apoptosis of these cells (Fig. 1¢) but Lenalido-
mide and pomalidomide inhibit the proliferation of Tregs in
the PBMC population after 7 days as measured by CFSE
staining (Fig. 2a, b). CD4+CD25— cells did not proliferate
in response to IL-2. There was no effect of any of the drugs
on the expression of CD25—CD4+ cells during the 7-day
cultures. Since the drugs do not affect numbers of CD25—
CD4+ cells in these assay conditions, we believe there is no
evidence that there is conversion of these cells into Tregs.
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mide on day 7 is shown as a representative flow cytometry plot in (a),
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by error bars
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To determine ICsys for inhibition of T regulatory cell
expansion, PBMCs were cultured for 7 days with IL-2
(150 units/ml) and varying concentrations of lenalidomide,
pomalidomide and thalidomide. ICss, obtained from the day
7 data, were ~10 uM for lenalidomide, ~1 pM for pomalid-
omide with no effect of thalidomide up to 200 uM (Fig. 1b).

Lenalidomide and pomalidomide abolish or markedly
inhibit the suppression of anti-CD3mAb stimulated
CD25—CD4+ cell proliferation by T regulatory cells

The effects of lenalidomide and pomalidomide on the sup-
pressor function of purified T regulatory cells were exam-
ined by determining their effect when added to autologous

CD25—CD4+ cells stimulated on anti-CD3 mAb-coated
plates. The addition of isolated CD25+CD4+ T regulatory
cells to the autologous CD25— responder population at a
1:1 ratio inhibits proliferation of the CD25— cells (Fig. 3a).
However, pretreatment of the CD25+CD4+ T regulatory
cells with either lenalidomide or pomalidomide (at 10 M)
completely overcomes this inhibition. These drugs do not
affect the proliferation of the isolated CD25+CD4+ T regu-
latory cells during the course of the 3-day assay (data not
shown). When CD4+CD25+ cells from PBMCs treated
with IL-2 for 7 days are isolated using the Dynal treg cell
kit, these cells are suppressive against autologous CD3
treated CD4+CD25— cells in the proliferation assay using a
1:1 ratio of CD4+CD25+:CD4+CD25—cells and treatment
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Fig. 3 Effect of pomalidomide, lenalidomide and thalidomide on the
ability of T regulatory cells to suppress anti-CD3 stimulated
CD25—CD4+ cells. Purified T regulatory cells were isolated as de-
scribed in “Materials and methods”. Cells were either freshly isolated
from PBMCs and treated overnight with varying concentrations of le-
nalidomide or pomalidomide or thalidomide or isolated after 7 days of
culture with 500 units/ml IL-2 and either DMSO or 10 uM lenalido-
mide, thalidomide or pomalidomide. The cells were then washed three
times with PBS, and then incubated at a 1:1 ratio with CD25—CD4+
cells (75,000 cells of CD25— cells and CD25+ cells per well). In a re-
sults with freshly isolated tregs are shown and are expressed as the
counts per minute (cpm) obtained with the CD4+CD25— cells incu-
bated with CD4+CD25+ cells pretreated with the DMSO control. a
Shows the inhibition of results expressed as the mean of three separate
experiments (error bars indicate the standard error). An asterisk signi-
fies a significant difference in proliferation compared to the control
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population of CD4+CD25— cells incubated with DMSO treated
CD4+CD25+ cells (P < 0.05 by one way ANOVA). b Shows suppres-
sion of CD4+CD25— cells by T regulatory cells purified from the
PBMC population after 7 days of culture with 500 units/ml of IL-2 and
either DMSO, Thalidomide, lenalidomide or pomalidomide as de-
scribed in “Materials and methods”. The cells were incubated ata 1:1
ratio with CD25—CD4+ cells (75,000 cells of CD25— cells and
CD25+ cells per well). Results are taken from three separate experi-
ments, and expressed as the % of cpms obtained with the DMSO con-
trol CD25— cell population, (due to the variability of the cpms obtained
in the individual experiments) with the range indicated by error bars.
¢ Shows flow cytometric analysis of annexin-V/7AAD staining of the
CD4+CD25+ cells isolated under the aforementioned conditions and
treated with lenalidomide, pomalidomide or thalidomide. These cells
do not undergo a greater extent of apoptosis compared to untreated or
DMSO treated cells as shown in three repeated experiments
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of the PBMC cultures with lenalidomide or pomalidomide
inhibits this suppressive action (Fig. 3b).

Lenalidomide and pomalidomide inhibit T regulatory cell
FOXP3 expression but do not affect T regulatory
cell survival/apoptosis

We set out to determine whether the suppressive function
of the drugs on purified T regulatory cells was due to a
cytotoxic or apoptotic effect or whether there was down
regulation of FOXP3, a marker which is strongly associated
with the inhibitory function of these cells [6, 33, 52]. Our
data suggest that neither lenalidomide nor pomalidomide
had any significant effect on T regulatory cell survival/

apoptosis after 24 h of culture with the drugs. (Fig. 3c).
However, there was an inhibition of FOXP3 expression
in CD25+CD4+CTLA-4+ cells up to 50% at the highest
concentration of pomalidomide used (10 pM) (Fig. 4a, b).
There was no significant effect of thalidomide on FOXP3
expression even at 200 uM.

Effect of lenalidomide and pomalidomide on T regulatory
cell expression of surface TGF-f5, TGF-f receptor,
intracellular TNF-o, intracellular IL-10 and OX40

Lenalidomide and pomalidomide can co-stimulate T cells
to produce TNF-a after 72 h culture on «CD3 coated
wells. Since other members of the TNF family of receptors
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Fig. 4 Effect of pomalidomide, lenalidomide and thalidomide on
FOXP3 expression on purified T regulatory cells. FOXP3 expression
in the purified T regulatory cell population (gated on the FACs as
CD4+CD25+ CTLA-4+ cells) is decreased at the highest two doses of

lenalidomide and pomalidomide as indicated by a representative flow
cytometry plot (a), and as an inhibition curve of FOXP3 expression
(b), with results averaged from five experiments with the range indi-
cated by error bars
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such as GITR and OX-40 have been shown to be impor-
tant in the function of T regulatory cells, we wished to
determine whether the compounds were differentially
affecting TNF-o secretion, GITR expression or OX-40
expression in either purified T regulatory cells after short-
term culture or in PBMC treated with IL-2 after 7 days of
culture.

We found that GITR expression on purified T regulatory
cells was not affected either after short-term culture (1-
3 days) or in CD4+CD25"2" cells after 7 days’ culture (data
not shown). However, we found strong inhibition of OX-40

receptor expression in purified T regulatory cells after over-
night culture with lenalidomide and pomalidomide at con-
centrations as low as 0.01 uM. Thalidomide was inhibitory
only at 100 uM (Fig. 5a, b). In contrast, OX-40 expression
on CD4+CD25"Me" cells was not significantly affected in 7-
day IL-2 treated cultures in the presence of other lympho-
cytes (data not shown).

We next assessed the effect of lenalidomide and poma-
lidomide on the T regulatory cell expression of TGF-f,
TGF-f receptor and intracellular IL-10. Using purified
T regulatory cells we found that neither of these drugs
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Fig. 5 Effect of pomalidomide, lenalidomide and thalidomide on
GITR, CD134 (0X-40), TGF-f receptor, TGF-f and intracellular IL-
10 expression in T regulatory cells. CD4+CD25+ T regulatory cells
were isolated as described under “Materials and methods” and were
incubated for 24 h with either PBS with DMSO or varying concentra-
tions of lenalidomide, pomalidomide or thalidomide. Lenalidomide
and pomalidomide inhibit CD134 expression at levels as low as
0.01 uM, whereas thalidomide inhibits expression only at 100 uM. aIs
a representative FACs plot showing inhibition of OX40 expression in
purified CD4+CD25"8" cells (shown to have suppressive activity
against CD25—CD4+ cells) which are gated on the FOXP3+ popula-
tion. The quantitation of the inhibition is shown in (b), which is a plot
averaged from three separate experiments. Cells were also stained with
FACs antibodies against TGF-p receptor, surface TGF-f3, intracellular
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IL-10 expression or intracellular TNF-o expression as described under
“Materials and methods”. No changes were seen in the expression of
these markers with 10 pM of drug treatment as measured by flow cyto-
metric analysis (c). Results in the two panels in Fig. 3c are expressed
as percentages of (1) expression of the cellular markers as compared to
the DMSO control and (2) mean channel fluorescence (MCF) of the
markers as compared to the DMSO control. Values are expressed as
percentages of the DMSO control due to the variability of the raw val-
ues (TGF: 6-32% positive expression, MCF = 10-25; TGF receptor:
25-100% positive expression, MCF = 58-600; IL-10: 12-93% posi-
tive expression, MCF = 8.2-86.3; TNF-a: 2—19% positive expression,
MCF: 12-30). The results are the means of the percentage of the
DMSO control taken from three separate experiments with the range
indicated by error bars
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significantly affected the percent expression or MCF readings
of cell surface TGF-f3, TGF-f receptor, intracellular IL-10
or TNF-a (Fig. 5c). These values (MCF, also known as
mean fluorescence intensity or MFI, and the percentage
expression of the marker) are expressed as percentages of
the DMSO control for each experiment. This is due to the fact
that it is difficult to show absolute data in the graph because
the % expression and MFIs vary in the three experiments
done as shown in the legend to Fig. 5. There was also no
effect on secreted TGF-f or IL-2 from purified T regulatory
cells (data not shown).

Effect of pomalidomide on the expression of T regulatory
cells in vivo using whole tumour cell challenge
in the CT26 murine model

We investigated the effect of pomalidomide on the % of T
regulatory cells in the spleen and lymph nodes of mice
after challenge of the mice with CT26 tumours. After
tumour challenge, a regimen of 6 days of treatment with
pomalidomide at 50 mg/kg significantly decreased the
number of CD4+/CD25+/CTLA-4/FOXP3+ T regulatory
cells in the draining lymph nodes by 40% compared to the
PBS DMSO control (P <0.05 by paired ¢ test) (Fig. 6).
However, pomalidomide did not have a significant inhibi-
tory effect on the number of CD4+/CD25+/CTLA-4/
FOXP3+ T regulatory cells in the spleens of these mice
although a decrease was seen. There was no effect of
pomalidomide on the numbers of CD25—CD4+ cells or
the total numbers of CD4+ lymphocytes in the lymph
nodes or spleen (data not shown).

30, M Lymph nodes
[]Spleen
25

20

15

10

cells in CD4 population

% expression FOXP3+CTLA-4+CD4+CD25+

Challenged PBS control Challenged pomalidomide Unchallenged

Fig. 6 Effect of pomalidomide on T regulatory cell number within
lymph nodes and spleen. BALB/C mice were injected subcutaneously
with 5 x 107 live CT26 and then injected intraperitoneally with poma-
lidomide (50 mg/kg), or PBS. On day 7, spleen and draining lymph
nodes were collected. Splenocytes and lymphocytes were stained with
the following antibodies: CD4, CD25, CTLA-4, FOXP3 and their
respective controls. The results are averaged from three separate exper-
iments using five animals per condition in each experiment. Each
asterisk indicates significance compared to the PBS control (contain-
ing DMSO) (P < 0.05 by paired ¢ test)

Discussion

Lenalidomide and pomalidomide have shown impressive
activity in the treatment of patients with multiple myeloma
[24], although the binding target(s) of these drugs have not
yet been elucidated. However, a number of mechanisms
appear to be important in the anti-MM effect; these include
pro-apoptotic [44] and anti-angiogenic effects [39]. Based
on previous studies of the immunological effects of lenalid-
omide and pomalidomide and the success of pomalidomide
in a pre-clinical cancer vaccine model for which T regula-
tory cells are known to provide a barrier to efficacy, we
wanted to determine whether these compounds had any
effect on the T regulatory cell population. Our findings have
shown two distinct effects of these drugs on T regulatory
cells. The first effect is the ability to decrease the expansion
of T regulatory cells (FOXP3+CTLA-4+CD4+CD25Meh
cells) within PBMC populations maintained in IL-2. PBMC
treated with IL-2 show an expansion of these cells after
7 days. These cells, when isolated from PBMCs 7 days
after IL-2 treatment, are able to suppress proliferation of
CD25—CD4+ T cells and pomalidomide and lenalidomide
can inhibit this suppression (Fig.2b). There are only a
small percentage of such cells in the PBMC population at
the start of the incubation period under the gating condi-
tions we use, as we restrict the population to CD25"eh
cells to rule out any possibility that activatory cells are
being assessed. Several publications show that
CD25"¢"CD4+CTLA-4+FOXP3+ cells within a PBMC
population are regulatory T cells and that IL-2 leads to
expansion of these cells in patients [31, 32, 64, 66]. Treat-
ment of patients with IL-2 is a common regimen in cancer,
and the levels of IL-2 detectable in the patients’ blood can
fall in the range we have used in our in vitro experiments.
Therefore it is relevant to assess the effects of the drugs on
populations of Tregs that arise during IL-2 treatment.
Under these conditions, in the presence of the drugs,
whereas the expression of CD25M'CD4+CTLA-
4+FOXP3+ cells is decreased (Fig. 1a), and the prolifera-
tion of these cells is also decreased as measured by CFSE
staining (Fig. 2a) there is no concomitant effect on prolifer-
ation of non-T regulatory (CD25—CD4+FOXP3-CTLA-
4—) cells in the PBMC population (although we did not
investigate proliferation of other T cell phenotypes) nor is
there any significant effect on cell survival/apoptosis of the
T regulatory cells, either in the PBMC population or as
purified cells, ruling out a toxic effect on T cell populations.
Also, thalidomide (at concentrations up to 200 uM) does
not inhibit the expansion of the T regulatory cells in
PBMC:s treated with IL-2.

We found that lenalidomide and pomalidomide affect the
function of purified T regulatory cells, as shown by the
ability to prevent the inhibition of proliferation seen upon
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addition of purified T regulatory cells to the autologous
CD4+CD25— responder cell population. This inhibitory
effect on T regulatory cell function is apparent after 24-h
incubation with lenalidomide or pomalidomide. In contrast,
thalidomide does not inhibit the function of T regulatory
cells under these assay conditions, even up to 200 uM. Tha-
lidomide is far less active in its immunomodulatory effects
(T cell costimulation and. production) and its inhibitory
effects on LPS induced monocyte TNF production than the
second generation IMiDs, pomalidomide and lenalidomide,
and therefore it is not unexpected that there is a lack of
activity on T regulatory cells. It also has a lack of activity in
other in vitro functional assays such as NK-mediated kill-
ing of mAb-coated tumour cells by antibody-dependent cel-
lular cytotoxicity and is also less effective therapeutically
than pomalidomide and lenalidomide. Structurally, poma-
lidomide and lenalidomide possess an additional four-
amino group, not present in thalidomide, and this accounts
for differences in pharmacological behaviour. The stability
of the drugs is similar with half-lives ranging from 3.9 h for
lenalidomide [20] to 6 h for pomalidomide [54] and thalid-
omide [58], so differences between the efficacy of lenalido-
mide and pomalidomide compared with thalidomide are not
due to differences in their biological stability. The possibil-
ity that pomalidomide and lenalidomide are affecting con-
taminating activatory cells within the regulatory T cell
population is very unlikely as the drugs do not affect CD4+
or CD8+ effector cells (potential minor contaminants) in
the absence of a primary stimulus, and the effector
CD4+CD25— cells are not exposed to the drugs under these
assay conditions. Proliferation of purified conventional T
cells is increased with lenalidomide and pomalidomide in
the presence of anti-CD3 alone or «CD3/«CD28. This has
been shown in a previous paper [43]. The same effect was
also seen in purified CD8+ T cells with thalidomide [28].
Therefore, the effect on conventional T cells and the effect
on Tregs are clearly distinct (thalidomide had no effect on
Treg in our paper). We observed inhibitory effects on Treg
function that led to increased T cell activation but without
exposing the conventional T cells to the drugs (extensive
washing followed incubation with Treg prior to mixing the
cell populations).

The inhibition of T regulatory cell function by pomalido-
mide and lenalidomide appears to be related to down-regu-
lation of the important T regulatory cell transcription factor
FOXP3, which is critical for the functioning of regulatory T
cells [6] and not to alterations in the expression of the TNF
family protein GITR, which is critical in the function of T
regulatory cells [9, 46] or TGF-f (cell surface or secreted),
TGF-f receptor, IL-10 or TNF-o. Preliminary data from
our group suggest that pomalidomide downregulates the
expression of FOXP3 mRNA in Tregs and we are now
backing this up with QPCR and Western blotting data.
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TNF-related agonists such as OX-40 (CD134) can abol-
ish the suppressive activity of T regulatory cells, e.g. mice
whose T regulatory cells are deficient in CD134 have dys-
functional T regulatory cells, and T regulatory cells that are
CD134 positive are more highly suppressive towards acti-
vated T cells than T regulatory cells lacking CD134 [47, 57,
60] We have found that lenalidomide and pomalidomide
inhibit the expression of CD134 by T regulatory cells by up
to 50% at concentrations as low as 0.01 pM. In contrast,
thalidomide inhibits expression only at 100 uM. Thus,
modulation of CD134 on T regulatory cells is another
potential mechanism to explain the suppressive effects of
lenalidomide and pomalidomide on T regulatory cells.

We have utilized the CT26 murine colorectal cancer
model to study the effects of selected IMiDs® drugs on the
expression of T regulatory cells in vivo. As an initial exper-
iment towards a separate paper on the effects of the IMiDs
on treg function in vivo, we looked at the effect of pomalid-
omide (our most effective drug in vitro) on the level of T
regulatory cells within the draining lymph nodes and
spleens of Balb/c mice after CT26 tumour challenge, which
more closely represents a clinical treatment setting. We
treated the animals for 7 days with pomalidomide after
tumour challenge and analysed the numbers of Tregs at this
time as this time point had given an expansion of Tregs to a
level at least 100% greater than at day O in the human in
vitro assay. It has previously been shown that T regulatory
cells are important in the inhibition of tumour rejection in
CT26 challenged BALB/C mice and that the numbers of T
regulatory cells in the spleen and draining lymph nodes
increase with CT26 tumour challenge [61]. The number of
tregs in the lymph nodes of non-tumour challenged animals
was on average 11% of the CD4 population (which repre-
sented 30-40% of the lymph node cells and did not change
significantly in tumour challenged compared to tumour free
animals after 7 days). The number of T regulatory cells
increased to 18% of the CD4 population in the draining
lymph nodes of animals challenged with CT26 tumours
compared to the unchallenged animals (P < 0.05 by one
way ANOVA and post-hoc bonferroni analyses). These
results are similar to those previously reported by Valzasina
et al. [61]. We administered pomalidomide for 7 days and
found that the percentage of T regulatory cells in the drain-
ing lymph nodes decreased by up to 40% in compared to
the PBS control in the tumour challenged animals (P < 0.05
by one-way ANOVA and post-hoc bonferroni analyses).
Pomalidomide therefore decreases the number of tregs to
levels found in the lymph nodes of non tumour challenged
animals. This is a significant finding as Tregs are important
for the inhibition of anti-tumour immunity in this mouse
model and depletion of tregs induces immunity to CT26
[26]. Prior to day 7, the numbers of Tregs in spleen and
lymph nodes were not significantly different in challenged
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versus unchallenged animals and pomalidomide also has no
effect on the Treg numbers (data not shown). Drug efficacy
on tumour growth was not assessed in this particular exper-
iment since the tumour load was too small to measure at
day 7: the focus was on treg expansion in response to CT26
and the ability of pomalidomide to decrease this expansion
in draining lymph nodes, which we have demonstrated. We
saw no significant difference in the T regulatory cell expres-
sion in the spleens of the pomalidomide treated versus PBS
treated animals. This difference may be due to a greater
expansion of T regulatory cells in the lymph nodes, where
T cell priming occurs, compared to the spleen.

We propose that the inhibitory effects of lenalidomide
and pomalidomide on T regulatory cell expansion and func-
tion play a potentially important role in clinical efficacy
during the treatment of immunocompromised patients, such
as those with cancer. The enhanced expansion and function
of T regulatory cells has been reported in a number of solid
and haematological cancers including MM [3, 8, 50, 64].
Our results suggest that lenalidomide and pomalidomide,
but not thalidomide, may enhance anti-tumour immunity by
inhibiting the suppressive effects of this population. This
activity is in addition to direct costimulatory effects
observed on purified and sub-optimally activated T cells
and the subsequent generation of Thl-type immunity
including enhanced effector NK cell function [4]. Both
properties fit in with clinical studies which have highlighted
a general immunostimulatory effect in solid tumour patients
treated with lenalidomide [5] and in MM patients treated
with pomalidomide [51]. In conclusion, we believe that the
inhibitory effects on T regulatory cells may be a crucial
component in the adjuvant-like properties of lenalidomide
and pomalidomide in the context of tumour-mediated
immunosuppression, including the tumour vaccine setting.
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