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Summary

Elimination of regulatory T lymphocytes may provide a way to break self-tolerance and unleash the
anti-tumor properties of circulating lymphocytes. The use of fusion proteins, which link cytotoxic
molecules to receptor targets, provides one approach to this problem. This study examined the ability
of a fusion protein of interleukin-2 (IL-2) and diphtheria toxin (Denileukin Diftitox, DAB3gglL-2,
ONTAK ) to eliminate regulatory T lymphocytes based on their expression of high-affinity 1L-2
receptors. Thirteen patients (12 with metastatic melanoma, 1 with metastatic renal cell carcinoma)
were treated at one of the two Food and Drug Administration—approved doses of Denileukin Diftitox
(seven patients at 9 ug/kg, six patients at 18 pug/kg). None of the patients experienced an objective
clinical response. Foxp3 expression did not decrease significantly overall, although it did decrease
minimally among patients receiving 18 pg/kg (—2.01 + 0.618 copies of Foxp3/103 copies of B-actin;
P = 0.031). Denileukin Diftitox did not decrease the suppressive ability of CD4*CD25" cells as
quantified by an in vitro co-culture suppression assay. Furthermore, the increased numbers of
lymphocytes in patients resulting from treatment with IL-2 were not susceptible to Denileukin
Diftitox. Administration of Denileukin Diftitox does not appear to eliminate regulatory T
lymphocytes or cause regression of metastatic melanoma.
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Regulatory T lymphocytes, a subset of CD4* lymphocytes, defined by their ability to suppress
proliferative and effector functions of T lymphocytes, have become a recent focus of intense
investigation in the field of immunology. ~7'In 1981, the observation that mouse thymectomy
on neonatal day 3 led to the development of multiorgan autoimmune disease® paved the way
for future seminal experiments by Sakaguchi and colleagues that demonstrated that it was the
depletion of the CD4*CD25* subset of cells in these mice that led to their autoimmunity.gv
10 Furthermore, restoration of this subset to the thymectomized mice prevented the
development of such autoimmune disease.11

The recent identification of the forkhead transcription factor, Foxp3, which is specifically
expressed in CD4*CD25™ regulatory T cells and is required for their development,lzl13 in
conjunction with the retrospective observation that the immune dysregulation
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) in humans is caused by
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mutations of Foxp3’14_16 have allowed a link between the murine autoimmune model, murine
regulatory T cells, and human autoimmunity.

Recent demonstrations of how breaking self-tolerance by inhibiting cytotoxic T lymphocyte
antigen 4 (CTLA-4) have led to durable regressions of established tumors in humans!’ have
prompted interest in targeting other molecules unique to resting inhibitory or regulatory T cells.
It appears that inhibition of regulatory T cells may play a role in breaking tolerance to self-
antigens and enabling effector T cells to unleash their ability to recognize and destroy tumor-
bearing cells. These clinical results have prompted a search for other means by which regulatory
T cells may be inhibited or temporarily eliminated.

One potential method for eliminating regulatory T cells exploits the notion that they are the
only resting circulating T cells expressing the high-affinity interleukin-2 (I1L-2) receptor
(IL-2R) consisting of the IL-2Ra, B, and y chains. Denileukin Diftitox was designed to direct
the cytocidal action of the diphtheria toxin (DT) by binding to cells that express the IL-2R and
can then mediate the internalization of the toxin.

The predecessor of Denileukin Diftitox, DABygglL-2, was the first recombinant ligand fusion
toxin tested both in vitro and in animals. It encoded a 68-kDa protein containing the first 486
amino acids of DT and the full-length sequence for IL-2.18,19

It was extensively studied in the late 1980s and early 1990s and had modest success in phase
I and 1l clinical trials against various lymphoid malignancies (intermediate- and low-grade
non-Hodgkin lymphoma, Hodgkin disease, cutaneous T cell leukemia (CTCL)).20 However,
an exceptionally short in vivo half-life (related in large part to its hydrophobicitf/ and tendency
to aggregate in solution) prompted efforts to improve on the original design.2 22

Successive truncations between amino acids 370 and 480 of DT were constructed and tested.
Ultimately, the identification of amino acid 389 as the optimal site for truncation and fusion
to the IL-2 molecule was confirmed by x-ray crystallography, which demonstrated that amino
acid 389 was positioned at the end of a random coil separating the transmembrane domain from
the native receptor-binding domain.23

Thus, Denileukin Diftitox (DAB3gglL-2, ONTAK) is a recombinant DNA-derived cytotoxic
fusion protein composed of the amino acid sequences for DT fragments A and B (Met;-
Thragy)-His followed by the sequences for IL-2 (Ala;-Thry33). Native DT is a 535-amino acid
protein consisting of three domains: an enzymatically active domain (fragment A), a
hydrophobic domain (N-terminal portion of fragment B), and the receptor-binding domain (C-
terminal portion of fragment B). DT intoxicates sensitive eukaryotic cells by a receptor-
mediated endocytosis.

DAB3gglL-2 is capable of intoxicating cells bearing the high-affinity (a-p-y) isoform of the
IL-2R at a 100 times lower concentration than cells expressing the intermediate-affinity (B-v)
isoform. In vitro, an initial signaling event is seen that mimics that of stimulation by IL-2,
including increases in mRNA for IL-2, IL-2R, and interferon—y.24

Internalization occurs within approximately 11 minutes of receptor binding; once the fusion
protein is within the endocytic vesicle, the low pH leads to cleavage of the catalytic domain,
which is liberated into the cytosol. Whereas the exact details are currently unknown, this leads
to ADP-ribosylation of elongation factor 2. Protein synthesis is inhibited within 4 to 6 hours,
and morphologic evidence of cell death is observed within 40 to 72 hours.21,22,25-27

Recent published reports have documented the success of Denileukin Diftitox in treatinzg
patients with cutaneous T-cell Ieukemia,28_31 follicular non-Hodgkin Iymphoma,zgl3
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refractoray B-cell non-Hodgkin Iymphoma,33134 and acute steroid-refractory graft-versus-host
disease.30

Because resting regulatory T cells express CD25 and because the in vivo half-life of Denileukin
Diftitox is relatively short (approximately 70-80 minutes), we hypothesized that treating
patients with metastatic cancer with Denileukin Diftitox might eliminate regulatory T cells and
ultimately allow activated (possibly by vaccination or adoptive cell transfer), newly expressing
CD25, effector T cells to target cancer-bearing cells in an uninhibited manner. The first step
is this sequence, however, would be to determine if treatment of patients with Denileukin
Diftitox could eliminate regulatory T cells.

MATERIALS AND METHODS

Patients and Treatment

All patients had stage IV metastatic melanoma or renal cell carcinoma, with Karnofsky
Performance Status score of >60%, no evidence of autoimmune or immunodeficiency disease,
and >3 weeks elapsed since any previous systemic cancer therapy. All patients signed an
informed consent prior to protocol enrollment and were treated in the Surgery Branch, National
Institutes of Health, Bethesda, MD, USA. The treatment, Denileukin Diftitox (DAB3gglL-2,
ONTAK; Ligand Pharmaceuticals, San Diego, CA, USA), was administered intravenously
over 1 hour for 5 consecutive days every 21 days. Each 5-day treatment and 16-day rest period
constituted one treatment cycle. This study was approved by the Institutional Review Board
of the National Cancer Institute and consisted of two cohorts: seven patients treated at the Food
and Drug Administration—approved low dose (9 ug/kg/day) and six patients treated at the Food
and Drug Administration—approved high dose (18 pg/kg/day).

When possible, patients underwent apheresis to collect peripheral blood mononuclear cells
(PBMCs) before treatment and within 1-2 days following treatment. PBMCs were isolated by
Ficoll-Hypaque separation and cryopreserved at 108 cells/vial in heat-inactivated human AB
serum with 10% dimethyl sulfoxide and stored at —180°C until further use.

Clinical Response Evaluation

All patients underwent computed tomography of the chest, abdomen, and pelvis and magnetic
resonance imaging of the brain within 4 weeks before treatment and subsequently after every
two cycles of therapy; other radiologic modalities were used as needed to evaluate disease
sites. For every patient, the sum of the longest diameters of all tumors before and after treatment
was calculated, as per Response Evaluation Criteria In Solid Tumors (RECIST) criteria.36 A
partial response was defined as the reduction of >30% (but <100%) of the sum of the longest
diameters of all evaluable metastases lasting at least 1 month with no new or enlarging tumors;
acomplete response was the disappearance of all evaluable tumors for at least 1 month. Patients
not having either a partial or a complete response were deemed nonresponders.

Flow Cytometry

Flow cytometry was used to assess the surface expression of selected T cell markers and was
performed as previously described.17 In brief, cryopreserved PBMCs were thawed into ice-
cold buffer and washed, and Fc receptor was blocked with mouse 1gG (Caltag Laboratories,
Burlingame, CA, USA). CD25 staining was performed using a PE-conjugated 4A3 clone
(Miltenyi Biotec, Auburn, CA, USA). Cells were then incubated with appropriate
fluorochrome-labeled antibodies (BD Biosciences, San Diego, CA, USA) and relevant isotype
controls and washed twice subsequently. FACS-Calibur and CellQuest software (BD
Biosciences) was used for acquisition and analysis.
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Atac4 Cell Line

Atac4 is a cell line derived from A431 (vulvar carcinoma) transfected with CD25 and was
obtained from Ira Pastan (Laboratory of Molecular Biology, Bethesda, MD, USA).

Cell Viability

Cell viability was assessed using the WST-1 calorimetric test (Roche, Basle, Switzerland)
according to the manufacturer’s instructions. Plates were read on a Micro-Titer (Wallac 1420
multilabel counter) using a wavelength of 450 nm, with a reference of 650 nm.

DT IgG Measurement

Measurement of DT 1gG was carried out by Mayo Medical Laboratories (Rochester, MN, USA)
using an enzyme-linked immunosorbent assay.

Real-Time Polymerase Chain Reaction

Levels of mMRNA Foxp3 were analyzed using quantitative real-time polymerase chain reaction
(PCR) with the TagMan Gene Expression Assay (Applied Biosystems, Foster City, CA, USA).
In each experiment, 500 ng of total RNA was isolated from CD4 purified lymphocytes (see
below) using the RNeasy mini kit (Qiagen, Valencia, CA, USA) and reverse-transcribed to
prepare cDNA using the ThermoScript RT-PCR system (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The TagMan Universal Master Mix (Applied
Biosystems) was also used as a template. For B-actin, the forward primer used was as follows:
5-GCGA GAAGATGACCCAGATC-3'; the reverse primer used was as follows: 5'-
CCAGTAGGTACGGCCAGAGG-3'; and the probe used was as follows: 5'-FAM-
CCAGCCATGTACGT TGCTATCCAGGC-TAMRA-3'. For Foxp3, the combined primer
and probe reagent was used (Assay-on-demand gene expression assay; Applied Biosystems).
The ABI Prism 7700 detection system (Applied Biosystems) was used with the following
settings: 50°C for 2 minutes followed by 95°C for 10 minutes followed by 40 cycles of 95°C
for 15 seconds and 60°C for 1 minute.

Lymphocyte Separation

CD4* cells were separated from whole PBMCs using the Dynal CD4 negative isolation kit
(Dynal Biotech, Invitrogen) according to the manufacturer’s instructions. For suppression
assays, CD4™ cells were further purified into CD25~ and CD257 fractions using the Dynal Treg
kit according to the manufacturer’s instructions. Separations were performed in phosphate-
buffered saline with 0.1% bovine serum albumin.

Suppression Assay

Autologous Antigen Presenting Cells (APCs) were isolated from fresh PBMCs that were T
cell depleted using the Dynal CD3* depletion kit according to the manufacturer’s instructions
and then irradiated with 3000 rad. The APCs were plated in 96-well round-bottom plates at 5
x 104 cells/well. CD4*CD25~ cells, which served as the effector cells, were plated in various
ratios with CD4*CD25* cells. Ratios of 1:0 (10* CD4*CD25:0 CD4*CD25%), 1:0.5 (105 x
103), 1:1 (10%:10%), and 0:1 (0:10%) were added to each well. Replicates were performed in
sextuplets. Each well was treated with anti-CD3 at a concentration of 1 ug/mL. On the fifth
day of culture, 1 uCi of [3H]thymidine was added to each well, and incorporation was
determined 18 hours later. Percentage suppression was calculated using the following formula:

1:1-CD25*

% suppression = (1— [ CDo5-

]) x 100 %
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Ability of Denileukin Diftitox to Eliminate CD25 Expressing Cells in Vitro—The
Atac4 cell line, a highly expressing CD25 line, was treated with Denileukin Diftitox at four
concentrations (0, 100, 500, and 1000 ng/mL) for 72 hours. WST-1 assay was performed after
72 hours and demonstrated 77%, 96%, and 100% reduction in metabolic activity at
concentrations of 100, 500, and 1000 ng/mL, respectively, compared with the activity of the
untreated group (Fig. 1A).

PBMCs were isolated from normal donors and stimulated with soluble anti-CD3 at 50 ng/mL
for 72 hours. Following anti-CD3-induced up-regulation of CD25, the PBMCs were treated
with Denileukin Diftitox at four concentrations (0, 100, 500, and 1000 ng/mL ) for an additional
72 hours. Flow cytometry revealed a decrease in cell viability, as measured by increased uptake
of propidium iodide (PI), and a decrease in CD25 surface expression by both frequency (see
Fig. 1B) and mean fluorescence intensity (MFI) (data not shown). These studies demonstrated
that Denileukin Diftitox was capable of eliminating cells whose CD25 was up-regulated by
anti-CD3 antibodies.

Inability of Denileukin Diftitox to Eliminate CD4*CD25* Regulatory T Cells In
Vitro—Whole PBMCs, CD4", CD47CD25 ", and CD4+*CD25" purified cells from two normal
donors were treated with Denileukin Diftitox at 0, 100, and 500 ng/mL for 72 hours and
evaluated for change of surface CD25 expression by flow cytometry based on frequency and
MFI (Table 1). PBMCs from patient 1 demonstrated a slight decrease in the frequency and
MPFI of CD25* expressing cells with increasing Denileukin Diftitox dose, whereas CD4
purified cells experienced a decrease in CD25 frequency with an increase in MFI. The CD25
expressing cells in the CD4*CD25 purified fraction were also susceptible to Denileukin
Diftitox in frequency; however, the remaining cells did show an increase in MFI.
CD4*CD25* enriched cells treated with 500 ng/mL Denileukin Diftitox had a 29% decrease
in overall viability (data not shown), no change in CD25 frequency, but an increase in CD25
MFI. In contrast to this, patient 2 experienced a uniform increase in CD25 frequency with
escalating doses of Denileukin Diftitox with minimal impact on MFI. Thus, when testing the
phenotype of whole or purified subsets of PBMCs, little, if any, consistent impact of treatment
with Denileukin Diftitox was seen.

Foxp3 Expression for Assessment of Impact of Denileukin Diftitox on
Regulatory T Cells—CD4* cells were isolated by negative selection from normal donor
PBMCs and treated with Denileukin Diftitox at four concentrations (0, 15, 150, and 750 ng/
mL) for 48 hours (Fig. 2A). Foxp3 expression increased fourfold with the smallest dose and
was virtually unchanged with further increasing doses. This experiment was repeated on a
different normal donor at different doses (0, 100, and 500 ng/mL) and time of exposure (72
hours; see Fig. 2B). Again, there was no evidence of reduced Foxp3 expression in purified
CD4" cells.

Next, CD4*CD25" cells were isolated and treated for 72 hours with two doses: either 0 or 500
ng/mL of Denileukin Diftitox. Following this treatment, suppression assays were carried out
to examine the ability of Denileukin Diftitox to eliminate CD4*CD25™" cells with regulatory
properties. The untreated CD4*CD25* cells demonstrated 89.1% suppression at a 1:1 ratio
with CD4*CD25 cells (Fig. 3A), whereas the treated CD4*CD25* cells demonstrated 91.7%
suppression (see Fig. 3B). Taken together, these results suggested that in vitro, Denileukin
Diftitox failed to eliminate Foxp3 expressing cells and cells capable of exerting suppressive
or regulatory function.

J Immunother. Author manuscript; available in PMC 2006 August 7.
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In Vivo Studies

Patient Characteristics—Thirteen patients were evaluated in the clinical trial: 12 with
metastatic melanoma and 1 with metastatic renal cell cancer. All patients had previously
undergone resection of their primary tumor. Eleven (85%) had previously received an immune-
based therapy, and four (31%) had previously received chemotherapy (Table 2). None of the
patients experienced an objective clinical response.

Hematologic Impact on Denileukin Diftitox—Within 12 hours of Denileukin Diftitox
administration, patients experienced sudden lymphopenia. In nine patients (69%), the nadir of
the lymphocyte count reached the threshold for grade 111 toxicity (absolute lymphocyte count
[ALC] <500 cells/uL; see Table 2). Figure 4A depicts representative changes in ALC and
absolute neutrophil count (ANC) during the first two to three cycles. The rise in ANC
essentially mirrored the fall in ALC in proportion, such that the total white blood cell count
(WBC) actually rose slightly with each initial dose in the cycle (of five doses). An evaluation
of cell subsets found that both CD4* and CD8™ cell counts decreased during this time, with no
selective difference (P = 0.108, two-tailed paired t test). With successive treatments, however,
the magnitude of these changes in peripheral blood counts dampened (see Fig. 4B).

Serum samples from four patients in the 9-pg/kg cohort were evaluated for presence of 1gG
antibody to the DT in longitudinal samples over the course of their treatments (Table 3). In
each patient, pretreatment levels suggested successful previous vaccination (or exposure).
However, following two cycles (10 doses), each patient had generated enough IgG antibody
to saturate the assay (>3 IU/mL), suggesting that repeated exposure to Denileukin Diftitox
generated antibodies directed against the DT.

Phenotypic Changes—With use of flow cytometry, pre- and posttreatment peripheral
blood leukocyte samples were examined for changes in surface expression of human leukocyte
antigen (HLA)-DR and CD25 before and after the first cycle of treatment (Table 4). HLA-DR
expression, a surrogate for activation of cells, was evaluated on both CD4* and CD8* cells. In
patients treated with 9 ug/kg, there was no significant change in HLA-DR expression on
CD4" cells (+0.1%; P = 0.987) or on CD8" cells (+3.2%; P = 0.350). Among patients treated
with 18 ug/kg, there was a trend toward an increase in HLA-DR expression on CD4* cells
(+13.8%; P = 0.135) and CD8* cells (+13.3%; P = 0.046).

Patients treated at 9 png/kg demonstrated a small but significant decrease in CD25 expression
on CD4" cells (—10.7%; P = 0.0009) but no change in CD25 expression on CD8" cells (+0.5%;
P =0.844). Conversely, patients treated with 18 pug/kg experienced virtually no change in CD25
expression on CD4™ cells (—0.9%; P = 0.876) but a slight increase in CD25 expression on
CD8* cells (+10.8%; P = 0.063).

Changes in Foxp3 Expression—Nine patients (four patients at 9 pg/kg, five patients at
18 ug/kg) were evaluated for change in Foxp3 expression in purified CD4™ cells following
their first cycle of Denileukin Diftitox (Fig. 5A). Overall, patients experienced minimal change
in Foxp3 expression of —1.68 copies/103 copies of B-actin (x1.11; P = 0.167). Patients in the
9-ng/kg group experienced a change of —1.27 copies/103 copies of B-actin (+2.57; P = 0.656),
whereas patients in the 18-ug/kg group experienced a minimal but significant change of —2.01
copies/103 copies of B-actin (+0.618; P = 0.031).

Four patients who received four or more cycles were evaluated for changes in Foxp3 expression
in purified CD4™* cells obtained before treatment compared with those obtained after the last

dose of Denileukin Diftitox (see Fig. 5B). The mean difference in Foxp3 expression was —3.30
copies/103 copies of p-actin (+3.21; P = 0.380). Thus, no evidence of loss of Foxp3 expression
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in CD4* cells was seen in patients receiving the two different approved doses of Denileukin
Diftitox.

Impact of Denileukin Diftitox on Regulatory T-Cell Function—An in vitro
suppression assay was performed on cryopreserved pretreatment and posttreatment samples
from patient 6 (data not shown). Pretreatment suppression at the 1:1 ratio was 62.3%, whereas
posttreatment (post cycle 4) suppression was 65.2%. The suppression assay was also carried
out on fresh cells taken from the posttreatment (post cycle 2) apheresis samples from patients
6, 7,10, 11, and 12 (Fig. 6). Following a second cycle of treatment, the levels of suppression
for these five patients were 67.9%, 59.7%, 50.6%, 79.4%, and 98.2%, respectively.

Thus, following administration of Denileukin Diftitox, PBMCs of treated patients contained
significant levels of T cells with regulatory activity.

IL-2 Susceptibility—IL-2 administration can lead to an increase in the number of regulatory
T cells in the circulation of patients. To test the hypothesis that these regulatory T cells
generated in vivo to IL-2 may be more sensitive to Denileukin Diftitox, fresh PBMCs from
two patients (A and B) with metastatic melanoma being treated with bolus IL-2 (720,000 1U/
kg every 8 hours as tolerated) were collected at the completion of their treatment, during the
time of rebound lymphocytosis, and CD4™ cells were isolated.

The CD4" cells were treated with three doses of Denileukin Diftitox (0, 100, and 1000 ng/mL)
for 72 hours, and Foxp3 expression was quantified (Fig. 7). In both patients, there was an
increase in Foxp3 expression following in vitro Denileukin Diftitox administration, suggesting
that lymphocytes from patients receiving IL-2 were not more susceptible to Denileukin
Diftitox.

DISCUSSION

Our previous work demonstrated that CTLA-4 blockadel’ could result in durable regression
of established metastatic melanoma that was highly associated with the induction of
autoimmune destruction of normal tissue (P. Attia et al, unpublished). Because many cancer
antigens are derived from nonmutated proteins,37 this work suggested that the mechanism
governing tolerance to normal self tissues was similar to that mediating tolerance to melanoma
antigens. Whereas the exact mechanism of CTLA-4 blockade is unknown, the possibility
remains that inhibition of regulatory T cells, which at rest constitutively express CTLA-4, was
in part responsible for the loss of self-tolerance that led to immune-mediated tumor regression.

These results have prompted investigation into strategies to eliminate or inhibit regulatory
T cells.39:40 One method of targeting regulatory T cells involves the use of fusion proteins
such as Denileukin Diftitox, which fuses the enzymatically active portion of the DT (fragment
A) tothe binding portion of IL-2. Because regulatory T cells at rest express high-affinity IL-2Rs
(CD25, CD122, and CD132), they should be particularly susceptible to toxin-mediated
destruction.

The elimination of regulatory T cells has been shown to increase cancer immunity in murine
models.41~44 Immunization of mice with tumor cells in the absence of CD4*CD25* regulatory
cells induces immunity against a variety of different tumor cell lines, 4> suggesting that effector
T cells, which possess anti-tumor capabilities, can be kept at bay by regulatory T cells.
Furthermore, transfer of CD4* T cells that contained a mixture of CD4*CD25 and
CD4*CD25* cells or transfer of CD4*CD25* cells alone prevented effective adoptive
immunotherapy.41
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Quantification of regulatory T cells in the human is difficult, and most methods are indirect.
Regulatory CD4* T cells in resting PBMCs express high-affinity IL-2Rs, including CD25.
Evaluating surface expression of CD25 is of limited utility, however, as activated cells also
express CD25. Functional analysis, using the suppression co-culture assay,‘mv"'7 has provided
another means to quantify suppressor function. However, the assay is difficult to perform on
cryopreserved specimens48 and thus not practical for comparing pre- and posttreatment patient
samples. Foxp3 eXfression, high levels of which have recently found to be associated with
regulatory T cells, 2,13 has provided another means to identify levels of regulatory T cells.
Each of these methods was used in the current study and provided similar results.

The elimination of regulatory T cells is a goal in the studies of cancer immunology because of
the enhanced anti-tumor effects resulting from their depletion. Several strategies have emerged,
including nonmyeloablative lymphodepleting chemotherapy 8rior to adoptive cell transfer,
37,49 whole-body irradiation prior to adoptive cell transfer, 20 and the use of anti-CD25
antibodies.®1 Whereas CTLA-4 blockade has emerged as an effective means for breaking self-
tolerance and inducing tumor regression, extensive in vitro and in vivo analyses of patients
treated with anti-CTLA-4 have suggested that T-cell activation, rather than inhibition of
regulatory T cells, may play a larger role in anti-CTLA-4-mediated tumor regression (A.V.
Maker, personal communication). In the solid organ transplant setting, daclizumab (anti-Tac)
has emerged as a potent induction immunosuppressive agent.52 However, the in vivo half-life
of daclizumab is >4 weeks, and this limits its suitability for applications to cancer
immunotherapy. Therapeutic depletion of regulatory T cells is likely to be followed by
activation of remaining CD4*CD25™ cells, and the presence of an antibody directed toward
CD25 would disarm the effector cells, as well. Denileukin Diftitox has an in vivo half-life of
70-80 minutes, which makes it an attractive candidate to remove regulatory T cells as part of
a cancer immunotherapy approach.

Our preliminary data showed that in vitro, Denileukin Diftitox could Kill cells bearing only the
a-subunit of the IL-2R (CD25) (see Fig. 1A), suggesting that resting regulatory T cells,
expressing CD25, might be susceptible to intoxication by this fusion protein. In addition, anti-
CD3-activated PBMCs that expressed high levels of CD25 were also sensitive to intoxication
by Denileukin Diftitox in vitro. However, in vitro treatment with Denileukin Diftitox failed to
reduce Foxp3 in CD4* cells and may have increased it (see Fig. 2). Because IL-2 exposure is
known to increase Foxp3 expression,53‘57 even in CD4*CD25™ cells,>8 these results could
have been explained by stimulation by the IL-2 portion of the fusion protein. Functional in
vitro studies revealed treatment of PBMCs with Denileukin Diftitox failed to eliminate T cells
capable of mediating suppression (see Fig. 3). Thus, although there was evidence that
Denileukin Diftitox could eliminate CD25 expressing cells in vitro, there was no evidence that
it could eliminate regulatory T cells. Nevertheless, the possibility that Denileukin Diftitox, in
vivo, might impact regulatory T cells was investigated.

None of the 13 patients receiving high doses of Denileukin Diftitox in vivo experienced an
objective clinical response (see Table 2). Eleven (85%) patients experienced transient grade
I1I/1V toxicity, 10 of them hematologic. None of the patients required any intervention for their
toxicities, and all returned to baseline before the end of the treatment cycle. Lymphopenia was
the most frequent toxicity noted, and it was noted among both CD4* and CD8* subpopulations.
Recovery of circulating lymphocytes was faster with successive cycles. Furthermore, loss of
circulating lymphocytes with the initial dose in each treatment cycle decreased with successive
cycles. This pattern suggested a tolerance to Denileukin Diftitox, and data presented in Table
3 demonstrated that following the second cycle of Denileukin Diftitox, each of the four patients
tested had developed levels of antibody to the DT that saturated the assay.
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The phenotypic changes on the cells of treated patients underscored the two components of
Denileukin Diftitox (see Table 4). The IL-2 portion of the fusion protein tended to activate
both CD4* and CD8* cells, although not statistically significantly on the CD4* cells. In
contrast, the CD4™ cells of the patients treated with 9 pg/kg demonstrated a small but
statistically significant decrease in CD4*CD25* frequency. This decrease was not noted in the
CD8*CD25* cells.

Real-time PCR measurements of mRNA encoding Foxp3 was performed on RNA isolated
from PBMC:s (data not shown), CD4* purified cells, and CD4*CD25* purified cells (data not
shown). CD4*CD25" cells expressed 5- to 10-fold greater Foxp3 per B-actin than purified
CD4* cells. PBMCs displayed the lowest amount of Foxp3 expression of the three cell isolates.
However, the changes between pre- and posttreatment samples were consistent between cell
populations, although the magnitude of change varied. Figure 5A depicts the change in
Foxp3 expression that occurred following one cycle of Denileukin Diftitox for nine patients.
The four evaluated patients who received 9 pg/kg did not experience a statistically significant
change in Foxp3 expression. However, the five evaluated patients who received 18 pg/kg
experienced a small but statistically significant decrease in Foxp3 expression, although it does
not appear that this decrease was clinically significant.

To determine if Denileukin Diftitox had a functional impact on regulatory T cells, suppression
assays were performed on selected patients (see Fig. 6). Initially, suppression assays were
attempted on cryopreserved pre- and posttreatment samples simultaneously. However, it was
technically difficult to purify CD4*CD25* cells from cryopreserved PBMCs. Thus, we
examined the suppressive capacity of posttreatment CD4*CD25* fresh cells acquired by
apheresis the day following the final dose on Denileukin Diftitox. In five patients (patients 6,
7,10, 11, and 12), at least 50% suppression was present following Denileukin Diftitox
administration. Thus, because neither the frequency of CD4*CD25™ cells nor the content of
Foxp3 among CD4™* cells had decreased in a clinically significant manner, and suppressor cells
were present in PBMCs post treatment, we concluded that treatment of patients with Denileukin
Diftitox failed to eliminate regulatory T cells.

Our final attempt to explore the ability of Denileukin Diftitox to eliminate regulatory T cells
was based on the fact that IL-2 is a growth factor for regulatory T cells. We hypothesized that
treating patients first with IL-2, to up-regulate the regulatory T cells, may render them more
susceptible to Denileukin Diftitox. To test this hypothesis, we treated, in vitro, rebound samples
from two patients receiving bolus IL-2 (720,000 1U/kg every 8 hours), generally collected 2—
3 days following their final dose of IL-2, at a time when the maximum number of circulating
lymphocytes and regulatory T cells would be present.59_61 Treatment of CD4" purified
samples from these patients with Denileukin Diftitox had little impact (Fig. 7) and produced
similar results to that seen in resting cells (see Fig. 2).

It is therefore our conclusion that Denileukin Diftitox failed to eliminate regulatory T cells in
patients with metastatic melanoma. Current efforts are under way to explore other immune-
based fusion proteins that can specifically target these cells.
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FIGURE 1.

A, WST-1 assay on Atac4 cell line that expressed high levels of CD25 following treatment
with Denileukin Diftitox in vitro for 72 hours. Numbers in parentheses above columns indicate
the percentage decrease in optical density relative to untreated group. Uptake of a blank well
(medium alone) is shown for comparison. In vitro, Denileukin Diftitox eliminated cells
expressing CD25. B, PBMCs treated with 50 ng/mL anti-CD3 for 72 hours, prior to 72-hour
in vitro exposure to Denileukin Diftitox. Viability was assessed by failure to take up Pl stain.
The percentage of cells expressing CD25 decreased with increasing doses of Denileukin
Diftitox, and this was paralleled by cell viability, demonstrating that Denileukin Diftitox could
eliminate activated PBMCs in vitro.

J Immunother. Author manuscript; available in PMC 2006 August 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Attia et al.

25

20

Copies Foxp3 (per 10°B-actin) >
@

0 15 150
Dose of ONTAK (ng/mL)

20

16

Copies Foxp3 (per 10° B-actin) @

Page 14

750

0 100
Dose of ONTAK (ng/mL)

FIGURE 2.

A, Foxp3 expression in purified CD4* cells following 48-hour in vitro exposure to Denileukin
Diftitox did not demonstrate evidence of Denileukin Diftitox—mediated elimination of
Foxp3 expressing regulatory T cells. B, Foxp3 expression in purified CD4* cells following 72-
hour in vitro exposure to Denileukin Diftitox also failed to demonstrate elimination of

Foxp3 expressing regulatory T cells.
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FIGURE 3.

Suppressive capacity of untreated CD4*CD25" purified T cells (A) and Denileukin Diftitox—
treated CD4*CD25* purified T cells (500 ng/mL x 72 hours) (B). Percent suppression reflects
suppression for 1:1 treatment group (10,000 CD257:10,000 CD25" cells). Treatment with
Denileukin Diftitox did not reduce suppressive abilities of CD4*CD25* in vitro. ACC, T cell-
depleted irradiated accessory cell.
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A, Peripheral blood counts from four patients during the first two to three treatment cycles.
Arrows along x axis denote the first day of treatment of a given 5-day cycle. Treatment with
Denileukin Diftitox caused an abrupt fall in ALC and rise in ANC, both of which were transient
changes. B, Peripheral blood counts for patient 2 over the entire course of his 11 cycles. Arrows
along x axis denote the first day of treatment of a given 5-day cycle. With successive treatments,
the magnitude of change of both the ALC and the total WBC decreased.
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A, Change in Foxp3 expression in purified CD4" cells following in vivo administration of
Denileukin Diftitox after the first cycle of treatment of nine patients. The four patients (2, 4,
6, 7) who received 9 pg/kg did not demonstrate a significant change in Foxp3 expression,
whereas the five patients (8, 9, 10, 11, 12) who received 18 ug/kg experienced a small but
statistically significant decrease in Foxp3 expression, suggesting that Denileukin Diftitox had
minimal impact on Foxp3 expression in vivo. P values reflect two-tailed paired ttest. B, Change
in Foxp3 expression in purified CD4" cells following multiple cycles of Denileukin Diftitox.
Foxp3 expression did not change significantly following multiple treatments. N = number of

cycles. P value reflects two-tailed paired t test.
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FIGURE 6.

Suppressive ability of CD4*CD25* freshly isolated T cells from five patients following two
cycles of Denileukin Diftitox. In each patient, at least 50% suppressive activity was measured
following treatment, suggesting that Denileukin Diftitox failed to eliminate T cells capable of
mediating suppression.
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Foxp3 expression in purified CD4* cells from two patients treated with high-dose IL-2. Cells
were harvested 3 days following last dose of IL-2, during rebound lymphocytosis, and treated
with 0, 100, or 1000 ng/mL Denileukin Diftitox in vitro. These IL-2-activated regulatory T
cells were not more sensitive to Denileukin Diftitox treatment in vitro.
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Changes in Frequency and Mean Fluorescence Intensity (MFI) of CD25* Expression for Different Cell
Populations Treated With Denileukin Diftitox In Vitro for 48 Hours

Concentration of ONTAK

0 ng/mL 100 ng/mL 500 ng/mL
%CD25+ (MFI)
Patient |
PBMC 33.8% (487) 21.56% (401) 23.4% (337)
CcD4* 47.3% (68) 24.5% (180) 23.5% (178)
CD4*CD25~ 12.8% (64) 10.3% (98) 8.4% (88)
CD4*CD25* 99.4% (197) NT 98.2% (344)
Patient 11
PBMC 9.0% (38) 19.7% (40) 19.1% (46)
CD4 28.7% (61) 35.5% (54) 37% (60)
CD4'CD25~ 8.6% (42) 10.6% (45) 14.2% (44)

Little consistent impact was seen on phenotype following in vitro treatment with Denileukin Diftitox.

NT, not treated.
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