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Abstract Tumor-specific memory T cells are detectable in
the bone marrow (BM) of a majority of breast cancer patients.
In vitro they can be reactivated to IFN-y producing, cytotoxic
effector cells and reject autologous, xenotransplanted tumors
in NOD/SCID mice after specific restimulation with autolo-
gous dendritic cells (DC). In this study, we demonstrate the
presence of specific tumor-reactive BM memory T cells in
altogether 56 out of 129 primarily operated breast cancer
patients by short-term IFN-y EliSpot assays with unstimulated
T cells and tumor antigen presenting, autologous DCs. We
observed tumor-reactive BM memory T cells predominantly
in patients with primarily metastatic disease (P =0.011) or
with increased concentrations of tumor marker CA 15-3 in the
peripheral blood (P =0.004), respectively. Memory T cell
reactivity against HLA-A""%!_restricted peptides from the
tumor-associated antigens MUCI, Hpas ,, and Hpa g; o,
was also detected particularly in patients with elevated periph-
eral CA 15-3 concentrations (P < 0.05). Altogether these data
indicate that the systemic presence of tumor-derived antigens
promotes an induction of tumor-specific cellular immune
responses in the human BM.
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Abbreviations
BM/BMTC Bone marrow/bone marrow T cell

CA 15-3 Cancer antigen 15-3

CD Cluster of differentiation

DC Dendritic cell

EliSpot Enzyme-linked immunosorbent spot

GM-CSF Granulocyte macrophage colony-
stimulating factor

HIV,,, Human immunodeficiency virus
(group-specific antigen)

HLA Human leukocyte antigen

Hpa/HPSE Heparanase

IFN-y Interferon-y

IL Interleukin

MHC Major histocompatibility complex

MUC1 Mucin-1

NF-xB Nuclear factor kappa-light-chain enhancer
of activated B cells

NOD/SCID Non-obese diabetic/severe combined
immunodeficiency

MAPK Mitogen-activated protein kinase

PBMC Peripheral blood mononuclear cell

TA/TAA Tumor antigen/tumor-associated antigen

TAP Transporter for antigen presentation

TNF-o Tumor necrosis factor-o

Introduction

Breast cancer is considered a systemic disease with a pri-
marily loco-regional component. Recurrent disease is often
due to an early dissemination of tumor cells. Only 5% of
breast cancer patients show clinically detectable metastases
at first diagnosis, although up to 40% of those patients have
occult metastases at that time [3, 9]. A predominant organ
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for dissemination and maintenance of breast cancer tumor
cells is the bone marrow (BM) [10]. It has recently been
shown that malignant tumors can be recognized by the
host’s immune system revealing an innate, specific recogni-
tion of breast cancer antigens. In this context spontaneous
tumor antigen (TA)-specific T cell responses can be
induced in form of an anti-tumoral T cell memory reper-
toire in the human BM [2, 8, 12, 24, 28]. After short-term
culture with autologous dendritic cells (DC) prepulsed with
autologous tumor lysates, we recently demonstrated a specific
reactivation of BM memory T cells to IFN-y producing and
cytotoxic effector cells in vitro. Upon reactivation BM
memory T cells rejected efficiently autologous, xenotrans-
planted breast tumors in NOD/SCID mice by selective infil-
tration of CD45RO" memory T cells and CD11c¢* DC [2, 12].

Circulating naive T cells, however, do not recognize
tumor-associated antigens (TAA) directly, but need a
“priming event” through direct interactions with antigen
loaded DC in lymphoid organs. Once migrated to the BM,
naive antigen-specific T cells can be activated by resident
CDIllIc¢* DC presenting exogenous antigens from the
peripheral blood via MHC class I and II [13, 27]. As
CDI11c* DC are highly efficient in taking up blood born
antigens we analyzed the impact of peripheral antigen load
on the induction of specific tumor immune interactions in
this study. In this context, we subanalyzed patients with
high peripheral tumor load in form of primarily metastatic
disease and patients with high serum levels of tumor
marker CA 15-3 as a hint of high peripheral concentration
of the TAA MUCI.

Using ex vivo short-term IFN-y EliSpot assays, we here
demonstrate the presence of functional, tumor-specific BM
memory T cells in altogether 56 out of 129 primarily oper-
ated breast cancer patients. T cells were reactive to tumor cell
lysates, comprising the whole repertoire of responsive CD8*
and CD4" T cells, or to HLA-A""!restricted peptides from
TAA such as heparanase or MUC1. We observed tumor-
reactive BM memory T cells in a strongly increased propor-
tion of patients with primarily metastatic disease or with
raised concentrations of tumor marker CA 15-3 in the periph-
eral blood, respectively, when compared to patients without
metastases or elevated tumor markers in the serum. These
findings support a high impact of peripheral TA on the induc-
tion of specific cellular immune responses in the BM.

Materials and methods
Patients

Bone marrow samples were taken from patients with pri-
mary, histologically approved breast carcinomas. Informed
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consent was obtained from all participants. The study pro-
tocol was approved by the Ethical Committee of the Uni-
versity of Heidelberg (Heidelberg, Germany). BM was
aspirated from each anterior iliac crest during primary sur-
gery [12]. Heparanized BM was subjected to Ficoll gradient
centrifugation (Pharmacia, Uppsala, Sweden) and cells in
interphase were collected. Primary breast tumor specimens
were obtained during tumor resection and immediately
snap frozen in liquid nitrogen.

HLA-A2 typing

Typing of patients for HLA-A"%!_expression was per-
formed using the monoclonal antibody (mAb) BB7.2;
BD Pharmingen, Heidelberg, Germany, as described
previously [8].

Human tumor cell lines

MCF-7 mammary carcinoma and U937 promonocytic leu-
kemia cells were used [12]. The TAP-deficient HLA-
A" expressing T2 cell line was employed for loading
with HLA-A™%!_restricted peptides [12]. The following
HLA-A"%restricted nonapeptides were used: MUCI
(amino acids 12-20: LLLLTVLTV; Ref. [4]), Hpas_,,
(amino acids 16-24: LLLGPLGPL; Ref. [31]), Hpa g3 9,
(amino acids 183-191: DLIFGLNAL; Ref. [31]), insulin
(amino acids 34-42: HLVEALYLV; Ref. [2]), HIVgag
(amino acids 77-85: SLYNTVATL; Ref. [36]).

Generation of DCs and T lymphocytes

Dendritic cells were generated as described with modifi-
cations [12]. BM cells were cultured for 14 days in serum-
free X-VIVO 20 medium (BioWhittaker, Walkersville,
Maryland) with human GM-CSF (50 ng/ml;
Behringwerke, Marburg, Germany) and IL-4 (1,000 U/ml;
PromoCell, Heidelberg, Germany). Non-adherent DCs
were enriched by depletion of contaminating T and B
lymphocytes and pulsed for 20 h with lysates (200 pg pro-
tein/1 x 10° cells/ml) from freshly isolated autologous
tumor cells, MCF-7- and U937-tumor cells or normal
PBMC that were lysed by five freeze/thaw cycles [12] or
loaded likewise with 10 pg/ml HLA-A"*!_restricted pep-
tides [2, 8]. To generate T lymphocytes, BM cells were
incubated for 13 days in RPMI-1640 with 10% human AB
serum (PromoCell), IL-2 (100 U/ml; Chiron, Ratingen,
Germany) and IL-4 (60 U/ml; PromoCell) followed by
overnight incubation in the same medium without inter-
leukins. After depletion of CD19*, CD15* and CD56"
cells, the suspension contained 95-99% CD3* T cells
(about 25% were CD8%).
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IFN-y EliSpot assays

IFN-y producing T lymphocytes were determined as
described [12]. DCs pulsed with different antigens were co-
incubated with autologous T cells (DC:T cell ratio 1:5) for
40 h. The number of IFN-y-spot-forming cells was mea-
sured using a microscope Axioplan 2 and KS EliSpot soft-
ware (Carl Zeiss Vision, Hallbergmoos, Germany). Spots
measured in the presence of DCs pulsed with negative con-
trol antigens were considered as non-specific background.
Individuals were designated as responders if the average
number of spots in the presence of DCs loaded with TA
was significantly higher (P <0.05) than that in negative
control wells.

Quantitative measurement of CA 15-3

CA 15-3 measurement was performed by the central labo-
ratory of the Heidelberg University Hospital as described
[1]. Concentrations were determined by ECLIA/Electro-
chemiluminescence Immunoassay (CA 15-3 II Elecsys,
Roche Diagnostics, Mannheim, Germany) and performed
on the Modular Analytics E170 (Roche Diagnostics, Mann-
heim, Germany). Samples were diluted 1:10 with Diluent
Universal Elecsys. CA 15-3 test values were defined by the
monoclonal biotinylated antibody 115D8 and the monoclo-
nal, ruthenium-complex marked anti-CA 15-3 antibody
DF3 in a sandwich assay. By addition of streptavidin-
coated microparticles the complex was bound to the solid
phase. Microparticles were fixed magnetically onto the sur-
face of the electrode. Unbound substances were removed
by ProCell (Roche Diagnostics, Mannheim, Germany).
Chemiluminescence emission was induced by application
of voltage and measured by the photomultiplier (Roche
Diagnostics, Mannheim, Germany).

Statistical evaluation

Statistical significance of differential findings between test-
and control groups was determined by two-sided, unpaired
or if appropriate paired Student’s ¢ test (Figs. la—d, 2d-f).
The significances of Fig. 2a—c were determined by > test.
Findings were regarded as significant if P values were
<0.05.

Results

We performed short-term IFN-y EliSpot assays with
unstimulated T cells and TAA presenting autologous DCs
from the BM of altogether 129 primarily operated breast
cancer patients to test for the presence of functional, tumor-
specific T cells as secondary immune responses.

Spontaneous T cell responses in breast cancer patients

Tumor-associated antigens can efficiently restimulate a
broad repertoire of pre-existing, tumor-specific T-Helper
and cytotoxic T cells [25]. We used autologous DCs loaded
with respective antigens for restimulation of ex vivo iso-
lated BMTCs during 40 h EliSpot assays. Antigen-specific
IFN-y is exclusively secreted by pre-existing memory T
cells [23]. Unspecific background reactivity can be deter-
mined by stimulation of TCs with irrelevant control anti-
gens.

To assess the whole repertoire of tumor-reactive CD8*
and CD4" T cells we tested T cell reactivity of altogether
103 patients against autologous DCs pulsed with tumor cell
lysates [12]. In 67 cases we employed autologous tumor
cells. If autologous tumor tissue was not available, we used
lysates of the breast cancer cell line MCF-7 (n = 36). DCs
pulsed with lysates of autologous PBMCs or with the prom-
onocytic leukemia cell line U937, respectively, were used
as negative controls.

In Fig. la, b representative IFN-y EliSpot data are
shown. Antigen-specific responses are defined by a signifi-
cantly increased spot number in triplicate test wells com-
pared to corresponding control wells and indicated by
asterisks. In Fig. 1a, a representative patient with antigen-
specific TCs is depicted. Figure 1b presents a representative
patient without specific antigen response in the EliSpot
analysis.

Additionally, 26 HLA-A2" patients were tested for CD8*
T cell reactivity against autologous DCs pulsed with HLA-
A" _restricted peptides derived from the breast TAA
MUCI, Hpa,q », and Hpa,g; 1o; With HLA-A™""binding
peptides from insulin and HIV,,, as negative control anti-
gens. Consistently, antigen-specific responses are defined by
a significantly increased spot number in test wells compared
to the respective controls. In Fig. 1c a representative patient
is depicted showing antigen-specific responses regarding
Hpa,4 ,, and Hpa,g3_;9;, but not MUCI.

Overall we detected antigen-specific TC immunity in 48/
103 (46.6%) of patients tested for reactivity against tumor
cell lysates. Interestingly, we observed breast tumor-spe-
cific T cell responses more frequently when T cells were
tested against lysate from MCF-7 breast tumor cells (58%)
compared to tests with lysates from autologous tumor tissue
(33%). 8/26 (30.8%) of patients showed TC reactivity
against HLA-A""2%_restricted peptides. In total, 56 of 129
patients (43.4%) showed the presence of tumor-reactive
type-1 BMTC.

Background analysis as methodical stratification

Considering the possibility of a systematic error in our
analysis caused by differences in the negative control wells
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Fig. 1 Detection of tumor-specific T cells in primary breast cancer pa-
tients. a—¢ Representative results from IFN-y EliSpot assays with
BMTCs from three different individual patients demonstrate the pres-
ence (a, ¢) or absence (b) of tumor antigen-specific T cells tested for
recognition of autologous tumor lysate (aut. Tu-L) (a, b) or of HLA-
A" restricted tumor peptides (Hpa, MUC1) (c) as test antigens
(black bars) as compared to respective negative control antigens (gray
bars) from autologous PBMC lysate (aut. PB-L) or HIVgag/insulin.
White bars spot numbers in wells containing unstimulated TCs or DCs
alone. Bars show mean & SEM of triplicate wells. *Significant

rather than in the test wells, we calculated the average
background reactivity against controls and the average
reactivity against the test antigen for patients with tumor-
reactive T cells in the EliSpot test and compared it to
patients without such immune responses. IFN-y spots were
similar in control and test wells of non-responding patients,
whereas test wells of responding patients showed signifi-
cantly increased IFN-7y spots compared to the other groups.
IFN-y spots in control wells of responding patients were
also almost equivalent to control wells of non-responding
patients. From this a systematic error could be excluded
and tumor-reactive immune responses in the EliSpot test
may be considered valid (Fig. 1d).

Tumor spread affecting cellular immune responses in the
human bone marrow

In 103 patients tested for the presence of tumor-reactive T
cells against tumor cell lysates we next performed a sub-
analysis regarding the extent of tumor spread in the single
patient. To this end, we subdivided the total cohort in two
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EliSpot results are not caused by reduced spot numbers in negative
control wells. Mean £ SEM IFN-y spots in cumulated test or control
wells of EliSpot-positive (EliSpot pos.) or EliSpot-negative (EliSpot
neg.) patients using autologous tumor lysate or MCF-7 lysate as test
antigens (Tu; black bars), compared to the respective negative control
antigens autologous PBMC lysate or U937 lysate (control; gray bars).
*Significant (P < 0.05) difference between test groups from positive
patients and indicated control groups by two-sided Student’s 7 test; NS
not significant

groups with either non-metastatic (n =91) or metastatic
disease (n = 12) at the time of first diagnosis. Patients with
primarily metastatic disease mainly showed hepatic, pleural
or osseous lesions. Overall we detected tumor-reactive T
cells at a significantly higher percentage in patients with
primarily metastasized breast cancer (Fig. 2a; P = 0.011).

Next, we excluded patients with distant metastases and
analyzed exclusively the impact of tumor spread into local
lymph nodes on the presence of systemic, specific immune
responses. In this case, we subdivided the cohort (n = 84) in
two groups with either affected (n=32) or non-affected
(n =52) local lymph nodes. We were not able to get infor-
mation about the lymph node status in seven patients. In
contrast to distant metastases there was no difference
between patients with positive or negative lymphatic dis-
ease status regarding TC immunity in the BM (Fig. 2b).

In consequence of the above findings we analyzed the
correlation between the presence of tumor-reactive T cells
and concentrations of the tumor marker CA 15-3 as a labo-
ratory marker of disease spread in non-metastasized
patients. For this analysis, again metastasized patients were
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Fig. 2 TC immunity in correlation to clinical disease spread. a—c Pro-
portions of patients with (EliSpot pos., black bars) or without (EliSpot
neg., gray bars) BMTCs reactive against MCF-7 or autologous breast
tumor lysate according to the absence (MO) or presence (M1) of meta-
static disease (a), according to the absence (NO) or presence (N1-3) of
lymph node involvement (b) or the absence (CA15-3"°"™) or presence
(CA15-3high) of increased serum concentrations of the tumor marker
CA15-3 in MO patients (c). *Significant (P < 0.05) difference between
groups as analyzed by Fisher’s exact test (a) or y test (b, ¢); NS not

excluded. Clinically CA 15-3 is regarded as pathological at
concentrations >25 U/ml. We, therefore, subdivided the
cohort (n =78) in two groups with either elevated (n = 15)
or normal (n = 63) concentrations of tumor marker CA 15-
3. In 13 patients tumor markers were not analyzed at the
time of primary diagnosis. In our analysis non-metastasized
patients with pathologically increased CA 15-3 concentra-
tions showed specific tumor immune responses to a signifi-
cantly higher extent (Fig. 2¢; P = 0.008).

To support this finding we calculated the average CA 15-
3 concentration in non-metastasized patients with tumor-
reactive T cells (n = 32) in the EliSpot test and compared it
to patients without such immune responses (n = 46). In this
case the clinical cutoff value was not considered. Neverthe-
less, patients with tumor-reactive T cells showed signifi-
cantly higher absolute concentrations of CA 15-3. The
average concentration of CA 15-3 in patients with tumor-
reactive T cells was 24.72 U/ml compared to 15.74 U/ml in
the group without specific immune responses (Fig. 2d;
P =0.004).

Affection of CD8* TC reactivity by peripheral tumor
antigen

As CA 15-3 measurement comprises factually the concen-
tration of breast cancer associated antigen MUC1 we next
tested non-metastasized patients (n = 21) for CD8" T cell
reactivity against an HLA-A"*"!-restricted peptide derived
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significant. d—f Increased concentrations of CA15-3 in non-metastatic
patients containing tumor antigen reactive BMTCs specific for MCF-7
or autologous breast tumor lysate (d) or the HLA-A"?%!_restricted pep-
tides MUCI (e) or Hpa,4 »4 and Hpa,g3_jo; (f). Patients are grouped
according to the presence (+) or absence (—) of respective tumor anti-
gen-specific BMTCs. Mean &+ SEM values are shown. *Significant
(P < 0.05) difference between groups by two-sided Student’s 7 test; NS
not significant

from MUCI in short-term IFN-y EliSpot assays with
unstimulated T cells and TAA presenting autologous DCs
from the BM. In this context, we detected significantly
higher concentrations of CA 15-3 in patients with specific
MUCI reactive T cells in the BM compared to patients
without specific TC immunity. On average patients with
MUCT -specific T cells showed a peripheral CA 15-3 con-
centration of 27.0 U/ml compared to 17.2 U/ml in patients
without specific T cell response (Fig. 2e; P = 0.043).

To complement our analysis we tested BMTCs of non-
metastasized patients (n = 24) for reactivity against metas-
tasis associated heparanase. Using HLA-A"2!_restricted
peptides derived from heparanase significantly higher lev-
els of CA 15-3 were detected in patients with tumor
immune responses compared to non-responsive patients.
CA 15-3 averages could be determined as 22.86 U/ml for
patients with specific T cells and 15.2 U/ml for patients
without such immune responses (Fig. 2f; P = 0.029).

Discussion

In this study, we demonstrate the presence of specific
tumor-reactive BM memory T cells in about 43% of alto-
gether 129 primarily operated breast cancer patients. Strik-
ingly in patients with primarily distant metastases and in
patients with high concentrations of peripheral CA 15-3 we
detected memory T cell reactivity against tumor cell lysates
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at a significantly higher proportion compared to patients
without primary metastases or increased serum levels of
CA 15-3. An increased immunogenicity of lysate from the
breast tumor cell line MCF-7 compared to autologous
tumor tissue lysate might have been due to a considerable
dilution of TA by stroma-derived antigens in the latter.
However, these differences did not affect the observation of
increased TC reactivity in patients with advanced tumor
spread, since these differences were consistent in both sub-
groups (data not shown). We also observed specific BM
memory T cells reactive to the HLA-A"%_restricted TAA
MUCT and heparanase, which is associated with breast can-
cer metastasis, particularly in patients with high peripheral
CA 15-3 concentrations. Our findings thus challenge the
widely held assumption that advanced tumor disease is gen-
erally associated with immune suppression. CA 15-3 con-
centrations as a mean of peripheral levels of the TAA
MUCI are significantly increased in patients with meta-
static disease [41]. Cancer associated mucin differs structur-
ally from non-neoplastic mucin. In the case of MUCI,
which has the same protein sequence in normal and tumor
cells but different glycosylation profiles, the glycopeptide
epitopes are expected to be tumor specific. Circulating solu-
ble MUC1-glycopeptides are available for uptake, process-
ing, and presentation by DCs as novel T cell epitopes.
Tumor-associated MUCI1 is therefore a potential target for
specific autologous T cells [6, 14, 20, 21, 37].

As naive CD4" and CD8* T cells migrate to the BM,
they are primed by local antigen presenting CD11c* DC.
DC in the BM are highly efficient in taking up peripheral
antigens. Thus, MUCI1 and potentially other hematologi-
cally disseminated TAA can be processed via MHC class I
or II to induce specific cellular immune responses in the
BM [13, 27]. The accumulation of tumor-reactive memory
T cells in the BM might be supported by an increased local
abundance of TA in advanced breast cancer patients.

Besides the mere presence of TA in the BM, some
immune stimulatory features of metastasizing tumor dis-
ease might also support the induction of tumor-specific T
cells. We observed increased T cell reactivity against hepa-
ranase in patients with increased tumor spread. Metastasiz-
ing processes in breast cancer are based on an increased
activity of f-endoglucuronidase heparanase, which allows
for degradation of endogenous barriers in the extracellular
matrix and subsequent tissue invasion of metastatic single
cells [7, 11, 38, 39].

In breast cancer DC can be activated by heparan sulfate
via toll-like receptor (TLR)-4 under up-regulation of MHC-
I, CD40, CD54 (ICAM-1), CD80 (B7-1), and CD86 (B7-
2). Stimulation of DC by heparan sulfate induces the
release of TNF-¢, IL-1b and IL-6 [16, 18, 22]. Addition-
ally, an increased synthesis of metastasis associated hyalu-
ronic acid by metastatic tumor cells not only promotes

@ Springer

tissue invasion and angiogenesis [15, 34, 35] but also the
maturation of immune competent cells as macrophages or
DC via TLR-4, thereby facilitating T cell priming [32, 33].

Interestingly, patients with metastatic axillary lymph
nodes, however, did not show increased cellular immune
responses in the BM against tumor cell lysates. Metastatic
spread into the draining lymph nodes is not considered a
systemic disease and might not result in dissemination of
TAA into the BM. Furthermore, it has been demonstrated
recently, that regulatory T cells (CD4*CD25"¢"Foxp3*) can
inhibit the immune response mediated by T cells. In a vari-
ety of malignant disorders regulatory T cells have been
shown to be overrepresented in regional lymph nodes,
which might explain impaired cell mediated immunity
despite a high antigen load in this lymphatic organ [17, 40].

Many TA-specific CD3* T cells in the BM of breast can-
cer patients show a central memory phenotype
(CD45RA~CD62L") [2]. While equipped with a limited
immediate effector function they can rapidly proliferate and
generate secondary effector cells upon restimulation [19,
26, 30]. Therefore, memory BM T cells might show clinical
benefit after secondary reactivation in vitro and may be
used for adoptive immune therapies in future studies [29].
On the other hand, such population of TA-reactive T cells
might also contribute to the phenomenon of immunoedit-
ing. Immunoediting describes the shift of an antigen reper-
toire in tumor cells under the constant selective pressure of
a population of TA-specific T cells that allows tumor pro-
gression even in the presence of tumor-specific T cells [5].

Summing up the above findings we observed an increase
of tumor immune responses in advanced stage disease, sug-
gesting that tumor progression is not necessarily associated
with a complete suppression of anti-tumor immune
responses. While we cannot comment on the potential local
suppression or activity of tumor-reactive T cells in the
tumor lesions, we here demonstrate that the BM provides a
reservoire of functional, tumor-reactive memory T cells
even at late tumor stages.
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