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Summary
The ability to selectively enrich or deplete T lymphocytes of specific phenotype and function holds
significant promise for application in adoptive immunotherapy protocols. Although CD4+ T cells
can have an impact on CD8+ T-cell effector function, memory, and maintenance, a subset of CD4+

T cells, CD25+ regulatory T cells (Treg), can regulate peripheral self tolerance and possess the ability
to suppress antitumor responses. The authors report the ability to selectively deplete CD25+ Treg
cells from patient leukapheresis samples using a clinical-grade, large-scale immunomagnetic system.
Using leukapheresis samples containing up to 1.3 × 1010 white blood cells, efficient depletion of
Treg cells was measured by flow cytometric analysis of CD25 expression and FOXP3 expression on
post-depletion products. Remnant CD25+ cells could not be detected in CD25-depleted products after
short-term culture in IL-2 or enriched following secondary immunomagnetic selection for CD25+

cells, confirming that efficient depletion had occurred. In parallel to efficient enrichment of
CD25− cells, immunomagnetic selection resulted in the recovery of Treg cells, since CD25+

lymphocytes removed during depletion were primarily composed of CD4+ T cells that expressed
high levels of FOXP3 and possessed suppressive activity against autologous TCR-stimulated
CD4+ CD25− T cells in vitro. These results show that selective separation of functional CD25+

Treg cells from large-scale samples can be performed in large scale under clinical-grade conditions
with sufficient selection, recovery, viability, ability to expand, and function for potential use in
adoptive immunotherapy.
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Naturally occurring CD4+ CD25+ T regulatory (Treg) cells are involved in the maintenance of
homeostatic peripheral self tolerance by suppressing autoreactive T cells.1 In mice and humans,
Treg cells develop in the thymus and represent about 5% to 10% of the peripheral CD4+ T-cell
compartment. These regulatory cells are characterized by their constitutive expression of
CD25, CTLA-4, glucocorticoid-induced TNFR (GITR), and the transcription factor Forkhead
box P3 (Foxp3).1 Compared with CD25−CD4+ T cells, Treg cells exhibit a hypoproliferative
capacity and possess the ability to suppress CD8+ and CD25− CD4+ T cell activation in vitro.
The mechanism of suppression is cell contact-dependent, but how regulatory T cells induce
and maintain self tolerance is unknown.

The importance of Treg cells as key mediators of self tolerance is witnessed in individuals
genetically predisposed to the immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX), a recessive and often fatal disorder of early childhood caused by loss
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of function mutations of FOXP3 and the resultant lack of Treg cells.2 In mice, the scurfy strain
harbor a similar mutation in Foxp3 resulting in the absence of Treg cells and consequentially
the induction of fatal T cell–mediated autoimmunity mediated by unregulated CD4+ T-helper
cells directed against self tissue antigens.3 Like scurfy mice, the depletion of Treg cells4 from
normal mice results in autoimmune destruction of a number of self tissue organs. Further,
transfer of a normal repertoire of CD25− CD4+ T-helper cells to lymphopenic mice results in
autoimmune induction, a process inhibited by the co-transfer of Treg cells. 3 In the absence of
CD25+ Treg cells, organ-specific destruction of tissue expressing a self antigen can be
augmented with self antigen vaccination or through the provision of inflammatory signals.5
Furthermore, depletion of Treg cells can enhance tumor protection to tumor-associated antigens
expressed as self antigens and elicit concomitant immunity in tumor-bearing mice.6,7

The influence of CD4+ T-cell subsets on adoptive immunotherapy has recently been evaluated
using a well-described murine model of cancer wherein adoptive transfer of tumor/self reactive
CD8+ T cells with vaccination and IL-2 leads to regression of large established melanoma in
lymphodepleted hosts.8 Although CD4+ T cells can affect CD8+ T-cell effector function,
memory, and maintenance, the absence of CD4+ T cells augmented adoptive immunotherapy
when using CD8+ T cells directed against a persisting tumor/self antigen.9 However, adoptive
transfer of CD25−CD4+ T-helper cells with tumor/self reactive CD8+ T cells and vaccination
into CD4+ T cell-deficient recipients resulted in autoimmunity and regression of established
tumor. Maintenance of tumor/self CD8+ effector cells was dependent on CD25− CD4+ T helper
cells capable of producing IL-2. Transfer of CD25+ Treg cells alone or combined with
CD25− CD4+ T-helper cells inhibited effective immunotherapy.

Peripheral blood lymphocytes from melanoma patients contain functional CD4+ CD25+ Treg
cells, and melanoma antigen-specific Treg cells have been described.10,11 In addition, CD4+

CD25+ Treg cells are overrepresented in human metastatic melanoma lymph nodes and can
inhibit the function of infiltrating T cells.12 In ovarian carcinoma, Treg cells are reported to
contribute to the growth of human tumors in vivo by suppressing tumor-specific T-cell
immunity and have been reported to be associated with a high death hazard and reduced
survival.13 Thus, the negative immunoregulatory effects of Treg cells may explain the poor
clinical response rates reported in cancer patients receiving non-immunodepleting
immunotherapy, and offers a foundation for novel immunotherapeutic approaches designed to
neutralize the suppressive effects of Treg cells in vivo and bolster antitumor immune responses.

METHODS
Cells and Culture Conditions

Donor peripheral blood mononuclear cells (PBMCs) were obtained by leukapheresis. PBMCs
were purified on Ficoll-Hypaque step gradients (LSM Lymphocyte Separation Medium; ICN
Biochemicals, Aurora, OH). In some cases, cells were cultured for 72 hours in 600 IU/mL
rhIL-2 (Chiron Corp, Emeryville, CA) and complete medium (CM) consisting of RPMI 1640
(Invitrogen Corp, Carlsbad, CA) supplemented with 2 mM glutamine (Biofluids, Rockville,
MD), 25 mM HEPES buffer (Biofluids), 100 U/mL penicillin (Biofluids), 100 μg/mL
streptomycin (Biofluids), 50 μM 2-mercaptoethanol (Invitrogen), and 10% heat-inactivated
human AB sera (Gemini Bioproducts, Woodland, CA). CD4+ T-cell enrichments were
performed using an indirect magnetic labeling system, the CD4+ T Cell Isolation Kit II
(Miltenyi Biotech, Auburn, CA).

Depletion of CD25+ T Cells Ex Vivo
Depletion of CD25+ T cells was performed using the CliniMACSPLUS instrument (Miltenyi
Biotech) according to standard user protocol. In brief, the leukapheresis product was washed
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and resuspended in CliniMACS PBS/EDTA (Miltenyi Biotech) supplemented with human
serum albumin (ZLB Bioplasma Inc, Glendale, CA) in a cell preparation bag to which one vial
of CliniMACS CD25 MicroBeads (Miltenyi Biotech) was added. Incubation was performed
for 30 minutes at room temperature on an orbital shaker. Cells were washed, resuspended, and
applied to the CliniMACSPLUS instrument with the depletion 2.1 program selected. Upon
completion of the depletion program, CD25-depleted cells and the CD25+ cell fraction were
collected in separate collection bags. In other experiments, secondary CD25 enrichment was
performed using immunomagnetic selection according to the manufacturer’s instructions
(Dynal Biotech, Oslo, Norway).

Suppression Assays
Fresh cell samples were washed and resuspended in CM. Co-cultures containing 5 × 103

CD4+ CD25− T cells with titered numbers of cells from the CD25+ fraction and 1 × 104

autologous CD3-depleted feeder cells (4,000 rad) were established in 96-well U-bottom plates,
in triplicate. CD3+ cells were removed by immunomagnetic depletion (Dynal Biotech). To
increase the purity of CD25+ cells used in suppression assays, secondary magnetic separation
was performed on the CD25+ fraction using a MACS separation column (Miltenyi Biotech).
Cells were stimulated with 5 μg/mL soluble OKT3 antibody alone or with 100 CU/mL rhIL-2.
Cell cultures were then incubated at 37°C for 3, 5, or 7 days and pulsed with 1 μCi [3H]-
thymidine per well for the final 18 hours of incubation. Plates were harvested onto nylon filters
using the Betaplate system and radioactivity was quantified using a Betaplate counter. Results
are expressed in cpm as the mean of triplicate cultures ± SEM. Percentage suppression was
calculated as 1 − ([CD25+ CD25− mixed culture proliferation − CD25+ cell proliferation]/
CD25− cell proliferation) × 100.

RNA Isolation and cDNA Synthesis
Total RNA was isolated using RNeasy columns (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. RNA was eluted in 50 μL of RNase-free water and used as
template for one round of reverse transcription for cDNA synthesis. Total RNA (500 ng) was
added to a cocktail (Superscript First-Strand Synthesis system, Invitrogen, Carlsbad, CA)
containing 25 ng oligo-dT12–18, 10× RT buffer (200 mM Tris-HCl [pH 8.4], 500 mM KCl),
2.5 mM MgCl2, 10 mM DTT, 0.5 mM dNTPs, DEPC-treated water, and 10 u/μL SuperScript
II reverse transcriptase(Invitrogen) in a 20-μL reaction. Reverse transcription was performed
at 42°C for 90 minutes, after which 2 units of RNase H (Invitrogen) was added and the reaction
incubated at 37°C for 20 minutes. Reactions were subsequently diluted 10-fold with DEPC-
treated water and stored at −20°C.

Real-Time PCR
The ABI PRISM 7700 Sequence Detector System (Applied Biosystems, Foster City, CA) was
used for quantitative mRNA expression analysis. Primers and probes for β-actin14—forward
5′-GCGAGAAGATGACCCAGGATC-3′, reverse 5′-CCAGTGGTACGGCCAGAGG-3′,
TaqMan probe 5′(FAM)-CCAGCCATGTACGTTGCTATCCAGGC-(TAMRA)3′—were
synthesized by Applied Biosystems. For analysis of Foxp3, Assay on Demand (Applied
Biosystems) primers and probes were used with TaqMan Universal Master Mix (Applied
Biosystems). The conditions used for PCR were 50°C for 2 minutes, 95°C for 10 minutes, and
then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. For each experiment a no-template
control reaction was performed. Each cDNA sample was tested in duplicate and the mean
values were calculated. Copy number quantitation was based on the TaqMan principle,
depending on the number of cycles required for threshold detection of the fluorescence signal
(cycle threshold, Ct) as described.15,16 Briefly, 10-fold serial dilutions of plasmid constructs
containing Foxp3 or β-actin sequences of known concentrations were prepared for
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development of standard curves for quantitation of test samples. Plasmids were linearized and
made in the presence of pCDNA plasmid carrier.

Monoclonal Antibodies and Flow Cytometric Immunofluorescence Analysis
FITC-conjugated anti-human CD4, CD8, CD20, and CD16 antibodies were obtained from BD
Biosciences (San Jose, CA). PE-conjugated and biotinylated CD25 antibodies (4A3 clone;
Miltenyi Biotech) were used. Biotin-labeled antibody was detected with PE-labeled anti-biotin
antibody (Miltenyi Biotech). PE-conjugated CD3 or APC-labeled CD3 antibody was used in
some analyses. Fresh cells were resuspended in FACS buffer consisting of PBS with 2% FBS
(Gemini Bioproducts, Woodland, CA) at 107 cells/mL and blocked with 10% normal mouse
Ig (Caltag Labs, Burlingame, CA) for 10 minutes on ice. 106 cells in 100 μL were stained with
fluorochrome conjugated mAbs at 4°C for 40 minutes in the dark. Cells were washed twice,
briefly stained with propidium iodide (PI) for nonviable cell exclusion, and subsequently
analyzed in a FACSCalibur (Becton Dickinson). For CD25 staining, cells were first stained
with biotinylated anti-CD25 antibody, washed and treated with PE-labeled anti-biotin
antibody, washed twice, and analyzed.

RESULTS
Cell Counts After Clinical-Scale Depletion of CD25+ Cells

In our murine model studies, CD4+ CD25+ Treg cells have been shown to suppress cell transfer-
based anti-melanoma immunotherapies.9 Alternatively, co-transfer of CD4+ CD25− T-helper
cells with CD8+ effector T cells augmented antitumor efficacy. Based on these findings, we
sought to selectively deplete CD25+ Treg cells and enrich for CD25− T-helper cells from patient
pheresis samples for potential application in the clinical setting. To selectively deplete
CD25+ T cells from patient pheresis samples, a clinical-grade, large-scale magnetic bead
separation device, the CliniMACSPLUS instrument, was used. CliniMACS cell separation
technology has been shown to support the isolation of CD34+ hemopoietic stem cells for cancer
patients receiving high-dose therapy.17–19 The approach uses iron colloid-labeled antibody
binding to marker-positive cells, followed by application of the cells to a magnetic column in
a closed-chamber system. For CD25 depletion, one vial of CliniMACS CD25 reagent (anti-
CD25 antibody conjugated to an iron-dextran colloid) is dosed to separate up to 6 × 109

CD25+ cells out of a total not exceeding 40 × 109 white blood cells.

As an initial attempt, a donor leukapheresis product (donor 1) consisting of 1.3 × 1010 cells
was labeled with CD25 reagent, washed, and applied to the CliniMACSPLUS instrument for
automated selection of labeled cells. Depletion of the magnetically labeled cells from the
pheresis resulted in the isolation of 5.4 × 109 CD25-depleted cells, accounting for 42% of the
starting cell number (Table 1). The CD25+ cell fraction contained 2.3 × 109 cells (18%). Sixty-
two percent of the starting pheresis sample was accounted for in the positive selection, negative
selection, and waste bags combined. Upon reevaluation, it was noted that cell counts had been
performed prior to cell washing but not immediately before application to the
CliniMACSPLUS device, which may account in part for the calculated 38% cell loss in the post-
separation products. A second test depletion was performed to validate the capability of the
CliniMACSPLUS system to remove CD25+ T cells from a patient pheresis sample. A second
pheresis (donor 2) of 4.4 × 109 cells was labeled with CD25 reagent, washed, and counted
immediately before application to the CliniMACSPLUS instrument. Following magnetic
selection, the CD25-depleted cell fraction contained 71% (3.1 × 109 cells) of the starting
pheresis sample and the CD25+ cell product contained 27% of the pheresis. Nearly 100% of
the starting pheresis cell number was accounted for in cell counts from the positive, negative,
and waste collection bags combined. In both attempts to deplete CD25+ cells from pheresis
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products, CD25-depleted cells were isolated in numbers sufficient for potential application in
adoptive cell transfer therapy.

Flow Cytometric Analysis of Pre- and Post-Depletion Cell Products
Following magnetic selection, flow cytometric analysis was performed on pre- and post-
depletion cell products to evaluate the efficiency of the CD25 depletion. Pre-depletion pheresis
samples and CD25-depleted cells showed normal forward and side scatter profiles, with
lymphocyte and monocyte populations evident (Fig. 1A). CD25+ cell fractions showed a light
scattering consistent with the size and granularity of lymphocytes and comprised primarily
CD3+ cells (Table 2). Despite the selective depletion of CD3+ lymphocytes, the CD25-depleted
fractions showed only minimal reductions in CD3 frequency compared with pre-separation
samples. Small increases in CD8+ cell frequency were offset by decreases in CD4 lymphocytes
in depleted fractions. In contrast, CD25+ fractions were largely made up of CD4+ T cells.
CD25+ fractions were also devoid of CD19+ B and CD16+ NK cells (not shown).

Flow cytometric analysis performed on pre- and post-depletion cell products showed the
efficient depletion of CD25-expressing cells from the CD25-depleted fractions. Less than 1%
of CD4 lymphocytes expressed high levels of CD25 following immunomagnetic separation.
CD4 T cells in the CD25+ cell fraction, however, expressed CD25 at frequencies slightly higher
than detected in pre-separation phereses, demonstrating selective enrichment of CD25 cells in
the CD25+ fraction. Cell viability was greater than 95% in all pre-and post-separation cell
samples.

To further test whether all CD25+ T cells had been removed from the CD25-depleted cell
fraction, a secondary CD25 selection was performed. Pre- and post-separation cell samples (3
× 107 cells) from donor 1 were enriched for CD25+ cells using a positive magnetic separation
system. While 1.4 × 105 CD25+ cells (0.5%) were readily collected from pre-separation
samples, few cells (2 × 104; 0.07%) were collected from the CD25-depleted cell fraction, and
none expressed CD25 (see Fig. 1B). Attempts to enrich remnant CD25+ T cells from the CD25-
depleted cell fraction from donor 2 were unsuccessful, further showing the proficient removal
of CD25 cells.

FOXP3 Expression Following Immunomagnetic Separation of CD25+ Cells
To determine whether CD25 depletion had successfully removed Treg cells from the
leukapheresis product, we assayed pre- and post-depletion cell products for expression of
FOXP3 mRNA, a genetic marker for Treg cells, by TaqMan RT-PCR (Fig. 2A). Eighteen- and
56-fold differences were detected between pre- and post-depletion cell products from donors
1 and 2, with 0.8 and 0.4 copies of FOXP3 per 104 β-actin copies expressed in the post-depletion
product compared with 14.1 and 24.4 in the pre-separation phereses, respectively. Compared
with the CD25-depleted cell products, the CD25+ cell fraction expressed about 84- and 440-
fold higher levels of FOXP3, demonstrating that efficient selection of Treg cells from
heterogeneous pheresis samples had occurred. To evaluate the impact of separation on the CD4
cell population, CD4 enrichments were performed on pre-separation cells and CD25-depleted
cells and FOXP3 expression was measured (see Fig. 2B). Similar but smaller differences in
FOXP3 expression were detected in CD4-enriched pre- and post-separation populations (16-
and 42-fold, respectively) as were seen in non-enriched cell samples. Consistent with the slight
increase in CD25 detected by flow cytometry, the CD25+ fraction expressed on average only
slightly more FOXP3 than purified CD4 cells from the pre-separation pheresis.

CD4+ CD25− Cells Do Not Upregulate CD25 or FOXP3 Expression in Short-Term Culture
Since the binding of CD25 microbeads to cells can potentially interfere with CD25 antibody
staining, donor 2 cell separation samples were cultured in IL-2-containing medium for 72 hours
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to facilitate bead detachment and assessed for CD25 and FOXP3 expression. CD25 expression
was assessed using the PE conjugated anti-CD25 4A3 clone, which binds CD25 and is
detectable in the absence of microbead reagent. After 73 hours in culture, CD25 expression in
pre-separation CD4 cells marginally increased from 34% to 40%, with a rise in staining
intensity (Fig. 3A). Similarly, CD25 was readily detected on CD4 cells from the CD25+ fraction
after culture, while CD25 expression was undetectable on CD25 microbead-bound cells at the
initiation of cell culture, confirming that microbead detachment had occurred. In contrast to
these results, CD25-depleted cells failed to show any marked increase in CD25 expression
after culture in IL-2. FOXP3 expression analysis performed with CD25-depleted cells
confirmed the continued absence of Treg cells, with only a slight increase in the number of
FOXP3 copies per 104 β-actin after 3 days of culture (3.6 ± 0.2 vs. 4.8 ± 0.2 copies; see Fig.
3B). Following IL-2 culture, FOXP3 expression increased in the pre-separation CD4 cells from
150.8 ± 5.3 to 301.7 ± 12.1 copies per 104 β-actin but slightly decreased in the CD25+ cell
fraction from 169.9 ± 2.4 to 125.7 ± 16.3 copies per 104 β-actin, likely as a consequence of
CD25 microbead-mediated inhibition of IL-2 binding.

Suppressive Activity of Enriched CD25+ Cells In Vitro
To determine whether selective depletion of functional Treg cells had occurred, we assessed
the suppressive activity of the CD25+ cell fraction. CD25-depleted CD4 T cells were activated
with anti-CD3 antibody in the absence or presence of titered numbers of CD25+ cells (Fig. 4).
Five days after initiation of culture, robust proliferation was measured in cultures containing
CD25-depleted CD4 T cells alone, whereas cultures containing CD25+ cells were
hypoproliferative, a characteristic of Treg cells. In co-cultures containing equal numbers of
CD25+ and CD25− cells, suppression was first detected 5 days after culture initiation, with
nearly 53% suppression detected. This suppressive effect could be titered down with decreasing
numbers of CD25+ cells. The microbead-labeled CD25+ cell fraction exhibited suppressive
activity against TCR-stimulated autologous CD4+ CD25− T cells fraction despite containing
both CD25+ and CD25− cells (see Figs. 1A and 3A). Control cultures containing twice the
number of CD25-depleted CD4 cells demonstrated that overcrowding was not the source of
suppression (not shown). Incubation in IL-2 reversed the suppressive effect of the CD25+ cell
population and restored their ability to proliferate. This demonstrates that successful
enrichment of functional Treg cells in the CD25+ cell fraction had occurred.

DISCUSSION
CD8+ T cells are known mediators of anti-melanoma responses, but the role of CD4+ T cells
in tumor treatment is less well defined.20 CD4+ T cells are capable of providing help to enhance
CD8-mediated responses through the production of soluble factors such as IL-2 and ability to
activate antigen-presenting cells (APCs).21–23 In the absence of help from CD4+ T cells,
CD8+ T cells can be depleted,20 become lethargic,24 or lose the ability to evolve into and
remain memory CD8+ T cells upon rechallenge.25–27 In the context of adoptive cell
immunotherapy for the treatment of melanoma, self/tumor-reactive CD8+ T cells may undergo
a similar fate in the setting of persistent self protein expression. This underlines the potential
importance of CD4+ T cell help in facilitating CD8+ T-cell survival, activation, and function
in vivo.

In earlier adoptive cell transfer studies, anti-melanoma CD8+ T cell clones were administered
to metastatic melanoma patients following lymphodepleting conditioning.28 The preparative
lymphoconditioning is thought to improve the host environment for cell transfer by removing
Treg cells and cells that compete for APC interaction and homeostatic cytokines such as IL-7
and IL-15.29 No objective clinical responses were observed, and transferred antitumor T-cell
clones did not persist in vivo. More recently, tumor infiltrating lymphocytes (TILs), which
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were heterogenous in CD8/CD4 T-cell composition, were used for adoptive cell transfer to
lymphodepleted patients.30 In the context of bulk TILs, transferred T cells persisted and
mediated objective clinical responses in nearly 50% of treated patients.30,31 The diversity of
this transferred T-cell population may help explain the ability of the bulk TILs to persist and
mediate tumor regression in vivo. The relative composition of T-helper and Treg subsets within
the CD4+ T-cell component of bulk TIL preparations is under investigation.

Analogous to our mouse studies,9 the ability to enrich for CD25−CD4+ T-helper cells and to
administer these enriched cells in conjunction with bulk TILs to lymphoconditioned patients
may provide benefit to current adoptive immunotherapeutic approaches. In this study, we
evaluated whether CD25+ Treg cells could be efficiently depleted from patient pheresis samples
in large scale and under clinical-grade conditions. Following immunomagnetic selection, cells
from CD25-depleted fractions expressed little to no FOXP3 mRNA or CD25 on the cell surface.
Exposure to IL-2 had little effect on this phenotype, demonstrating that short-term IL-2 culture
does not mediate the generation of Treg cells from CD25− CD4+ T cells. CD25+ cells separated
from the same leukapheresis product expressed high CD25 and FOXP3, were able to inhibit
the proliferation of CD25− CD4+ T cells in standard suppression assays, and were
hypoproliferative in the absence of combined TCR stimulation and IL-2. These results
demonstrate that selective separation of functional CD25+ Treg cells from large-scale samples
can be performed under clinical-grade conditions with sufficient selection, recovery, viability,
ability to expand, and function for potential use in adoptive immunotherapy.

Overcoming peripheral self tolerance mechanisms is important in mediating in vivo tumor
regression in cancer patients. Immune responses directed against self proteins expressed by
both normal tissues and cancers help explain the frequent occurrence of autoimmune vitiligo
in melanoma patients responding to IL-2-based therapies.30 Administration of IL-2 alone to
metastatic melanoma patients mediates objective tumor regressions in about 15% of treated
individuals, although the mechanism of IL-2-mediated tumor regression is unknown.32
Paradoxically, recent studies have shown that one factor that inhibits the potential for immune
response is the ability of IL-2 to mediate the in vivo generation of Treg cells that can inhibit
immune reactions.33 In vivo generation of Treg cells may thus represent a major obstacle to
the success of IL-2-based therapies. Indeed, exogenous IL-2 administration to metastatic
melanoma patients results in increased frequencies of functional CD4+ CD25+ Treg cells in the
peripheral blood (Ahmadzadeh M, manuscript in preparation). Similarly, in vitro culture of
pre-separation CD4+ T cells in IL-2 increased the overall frequency of CD25+ CD4+ T cells,
the level at which CD25 was expressed, and the level of FOXP3 expression. This was not true
for CD4+ T cells devoid of Treg cells, suggesting that selective expansion of Treg cells had
occurred in pre-separation CD4 cultures. Transforming CD4+ CD25− T cells into functional
Treg cells in vitro requires strong stimulation such as anti-CD3 and CD28 antibodies in
conjunction with TGF-β1 or mitogens, or mitogen-activated APCs.34–36 Since IL-2-mediated
Treg cell expansion in vivo may be responsible in part for limiting IL-2 response rates in
melanoma patients, the optimal environment for successful IL-2-mediated tumor regressions
may be one devoid of Treg cells. To this end, autologous ex vivo CD25-depleted pheresis
products for potential adoptive transfer to cancer patients after lymphodepleting chemotherapy
may improve the efficacy of IL-2-based therapies. Alternatively, we are evaluating a number
of compounds with the potential to target and eliminate the suppressive activity of Treg cells
in vivo, including anti-CTLA-4 and toxin conjugated IL-2 cytokine and CD25 antibodies.37–
39

In addition to IL-2-mediated responses, a host homeostatic environment devoid of Treg cells
can influence the ability to induce CD8- and CD4-mediated antitumor responses.40,41 In the
absence of Treg cells, limited tumor outgrowth and augmented reactivity against a surrogate
tumor antigen, known to induce both CD4+ and CD8+ T-cell responses, has been shown using
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a mouse tumor challenge model.41 In another study, the combination of vaccination with
CD25+ Treg cell depletion and blockade of CTLA-4, a negative immunoregulatory molecule,
could induce a tyrosinase-related protein 2-specific CD8+ T-cell dependent protection from
B16 melanoma challenge.40 In our cancer vaccine trials of 440 cancer patients receiving
peptide, viral, and dendritic cell vaccines, the overall objective response rate was 2.6%.42
Circulating vaccine-specific T cells could often be detected in vaccinated patients despite this
low response rate. For example, in one trial 15 of 18 patients vaccinated with an
immunodominant MART-1 peptide showed evidence of immunization, with only one patient
experiencing an objective clinical response.43 Similar results have been observed following
gp100-specific peptide vaccination.44 The reason for this low response rate remains uncertain;
however, the ability to vaccinate patients in a CD25+ Treg-depleted setting, based on either ex
vivo or in vivo depletion strategies, deserves evaluation. Infusion of Treg-depleted lymphocytes
and subsequent vaccination of lymphodepleted patients may offer added benefit, since mouse
studies have shown that tumor-specific T cells preferentially expand in the lymphopenic
environment after a melanoma vaccine was given to lymphopenic mice reconstituted with naive
T cells from normal mice.45 Furthermore, vaccination of reconstituted lymphopenic hosts
could elicit superior antitumor immunity compared with normal hosts, highlighting the
potential clinical benefit of performing tumor vaccination during immune reconstitution of the
lymphopenic host.

The ability to selectively deplete or enrich CD25+ Treg cells from large-scale patient
leukapheresis products has potential clinical implications for the immunotherapeutic treatment
of patients with cancer and autoimmunity, respectively. Our aim to improve the efficacy of
current immunotherapeutic strategies through the administration of vaccines, cytokines, or
tumor-reactive T cells in the absence of Treg cell functional activity relies heavily upon the
ability to efficiently deplete Treg cells either in vivo or ex vivo. As the majority of antitumor
immune responses are directed against self tissue antigens, loss of regulatory cell function and
enhanced access of antitumor effector cells to CD4+ T-cell help may affect the ability to induce
clinical tumor regressions in vivo.
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FIGURE 1.
Cells expressing high levels of CD25 are effectively depleted from leukapheresis products by
CliniMACS-based separation. Representative flow cytometric data from donor 1 leukapheresis
are shown. A, CD4 T cells do not express CD25 after clinical-scale depletion. Forward (FSC)
and side scatter (SSC) analysis was performed on the leukapheresis products. For CD3/CD8
and CD3/CD4 analysis, cells were gated through a viable (PI−) lymphocyte gate. For CD4/
CD25 analysis, cells were further gated through a viable CD4+ gating. Values represent the
percentage of total gated cells contained within the indicated quadrants. B, Remnant CD25-
expressing cells cannot be enriched from the CD25− cell fraction. Pre-separation pheresis cells
and cells from the CD25− fraction were further enriched for CD25-expressing cells or
unmanipulated and analyzed for CD4 and CD25 expression. Values indicate the percentage of
CD4+ T cells expressing CD25 before or after immunomagnetic capture.
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FIGURE 2.
FOXP3 mRNA levels are reduced in CD25-depleted leukapheresis samples. A, Marked
differences in FOXP3 expression are noted in post-separation cell fractions. FOXP3 expression
was measured in pre- and post-separation leukapheresis products from donors 1 and 2 by
TaqMan RT-PCR. B, Similar differences in FOXP3 expression are present in CD4-enriched
T-cell population. FOXP3 expression was measured in CD4-enriched pre- separation and
CD25-depleted cells, and non-enriched CD25+ fraction cells, which primarily comprised
CD4+ T cells (see Fig. 1A). Results represent the relative number of FOX3 copies per 104

copies of β-actin ± SEM.
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FIGURE 3.
IL-2 incubation results in increased CD25 and FOXP3 expression in pre-separation CD4+ T
cells but not CD25-depleted CD4+ T cells. A, CD25 is not re-expressed on CD25-depleted
CD4 cells after 3 days in IL-2 culture. CD4-enriched pre-separation and CD25-depleted cells,
and non-enriched CD25+ fraction cells were cultured in the presence of 100 CU/mL rhIL-2 for
72 hours and assessed for CD25 using PE-conjugated CD25 4A3 clone antibody or isotype
control. Cells were gated through a viable CD4+ gating. B. Foxp3 expression remained low in
CD25-depleted CD4+ T cells after IL-2 culture. FOXP3 expression was measured by TaqMan
RT-PCR before and after 72 hours of IL-2 incubation. Results represent the relative number
of FOX3 copies per 104 copies of β-actin ± SEM.
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FIGURE 4.
Depleted CD25+ cells are hypoproliferative and exhibit suppressive activity against CD25−
CD4+ T cells in vitro. A. CD25+ cell-mediated suppression is measured after 5 days in co-
cultures with CD25− CD4+ T cells. Fresh cell cultures were established containing CD25−
CD4+ T cells alone or with an equal number of cells from the CD25+ fraction and 1 × 104

autologous irradiated CD3-depleted feeder cells, in triplicate. Secondary magnetic separation
was performed on the CD25+ cells to increase the purity of CD25+ cells used in suppression
assays. Cells were stimulated with 5 μg/mL soluble OKT3 antibody alone or with 100 CU/mL
rhIL-2 for 3, 5, or 7 days and pulsed with 1 μCi [3H]-thymidine per well for the final 18 hours
of incubation and harvested for counting. B, CD25+ cell hypoproliferation and mediated
suppression is reversed in the presence of IL-2. Cultures of CD25− CD4+ T cells alone or with
titered numbers of cells from the CD25+ fraction and CD25+ cells alone were stimulated with
5 μg/mL soluble OKT3 antibody alone or with 100 CU/mL rhIL-2 for 5 days. Incorporation
of [3H]-thymidine is expressed in counts per minute (CPM) as the mean of triplicate cultures
± SEM. Percentage suppression was calculated as 1 − ([CD25+ CD25− mixed culture
proliferation CD25+ cell proliferation)/CD25− cell proliferation) × 100.
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