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Abstract Immunotherapy is being increasingly utilized
for adjuvant treatment for breast cancer (BC). We have pre-
viously described immune functions during primary ther-
apy for BC. The present study describes immune recovery
patterns during long-term, unmaintained follow-up after
completion of adjuvant therapy.A group of patients with
primary BC had been treated with adjuvant radio-chemo-

therapy (RT + CT) 5-Xuorouracil, epirubicin and cyclo-
phosphamide (FEC) (n = 21) and another group with
radiotherapy (RT) (n = 20) alone. Immunological testing of
NK and T-cell functions was performed initially at the end
of adjuvant treatment and repeated after 2, 6 and 12
months. NK cell cytotoxicity was signiWcantly higher (P <
0.05) at all time-points in patients than in age-matched con-
trols and did not diVer between the two treatments groups
during one year observation. In contrast, lower numbers of
CD4 T-cells and lower expression of CD28 on T-cells was
observed particularly in RT + CT patients and did not nor-
malize during the observation period. The numbers of Treg

cells (CD4+CD25high) were low in the RT + CT group dur-
ing follow-up, as well as expression of TCR�, Zap70,
p56lck, P59fyn and PI3 k in CD4+ cells. In contrast, expres-
sion of intracellular cytokines (IFN-�, IL-2, IL-4) in CD4
and CD8 T cells were signiWcantly higher in RT + CT
patients than in the RT group and the diVerence increased
during follow-up. In conclusion, NK-cell cytotoxicity
increased during unmaintained long-term follow-up
whereas CD4 and regulatory T cells as well as signal trans-
duction molecules remained low following adjuvant radio-
chemotherapy.

Keywords Breast cancer · NK cells · T cells · Radiation · 
Chemotherapy

Introduction

Major progress in the treatment of breast cancer (BC)
has been made during recent years. However, a substantial
number of patients receiving conventional treatment
subsequently relapse [7] emphasizing the need to improve
treatment outcomes in BC. The humanized monoclonal
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antibody trastuzumab has improved overall survival in node
positive and high risk node negative Her-2 positive BC
patients, and is presently an accepted component of adjuvant
therapy [1, 14, 32, 34]. The new treatment options such as
trastuzumab and cancer vaccines currently being tested in
clinical trials are dependent on a functionally intact immune
system [1]. However, radiotherapy and chemotherapy have
long been known to cause leukopenia in BC [36] and a
decrease in circulating lymphocytes [24], [33]. A low
expression of T cell signalling molecules has also been
observed after adjuvant therapy in BC patients [18]. We
have previously shown that pre-operative BC patients had
higher NK cell numbers and function as well as expression
of T cell signalling molecules than patients who had com-
pleted adjuvant radiotherapy or chemo-radiotherapy [23].
The present study is focused on immune alterations longitu-
dinally during long-term (unmaintained) follow-up of BC
patients who had completed adjuvant therapy but had not
received trastuzumab or any other immunotherapy. These
results provide crucial information in BC patients with
regard to the timing of adjuvant immunotherapy with agents
like trastuzumab or testing of cancer vaccines, that are
dependent on conserved immunological functions [1, 38].

Materials and methods

Patients and treatments

The immunological status of the patients was initially
examined after the end of primary adjuvant radiotherapy or
radio-chemotherapy treatment and then repeatedly over a
period of one year. Between 2002 and 2004, 41 women
with BC from an ongoing randomized study were consecu-
tively enrolled after adjuvant treatment and compared to
eleven age-matched healthy female volunteers. To mini-
mize diurnal inXuences, all blood samples were drawn
between 8 and 9 a.m. The time schedule for patient’s blood
sampling and immunological analyses took place within 4
months after the end of primary adjuvant treatment (T0)
and repeated at 2, 6 and 12 months (T2, T6, T12). All
patients were treated in the surgery and oncology unit,
Västerås Hospital, according to the Regional Treatment
Guidelines directing the patients to the diVerent treatment
groups in relation to tumour size, lymph node involvement
and relevant clinical data. Patients were treated in accor-
dance with the Helsinki declaration on the participation of
human subjects in medical research and blood samples
were collected with informed consent as per protocols
approved by the regional ethical committee. Patient charac-
teristics are shown in Table 1. Tumor staging of patients in
the two treatment groups and preoperative white blood cell
counts are provided in Table 2.

Table 1 Patient characteristics

ER estrogen receptor, PR progesteron receptor, HER2 human epider-
mal growth factor receptor-2
a Patient with cardiac trouble and denied chemotherapy

RT (n = 20) RT + CT (n = 21)

Age median (range) 67 (52–80) 57 (38–69)

Type of surgery

Mastectomy 3 2

Breast conservation 17 19

Lymph nodes

Axillary clearance 5 14

Sentinel node 11 7

No axillary dissection 4 0

Cancer in situ 2 0

No of involved lymph nodes

·3 0 11

4–8 1a 4

¸9 0 1

Negative 15 5

ER status

ER+ 17 14

ER¡ 1 6

Not known 2 1

PR status

PR+ 10 9

PR¡ 7 11

Not known 3 1

HER2 status

HER2+ 1 4

HER2¡ 1 6

Not known 18 11

Adjuvant tamoxifen 11 15

Tumor size cm, median (range) 1.4 (0.5–5) 1.7 (0.7–3)

<2 cm 13 16

¸2 cm 7 5

Table 2 Patient characteristic in relation to tumour stage and treat-
ment

Absolute number (£103) (mean § SEM) of white blood cells before
the surgical intervention

Tumour 
stage

RT + CT group RT group

No. 
patients

WBC 
(mean + SEM)

No. 
patients

WBC 
(mean + SEM)

DCIS III 0 – 2 7.4 + 1.2

T1N0M0 3 8.7 + 1.9 14 7.3 + 0.4

T1N1M0 9 6.6 + 0.5 0 –

T2N0M0 2 7.7 + 0.0 2 7.3

T2N1M0 7 6.5 + 0.4 1 9.5

T3N0M0 0 – 1 6
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Fifty Gray (Gy) total radiation fractioned in 2 Gy doses
(6 MeV photons) was delivered to the breast in all patients
after breast conserving surgery. Patients with lymph node
involvement (n = 18) had additional radiation to the
regional lymph nodes. Patients who had undergone mastec-
tomy received radiotherapy (RT) directed towards the tho-
racic wall. Twenty patients had received radiotherapy alone
(RT group) and 21 had received combined radio and che-
motherapy. The chemotherapy was the FEC regimen (5-
Xuorouracil 600 mg/m2, epirubicin 60 mg/m2 and cyclo-
phosphamide 600 mg/m2) repeated every 3 weeks up to
seven cycles in all but one patient (6 cycles). None of the
patients received adjuvant trastuzumab or other immuno-
therapy. Comparable numbers of patients in both groups
received adjuvant tamoxifen therapy during the study
period.

Healthy female volunteers of median age 62 years (range
40–64 years) with no previous history of malignancies or
autoimmune diseases and no concurrent infections were
tested at T0, and 2 and 6 months thereafter.

Monoclonal antibodies and other reagents

FITC, PE, PerCP or APC-conjugated antibodies against
CD3, CD4, CD8, CD25, CD28, CD56, CD161 and NKB1
and the cytokines IFN-�, IL-2 and IL-4, as well as isotype-
matched negative controls were commercially purchased
from Becton–Dickinson (BD) Mountain view, CA, USA.
Mabs against the signal transduction molecules P56lck,
p59fyn, Zap70 and PI3 k were purchased from Transduction
Laboratories (Lexington, KY, USA) and antibody against
CD3� from Bio Site, Stockholm, Sweden. Saponin, PMA
and ionomycin were purchased from Sigma (St Louis, MO,
USA) and Brefeldin A and goat anti mouse Mab were
obtained from BD.

Isolation of peripheral blood mononuclear cells and cell 
culture conditions

Peripheral blood mononuclear cells (PBMC) were isolated
from heparinized blood by separation on a Ficoll-Isopaque
gradient (Amersham Pharmacia Biotech AB Uppsala,
Sweden). To assess the ability of T and NK cells to pro-
duce cytokines in response to polyclonal stimuli, 1–2 £
106 cells/ml were stimulated with 25 ng/ml PMA and 1 �g/
ml ionomycin in RPMI 1640 medium containing 10%
heat-inactivated fetal calf serum (FCS), 2 mM glutamine,
100 U/ml penicillin and 100 �g/ml streptomycin (Gibco
BRL, Paisley, UK), and 10 �g/ml Brefeldin A. Control,
unstimulated samples were set up in parallel without PMA
and ionomycin. Cells were incubated at 37°C in 5% CO2

for 4 h.

Cellular staining and Xow cytometry

Flow-cytometric analyses were carried out using a FAC-
SCalibur (BD) as described in a previous study [22]. Anti-
bodies were titered and an appropriate concentration was
used to stain 5 £ 105 cells. A lymphocyte gate based on for-
ward and side scatter characteristics was used to demarcate
and analyse NK and T cells. Criteria for positive staining
were set at Xuorescent intensities displayed by <1% of the
cells stained with the isotype controls.

Calculation of absolute cell numbers

Lymphocytes expressing NK receptors and T cell subset
markers as determined by Xow cytometry were expressed
as a percentage of the total population. To determine the
absolute number of speciWc cells per ml of blood, the per-
centage fraction was multiplied by the number of lympho-
cytes per litre as determined by an automated diVerential
blood count on the same sample.

NK cell mediated cytotoxicity

NK cell function was measured in vitro using chromium
release assay. NK-sensitive K562 cells were labelled with
100 �Ci Na2

51CrO4 (37 MBq, 1 mCi, Amersham UK) for
1 h and co-cultured with eVector cells in triplicate in 96-well
plates. Labelled targets and eVector cells were cultured for
4 h at various eVector: target ratios (50:1, 25:1, 12.5:1,
6.25:1). Spontaneous 51Cr release was determined by incu-
bating target cells alone and total release by lysing labelled
cells with 5% Triton X-100. After incubation the released
radioactivity in the supernatant was quantiWed using a
gamma counter (Automatic Gamma Counter 1480 WIZ-
ARD™, Wallac, Turku, Finland). NK cytotoxic activity was
calculated as number of lytic units (LU) per 106 eVector
cells. One LU is deWned as the number of eVector cells capa-
ble of lysing 30% of the target cells. Calculations were
performed using a computer software kindly provided by
Dr T. Whiteside, University of Pittsburg, Pittsburg, PA, USA.

Proliferation assay

Mononuclear cells from patients or healthy volunteers (1 £
105 cells/well) were incubated in a 96-well culture plate
with medium alone or with medium containing 10 �g/ml of
the polyclonal T cell mitogen phytohaemagglutinin (PHA)
(Gibco BRL) or 2.5 �g/ml of the recall antigen mycobacte-
rial puriWed protein derivative (PPD) (National Serum
Institute, Copenhagen, Denmark). Cultures were incubated
for 3 days and 1 �Ci/well 3H-thymidine (Amersham Phar-
macia Biotech, Uppsala, Sweden) was added to each well
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for the Wnal 16–18 h. Cells were harvested and the incorpo-
rated radioactivity was measured in a �-counter (Micro
Beta 1450, Wallac, Turku, Finland). Results were reported
as stimulation index calculated as the ratio of radioactivity
of cells incubated with PHA or PPD and the radioactivity of
control cultures.

Statistical analysis

The frequency of cytokine producing cells was reported as
a percentage of total CD4 or CD8 T cells, or CD3¡CD56+

NK cells. The surface molecule expression is shown in
absolute number of cells/�l and intracellular signalling
molecules in both absolute number of positive cells and
mean Xuorescent intensity (MFI) ratio [15]. ANOVA with
Post Hoc test according to Bonferroni was used for compar-
ison between the patients up to 6 months (T0–T6) after
Wnishing adjuvant treatment and healthy volunteers. The
inXuence of the diVerent treatments on immune variables
was assessed by repeated measure ANOVA, to test diVer-
ences over the time and between treatments groups (month
0–12, T0–T12). A P-value < 0.05 was considered signiW-
cant.

Results

Absolute numbers of WBC and lymphocytes were signiW-
cantly lower in RT + CT group than in the other groups
and did not normalize during the observation period
(Table 3).

NK cells

NK cytotoxicity was signiWcantly higher at baseline in both
patient groups than in healthy volunteers (P < 0.05) and the
diVerence increased gradually during un-maintained long-
term follow-up (Fig. 1a). The percentage of intracellular
IFN-� positive NK cells was signiWcantly higher in RT +
CT patients than in RT patients (P < 0.05) and was higher
than in healthy volunteers at all tested time points (Fig. 1b).

In contrast, the absolute numbers of NK cells
(CD3¡CD56+) did not diVer signiWcantly between the two
treatment groups in comparison with healthy volunteers
although numerically higher numbers of cells were
observed in the patients than in controls during the later
part of the follow-up. After the end of treatment the RT +
CT group showed a numerically lower frequency of NK
cells which normalised at long-term follow-up (Fig. 1c).
Similar results were observed for NK cell receptors CD94,
CD161 and NKb1 (data not shown). In addition the
percentages a of NK cell in RT + CT and RT and healthy
volunteers were not signiWcantly diVerent (Table 4).

T cells

Absolute numbers of CD3+ T cells/microliter (Fig. 2a) and
CD4+ T cells (Fig. 2b) were signiWcantly lower in patients
than in healthy volunteers at all time points (P < 0.01) and
the lowest numbers were observed in RT + CT patients
(Fig. 2a). In contrast, the numbers of CD8 T cells were not
signiWcantly aVected by prior therapy (Fig. 2c). A signiW-
cantly lower expression of CD28 on both CD4 and CD8
cells was observed in both the RT and RT + CT groups
compared to healthy volunteers (P < 0.05–0.001) and did
not normalize during the observation period (Fig. 3a, b).

The CD4+CD25high (Treg) population was signiWcantly
decreased in the RT + CT group in comparison to both RT
group and healthy volunteers (P < 0.01) during the Wrst
6 months of follow-up, after which numbers of Treg cells
in the RT group were gradually reduced to the same low
levels as in the RT + CT group (Fig. 3c).

Intracellular T-cell signaling molecules

Signaling molecules were analyzed by Xow cytometry and
two aspects were examined. The percentage of positive
cells corresponded to the frequency of expression of the
molecules on the given subpopulation whereas the intensity
of the expression of the signalling molecules on the cell
surface was measured as the MFI.

The frequency of CD4+/Zap70+ cells was lower in
patients than in healthy volunteers throughout the observa-
tion period and the greatest reduction was observed in RT +
CT patients (P < 0.01) (Fig. 4). Almost identical results in

Table 3 Total WBC and lymphocyte counts in the peripheral blood of
patients and healthy donors at various time points

Absolute number (£103) (mean § SEM) of white blood cells and lym-
phocytes/�l in relation to time during long-term unmaintained follow-
up of adjuvant radiotherapy (RT) or radio/chemotherapy (RT + CT) in
patients with primary breast cancer

ND not done

WBC/lymphocyte in RT + CT group were signiWcantly lower (P <
0.01) than the other groups by ANOVA test
a After end of adjuvant therapy

Baselinea Month 2 Month 6 Month 12

RT group (n = 20)

WBC 5.7 § 0.3 5.6 § 0.4 5.7 § 0.4 6.0 § 0.4

Lymphocyte 1.7 § 0.1 1.6 § 0.1 2.0 § 0.3 1.9 § 0.1

RT + CT group (n = 21)

WBC 4.3 § 0.2 4.5 § 0.1 5.0 § 0.2 5.1 § 0.3

Lymphocyte 1.1 § 0.1 1.2 § 0.1 1.4 § 0.1 1.5 § 0.1

Healthy volunteers (n = 11)

WBC 6.9 § 0.4 6.2 § 0.5 6.6 § 0.7 ND

Lymphocyte 2.0 § 0.2 2.8 § 0.7 2.6 § 0.3 ND
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CD4 cells were observed for other signalling molecules,
TCR�, p56lck, p59fyn and PI3 k (data not shown). No sig-
niWcant diVerences in signal transduction molecule expres-
sion by CD8 T cells could be observed between the groups
or over time (data not shown).

The intensity of the signalling molecule expression as
measured by MFI was not diVerent between the treatment
groups or between patients and healthy volunteers during
the observation period, either in CD4 or in CD8 T cells
(data not shown). The only exception was the MFI of PI3 k
which was signiWcantly and stably reduced in CD4 and
CD8 T cells from patients compared to healthy volunteers
(Fig. 5a, b).

Intracellular T-cell cytokines

RT + CT patients showed signiWcantly higher intracellular
production of IFN-�, IL-4 and IL-2, in CD4 T cells, when
compared to the RT group and healthy volunteers (Fig. 6a–
c). The frequency of positive cells and the diVerence versus
healthy volunteers increased for all three cytokines over
time especially in the RT + CT group. Similar but less pro-
nounced diVerences were observed in CD8 T cells (data not
shown).

PPD and PHA T cell response

A signiWcant and prolonged reduction in response to the
recall antigen PPD was seen in the RT group in comparison
to both RT + CT group (P < 0. 05) and healthy volunteers
(P < 0.01) (Fig. 7). The proliferation capacity of T cells
against the mitogen PHA did not diVer signiWcantly
between RT and RT + CT groups (data not shown).

Discussion

The present study demonstrated lower numbers of CD4 T-
cells, low expression of CD28 T cells particularly in RT +
CT patients during long time follow up as well as low num-
bers of Treg cells and low expression of signalling mole-
cules. In contrast the expression of intracellular cytokines
in CD4 and CD8 cells were higher in RT + CT patients and
NK cytotoxicity was signiWcantly higher at all time-points
in the patients than in aged matched controls.

Breast-conserving surgery, and adjuvant radiotherapy
(RT), chemotherapy (CT) or combined treatment (RT +
CT) is currently the accepted main approach for treating
BC patients. However, little emphasis has been made on the
impact of chemo-radiotherapy regimens on the immune
system [24]. Vaccination therapies are presently being
tested in clinical trials and ADCC-dependent therapeutic
antibodies such as trastuzumab are being increasingly used
as part of the standard adjuvant therapeutic regimen for BC
[1]. Trastuzumab binds to the portion of the extra-cellular
domain of the Her2 receptor which prevents the activity of
its intracellular tyrosine kinase and may also prevent the
Her2-receptor dimerization [35]. Preclinical models also

Fig. 1 Absolute numbers and cytotoxic activity of NK cells in patients
and healthy volunteers. NK cytotoxicity against K562 (expressed as
LU30) (a); percentage of IFN-� producing NK cells (b), absolute num-
bers of CD3¡CD56+ NK cells (c) in breast cancer patients who had
received prior adjuvant radiotherapy (RT) (n = 20) (Wlled square),
radio-chemotherapy (RT + CT) (n = 21) (Wlled diamond) and in normal
healthy controls (NC) (n = 11) (Wlled triangle). Data at each time point
is shown as mean § SEM. 9 SigniWcant P value for repeated measure-
ments ANOVA, comparing two groups of patients at four diVerent
time points. * SigniWcant P value for ANOVA with Post Hoc test, com-
paring healthy controls and patients at three diVerent time points.
DiVerences were considered to be statistically signiWcant if P was less
than or equal to 0.05
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suggest that trastuzumab recruits immune eVector cells that
are responsible for ADCC [37]. Studies investigating the
eVect of trastuzumab in combination with Her2-targeted
vaccines and activated CD8 + lymphocytes to harness the
potential therapeutic eVect of trastuzumab exerted via
immune mechanism rather than inhibition of Her-2/neu sig-
nalling have been reported [9]. It is therefore increasingly
important to assess the immune function in patients after
therapy to delineate the time point where trastuzumab adju-
vant therapy would have the maximum potential of syner-
gizing with antitumor immune eVectors [12].

Absolute numbers of CD4+ T cells were signiWcantly
reduced among the patients compared to healthy volunteers
and was most pronounced among the RT + CT patients. The
numbers of CD4+CD25+ Tregs were also lower in the RT +
CT patients reXecting the decreased CD4+ count rather than a
speciWc inhibition of regulatory T cells. No signiWcant diVer-
ence in Tregs numbers was seen between RT patients and
healthy volunteers. Previous studies have demonstrated that
tumour vaccines administered during this period of homeo-
stasis-driven peripheral T cell expansion result in augmented
immune responses [2, 17]. The absolute numbers of
CD8+CD28¡ cells in our patients increased in the circulation
after treatment, as the absolute numbers of CD8+CD28+ were
signiWcantly lower compared to healthy volunteers. These
Wndings are in accordance with data reported by Kuss et al.
[19] in patients with head and neck cancer.

The CD8+CD28¡ cells have been shown to have a regu-
latory role, and to secrete both regulatory and eVector cyto-
kines [4]. These cells appear to be potent suppressors of
immune response as manifested by their ability to inhibit
T cell proliferation [11]. The underlying mechanism of

immune suppression by CD8+CD28¡ T cells is unknown,
although the secretion of suppressor cytokines may be
involved, and possibly explain the prolonged reduction in
responses to PPD as well as low proliferative potential in
RT patients compared to healthy controls. On the other
hand, high doses of cyclophosphamide included in the FEC
regimen is known to decrease lymphocyte proliferation and
circulating numbers of lymphocytes [13].

The ability of T lymphocytes to transduce signals to the
nucleus is crucial for initiation and maintenance of an
immune response. Stimulation of the T-cell receptor and
co-stimulation of CD28 by ligands activate a sequence of
intracellular protein tyrosine phosphorylation events coor-
dinated by protein tyrosine kinase, ZAP70, p56lck, P59fyn

and PI3k. Signal transduction molecules in CD8 T cells did
not diVer between the two treatment-groups or in compari-
son with healthy volunteers. However, the frequency of
CD4+ cells expressing the signalling molecules remained
signiWcantly decreased in patients, particularly in the RT +
CT group. This decrease reXected the overall reduction in
CD4+ cells and did not recover during the year of observa-
tion. The intensity of T cell-signalling molecules of CD4
and CD8 T cells measured by MFI did not diVer between
patients and healthy volunteers with the exception of PI3k.
It should be noted that the corresponding aspects of T cell
functions were relatively intact in the patients tested prior
to initiation of therapy [23].

Cytokine production by T-cells was enhanced by therapy
especially in the RT + CT group and increased considerably
during long term observation. No signiWcant diVerence
between RT patients and healthy volunteers could be seen
either in CD4 or CD8 T cells.

Table 4 Lymphocyte subsets in patients and healthy controls at various timepoints

Frequency (mean § SEM) of lymphocyte’s subsets
a All CD3+, CD4+ and CD8+ cells from lymphocyte’s gate
b CD4+CD25+/CD4+CD28+ from CD4+ gate
c CD8+CD25+/CD8+CD28+ from CD8+ gate
d CD3¡CD56+ from CD3-lymphocyte gate

RT + CT group (n = 21) RT group (n = 20) RT versus 
RT + CT

Control 
(n = 11)

Baseline T2 T6 T12 Baseline T2 T6 T12 P-value

CD3+a 63.8 § 2 57.0 § 2.2 56.7 § 1.6 59.4 § 2.0 54.1 § 3.3 56.8 § 2.8 55.0 § 3.2 60.2 § 2.9 0.25 64.7 § 1.1

CD4+a 32.1 § 1.6 29.7 § 1.3 29.6 § 1.3 33.1 § 0.9 36.3 § 2.5 38.6 § 2.0 36.6 § 2.4 40.8 § 2.2 0.009 45.1 § 2.0

CD8+a 26.6 § 1.9 22.1 § 1.6 22.6 § 1.7 22.3 § 1.6 14.0 § 1.4 14.6 § 1.3 14.4 § 1.1 16.2 § 1.2 0.0002 17.0 § 1.4

CD4+CD25+b 15.7 § 2.4 15.4 § 2.3 10.4 § 0.9 8.1 § 1.0 15.4 § 2.1 17.2 § 2.1 11.8 § 1.4 7.0 § 1.11 0.69 13.9 § 1.4

CD8+CD25+c 2.3 § 0.7 2.9 § 1.2 1.1 § 0.3 1.0 § 0.3 5.5 § 1.6 5.9 § 1.6 3.6 § 1.0 1.4 § 0.4 0.05 4.8 § 0.9

CD4+CD28+b 89.8 § 3.1 91.7 § 2.5 91.5 § 2.5 93.2 § 2.2 95.4 § 1.3 96.6 § 0.9 96.9 § 0.5 94.0 § 1.6 0.13 94.5 § 1.2

CD8+CD28+c 52.1 § 5.1 54.3 § 4.4 54.9 § 4.8 59.9 § 3.8 64.1 § 4.9 65.2 § 5.0 62.3 § 4.7 62.3 § 4.4 0.19 65.5 § 3.6

CD3¡CD56+d 31.1 § 2.4 26.8 § 2.7 32.5 § 3.3 33.0 § 3.4 27.5 § 2.5 29.6 § 3.0 34.1 § 2.9 26.6 § 3.0 0.63 24.8 § 1.5
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IFN-�, IL-4 and IL-2 secretion was increased both in
CD4 and CD8 cells after RT + CT. These results are com-
parable to those by Fattorossi et al. who showed that RT +
CT had an enhancing eVect on IFN-� production and
immune competence in cervical carcinoma patients [10].
Increased serum levels of IL-2 have also been reported in
lung and colorectal carcinoma cancer [16, 26]. The results
of our study do not provide clear answers why the lympho-
cytes of BC patients are more prone to cytokine production.
However, ionizing radiation lead to secretion of proinXam-

matory cotokines in mice [6, 31], and it has been suggested
that cyclophosphamide potentates the production of immu-
nostimulatory cytokines [20, 27, 30]. This data is also in
agreement with our Wndings showing the higher cytokine
production in RT + CT groups, having received FEC.

Fig. 2 Absolute numbers of T cell subsets in patients and healthy vol-
unteers. a CD3+ T cells, b CD4+ T cells and c CD8+ T cells in breast
cancer patients who had received prior adjuvant radiotherapy (RT)
(n = 20) (Wlled square), radio-chemotherapy (RT + CT) (n = 21) (Wlled
diamond) and in normal healthy controls (NC) (n = 11) (Wlled triangle).
Data at each time point is shown as mean § SEM. 9 SigniWcant P value
for repeated measurements ANOVA, comparing two groups of
patients at four diVerent time points. * SigniWcant P value for ANOVA
with Post Hoc test, comparing healthy controls and patients at three
diVerent time points. DiVerences were considered to be statistically
signiWcant if P was less than or equal to 0.05
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Fig. 3 Regulatory T cells and CD28 expression on patients and
healthy controls. Absolute numbers of CD8+CD28+ T cells (a),
CD4+CD28+ (b), CD4+CD25+ (c) breast cancer patients who had re-
ceived prior adjuvant radiotherapy (RT) (n = 20) (Wlled square), radio-
chemotherapy (RT + CT) (n = 21) (Wlled diamond) and in normal
healthy controls (NC) (n = 11) (Wlled triangle). Data at each time point
is shown as mean § SEM. Data at each time point is shown as mean §
SEM. 9 SigniWcant P value for repeated measurements ANOVA, com-
paring two groups of patients at four diVerent time points. * SigniWcant
P value for ANOVA with Post Hoc test, comparing healthy controls
and patients at three diVerent time points. DiVerences were considered
to be statistically signiWcant if P was less than or equal to 0.05
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NK cells are known to be a critical part of the immunity
particularly for agents like trastuzumab that mediate some
of its therapeutic eVect through ADCC [1, 8, 25]. Adminis-
tration of IL-2 has been shown to enhance NK cell response
to trastuzumab in BC [5, 28]. Cytotoxic activity and IFN-�
production by NK cells were signiWcantly higher in the BC
patients than in healthy volunteers and the diVerences
increased further during long term unmaintained follow-up.
The percentage of NK cells determined by Xow cytometry
was not signiWcantly diVerent between the patients and the
healthy volunteers (mean § SD of NK cell percentage in
RT + CT group was 30.8 § 13.8, RT 29.5 § 13.0 and
healthy control 24.8 § 6.5%). The paucity of cells obtained
from the patients did not permit the puriWcation of NK cells
and the cytotoxicity assays were set up using numbers of
PBMC rather than numbers of NK cells as eVectors. The
fact that CD4+ T cells slightly decreased in the patients
compared to healthy volunteers, and the numbers of NK
cells are slightly increased may simply produce a compara-
tive “enrichment” in NK cells within a Wxed number of
eVector PBMC. Consequently, it is not clear whether the
increased lytic activity represents an increase in functional
activity on a per cell basis or a proportional enrichment of
NK cells in the eVector population due to a decrease in the
numbers of CD4+ T cells.

Most of the patients in our study received tamoxifen.
The eVect of tamoxifen on immune function is controver-
sial. Lucac et al. observed that tamoxifen helped recovery

of lymphocyte populations decreased by radiotherapy and
restored the numbers of immune cells rather than their
functions [21] while Robinson et al. [29] demonstrated
high NK cell activity in tamoxifen-treated bilateral pri-
mary BC patients. In contrast, Baral et al. [3] could not
Wnd any eVect of tamoxifen on NK cell activation. How-
ever, the increase in NK cytotoxicity in our patients was
probably not due to the tamoxifen as the phenomenon was
already observed in pre-operative patients before adjuvant
treatment [23]. In addition the majority of patients in both
groups were receiving Tamoxifen. The ages of the patients
in the present study as well as the controls were also fairly
comparable.

This study identiWes important aspects of NK and T-cell
functions in BC patients during long time un-maintained
follow-up after previous standard adjuvant therapy. The
results indicate that the period following adjuvant RT or

Fig. 4 Expression of ZAP70 in T cells of patients and healthy con-
trols. Absolute numbers of CD4 T cells expressing signalling molecule
ZAP70 in breast cancer patients who had received prior adjuvant radio-
therapy (RT) (n = 20) (Wlled square), radio-chemotherapy (RT + CT)
(n = 21) (Wlled diamond) and in normal healthy controls (NC) (n = 11)
(Wlled triangle). Data at each time point is shown as mean § SEM.
9 SigniWcant P value for repeated measurements ANOVA, comparing
two groups of patients at four diVerent time points. * SigniWcant P val-
ue for ANOVA with Post Hoc test, comparing healthy controls and
patients at three diVerent time points. DiVerences were considered to
be statistically signiWcant if P was less than or equal to 0.05
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Fig. 5 Expression of PI3-k in T cells of patients and healthy controls.
Mean Xuorescent intensity of PI3-k expressing CD4 (a) and CD8 (b) T
cells in breast cancer patients who had received prior adjuvant radio-
therapy (RT) (n = 20) (Wlled square), radio-chemotherapy (RT + CT)
(n = 21) (Wlled diamond) and in normal healthy controls (NC) (n = 11)
(Wlled triangle). Data at each time point is shown as mean § SEM.
9 SigniWcant P value for repeated measurements ANOVA, comparing
two groups of patients at four diVerent time points. * SigniWcant P val-
ue for ANOVA with Post Hoc test, comparing healthy controls and
patients at three diVerent time points. DiVerences were considered to
be statistically signiWcant if P was less than or equal to 0.05
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RT + CT may be suitable for additional treatment with
agents like monoclonal antibodies that utilize immune
eVector mechanisms to mediate their therapeutic eVect.
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