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Abstract

Regulatory T cells (Tregs) are key mediators of immune tolerance and feature prominently in 

cancer. Depletion of CD25+ FoxP3+ Tregs in vivo may promote T cell cancer immunosurveillance, 

but no strategy to do so in humans while preserving immunity and preventing autoimmunity has 

been validated. We evaluated the Food and Drug Administration–approved CD25-blocking 

monoclonal antibody daclizumab with regard to human Treg survival and function. In vitro, 
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daclizumab did not mediate antibody-dependent or complement-mediated cytotoxicity but rather 

resulted in the down-regulation of FoxP3 selectively among CD25high CD45RAneg Tregs. 

Moreover, daclizumab-treated CD45RAneg Tregs lost suppressive function and regained the ability 

to produce interferon-γ, consistent with reprogramming. To understand the impact of daclizumab 

on Tregs in vivo, we performed a clinical trial of daclizumab in combination with an experimental 

cancer vaccine in patients with metastatic breast cancer. Daclizumab administration led to a 

marked and prolonged decrease in Tregs in patients. Robust CD8 and CD4 T cell priming and 

boosting to all vaccine antigens were observed in the absence of autoimmunity. We conclude that 

CD25 blockade depletes and selectively reprograms Tregs in concert with active immune therapy 

in cancer patients. These results suggest a mechanism to target cancer-associated Tregs while 

avoiding autoimmunity.

INTRODUCTION

Regulatory T cells (Tregs) protect against autoimmunity, but in cancer, Tregs infiltrate even 

the earliest neoplastic lesions and undermine anti-tumor effector T cells (1–4). Treg 

development and homeostasis are critically dependent on interleukin-2 (IL-2) (5–9), and 

most Tregs express high levels of CD25, the cell surface α chain of the IL-2 receptor (3). In 

tumor-bearing mice, CD25 monoclonal antibody (mAb) can be used to deplete CD25+ Tregs 

in vivo and enhance tumor immunity and immunotherapy (10–12); however, the clinical 

translation of this approach may pose a risk of autoimmunity (13, 14) or interfere with 

effector T cells (12) or myeloid dendritic cells (15, 16) that transiently express CD25 upon 

activation.

We reconsidered these concerns in light of landmark studies demonstrating that IL-2 is 

largely dispensable for effector T cell responses (17) and also because recent data suggest 

that IL-2 deprivation can regulate plasticity in Treg gene expression (18, 19). Daclizumab is 

a Food and Drug Administration (FDA)–approved mAb with a prolonged half-life that 

blocks IL-2 binding to CD25 (20). We and others hypothesized that long-term CD25 

blockade accomplished with daclizumab would negatively impact human Tregs but spare or 

enhance effector T cell function (21, 22). Here, we tested this hypothesis both in vitro with 

human cells and in vivo in a clinical trial.

RESULTS

Effects of CD25 blockade in vitro

We first demonstrated in vitro that daclizumab does not elicit antibody-dependent cellular 

cytotoxicity or complement-mediated cytotoxicity, as previously noted (23), and also 

showed that binding of daclizumab is not acutely toxic for CD25-expressing cells (fig. S1). 

We then purified Treg populations from normal donors, examining CD4+ CD25high 

CD45RA+ T cells and CD4+ CD25high CD45RAneg T cells separately, because these Treg 

populations are known to differ in their stability, survival, epigenetic status of the Treg-

specific demethylated region, and ability to produce IL-10 (24–26). For each Treg 

population, purified cells expressed FoxP3, the master regulatory transcription factor for 

Tregs (3, 4), whereas naïve and memory CD4 T cells isolated from the same donors as a 
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control were FoxP3low or FoxP3neg. Upon incubation with IL-2 and either daclizumab or 

human immunoglobulin G1 (IgG1) in vitro, we found no difference in cell number or 

viability of any T cell subset when comparing daclizumab incubation versus control 

incubation (Fig. 1A). For CD45RAneg Tregs, expression of both FoxP3 and CD25 was 

markedly reduced in the presence of daclizumab compared to IgG1 in terms of both mean 

fluorescence intensity and percent positivity (Fig. 1, B to D). Concomitant with reduced 

FoxP3 and CD25 expression, daclizumab-incubated CD45RAneg Tregs were also less 

capable of suppressing anti-CD3 mAb-stimulated polyclonal allogeneic CD8 T cells 

compared to control-incubated Tregs (Fig. 2, A and B). Moreover, CD45RAneg Tregs were 

able to secrete interferon-γ (IFN-γ) in response to mitogens after daclizumab incubation, but 

not after incubation with IgG1 (Fig. 2, C and D). In contrast, CD45RA+ Tregs were 

unaffected by daclizumab with regard to FoxP3 and CD25 expression, suppressive function, 

and cytokine production (Figs. 1, B to D, and 2). These results suggest that CD25 blockade 

in vitro leads to selective reprogramming (18) of the CD25high CD45RAneg Treg population.

Clinical trial of daclizumab and cancer vaccination

To examine the impact of daclizumab on Tregs in vivo, we then performed a clinical trial for 

human leukocyte antigen–A2–positive (HLA-A2+) patients with metastatic breast cancer 

(table S1), a disease in which Tregs are especially prominent (27, 28). Patients received a 

single intravenous infusion of the CD25 mAb daclizumab (1 mg/kg) 1 week before 

receiving a series of subcutaneous injections of HLA-A2–binding peptides emulsified in 

adjuvant as part of a cancer vaccine (fig. S2). Three peptides were derived from hTERT 

(human telomerase reverse transcriptase), a fourth from survivin, and a fifth peptide (as a 

control) from pp65 of cytomegalovirus (CMV). Patients also received the seven-valent 

CRM197-containing pneumococcal conjugate vaccine (PCV) at the time of the first, third, 

and fifth peptide vaccine. Treatment was well tolerated (table S2), and there were no dose-

limiting toxicities and no induction of autoimmune events. The best clinical response by 

RECIST (Response Evaluation Criteria in Solid Tumors) measurements was stable disease 

in 6 of 10 evaluable patients. Progression-free survival was 4.8 months [95% confidence 

interval (CI), 3.0 to 6.5 months], and median overall survival was 27.8 months (95% CI, 

19.5 to 36.1 months) at a median follow-up of 22.3 months. Notably, at the 2-year 

benchmark, 65.5 ± 17.3% (rate ± SE) of patients were alive.

Effects of daclizumab on Tregs in vivo

At baseline in these patients, we observed that CD25high peripheral blood Tregs were heavily 

skewed toward a CD45RAneg CD45RO+ phenotype (fig. S3). After daclizumab infusion in 

vivo, we found statistically significant decreases in Tregs when measured as either CD25+ 

FoxP3+ CD4 T cells or total FoxP3+ CD4 T cells, whereas the overall CD4 T cell population 

did not change significantly over time (Fig. 3, A to C). This decrease in Tregs was rapid 

(occurring in less than 1 week), prolonged (lasting at least 7 weeks), and consistent 

(observed in 100% of patients). Results of linear random effects modeling demonstrated 

highly statistically significant decreases in the fraction of CD25+ FoxP3+ CD4 T cells at 

weeks 1, 2, 5, and 7, with mean reductions ranging from 56 to 77% (table S3). For total 

FoxP3+ CD4 T cells, significant decreases were observed at weeks 1 to 5, with mean 
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reductions in the total Treg population of 52 to 64%. Results were nearly identical whether T 

cell subsets were calculated as fractions or absolute cell counts (Fig. 3, B and C).

We ruled out that the monitoring CD25 mAb clone 4E3 is affected by the presence of 

daclizumab, and found further that daclizumab does not trigger endocytosis of the CD25 

antigen (fig. S4). Using a second monitoring mAb that is fully blocked by daclizumab (clone 

2A3) (fig. S4), we found a complete lack of 2A3 reactivity on FoxP3+ CD4 T cells after 

daclizumab (Fig. 3, B and C) that persisted for up to 7 weeks, indicating that daclizumab 

remains bound to CD25-expressing Tregs long-term, consistent with the drug’s 3-week 

serum half-life. The decreases in peripheral Tregs that we observed in this study were likely 

specific to daclizumab because vaccination of a comparable cohort of breast cancer patients 

with a nearly identical peptide formulation and schedule (29)—but without daclizumab—did 

not alter circulating Treg populations (Fig. 3D).

Recovery of peripheral blood Tregs was observed between 7 and 11 weeks after daclizumab 

infusion, parallel to the restoration of 2A3 reactivity (Fig. 3, B and C); however, for multiple 

patients analyzed at week 11 and beyond, Tregs never recovered to baseline. In these 

patients, CD25+ FoxP3+ CD4 T cells and total FoxP3+ CD4 T cells remained 20 to 60% 

below baseline levels (calculated as either fractions or absolute counts) (fig. S5). For six 

patients, the fractions and absolute counts of CD25+ FoxP3+ and total FoxP3+ Tregs reset 

within the range for healthy individuals of comparable age previously reported (28). Thus, 

daclizumab infusion also appears to reset Treg homeostasis to achieve a long-term reduction 

in the circulating burden of Tregs that is characteristic of cancer.

We also observed that CD25neg T cells (whether CD4 or CD8) are not affected by 

daclizumab administration (fig. S6). However, a small subset of FoxP3neg CD4 T cells and 

CD8 cells can also express CD25, and after daclizumab infusion, these cell populations 

decreased to about 40 to 65% of baseline (calculated as either fractions or absolute counts) 

before recovering by week 7 (fig. S6). In contrast, circulating CD56bright natural killer (NK) 

cells, which express little if any CD25, moderately increased after daclizumab (fig. S7), an 

effect previously reported in patients receiving daclizumab for multiple sclerosis, albeit via a 

repeated dosing schedule different than the single dose of daclizumab we used here (30, 31). 

Daclizumab had no statistically significant impact on CD56dull CD16bright NK cells (fig. 

S7).

Vaccine-induced immune responses after daclizumab

Finally, we studied vaccine-induced immune responses in patients treated with daclizumab 

and vaccination. We detected robust peptide-specific CD8 T cell responses to tumor vaccine 

antigens in samples obtained after daclizumab infusion and vaccination (shown for patient 

101 in Fig. 4A), with an absence of such responses in all pretreatment control samples. The 

uniform negativity in these assays at baseline was important because it allowed a 

straightforward assessment of each patient as either positive or negative, rather than, for 

example, measuring fold changes from baseline. Peptide-specific responses were observed 

after as few as two vaccines (Fig. 4A). All 10 evaluable patients responded to at least one 

tumor peptide (median, two peptides) (Fig. 4B). The vast majority of maximum responses to 

peptide vaccination occurred at time points of maximal daclizumab-mediated Treg depletion. 
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CD8 T cells induced by vaccination exhibited effector functions, as evidenced by specific 

mobilization of CD107a and secretion of IFN-γ (Fig. 4C). Responses to CMV peptide were 

observed before and after vaccination in patients who were CMV-seropositive. In three of 

six CMV-seronegative patients, responses to CMV peptide were also observed (Fig. 3D), 

providing evidence for immunological priming in the face of CD25 blockade. CMV-specific 

T cells observed after vaccination exhibited effector functions (Fig. 4E).

Patients vigorously responded to CRM197 antigen in response to PCV vaccination. 

Although no responses were detected at baseline, positive CRM197 responses for CD8 or 

CD4 T cells were observed for 90% of patients when tested on samples obtained within the 

window of daclizumab-mediated Treg depletion (median, week 7; range, weeks 2 to 19) (Fig. 

4, F and G). Because no patient had been previously treated with CRM197-containing 

vaccines, these T cell responses likely represent immunological priming to CRM197.

Comparison of vaccination with and without daclizumab

To begin to understand the potential benefit of including daclizumab in cancer vaccination, 

we compared findings from this current study with those of a previously published study of 

19 patients treated with one of the same hTERT peptides but without daclizumab (29). 

Eligibility criteria for these two studies were identical. The analysis of immune response 

was based on evaluable patients, defined as patients who received at least four vaccines. 

Seventeen patients on the previous hTERT peptide study and 10 patients on the hTERT plus 

daclizumab study were evaluable for immune response assessment. Using identical criteria 

for assay positivity, we found that the immune response rate to the I540 hTERT peptide on 

the hTERT plus daclizumab study was higher than the response rate on the previous 

hTERT-only study. The hTERT I540 immune response rate was 90% (9 of 10 patients) in 

the hTERT plus daclizumab study (90% exact CI, 60.6 to 99.9%) versus 76.5% (13 of 17 

patients) immune response rate in the hTERT-only study (90% CI, 53.9 to 91.5%). Sample 

sizes in each study were small, having been calculated for the purpose of addressing the 

primary clinical endpoint of each study, which was safety, rather than the secondary 

endpoint of immune response rate. Thus, although the immune response rate with 

daclizumab is higher than with peptide alone, the difference did not reach statistical 

significance, and a larger study is warranted.

We also explored whether daclizumab interferes with vaccine-induced immune responses, as 

has been suggested in a previous study (15). Again, comparing our current study to our 

previously published study of hTERT vaccination without daclizumab, we found that 

hTERT plus daclizumab was not inferior to hTERT alone with regard to immune response—

daclizumab does not interfere with vaccine-induced immune responses. By simulation, we 

determined that the Bayesian posterior probability, that the true immune response rate of 

hTERT plus daclizumab is greater than that of hTERT alone, is 0.766. This probability 

calculation assumed independent uninformative β priors and observed immune responses in 

9 of 10 patients on hTERT plus daclizumab and in 13 of 17 patients on hTERT alone.

Finally, patients in the two clinical studies were analyzed for overall survival after an intent-

to-treat analysis plan in which all treated patients, regardless of immune response 

evaluability, are included in the analysis. The median overall survival on the hTERT plus 
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daclizumab study (27.8 months; 95% CI, 18.7 to 36.9 months) was longer than on the 

hTERT-only study (20.9 months; 95% CI, 12.2 to 29.6 months). Although the difference in 

overall survival was marked, again limited by sample size, it did not reach statistical 

significance.

DISCUSSION

It is now well accepted that Tregs cripple productive immune surveillance and are a major 

obstacle for the development of active immunotherapy for cancer. Here, we show that in 

vivo CD25 blockade in patients with breast cancer—accomplished safely with a single 

infusion of the FDA-approved CD25-blocking mAb daclizumab—results in an acute and 

prolonged depletion of circulating Tregs that is greater and more sustained than other CD25-

targeting agents previously reported [summarized in (32)]. For several patients in our study, 

the systemic burden of both CD25+ FoxP3+ and total FoxP3+ Tregs never recovered to 

baseline levels and reset within the range for healthy individuals of comparable age. 

Nevertheless, we show that daclizumab permits robust priming and boosting of effector T 

cell responses to vaccination in vivo and does so without causing autoimmunity. We 

conclude that long-term CD25 blockade represents an approach to circumvent a major 

element of immune suppression in patients with cancer.

We also conclude that IL-2 deprivation at least in large part explains the daclizumab effect 

on Tregs. In mechanistic in vitro studies, we found that CD25 blockade results in loss of both 

FoxP3 expression and Treg suppressive function. These changes are consistent with Treg 

reprogramming that has previously been described in murine models (18, 33). In addition, 

we were unable to demonstrate a role for daclizumab-mediated antibody-dependent cellular 

cytotoxicity or complement-mediated cytotoxicity, despite its IgG1 structure, further 

suggesting that cytokine deprivation and Treg reprogramming are the dominant mechanisms 

of daclizumab Treg depletion in vivo. We found that blocking IL-2 signaling via daclizumab 

does not affect all Tregs the same, but rather, it selectively interferes with FoxP3 expression 

in CD45RAneg Tregs, a subset prominent in cancer patients and likely to be induced by 

progressively growing cancers. CD45RA+ Tregs, on the other hand, do not appear to be 

affected by CD25 blockade with regard to FoxP3 expression or function.

The implication of these observations is that CD45RA+ Tregs might serve as a stop gap 

against systemic autoimmunity that has been observed in mice and humans with global Treg 

depletion. Indeed, screening for the induction of autoimmunity was the chief objective of 

our clinical study of daclizumab. In the landmark paper from Sakaguchi and colleagues in 

1995 (13), a wide range of autoimmune disorders including gastritis, thyroiditis, 

glomerulonephritis, and polyarthritis developed in mice after adoptive transfers of CD25-

depleted T cells. Moreover, CD25 knockout mice develop autoimmune hemolytic anemia 

and inflammatory bowel disorders (34), and mice treated with neutralizing anti–IL-2 

antibody develop T cell–mediated gastritis, thyroiditis, and neuropathy (5). In our clinical 

study, however, no such autoimmune disorders were observed in patients after daclizumab 

despite careful clinical screening. Potentially important in reconciling these observations in 

mice and humans is the fact that daclizumab is not directly depleting but rather, as we show 

here, acts on a subset of Tregs via cytokine deprivation. Thus, we hypothesize that after 
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CD25 blockade, CD45RAneg Tregs are reprogrammed but CD45RA+ Tregs are not, and these 

latter cells may guard against systemic autoimmunity.

Clinically, Treg reprogramming via CD25 blockade is a possible benefit that would 

nevertheless have to balance with potential impairment of dendritic cell potency and 

interference with effector responses recently described for the drug in other experimental 

systems (15, 16, 35). This balance will likely critically depend on daclizumab dose and 

schedule and, importantly, on the clinical setting as well (36). For reasons that seem linked 

to NK cell immune suppression of T cells that can be observed clinically after repeated high 

doses of daclizumab (37), daclizumab can be effective in treating autoimmune conditions 

such as multiple sclerosis (30, 31). We also observed changes in NK cell subsets, but these 

changes were modest in comparison to the multiple sclerosis studies, likely because we used 

a single dose of daclizumab.

Our findings and conclusions are in contrast to one previously published study of 

daclizumab used in concert with a melanoma vaccine (15). There, the investigators 

concluded that daclizumab interfered with the induction of functional, tumor-specific 

effector T cells and antibodies, although vaccine-induced keyhole limpet hemocyanin–

specific T cell responses were not adversely affected (15). However, major differences in the 

clinical design between this study and ours may explain the apparent discrepancies in the 

two studies. For example, in the melanoma study, the vaccine was composed of antigen-

loaded, ex vivo–produced dendritic cells, which are well described to express CD25 and 

therefore potentially susceptible to daclizumab inhibition (16). In addition, key conclusions 

of the study were based on analysis of delayed-type hypersensitivity (DTH) responses in a 

small subset of patients. Of those patients with DTH positivity, functional T cells isolated 

from the DTH sites were detected in two of two (100%) patients in the control cohort and in 

one of five (20%) patients in the daclizumab cohort (15). Although these rates appear to be 

dissimilar, due to the extremely small sample sizes, the precision is low and they are not 

statistically different (P = 0.14, Fisher’s exact test). In our study, we observed consistent 

robust CD8 and CD4 T cell priming and boosting to all vaccine antigens in the wake of 

daclizumab-mediated Treg depletion, suggesting that the clinical setting and the vaccine 

formulation used are critical variables in this approach that warrant further study.

In summary, we conclude that CD25 blockade depletes and selectively reprograms Tregs in 

concert with active immune therapy in cancer patients. These results suggest a mechanism to 

target cancer-associated Tregs while avoiding autoimmunity.

MATERIALS AND METHODS

Purification and isolation of T cells and Tregs

Primary human CD4 T cells were obtained from the University of Pennsylvania Human 

Immunology Core as de-identified, anonymous samples from healthy donors who gave 

informed consent to undergo apheresis. These cells were stained with V450-CD4 clone 

RPA-T4, PE-CD25 clone MA-251, and FITC-CD45RA clone HI100 and sorted into CD4+ 

CD25neg CD45RA+ (naïve), CD4+ CD25neg CD45RAneg (memory), CD4+ CD25high 

CD45RA+ (CD45RA+ Treg), and CD4+ CD25high CD45RAneg (CD45RAneg Treg) using an 
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Influx jet-in-air cell sorter with Spigot software (BD Biosciences). In our standard 

configuration with a 70-μm nozzle, sheath pressure was 35 psi with a drop drive frequency 

of 79.1 kHz and piezo amplitude of 4.27 V, resulting in a drop delay of 35.9 drops. We used 

a standard forward scatter threshold and logarithmic amplifiers for all fluorescent 

parameters. Forward scatter pulse heights versus area parameters were used for aggregate 

detection. Samples were run at trigger rates of about 12,000 to 18,000 cells/s with 

efficiencies greater than 90%.

Treg assays

Purified T cell populations were incubated in vitro in the presence of IL-2 (20 U/ml, 

Novartis) and either daclizumab (10 μg/ml) or human IgG1 (Sigma-Aldrich) (10 μg/ml). To 

measure Treg viability, cells were mixed with Guava ViaCount reagent (Guava 

Technologies) for 10 min, and viable cells were then quantified using a Guava Personal 

Analyzer flow cytometer (Guava Technologies) per the manufacturer’s specifications. 

Carboxyfluorescein diacetate succinimidyl ester (CFSE)–based CD4 T cell suppression 

assays to monitor Treg function were performed as previously described (28, 38). Data were 

acquired on an LSR II flow cytometer using the FACSDiva software analyzed using FlowJo 

software package. Percent suppression was calculated using the following formula: 1 – 

number of effector T cell divisions in suppressed condition divided by the number of 

effector T cell divisions in unsuppressed condition × 100. Assays to measure Treg production 

of IFN-γ after phorbol 12-myristate 13-acetate (PMA) and ionomycin treatment were 

performed as previously described (28).

Flow cytometry

Flow cytometry was performed with a FACSCanto cytometer and FACSDiva software (BD 

Biosciences). Fluorochrome-conjugated mAbs used were allophycocyanin (APC)– and 

phycoerythrin (PE)–Cy7–CD3 clone SK7, fluorescein isothiocyanate (FITC)–, APC-, and 

V450-CD4 clone RPA-T4, peridinin chlorophyll protein (PerCP)–CD4 clone SK3, V450-

CD8 clone RPA-T8, PerCP-CD14 clone MφP9, FITC-CD16 clone 3G8, PerCP-CD19 clone 

4G7, APC-CD19 clone HIB19, PE-CD25 clone 2A3, APC-CD56 clone B159, and FITC-

CD107a clone H4A3 (BD Biosciences); APC-CD8 clone B9.11 (Beckman Coulter); Alexa 

Fluor 488–FoxP3 clone 259D (BioLegend); APC–anti–IFN-γ clone 4S.B3 (eBioscience); 

and PE-CD25 clone 4E3 (Miltenyi Biotec). Peptide/major histocompatibility complex 

(MHC) class I tetramer analysis was performed with soluble peptide/HLA-A2 tetramers 

(Beckman Coulter Immunomics), with the cutoff for a positive response defined as the mean 

± 3 SDs for the percentage of tetramer-positive CD8 T cells among peripheral blood 

mononuclear cells (PBMCs) from a panel of HLA-A2neg healthy volunteers (that is, 0.1% of 

CD8 T cells) and a panel of HLA-A2+ healthy volunteers (also 0.1% of CD8 T cells), as 

previously described (29).

T cell assays

In vitro peptide stimulation of PBMCs to assess immune response was performed as 

previously described (29). For CD107a and IFN-γ analysis, in vitro–stimulated cells were 

incubated with CD107a mAb and with T2 cells [2:1 ratio; American Type Culture 

Collection (ATCC)] loaded with peptide (1 μg/ml) and β2-microglobulin (2.5 μg/ml) 

Rech et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2015 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Sigma) or with staphylococcal enterotoxin B (1 ng/ml) (EMD Chemicals) with brefelden A 

added for 4 hours before intracellular staining for IFN-γ as previously described (39). T cell 

responses to the CRM197 protein were measured by CFSE staining of responder T cells, 

with cutoff for positivity being defined as 5% CFSEdim CD4+ or CD8+ T cells, as previously 

described (40).

Cytolysis assays

To assess antibody-dependent cell cytotoxicity, CFSE-labeled lympho-blastoid tumor cells 

(Daudi, Ramos, and SR) (ATCC) or CFSE-labeled purified CD4 T cells (>85%) were 

incubated with PBMCs from designated healthy donors (8 to 15% CD56+) at a PBMC/target 

ratio of 100:1 for 4 hours at 37°C in the presence of daclizumab, IgG1, or rituximab 

(Genentech/Biogen Idec) (each at 1 μg/ml) in 10% human AB serum (HS), mixed with 

10,000 anti-mouse Igκ CompBeads (BD Biosciences) that had been conjugated to V450-

mouse IgG1,κ clone MOPC-21 (BD Biosciences). Cells were then stained with the viability 

marker 7-aminoactinomycin D (7-AAD) (BD Biosciences) and analyzed by flow cytometry. 

Alive cells (CFSE+ 7-AADneg) were counted relative to the number of beads and quantified 

as previously described (41). To assess complement-dependent cytotoxicity, targets were 

incubated with 10% HS or, as a control, 10% heat-inactivated HS for 4 hours at 37°C, mixed 

with V450 beads, stained with 7-AAD, and analyzed.

Patients and clinical study design

The clinical protocol was an open-label prospective study of patients with metastatic breast 

cancer refractory to at least one standard therapy for metastatic disease. The protocol was 

approved by the University of Pennsylvania Institutional Review Board and conducted with 

FDA approval of an investigator-sponsored investigational new drug (IND) application. 

Signed, written informed consent was obtained from each patient.

Eligible patients had to be >18 years of age and HLA-A2+ with a baseline Eastern 

Cooperative Group Clinical performance status of <2. At baseline, patients had to have 

adequate hematological function (white blood count >3000 cells/mm3, hemoglobulin >10, 

and platelet count >75,000 cells/mm3), adequate renal function (serum creatinine <1.5 times 

upper limit of normal), adequate hepatic function (total bilirubin <1.5 times upper limit of 

normal, aspartate aminotransferase and alanine aminotransferase <2.5 times upper limit of 

normal), and imaging studies of the brain negative for metastatic disease. Patients were 

excluded if pregnant or lactating; if HIV-, HTLV-1 (human T cell leukemia virus–1)–, 

hepatitis B–, or hepatitis C–positive; for active infection or treatment with chemotherapy, 

radiation therapy, immunotherapy, immunosuppressive drugs, glucocorticoids, 

hematopoietic growth factors, or other investigational drugs within 30 days of treatment; or 

for a history of stem cell transplantation, alcohol abuse, or illicit drug use. Concomitant use 

of chemotherapy, radiation therapy, steroids, immunosuppressive drugs, anticoagulants, or 

other investigational drugs was not allowed. Eligibility criteria were identical to those of a 

previous clinical trial from our group (29).

Patients received a single intravenous infusion of daclizumab (Roche) at 1 mg/kg followed 1 

week later by vaccination with five HLA-A2–binding peptides (100 μg/ml per peptide per 
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injection) every other week four times and then monthly until toxicity or clinically important 

disease progression. Vaccinations consisted of aqueous solutions of hTERT peptides I540 

(ILAKFLHWL) (42), 572Y (YLFFYRKSU) (43), 988Y (YLQVNSLQTV) (43), Sur1M2 

(LMLGEFLKL) (44), and N495 (NLVPMVATV) from CMV pp65 (45) (each peptide 

>92% pure and Good Manufacturing Practice–grade; Merck Biosciences AG) emulsified in 

the adjuvant Montanide ISA 51 VG (Seppic) and delivered subcutaneously in the thighs. 

Sargramostim (clinical-grade granulocyte-macrophage colony-stimulating factor; Berlex 

Laboratories) was given subcutaneously at the two injection sites (70 μg per site) with each 

peptide vaccination. Prevnar (PCV; Wyeth) (0.5 ml per injection) was given intramuscularly 

in the deltoid at the time of the first, third, and fifth vaccine.

Toxicity was graded according to the National Cancer Institute Common Toxicity Criteria 

(version 3.0). Tumor response was assessed every 2 to 3 months according to RECIST 

criteria (version 1.0). Patients receiving fewer than four vaccines were considered 

unevaluable for clinical response or vaccine-specific immune response and were replaced. 

Overall survival was defined from the date of first treatment to death or last patient contact. 

Progression-free survival was defined from the date of first treatment to the first documented 

disease progression, death, or last patient contact. PBMCs were obtained by phlebotomy of 

patients on the current study who provided written, informed consent using an Institutional 

Review Board–approved protocol via Ficoll centrifugation and then frozen at −150°C before 

use. In some experiments, PBMCs were from patients on a previous peptide vaccine trial for 

which signed, written informed consent had been obtained (29).

Statistical analysis

Student’s t tests were used to compare means between two independent groups, whereas 

paired Student’s t tests were used to compare outcomes before and after vaccination within 

patients. To analyze trends over time in immunologic variables, we used linear random 

effects models. STATA procedure xtmixed was used to analyze change from baseline. As in 

repeated-measures analysis of variance (ANOVA), time was defined as a class variable. 

Natural log transformation was applied to all variables before modeling. A sensitivity 

analysis (that is, Poisson regression, which allows zero values) was performed and yielded 

qualitatively similar results. Kaplan-Meier analysis was used to estimate time-to-event 

outcomes. Analyses were performed with STATA v11 (StataCorp), SPSS v17 (SPSS), or 

Graph-Pad Prism (GraphPad Software). P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
CD25 blockade in vitro mediates change in expression of FoxP3 and CD25 by human 

CD45RAneg Tregs. Flow cytometric cell sorting was used to purify four CD4+ T cell 

populations from normal human peripheral blood: naïve (CD25neg CD45RA+), memory 

(CD25neg CD45RAneg), activated Tregs (CD25high CD45RAneg), and resting Tregs (CD25high 

CD45RA+). Equal numbers of each cell population were incubated in vitro for 4 days with 

IL-2 (20 U/ml) and either human IgG1 (10 μg/ml) or daclizumab (Dac, 10 μg/ml). (A) Cell 

viability at day 4. (B and C) FoxP3 and CD25 expression for each cell population at (B) 

baseline and (C) at day 4 for each experimental condition, shown for a representative 

experiment. The percentage of cells in each quadrant is shown. (D) Quantification of mean 
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fluorescence index (MFI) and percent positivity for FoxP3 and CD25 expression on Tregs at 

day 4, comparing IgG1 to daclizumab conditions. Data are from four or five independent 

experiments and shown as means ± SD. *P < 0.05; ***P < 0.001.
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Fig. 2. 
CD25 blockade in vitro mediates functional reprogramming of FoxP3 and CD25 human 

CD45RAneg Tregs. Equal numbers of each cell population were incubated in vitro with IgG1 

or daclizumab (Dac), as in Fig. 1, and then tested for function. (A to D) Suppressive 

capability (A and B) and IFN-γ expression (C and D) upon phorbol 12-myristate 13-acetate 

(PMA) and ionomycin stimulation for each T cell population. Data shown in (A) and (C) are 

representative of three independent experiments. In (A), numbers shown on the left of each 

plot indicate percent suppression. In (C), the percentage of cells in each quadrant is shown. 

Summary data are shown in (B) and (D) as means ± SD. *P < 0.05; ***P < 0.001.
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Fig. 3. 
CD25 blockade in vivo depletes systemic Tregs in cancer patients. Peripheral blood samples 

obtained from patients before and at various times after a single infusion of CD25 mAb 

daclizumab were analyzed by flow cytometry. (A) Representative data from one patient 

comparing baseline (before) to 5 weeks after daclizumab. (B and C) Relative changes in the 

fraction (B) or absolute counts (C) of various T cell subsets over time, shown as the means 

for all patients normalized to individual baseline values. Daclizumab was given on week 0. 

Red diamonds, total CD4+ T cells; blue squares, FoxP3+ CD4 T cells; purple triangles, 

CD25+ FoxP3+ CD4 T cells as identified by the nonblocked monitoring CD25 mAb 4E3; 
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green circles, CD25+ FoxP3+ CD4 T cells as identified by the monitoring CD25 mAb 2A3, 

which is blocked by daclizumab. For total FoxP3+ CD4 T cells and CD25+ (4E3) FoxP3+ 

CD4 T cells, P < 0.001 at weeks 1, 2, and 5; for CD25+ (2A3) FoxP3+ CD4 T cells, P < 

0.001 at weeks 1, 2, 5, and 7 (statistical details are provided in table S3). (D) Peptide 

vaccination of breast cancer patients without daclizumab administration does not alter Tregs. 

Peripheral blood T cell populations were analyzed as fractions before and after vaccination 

by flow cytometry in a cohort of patients (n = 7) with metastatic breast cancer on a 

previously described clinical trial (29). Nonblocked mAb 4E3 was used to evaluate CD25. 

Data are shown as the means of all patients normalized to individual baseline values with 

error bars representing SD. P > 0.05, comparing Treg fractions at the time of the second or 

third vaccine to baseline. Similar data were obtained if T cell populations were analyzed as 

absolute counts.
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Fig. 4. 
Impact of CD25 blockade on vaccine immune responses in patients in vivo. (A to G) 

Peripheral blood T cells obtained from patients at baseline and at various times after 

treatment with daclizumab plus an experimental vaccine were analyzed for (A and B) 

peptide/MHC tetramer reactivity, (C) peptide-specific CD8 T cell responses as measured by 

CD107a mobilization and IFN-γ expression, (D) CMV tetramer reactivity, (E) CMV-

specific CD8 T cell responses as measured by CD107a mobilization and IFN-γ expression, 

and (F and G) CRM197-specific responses for CD8 and CD4 T cells as measured by 

antigen-induced CFSE dilution. Representative data for each assay are shown in (A), (C), 

(E), and (F). Summary data for all patients are shown as heat maps of the best responses in 
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(B), (D), and (G). V3 corresponds to the time of the third vaccine. In (C) and (E), an HLA-

A2–binding peptide from HTLV-1 tax (Tax) was used as a negative control, and in (F) and 

(G), Staphylococcus enterotoxin B (SEB) was used as a positive control. In (D), patient 

CMV status was determined by seropositivity at baseline; all CMV-seronegative patients 

remained seronegative at the end of the study.
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