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Summary

The potent anti-tumour activities of gd T cells have prompted the develop-

ment of protocols in which gd-agonists are administered to cancer patients.

Encouraging results from small Phase I trials have fuelled efforts to charac-

terize more clearly the application of this approach to unmet clinical needs

such as metastatic carcinoma. To examine this approach in breast cancer, a

Phase I trial was conducted in which zoledronate, a Vg9Vd2 T cell agonist, plus

low-dose interleukin (IL)-2 were administered to 10 therapeutically terminal,

advanced metastatic breast cancer patients. Treatment was well tolerated and

promoted the effector maturation of Vg9Vd2 T cells in all patients. However,

a statistically significant correlation of clinical outcome with peripheral

Vg9Vd2 T cell numbers emerged, as seven patients who failed to sustain

Vg9Vd2 T cells showed progressive clinical deterioration, while three patients

who sustained robust peripheral Vg9Vd2 cell populations showed declining

CA15-3 levels and displayed one instance of partial remission and two of

stable disease, respectively. In the context of an earlier trial in prostate cancer,

these data emphasize the strong linkage of Vg9Vd2 T cell status to reduced

carcinoma progression, and suggest that zoledronate plus low-dose IL-2 offers

a novel, safe and feasible approach to enhance this in a subset of treatment-

refractory patients with advanced breast cancer.
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Introduction

With more than 1 million new cases diagnosed annually,

breast cancer is the most commonly occurring tumour of

women. Moreover, with > 370 000 deaths per annum, it is a

leading cause of cancer-related mortality. While advances in

surgery, radiotherapy, chemotherapy and hormone replace-

ment therapy have irrefutably enhanced early diagnosis and

treatment, no effective therapy exists for advanced, invasive,

metastatic breast cancer [1].

In such cases, the prospect that immunotherapy may

prove effective [2] was supported powerfully by the report

that so-called ‘effector-memory’ TEM cells within colorectal

cancer provided the best correlate of the absence

of early metastases, and of prolonged survival [3].

Similarly, tumour-infiltrating lymphocytes reportedly

predict the response to neoadjuvant chemotherapy in

breast carcinoma [4]. Most immunotherapeutic modalities

seek to induce and boost tumour-specific, adaptive

responses via a spectrum of immunization protocols by

adoptive transfer of tumour-reactive T cells and by block-

ing factors, such as cytotoxic T lymphocyte antigen 4

(CTLA4), that suppress antigen-specific T cell activities

naturally [5].
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In parallel, numerically smaller lymphocyte subsets,

including natural killer (NK) cells, and lymphocytes express-

ing the gd T cell receptor (TCR) are receiving increasing

attention [6–9]. The perceived advantages of these cells is

that they respond in high frequency to the increased expres-

sion of ‘stress-antigens’ and to the decreased expression of

major histocompatibility complex (MHC) antigens, both of

which are common signatures of tumour cells. These

‘unconventional’ lymphocytes can home readily to inflam-

matory or lesional sites, and show immediate effector

functions ranging from cytotoxicity, through the

chemokine-mediated recruitment of other effector cells, to

antigen presentation [8,10,11].

In healthy adults, the major peripheral blood gd T cell

subset expresses the Vg9Vd2 TCR, and shows TCR-

dependent activation by low molecular weight isoprenoid

precursors, including (E)-4-hydroxy-3-methyl-but-2-enyl

pyrophosphate (HMB-PP), derived from many bacteria and

protozoa, and isopentenyl pyrophosphate (IPP), that may be

over-expressed by virus-infected or tumour cells [12–16].

Tumour cell recognition may be sustained additionally by

expression of MHC class I-related chain A (MICA), MHC

class I-related chain B (MICA) and/or other ligands for the

activating NKG2D receptor, expressed by Vg9Vd2+ T cells

[17], and by tumour cell surface display of an ‘ecto-F1-

ATPase’ that can engage the Vg9Vd2 TCR [18]. Vg9Vd2+ T

cells include those with ‘naive-like’ or ‘central memory-like’

phenotypes (Tnaive, CD45RA+CD27+; TCM, CD45RA-CD27+)

that home to secondary lymphoid organs, but that lack

immediate effector function, and those with effector/

memory-like (TEM, CD45RA-CD27-) and ‘terminally differ-

entiated’ (TEMRA, CD45RA+CD27-) phenotypes that home to

sites of inflammation and that display immediate effector

function [19].

Aminobisphosphonates are toxic towards osteoclasts and

prescribed widely as standard-of-care for osteoporosis, for

elderly patients receiving chronic, bone-erosive steroids and

for malignant bone metastases. Zoledronate (Zol) is the

most potent and efficacious clinically approved aminobis-

phosphonate [20–23]. Intriguingly, Zol and other aminobis-

phosphonates provoke accumulation of IPP and related

metabolites because they inhibit the downstream enzyme

farnesyl pyrophosphate synthase [24,25]. When added to

peripheral blood mononuclear cell (PBMC) cultures,

Zol + interleukin (IL)-2 induces specifically in Vg9Vd2+ T

cells activation and effector molecules, including CD25,

CD69 and interferon (IFN)-g, and cytotoxicity markers such

as CD107a, perforin and tumour necrosis factor (TNF)-

related apoptosis-inducing ligand (TRAIL) [26] (data not

shown). Moreover, Zol-activated Vg9Vd2+ T cells kill breast

cancer cell lines readily in vitro and in a severe combined

immunodeficient (SCID) mouse xenograft model [27] (data

not shown).

Fuelled by these attractive properties, recent, albeit small-

scale, applications of Vg9Vd2+ T cells to haematological and

solid-tissue malignancies have yielded promising results [26,

28–33]. Previously, we showed that co-administration of Zol

and low-dose IL-2 (i.e. at lower concentration than that

required to affect ab T or NK cells) to late-stage, hormone-

resistant prostate cancer patients enhanced Vg9Vd2+ T cell

responses significantly, with associated clinical benefits [26].

For these reasons, we rationalized that Zol plus low-dose

IL-2 may also prove a feasible and safe approach to activate

Vg9Vd2+ T cells in advanced breast cancer patients in whom

all other common treatments have been exhausted.

Materials and methods

Study design

The study included 10 female patients (age 55–70 years;

median 63 years, average time since diagnosis: 2037 days)

meeting the following eligibility criteria: histopathologically

confirmed diagnosis of advanced metastatic breast adeno-

carcinoma; tumour burden of one to three metastasis sites

(brain excluded); adequate organ function [bone marrow:

white blood cells (WBC) � 3000/mm3, absolute neutrophil

count (ANC) � 1500/mm3, haemoglobin (Hgb) � 9·0g/dl,

platelets � 100 000/mm3; liver: bilirubin � 1·5mg/dl and

aspartate aminotransferase (AST) � 2¥ above normal range

(30 UI/l); kidney: creatinine � 1·5 mg/dl); performance

status � 2 according to the Eastern Cooperative Oncology

Group (ECOG) scale [34]; high levels of carcinoembryonic

antigen (CEA) and CA15-3 (� 2¥ upper limit of normality);

and measurable progressive disease (tumour growth increase

> 20%). Eligible patients were also human epidermal growth

factor receptor-2 (HER-2)-negative, hormone therapy-

resistant, and met strict criteria for acquired chemotherapy

resistance: recurrence after primary surgery followed by

adjuvant chemotherapy and documented progressive disease

after at least one favourable response to treatment, including

doxorubicin and taxanes for recurrence. No patient was

receiving statins or vitamin D therapy. Patients were

excluded if they had chemotherapy, radiation therapy or

bisphosphonates up to 4 weeks prior to study entry; severe

cardiovascular disease, refractory hypertension, symptom-

atic coronary artery disease; corrected (for albumin) serum

calcium < 8·0 mg/dl; history of autoimmunity; serious inter-

current chronic or acute illnesses; concurrent second malig-

nancy; or concurrent treatment with steroids or other

immunosuppressive agents. All patients were recruited and

treated over a 1-year period, starting in January 2005. Treat-

ment of patients followed written informed consent from

each patient or patient’s guardian, according to an institu-

tional review board-approved protocol and in compliance

with the Declaration of Helsinki [35]. The ethical rationale

was that eligible patients were therapeutically terminal, i.e.

all available efficient treatments according to Physician Data

Query (PDQ) of the National Cancer Institute had been

exhausted. The chosen drugs and doses were considered

gd T cells for immunotherapy of breast cancer
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acceptable, as they showed no relevant toxicity in oncological

patients [26]. Immunological parameters were assessed

every 3 months (primary end-point); clinical status, accord-

ing to Response Evaluation Criteria in Solid Tumours

(RECIST) definitions [36] [progressive disease (PD), stable

disease (SD), partial remission (PR), complete remission

(CR)] was recorded monthly (secondary end-point). Clini-

cal assessments and analyses were performed by two

independent reviewers, using imaging and/or clinical and

laboratory measures. Toxicity was evaluated using common

terminology criteria for adverse events (CTCAE, version 3·0)

of the US National Cancer Institute. Any status was consid-

ered evaluable if maintained for � 30 days. Deaths attribut-

able to cancer progression were recorded monthly.

Treatment schedule

Four mg of Zol (Zometa; Novartis, Origgio, Italy) was admin-

istered every 21 days by 15-min 100-ml intravenous infusion

of saline, followed immediately by subcutaneous delivery of

IL-2 (Proleukin, 106 IU; Chiron, Emeryville, CA, USA).

Flow cytometry

Prior to treatment (month 0), and at months 3 (6 days after

the fourth Zol + IL-2 administration), 9 (6 days after the

13th Zol + IL-2 administration) and 12 (6 days after the 17th

Zol + IL-2 administration), patients’ PBMC were obtained

by Ficoll-Hypaque centrifugation and stained with fluores-

cein isothiocyanate (FITC)-, phycoerythrin (PE)-, PE-Cy5-

or allophycocyanin (APC)-conjugated antibodies against

CD27, CD45RA, human leucocyte antigen D-related (HLA-

DR), CD3, CD56, CD69, TCR pan ab, TCR pan gd, TCR Vg9

or TCR Vd2 (BD PharMingen, San Diego, CA, USA); 105

cells were analysed on a fluorescence activated cell sorter

(FACS)Calibur with CellQuest software (Becton Dickinson,

Heidelberg, Germany).

Analysis of Vg9Vd2+ T cells

RPMI-1640 medium (Gibco, Grand Island, NY, USA) was

supplemented with 10% heat-inactivated human pooled AB

serum, 2 mM L-glutamine, 20 nM HEPES and 100 U/ml

penicillin/streptomycin. PBMC were labelled with 5,6-

carboxy-fluorescein-ester (CFSE) (Molecular Probes,

Eugene, OR, USA) and cultured with 10 mM IPP (Sigma, St

Louis, MO, USA) and 20 U/ml IL-2. After 7 days the number

of Vg9Vd2+ T cells among CD3+ cells was determined by

FACS. IFN-g and TRAIL levels in 48-h culture supernatants

were assessed by enzyme-linked immunosorbent assay

(ELISA) (R&D Systems, Minneapolis, MN, USA). Na-CBZ-

L-lysine-thiobenzyl levels in 24-h culture supernatants were

determined by N-a-benzyloxycarbonyl-l-lysine thiobenzyl

ester (BLT)-esterase assay [19,26,30].

Serum TRAIL, cytokines and chemokines

Serum TRAIL was detected by ELISA; serum granulocyte–

macrophage colony-stimulating factor (GM-CSF), IL-2,

IL-4, IL-6, IL-8 (CXCL8), IL-12p40, IL-12p70, IL-13, TNF-a,

IFN-g, eotaxin (CCL11), inositol phosphate (IP)-10

(CXCL10), monocyte chemoattractant protein (MCP)-1

(CCL2) and macrophage inflammatory protein (MIP)-1a

(CCL3) were determined by xMAP multiplex technology

(Luminex, Austin, TX, USA), using Biorad reagents (Bio-Rad

Life Sciences, CA, USA). Data were acquired and analysed

with the Bioplex Manager Software (Bio-Rad).

Statistical analysis

Differences in survival were assessed using log-rank, Breslow

(generalized Wilcoxon) or Tarone–Ware tests. Data from

more than two groups were compared using one-way analy-

sis of variance (ANOVA) with Tukey–Kramer multiple com-

parison test, using Instat software (GraphPad). P-values

< 0·05 were considered statistically significant.

Results

Toxicity

One to 3 days after the first Zol + IL-2 administration, five

patients developed transient flu-like symptoms that were

controlled easily by oral paracetamol. These side effects

reprised those reported following pamidronate + IL-2

administration to multiple myeloma and non-Hodgkin’s

lymphoma patients [28] and Zol + IL-2 injection in

advanced prostate cancer patients [26]. Two patients devel-

oped local erythema at the site of IL-2 administration. No

other haematological, hepatic, renal or neurological toxicity

or allergic, autoimmune or fatigue side effect was observed.

Vg9Vd2+ T cell responses

Patients displayed pretreatment levels of ~20–50 ¥ 103

Vg9Vd2+ T cells/ml of blood (Fig. 1). Three patients died

before month 3, restricting longitudinal analysis to seven

patients, three of whom died between months 3 and 11 after

precipitous, progressive declines in Vg9Vd2+ T cell numbers.

Conversely, three of four patients surviving past month 12

showed strikingly robust Vg9Vd2+ T cell numbers (Fig. 1),

with clear increases in CD69 and/or HLA-DR activation

markers detected selectively on total gd T cells, but not seen

on ab T cells or NK cells (Table 1).

The four patients surviving past month 12 showed sharp

and progressive decreases in absolute numbers of Vg9Vd2+

Tnaive and TCM cells, and corresponding increases in Vg9Vd2+

TEM cells, associated with decreased proliferative responses to

IPP and reduced cytotoxicity (measured by BLT-esterase and

S. Meraviglia et al.
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TRAIL), compared to progressive increases in IFN-g produc-

tion peaking at 12 months. The pattern of an altered pheno-

type and function of peripheral Vg9Vd2 cells following

treatment with zoledronate and IL-2 was strikingly evident

when either all the enrolled 10 patients (Figs 2 and 3) or only

the four patients surviving past month 12 (data not shown)

were compared. Collectively, these changes show that there

are patients in whom Zol + IL-2 provokes a specific, striking

and durable effector maturation and mobilization of periph-

eral blood Vg9Vd2+ T cells, akin to our and others’ observa-

tions in different types of cancer [30–33].

Clinical responses and correlates

Deterioration in health was invariably preceded by substan-

tial declines in Vg9Vd2+ T cell numbers. The three patients

sustaining robust Vg9Vd2 T cell numbers over 12 months

composed one case of PR and two of SD, respectively

(Fig. 4a,b). Moreover, a statistically significant correlation

was evident between Vg9Vd2+ T cell numbers at 12 months

and declining CA 15-3 levels (Fig. 4c). Analysis a posteriori

of patient sera showed some significant up-regulation in

IFN-g, IL-12p40, TNF-a, GM-CSF, eotaxin, IP-10 and MIP-

1a, whereas IL-8 and TRAIL were down-regulated across the

treatment period (Table 2). We noted, however, that the

three patients whose clinical status improved were identified

among others only by their overt differences in numbers and

not by the properties and phenotype of their Vg9Vd2+ T

cells.

Discussion

The need for innovative treatments of advanced, refractory

carcinomas has fuelled investigation of tumour immunology

and immunotherapy, with recent studies showing that

immunotherapy combined with chemotherapy improves

survival benefits relative to chemotherapy alone [37–41].

Indeed, chemotherapeutic agents can sensitize tumours to

immune-mediated killing, for instance by up-regulation of

death receptors DR5 and Fas, that are bound by TRAIL and

FasL, respectively [41].

Pursuing the concept that gd T cells may compose key

components of tumour immunotherapy [7–9], the main aim

of this study was to assess whether reproducible phenotypic
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Fig. 1. Absolute Vg9Vd2 T cell numbers in patients treated with

Zoledronate (Zol) + interleukin (IL)-2 prior to treatment (T0), and 3

(T3), 9 (T9) and 12 (T12) months after treatment. Yellow symbols,

patients who died before T3; red symbols, patients who died before

T9; blue symbols, patients who died before T12; green symbols,

patients surviving past T12.

Table 1. Activation marker expression in gd,ab and natural killer (NK)

cells from patients treated with Zoledronate and interkeukin (IL)-2.

Months after treatment

0 3 9 12

gd+ CD69+ 9 64 47 42

gd+ HLA-DR+ 10 92 81 87

ab+ CD69+ 3 8 4 6

ab+ HLA-DR+ 10 7 9 4

NK+ CD69+ 2 0 2 4

NK+ HLA-DR+ 4 0 1 3

Data indicate the mean percentages of cells expressing CD69 or

human leucocyte antigen D-related (HLA-DR) activation antigens.

Standard errors (s.e.) were always less than 20% of the means.

Fig. 2. Distribution of Vg9Vd2 T cell subsets

in patients treated with Zoledronate

(Zol) + interleukin (IL)-2 prior to treatment

(T0), and 3 (T3), 9 (T9) and 12 (T12) months

after treatment. Top, bottom and middle line

through boxes, 75th, 25th, and 50th percentiles

for Vg9Vd2 Tnaive (CD45RA+CD27+), TCM

(CD45RA-CD27+), TEM (CD45RA-CD27-), and

TEMRA (CD45RA+CD27-) cells. Lines that extend

from boxes, highest and lowest values from each

subgroup. Lines within boxes, median values.

*P < 0·001, **P < 0·005, ***P < 0·01 and

****P < 0·02 compared to T0 values.
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and functional changes could be induced in the Vg9Vd2+ T

cell compartment in highly advanced disease. In this regard,

there was substantial differentiation of Vg9Vd2+ T cells

toward an effector/memory-like phenotype in all patients

monitored, and a striking and durable maintenance of

robust gd T cell numbers in 30% of patients. This establishes

that immunomodulation by Zol + IL-2 can be achieved

safely in patients refractory to all other treatments, as was the

case in advanced prostate cancer [26]. While highly encour-

aging, further optimization or modification of the protocol,

for example by prescreening patients’ cells for responsiveness

to Zol + IL-2 in vitro, might benefit additional treatment-

refractory patients [28]. Paralleling our data, durable activa-

tion of the TEM subset of Vg9Vd2+ T cells was reported

recently after a single dose of Zol to disease-free breast cancer

patients [33].

Our second aim was to assess whether there was a tumour

response to the treatment regimen. In this regard, the study,

albeit small, emphasizes strongly a correlation of peripheral

blood Vg9Vd2+ T cell numbers and status with arrested

disease progression, and with a surrogate marker thereof

(declining CA 15-3). This evokes a comparable correlation of

gd T cell numbers and activities with arrested disease pro-

gression in other scenarios of advanced malignancy [26]. We

note, however, that the declining health of seven patients

could not be attributed to poor functional conversion of

Vg9Vd2+ T cells (which was equivalent in all patients).

Therefore, there is no obvious need to invoke suppressor gd

T cells, as were described previously in breast cancer [42].

Rather, the critical difference was a failure to sustain robust

numbers, implying that high response frequencies compose

a key property of lymphoid stress-surveillance [8]. Hence,

any future treatment optimizations should respect the need

to achieve sufficiently large numbers of relevant gd T cells.

Given the powerful and diverse immunomodulatory

effects of different tumour milieus, the relevant anti-tumour

properties of Vg9Vd2+ T cells will probably vary in different

contexts. In this light, the robust gd T cell activation reported

here showed no direct evidence of enhanced cytotoxic

potential, as was observed in the preceding prostate cancer

trial [26]. Conversely, the observed increases in cytokines

evoke previous demonstrations, including our own, that

activated Vg9Vd2+ T cells, co-stimulated with IL-2, produce

large amounts of IFN-g, TNF-a, GM-CSF, IP-10 and MIP-1a

[43]. A central role of IFN-g in the anti-tumour activities of

gd T cells was reported in an animal model [44], while IFN-g

Fig. 3. In vitro activity of Vg9Vd2 T cells

in patients treated with Zoledronate

(Zol) + interleukin (IL)-2 prior to treatment

(T0), and 3 (T3), 9 (T9) and 12 (T12) months

after treatment. Top, bottom and middle line

through boxes, 75th, 25th, and 50th percentiles

for proliferation of Vg9Vd2 T cells (7 days),

interferon (IFN)-g and tumour necrosis factor

(TNF)-related apoptosis-inducing ligand

(TRAIL) secretion (48 h), and

N-a-benzyloxycarbonyl-l-lysine thiobenzyl ester

(BLT)-esterase activity (24 h) in response to

isopentenyl pyrophosphate (IPP) and IL-2

stimulation. Optical density (OD), absorbance.

Lines that extend from boxes, highest and

lowest values from each subgroup. Lines within

boxes, median values. *P < 0·001 compared to

T0 values.
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can also enhance cytotoxicity indirectly by increasing cells’

susceptibility to TRAIL. The central and specific role of

Vg9Vd2+ T cells in the patients’ responses is suggested

strongly by the failure to detect significant activation of NK

or ab T cells. Further investigation of the mechanism of

action will benefit from longitudinal studies of biopsies that

may offer correlates of the status of tumour-infiltrating gd T

cells with outcome.

In summary, this report advances further the case for an

expanded application of gd T cell agonists in solid tumours.

Such treatments might be complemented usefully by adop-

tive transfer of autologous gd T cells, harvested pretreatment,

expanded and reinfused after several months, according to

perceived need [9,29,31,32]. Phenotyping of such cells will

be critical, given that an expanded population of Vd1+ T cells

producing IL-4 correlated with good prognosis in a 1-year

follow-up of lymphoid malignancies [45], whereas Vd1+ T

cells infiltrating breast tumours suppressed T cell responses

and blocked dendritic cell function [42]. Although our

studies in breast and prostate cancer have focused on

advanced disease, the approach may also benefit other

patients. Thus, the reported anti-tumour and anti-metastatic

properties of Zol underpinned the Austrian Breast and Col-

orectal Cancer Study Group trial 12, to evaluate the efficacy

of 3 years of ovarian suppression plus anastrozole or tamox-

ifen with or without Zol in premenopausal women with

early breast cancer. That study demonstrated that the addi-

tion of Zol increased the rate of disease-free survival, com-

pared with endocrine therapy alone [46]. Such results

emphasize the need for larger-scale immunological monitor-

ing to gain insight into the full means of efficacy of amino-

bisphosphonates across a spectrum of disease scenarios.
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