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Abstract
Background We previously demonstrated that targeting
lymphotoxin � (LT�) to the tumor evokes its immunologi-
cal destruction in a syngeneic B16 melanoma model. Since
treatment was associated with the induction of peritumoral
tertiary lymphoid tissue, we speculated that the induced
immune response was initiated at the tumor site.
Methods and results In order to directly test this notion,
we analyzed the eYcacy of tumor targeted LT� in LT�
knock-out (LT�¡/¡) mice which lack peripheral lymph
nodes. To this end, we demonstrate that tumor-targeted
LT� mediates the induction of speciWc T-cell responses
even in the absence of secondary lymphoid organs. In
addition, this eVect is accompanied by the initiation of ter-
tiary lymphoid tissue at the tumor site in which B and T
lymphocytes are compartmentalized in deWned areas and
which harbor expanded numbers of tumor speciWc T cells as
demonstrated by in situ TRP-2/Kb tetramer staining. Mecha-
nistically, targeted LT� therapy seems to induce changes at

the tumor site which allows a coordinated interaction of
immune competent cells triggering the induction of tertiary
lymphoid tissue. 
Conclusion Thus, our data demonstrate that targeted LT�
promotes an accelerated immune response by enabling the
priming of T cells at the tumor site.

Keywords T cells · Cytokines · Tumor immunity · 
Lymphotoxin alpha knock-out mice · Antibody

Abbreviations
APCs Antigen presenting cells
HEV High endothelial venules
LT� Lymphotoxin �
LT�¡/¡ LT� knock-out
LT�R LT� receptor
sLT� Soluble lymphotoxin �

Introduction

The adaptive immune system relies on the rapid induction
of speciWc immune responses. In order to comply with this
prerequisite, cellular responses are initiated by priming and
activation of antigen speciWc T cells in specialized environ-
ments, i.e., lymphoid tissue in general and lymph nodes in
particular. These organs accelerate the kinetics of immune
responses by facilitating the interaction of the involved
immune competent cells. After antigen capture in the
periphery, Antigen presenting cells (APCs) migrate—
attracted by a characteristic chemokine milieu—via aVerent
lymphatic vessels to secondary lymphoid tissues (reviewed
in Ref. [3]). Likewise, naïve T cells enter the lymph node
through specialized blood vessels such as high-endothelial
venules. Importantly, within the lymph node the chemokines
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CCL19 (ELC) and CCL21 (SLC) guide mature, antigen
presenting DC and T cells into the respective areas [7].
Thus, lymph nodes provide the suitable cytokine milieu and
specialized structures to attract both APCs and naïve T
cells, orchestrate their localization within the lymph node
and thereby enable their interaction [5]. This contact ulti-
mately leads to antigen speciWc activation, diVerentiation,
and clonal proliferation of the T cells.

Several lines of evidence indicate that lymphotoxin �
(LT�) is pivotal for lymph node organogenesis [12, 23, 36].
The lymphotoxins are a subfamily of the TNF ligand super-
family [4] and LT� exists either as a soluble or membrane
bound molecule. The soluble form is a homotrimer which
binds to the two TNF receptors (TNFRI/ CD120a and
TNFRII/ CD120b) with similar aYnities, whereas the het-
erotrimeric membrane form, LT�1�2, signals exclusively
through the LT� receptor (LT�R). The pathway triggered
by LT�1�2/LT�R interaction seems to be responsible for
lymph node genesis [13, 31]. Indeed, the formation of
lymph nodes depends on cellular interactions between
LT�R expressing organizing cells and LT�1�2 expressing
inducer cells at the lymph node anlagen which leads to the
initiation of the expression of adhesion molecules and the
production of homeostatic chemokines (reviewed in Ref.
[6]). Nevertheless, LT� seems to be able to partially rescue
lymph node genesis in LT� knock-out mice, either through
LT�3/TNFRI or an yet unknown ligand-receptor interaction
[23]. Accordingly, LT� knock-out (LT�¡/¡) mice are char-
acterized by the absence of lymph nodes and Peyer’s
patches. In addition, the mice have a disrupted spleenic
architecture [30]. This phenotype is caused by a lack
of LT�-dependent induction of chemokine expression by
stromal cells such as CXCL13 and CCL21 [35]. As a
consequence of these structural defects cellular immune
responses are impaired, e.g., the initiation of cytotoxic T
cells is delayed and the magnitude of the response reduced
[28, 45].

On the other hand, ectopic expression of LT� induces
formation of lymphoid tissue at the site of expression.
For example, LT� expression under the control of a rat
insulin promoter induced chronic inXammatory lesions
in pancreas and kidneys resembling organized lymphoid
tissue [24]. In addition, a LT�-transfected plasmacy-
toma cell line induced stromal characteristics typical for
lymphoid tissue even in the absence of T and B cells
[22]. Moreover, we previously demonstrated that target-
ing LT� to the tumor induced a lymphoid tissue at the
tumor site [41]. From these experiments in wt mice we
hypothesized that targeted LT� allows for priming of
cellular anti-tumor immune responses directly at the
tumor site. To proof this notion, we tested the function-
ality of targeted LT�-therapy in mice lacking secondary
lymphoid tissues.

Methods

Animals

C57BL/6J wt mice and C57BL/6J LT�¡/¡ mice were
obtained from Jackson Laboratory (Bar Harbor, USA) at
the age of 6 weeks. These animals were housed under spe-
ciWc pathogen-free conditions and all experiments were
performed according to National Institute of Health guide-
lines for care and use of laboratory animals.

For splenectomy, mice were anesthetized using 15 �l/g
Avertin [2.8 M 2,2,2-Tribromoethanol in 2-methyl-2-buta-
nol (Sigma-Aldrich, Schnelldorf, Germany)]. After shav-
ing, a small incision was made in the skin at the left Xank
and the peritoneum was opened with surgical scissors.
After the splenic artery and vein were ligated with a syn-
thetic absorbable suture (BIOSYN monoWlament Glycomer
631, United States Surgical, Norwalk, CT, USA), the

spleen was removed. The incisions were closed with surgi-
cal wound clips (#427631, BD Bioscience, Heidelberg,
Germany). Splenectomy was performed 14 days prior to
tumor induction.

Cell line, antibodies and fusion protein

The murine melanoma cell line B78-D14 has been
described previously [18]. B78-D14 was derived from B16
melanoma by transfection with genes coding for �-1,4-N-
acetylgalactosaminyltransferase and �-2,8-sialyltransferase
inducing a constitutive expression of the disialoganglio-
sides GD2 and GD3. B78-D14 melanoma cells were main-
tained as monolayers in RPMI 1640 medium supplemented
with 10% fetal calf serum, 2 mM L-glutamine, 400 �g/ml
G418 and 50 �g/ml Hygromycin B. Cells were passaged
when sub-conXuent.

The mouse/human chimeric antibody directed against
GD2 (ch14.18) was constructed by joining the cDNA for
the variable region of the murine 14.18 antibody with the
constant regions of the human �1 heavy chain and the �
light chain. From this, the ch14.18-LT� fusion protein was
constructed by fusion of a synthetic sequence coding for
human LT�—lacking the leader peptide—to the carboxyl
end of the human C�1 gene [14]. The fused genes were
inserted into the vector pdHL2 which encodes for the dihy-
drofolate reductase gene. The resulting expression plasmids
were introduced into Sp2/0-Ag14 cells and selected in Dul-
becco’s modiWed Eagle’s medium supplemented with 10%
fetal bovine serum and 100 nM methotrexate. The fusion
proteins were puriWed over a protein A-Sepharose aYnity
column.

With the exception of the anti-GD2 antibody (ch14.18),
all other antibodies used [anti-CD4, clone RM4-5; anti-
CD8, clone 53-6.7; anti-B220/CD45RB, clone RA3-6B2;
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anti-CD62L, clone MEL-14, anti-PNAd clone MECA-79
(all BD Bioscience); anti-TCA-4, clone AF457 (R&D Sys-
tems, Wiedbaden, Germany) and anti-CD11c antibody,
clone N418 (LGC Promochem, Wesel, Germany)] are com-
mercially available and have been described in detail by the
manufacturer.

Experimental lung metastases and subcutaneous tumors

Single cell suspensions of 1.5 £ 106 B78-D14 cells were
injected into the lateral tail vein. To prevent pulmonary
embolism caused by injection of tumor cells, mice were
anesthetized by halothane inhalation; tumor cells were sus-
pended in 500 �l PBS containing 0.1% BSA and adminis-
tered i.v. over a period of 60 s.

Subcutaneous tumors were induced by s.c. injection of
1 £ 106 B78-D14 melanoma cells in RPMI 1640, which
resulted in tumors of »40 �l volume within 14 days.

Treatment schedule

Soluble LT� (Strathmann Biotec, Hamburg, Germany) or
the ch14.18-LT� fusion protein were administered daily
either by i.p. injections for pulmonary metastases or by i.v.
injections for subcutaneous tumors. For pulmonary metas-
tases therapy started on day 3, for subcutaneous tumor,
dependent on the size of the tumor, at day 3 or day 7 after
tumor cell inoculation and was maintained for 5 days or, in
the case of splenectomized mice, for 7 days starting at day
11. The dose applied was 10 ng of sLT� or 32 �g ch14.18-
LT� fusion protein as determined in previous experiments
[41].

Immunohistochemistry

Frozen sections were Wxed in cold acetone for 10 min fol-
lowed by removal of endogenous peroxidase with 0.03%
H2O2, and blocking of collagenous elements with 10% spe-
cies-speciWc serum. All stainings were performed with the
techmate automate (DAKO, Hamburg, Germany). For sin-
gle staining, serial sections were incubated for 30 min with
biotinylated antibodies at predetermined dilutions (usually
20 �g/ml). Subsequently, the streptavidin-peroxidase com-
plex (DAKO) was applied for 30 min, followed by a
15 min incubation with the Chromogen AEC (DAKO).
Finally, slides were counter stained. For double staining the
last step was replaced by a 30 min incubation with an addi-
tional antibody, its detection by a species speciWc alkaline
phosphatase-coupled secondary antibody during a 30 min
incubation followed by the use of the Chromogen AP blue
substrate kit (Zytomed, Berlin, Germany). Between each
incubation step the slides were washed with tris buVer.
After a Wnal wash with water, the slides were mounted in

aquatex (Merck Eurolab, Darmstadt, Germany). Alterna-
tively, double staining was performed with two peroxidase
reactions; the Wrst antibody was detected by a species spe-
ciWc horseradish peroxidase (HRP) coupled antibody and
Vector NovaRed (Linaris, Wertheim, Germany) for 15 min
and the second, biotinylated antibody by straptavidin-HRP
and Vector SG (gray; Linaris). After dehydration, slides
were mounted in Shandon hypermount (Thermo Electron
Corporation, Dreieich, Germany).

For detection of LT�R expression, acetone-Wxed,
air-dried sections were incubated for 60 min at room tem-
perature with LT�R : Fc fusion protein (R&D Systems,
Wiesbaden, Germany). The detection was carried out with
a HRP-marked secondary antibody (anti-IgG human
FC fragment; Dianova, Hamburg, Germany) and Vector
NovaRed (Linaris) for 15 min. After a wash with aqua
bidestillata, slides were counterstained, dehydrated and Wnally
mounted.

Construction of multimeric TRP-2/Kb complexes 
and staining protocol

Tetramers of H-2Kb molecules complexed with TRP-2180–188

peptides were formed as described previously [16]. In brief,
DNA encoding residues 1–280 of the extracellular domain
of Kb was subcloned in the expression plasmid pET3a-
pMbio which contains a peptidic biotinylation sequence for
generation of C-terminally modiWed recombinant proteins.
MHC class I heavy-biotag and light chain were expressed
in E. coli strain BL21 (DE3) plysS, and were isolated as
inclusion bodies. TRP-2 peptides were synthesized by
conventional Fmoc chemistry. Folding of the H-2Kb

peptide complexes was performed as described [50].
PuriWcation of the folded complexes was performed by
gel Wltration chromatography on a Biosep SEC S 3000 col-
umn (Phenomenex, AschaVenburg, Germany). Recombinant
MHC class I complexes were biotinylated for 16 h at 20°C,
using a recombinant His-tagged biotin ligase puriWed by
native Ni2+ chromatography and biotinylated MHC mono-
mers were puriWed by gel Wltration chromatography. MHC
class I tetramers were formed by the stepwise addition
of streptavidin-APC (Molecular Probes, Leiden, The
Netherlands).

The staining procedure for multimers has been described
recently [43]. BrieXy, sections of cryopreserved tumors
were dried over-night and subsequently Wxed in cold ace-
tone for 5 min. All incubation steps were performed in the
dark at room temperature as follows: (1) 45 min of the pri-
mary antibody (1:100 diluted), (2) streptavidin-FITC
(1:100 diluted, BD Bioscience) for the biotinylated (ARK,
DAKO) antibodies ch14.18, CD8, and CD62L for 45 min,
biotinylated goat anti-hamster Ig antibody (1:100 diluted,
code 107-066-142; Jackson Laboratory) for CD11c for
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45 min followed by a 45 min incubation with streptavidin-
FITC, and Wnally (3) the APC conjugated TRP-2/Kb tetra-
mers for 75 min; for CD8, the unlabeled anti-CD8 antibody
was reacted for 45 min and followed by an incubation with
rabbit anti-rat Cy3 (1:100 diluted, code 312-165-004, Jack-
son Laboratory) for 45 min. Between each step the slides
were washed twice for 10 min in PBS/BSA 0.1% and then
mounted in vectashield and observed under a Leica Confo-
cal Microscope (TCS 4D, Leica, Mannheim, Germany).

ELISPOT assay

The ELISPOT assay was performed as described before
[48]. BrieXy, splenocytes from experimental groups were
isolated 11 days after therapy cessation and kept in culture
for 4 days with Trp-2180–188 pulsed syngeneic LPS-blasts in
complete medium supplemented with 200 U/ml of recom-
binant human IL-2 (Chiron, Marburg, Germany). Subse-
quently, 1 £ 105 of these cells were added to wells coated
with rat anti-mouse IFN-� Ab (clone R4-6A2; BD Bio-
sciences) in the presence of 1 £ 105 B78-D14 tumor cells.
After 24 h, the plates were washed, followed by incubation
with biotinylated anti-mouse IFN-� Ab (clone XMG 1.2;
BD Biosciences). Spots were developed using freshly pre-
pared substrate buVer.

Results

Therapeutic eVect of antibody-LT� fusion proteins 
on subcutaneous and pulmonary metastases

We demonstrated previously that treatment of melanoma
bearing C57BL/6J wild type mice with ch14.18-LT� fusion
proteins led to eradication of established tumor lesions by
tumor speciWc T cells [41]. Notably, targeted LT� induced
changes at the tumor site which are prerequisites for T-cell
priming. In this regard, the therapeutic eVect was associated
with the induction of peritumoral lymphoid tissue. In order
to determine whether the induction of the T-cell response is
indeed initiated at the tumor site, we tested the eVect of
ch14.18-LT� in LT�¡/¡ mice where spontaneous T-cell
priming is hampered by lack of lymph nodes. The Wrst
series of experiments addressed the in vivo anti-tumor
eVect of the LT� fusion protein upon metastases of B78-
D14 melanoma cells, i.e., a B16 melanoma sub-cell line,
genetically engineered to express disialoganglioside GD2,
the antigen recognized by the antibody portion of the
ch14.18-LT� fusion protein, in syngeneic C57BL/6J LT�¡/¡

mice. To this end, 3 days after induction of pulmonary
metastases, one group of LT�¡/¡ mice received 10 ng of
recombinant soluble LT� (sLT�), and the other group 32 �g
ch14.18-LT� fusion protein for Wve consecutive days. sLT�

served as control, as we had previously demonstrated that
neither systemic LT� administration, the ch14.18 antibody
alone nor a fusion protein speciWc for an irrelevant antigen
did possess any therapeutic eVect in wt mice [41]. Impor-
tantly, the applied doses of sLT� and the fusion protein
exhibited the same cytotoxic eVect in the L929 assay [41].
On day 26, the metastatic state of the lungs was determined.
Mice receiving ch14.18-LT� fusion protein revealed
healthy lungs, completely free of metastatic foci. In con-
trast, lungs of control mice were covered with metastatic
foci (Fig. 1a). Similar results were obtained for subcutane-
ous tumors, where the treatment for Wve consecutive days
was the same as above, starting at a tumor volume of
»50 �l. Measurement of the tumor volume over the course
of the experiment indicated steady tumor growth in the con-
trol group receiving 10 ng sLT�. In contrast, administration
of 32 �g ch14.18-LT� fusion protein not only delayed
tumor growth but induced tumor regression (Fig. 1b).

In the Wrst series of experiments mice still possessed
their spleens as major secondary lymphoid organ. Conse-
quently, we removed this last secondary lymphoid organ by
splenectomy and tested the therapeutic eVect of targeted
LT� on subcutaneous tumors in these splenectomized
LT�¡/¡ mice. To this end, subcutaneous tumors were
induced 14 days after splenectomy and treated from day 11
to day 18 with 32 �g ch14.18-LT� fusion protein or 10 ng
sLT�, respectively. In accordance with the observations in
the non-splenectomized mice, ch14.18-LT� fusion protein
led to retardation of tumor growth even in splenectomized
LT�¡/¡ mice while the control mice treated with sLT� dis-
played uniform tumor growth (Fig. 1c). Accordingly, the
regression was associated with phenotypic changes, i.e., the
tumors became Xat and necrotic, which was also evident
histologically (Fig. 1e; data not shown). This observation
was in striking contrast to tumors of sLT� treated mice
(Fig. 1d). These experiments were terminated at a given
time point in order to obtain samples for functional analysis
not allowing to judge or compare survival beneWt of the
treatment between LT�¡/¡ mice with or without splenec-
tomy. It should be noted, however, that therapeutic eYcacy
in wild type mice also translated in prolonged survival [41].

InWltration of lymphocytes into ch14.18-LT� treated 
tumors

Previous experiments demonstrated that LT� fusion protein
treatment had no therapeutic eVect on xenogenic tumors in
immune deWcient mice [38]. Nevertheless, since spontane-
ous T-cell responses to antigenic challenges are largely
absent in LT�¡/¡ mice and LT� is also known to exert
direct cytotoxic eVects on melanoma cells, tumors were
analyzed for the presence of lymphocytes by immunohisto-
chemistry.
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To this end, subcutaneous tumors were analyzed at the
day of therapy cessation as well as one and 2 weeks there-
after. Treatment consisted of either 5 days with 10 ng sLT�
or 32 �g ch14.18-LT� fusion protein starting at day 3 after
tumor cell inoculation. Visualization of tumor cells by
staining with an anti-GD2 antibody conWrmed the anti-
tumor eVect of the LT� fusion protein therapy, i.e., the
number of tumor cells decreased over time [Fig. 2a, e
(insert)], and at day 21 tumors were almost completely
necrotic (Fig. 2e) whereas sLT� treated mice were charac-
terized by a heavy tumor load (Fig. 2i). Notably, in tumors
of sLT� treated mice only few CD4+ (Fig. 2j), CD8+ cells
(Fig. 2k) or B-lymphocytes (Fig. 2l) were detected even in
the tumors excised 14 days after therapy cessation. In con-
trast, in ch14.18-LT� fusion protein treated mice, inWltrates
of both CD4+ (Fig. 2b, f) and CD8+ cells (Fig. 2c, g) as well
as B-lymphocytes (Fig. 2d, h) were already detectable
immediately after cessation of therapy throughout the
tumor. NK cells were virtually absent in the tumor of LT�¡/¡

mice irrespective of the treatment (data not shown). This
Wnding is in accordance with the observation that the num-
ber of NK cells is reduced in LT�¡/¡ mice [21].

In pulmonary metastases, CD4+ (Fig. 3a) and CD8+

(Fig. 3b) cells were only present in the vicinity of tumors in
LT�¡/¡ mice treated with LT� fusion protein. As judged by
hematoxylin and eosin staining, this lymphocytic inWltrate
in close proximity of the pulmonary metastases resembled
tertiary lymphoid tissue of chronic inXammatory processes
rather than tumor inWltrating lymphocytes. Since lympho-
cytes in such lymphoid tissue are compartmentalized in
deWned T- and B-cell areas, we scrutinized the arrangement
of T- and B-lymphocytes by double staining. It should be
noted, however, that the occurrence of an inWltrate in lungs
of naïve LT�¡/¡ mice is a common Wnding (own personal
experience). Consequently, lungs of LT�¡/¡ mice not
receiving any therapy served as controls. Indeed, these
lungs contained an inXammatory inWltrate which consisted
mainly of B cells with a few CD4+ cells and to an even
lesser extend CD8+ cells (Fig. 3c, d). In contrast, in LT�¡/¡

mice treated with LT� fusion protein, lungs removed 3 days
after therapy cessation displayed B-cell aggregates sur-
rounded by CD4+ (Fig. 3e) and CD8+ T cells (Fig. 3f) at the
pulmonary metastases. Six days later, B cells were accumu-
lated in follicle-like structures adjacent to the tumor,

Fig. 1 EVect of ch14.18-LT� therapy on subcutaneous and pulmonary
metastases. In C57BL/6J LT�¡/¡ mice (a, b) or splenectomized LT�¡/¡

mice (c, d, e) pulmonary metastases (a) were induced by i.v. injection
of 1.5 £ 106 and subcutaneous tumors (b–e) by s.c. injection of
1 £ 106 B78-D14 melanoma cells. Therapy with 32 �g ch14.18-LT�
for 5 or 7 (c–e) consecutive days was started on day 3 (a, b) or day 11
(c–e) after tumor cell inoculation. Control animals received 10 ng sL-
T�. Experiments depicted in a and b were each performed with seven

animals (four fusion protein treated, three controls), in (c) with 17 ani-
mals (nine fusion protein treated, eight controls). On day 19 after ther-
apy cessation the number of metastatic foci on the lung surface was
determined (a). Individual subcutaneous tumor volumes of mice
receiving 32 �g ch14.18-LT� (closed symbols) or 10 ng sLT� (open
symbols) are plotted against time (b and c). Macroscopic appearance of
tumors on day 7 after therapy cessation is depicted for animals treated
with 10 ng sLT� (d) or 32 �g ch14.18-LT� (e)
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including enriched deposits of CD4+ and CD8+ T cells next
to them (Fig. 3g, h) which were even more prominent after
another 4 days (Fig. 3i, j). The observed compartmentaliza-
tion of T- and B-cell areas was also present in subcutaneous
tumors of ch14.18-LT� fusion protein treated LT�¡/¡ mice
(data not shown), similar to our previous results in targeted
LT� treated wild type C57BL/6J mice [41]. Importantly,
since the migration of naïve T cells in lymphoid tissue
is mediated through high-endothelial venules (HEV), we
stained tumors for PNAd and TCA-4, both markers for
HEVs. To this end, some of the blood vessels in tumors
of ch14.18-LT� treated LT�¡/¡ mice expressed PNAd
(Fig. 4c) or stained positive for TCA-4 (Fig. 4d), just as
previous observed for wild type mice.

The triggering of the LT�R mediated signaling is impor-
tant for lymph node organogenesis. Therefore, we stained
subcutaneous tumors obtained 1 day after therapy termina-
tion with a LT�R : Fc fusion protein. In mice treated with
32 �g ch14.18-LT� fusion protein, cells expressing LT�R
ligand were present throughout the tumor (Fig. 4b),
whereas in the tumors of sLT� treated mice none were
detectable (Fig. 4a).

Tumor reactivity of ch14.18-LT� induced inWltrates

The mere presence of a T-cell inWltrate is not suYcient
to conclude about its role in therapy eYcacy. Thus, the
inXammatory inWltrate observed in LT�¡/¡ mice following
administration of ch14.18-LT� fusion protein was tested for
tumor-reactivity by in situ detection of speciWc T cell
receptors by means of multimeric peptide/MHC class I
complexes. The applicability and speciWcity of this method
had been demonstrated both in humans and mice [17, 39, 43].

The immune dominant TRP-2180–188 epitope was used
to analyze the speciWcity of T-cell inWltrates in subcutane-
ous and pulmonary tumors obtained from LT�¡/¡ mice
treated either with 10 ng sLT� or 32 �g ch14.18-LT� fusion
protein since it is one of the best characterized Kb restricted
melanoma-associated antigens. Subcutaneous tumors of
C57BL/6J wt mice receiving LT� fusion proteins served as
positive control, since we previously proved the presence of
tumor reactive T cells in these animals by functional assays,
i.e., ELISPOT and cytotoxicity assays [41]. Phenotypic
characterization of TRP-2180¡188/Kb reactive T cells within
the inWltrate (Fig. 5a) demonstrated that TRP-2180–188/K

b

tetramers only bind to CD8+ T cells (Fig. 5e). Notably, a
fraction of TRP-2-speciWc T cells expressed L-Selectin
(Fig. 5i), a marker for both naïve and lymphoid memory
T cells. Moreover, CD8+ and TRP-2 speciWc T cells
remained in direct contact with CD11c+ cells, e.g., DCs
(Fig. 5m, q). In LT�¡/¡ mice, which received only sLT�,
this same analysis revealed that among the few CD8+ T
cells present in and around tumor lesions (Fig. 5f, n), none
were speciWc for TRP-2180–188/K

b tetramer (Fig. 5b, f, j, r).
It should be further noted that CD11c-expressing cells were
rarely observed in these sections and that the inWltrate was
in general much weaker than in fusion protein treated mice
(Fig. 5f, n, r). For LT�¡/¡ mice with pulmonary metastases
receiving sLT� the same observations were made (data not
shown). In contrast, in LT�¡/¡ mice treated with ch14.18-
LT�, the staining patterns of sections from subcutaneous
and pulmonary tumors were virtually identical with those
of the positive control. In fact, TRP-2-speciWc T cells
(Fig. 5c, d), positive for CD8+ (Fig. 5g, h) and partially
expressing L-selectin (Fig. 5k, l) were found throughout the
tumors and their microenvironment. These L-selectin+

Fig. 2 Immunohistological characterization of subcutaneous tumors.
Tumors were induced by s.c. injection of 1 £ 106 B78-D14 cells in
LT�¡/¡ mice. Treatment was administrated from days 3 through 7,
consisting of 32 �g ch14.18-LT� (a–h) or 10 ng sLT� (i–l). Tumors

were excised directly (a–d) or 14 days (e–l) after therapy was termi-
nated (p.t.). Sections were subjected to staining with anti-GD2 [a, e
(Insert), i), anti-CD4 (b, f, j), anti-CD8 (c, g, k) or anti-B220/CD45RB
(d, h, l) antibodies. e Hematoxylin/eosin staining of a necrotic tumor
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TRP-2-speciWc T cells are likely to represent activated T
cells after a few rounds of division [37]. Moreover, both
CD8+ cells (Fig. 5o, p) and TRP-2-speciWc T cells (Fig. 5s, t)
were in contact with CD11c+ cells.

To confer that targeted LT� can induce tumor reactive T
cells in LT�¡/¡ mice, we analyzed the functionality of
spleen cells in an ELISPOT assay. To this end, spleen cells
obtained from mice treated with ch14.18-LT� secreted
IFN-� in the presence of B78-D14 tumor cells (Fig. 5v),
while those from control animals, i.e., sLT� treated mice,
did not (Fig. 5u). Thus, similar to our observation in wild
type mice, therapy with ch14.18-LT� fusion protein induces
tumor reactive T cells in LT�¡/¡ mice.

Discussion

The speciWcity of the adaptive immune system is main-
tained by a complex interaction of diVerent immune com-
petent cells. It has been proposed that one of the major
functions of lymphoid tissues is to ensure that these interac-
tions occur in a timely manner. In the present study of a
murine tumor model, we conWrmed previous observations
that LT�¡/¡ mice, devoid of lymph nodes and Peyer’s
patches, exhibit a delayed development of speciWc immune
responses [8, 28]. Indeed, experiments with an antibody-
IL2 fusion protein demonstrated the virtual absence of
spontaneous anti-tumor immune responses in these mice [42].

Fig. 3 Immunhistological 
characterization of T-cell 
inWltrates. After i.v. (a, b, e–j) 
inoculation of 1.5 £ 106 B78-
D14 cells, LT�¡/¡ mice received 
32 �g ch14.18-LT� fusion 
protein (a, b, e–j) for Wve 
consecutive days. Lungs were 
removed of a naïve control 
LT�¡/¡ mice not receiving any 
therapy (c, d) or 3 days 
(a, b, e, f), 9 days (g, h), and 
13 days (I, J) after cessation of 
therapy (p.t.), respectively. 
Sections thereof were stained for 
CD4 (a, c, e, g, i) or CD8 (b, d, 
f, h, j). In C to J sections were 
subjected to double staining with 
an anti-B220/CD45RB antibody 
(gray; c, d or blue; e–j) instead 
of counter-staining with 
hematoxylin (hema)
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Transient reconstitution of LT�, however, allows the rapid
induction of cellular anti-tumor immune responses.

Antibody-cytokine fusion proteins provide the means to
target cytokines to a speciWc site while they still sustain
eVective cytokine function [40]. We previously demon-
strated that an antibody-LT� fusion protein elicited a spe-
ciWc immune response which resulted in the eradication of
tumors in immune competent animals. The importance of
lymphocytes for this therapeutic eVect of targeted LT� is
evident from experiments in C57Bl/6J scid/scid mice where
this treatment did not demonstrate any therapeutic eVect
(data not shown). Furthermore, since treatment of wild type
mice with the parental antibody alone is also not eVective,
complement activation seems not to contribute eYciently to
the anti-tumor eVect of targeted LT�. It should be noted,
that treatment was accompanied by the induction of a ter-
tiary lymphoid tissue. However, no conclusive evidence
directly demonstrated that naïve T-cell priming indeed
occurs in this local tertiary lymphoid organ microenviron-
ment [9]. Thus, to be able to distinguish between T-cell
priming in draining lymph nodes versus in loco priming,
we scrutinized the anti-tumor eVect of an antibody-LT�
fusion protein targeted to the tumor microenvironment in
LT�¡/¡ mice. To this end, antibody-LT� fusion protein
therapy induced an inXammatory inWltrate consisting of
tumor speciWc T cells as demonstrated in situ by peptide-
epitope/Kb multimer staining in LT�¡/¡ mice. Moreover,
tumor eradication induced by tumor targeted LT�¡/¡ as
well as tumor reactivity in the ELISPOT assay implies the
functionality of these cells. To even further impoverish the
LT�¡/¡ mice of possible spontaneous T-cell responses to
the tumor we removed the spleen of the animals prior to
tumor induction. Therapeutic eYcacy of ch14.18-LT� was

still present in these splenectomized LT�¡/¡ mice devoid
oV all major secondary lymphoid tissues. This is of impor-
tance since LT�¡/¡ mice are still able to induce eVective T-
and B-cell responses, e.g., against respiratory viruses, albeit
with delayed kinetics [25, 28]. In this regard, such immune
responses directed against inXuenza seem to be initiated at
sites of induced bronchus-associated lymphoid tissue [32].
In accordance, the observations that (1) even 14 days after
tumor cell inoculation, no tumor speciWc T cells could
be detected in tumors of LT�¡/¡ mice not treated with
ch14.18-LT�, (2) therapy with targeted IL-2 proved to be
ineVective even though it eYciently enhances preexisting
T-cell responses in wt mice [42, 47], and (3) targeted LT�
mediates an anti-tumor eVect in splenectomized LT�¡/¡

mice with tumor reactive T cells in close proximity to
APCs argue for a priming of tumor-speciWc T cells at the
tumor site, rather than a boost of a preexisting T-cell
response. Importantly, it was recently elegantly demon-
strated that transferred skin allografts harboring tertiary
lymphoid tissue were able to activate naïve T cells in mice
devoid of all secondary lymphoid tissue. In fact, these intra-
graft tertiary lymphoid tissues did generate both eVector
and memory T cells responses [34].

Tertiary lymphoid tissue, i.e., ectopic lymphoid aggre-
gates exhibiting characteristics usually associated with sec-
ondary lymphoid organs, can also be observed at sites of
transgenic expression of LT� and various other homeostatic
chemokines [10, 24, 29]. In addition, by embedding LT�
producing stromal cells in biocompatible scaVold, a func-
tional synthetic lymphoid tissue-like organoid can be gen-
erated [44]. In contrast to these models, where LT� is
constantly expressed, LT� levels in our model were only
transiently elevated. Nevertheless, even this short period of

Fig. 4 LT�R-ligand expressing 
cells and HEV characteristics in 
subcutaneous tumors. After s.c. 
inoculation of 1 £ 106 B78-D14 
cells LT�¡/¡ mice received 
32 �g ch14.18-LT� fusion 
protein (b–d) or 10 ng sLT� 
(a) for Wve consecutive days. 
Tumors were excised 1 day 
(a, b) or 7 days (c, d) after 
cessation of therapy (p.t.), 
respectively. Sections thereof 
were stained with an 
LT�R : Fc fusion protein which 
detects LT�R-ligand expressing 
cells (a, b), anti-PNAd (c) or 
anti-TCA-4 (d) antibodies. 
Sections were counter-stained 
with hematoxylin. LT�R-ligand 
expressing cells are indicated by 
arrows
123



Cancer Immunol Immunother (2008) 57:85–95 93
ectopic expression of LT� appears suYcient to initiate the
formation of tertiary lymphoid tissue. This formation con-
tinues and leads to large T- and B-cell clusters after the

cessation of therapy. Thus, the high-local concentrations of
LT� generated by in vivo targeted therapy might trigger a
positive feedback loop involving other cytokines. In normal

Fig. 5 SpeciWcity and reactivity characterization of T cells.
Pulmonary metastases were induced by i.v. injection of 1.5 £ 106 and
subcutaneous tumors by s.c. injection of 1 £ 106 B78-D14 melanoma
cells in C57BL/6J wt mice (a, e, i, m, q) or C57BL/6J LT�¡/¡ mice (all
others). Animals received either 10 ng sLT� (b, f, j, n, r, u) or 32 �g
ch14.18-LT� fusion protein (all others) for Wve consecutive days
starting on day 3 after tumor induction. Tumor specimens were ob-
tained 7 days after therapy was terminated. Sections of pulmonary
metastases (d, h, l, p, t) or subcutaneous tumors (all others) were
stained with TRP-2180–188/Kb tetramers (red) and a series of antibodies
(green). The antibodies used for staining were anti-GD2 (a–d), anti-

CD8 (e–h), anti-CD62L (i–l), and anti-CD11c (m–t). In one series of
double stained tissue (m–p) an anti-CD8 antibody (red) was used
instead of the tetramer. Double positive cells appear yellow. Since in
the controls only few cells are present throughout a section, overviews
are given and positive cells indicated by arrows. Representative
examples of ELISPOT measuring the reactivity of splenocytes against
B78-D14 tumor cells (u, v). About 11 days after therapy cessation
splenocytes were generated from sLT� (u) or ch14.18-LT� (v) treated
mice, cultured for 4 days with TRP-2180–188 pulsed syngeneic LPS-
blasts and Wnally cocultured with tumor cells to measure the secretion
of IFN-� by ELISPOT. Each spot represents an IFN-� secreting cell
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lympho-organogenesis, such a positive feedback loop has
been suggested for the role of progenitor cells in develop-
ing lymphoid organs [33]. CD3¡CD4+ cells developing
from fetal liver precursors express IL7R� and interact with
stromal cells through LT�1�2/LT�R activating NF�B. This
leads to the induction of homeostatic and inXammatory
chemokines and adhesion molecules which, in turn, attract
more CD3¡CD4+ cells to the developing lymph node. It
seems that the number of CD3¡CD4+ inducer cells and
stromal organizer cells has to exceed a threshold in order
that they can stimulate each other and thereby form a clus-
ter of activated cells (reviewed from [11]). In accordance,
for tertiary lymphoid tissue the state of activation of both
innate and adaptive immune cells recruited to inXammatory
sites may be crucial for increasing the local concentrations
of key mediators above a threshold required for the initia-
tion of lymphoid tissue organization [2]. Notably, in our
model the threshold level needed for induction of tertiary
lymphoid tissue might be decreased through the expression
of chemokines like CCL19, CXCL10, CXCL12, and
CCL21 by the tumor per se (data not shown).

Since the molecular mechanisms involved in secondary
lymphoid ontogeny and tertiary lymphoid tissue formation
are similar, TNF family members are likely to be involved
in development and organization of tertiary lymphoid tissue
[2]. In this regard, sustained T-cell activation seems to
induce LT�3 and LT�1�2 production which, in turn, results
in the secretion of chemokines able to attract lymphocytes
and APCs, as well as expression of membrane-bound
molecules participating in their compartmentalization
[1, 46]. For example, LT�3 induces chemokines like CCL21
and CXCL13 in stromal and endothelial cells which
are potent chemoattractants for lymphocytes, DCs and
CD45+CD4+CD3¡ lymphoid tissue inducer cells [19, 20].
LT�1�2, in its heterotrimeric form, is also important for
compartmentalization of leucocytes within lymphoid tis-
sues by induction of ICAM-1 and VCAM-1 on stromal
cells [27]. In our current model, LT�3 is formed after cleav-
age of LT� from the fusion protein at its plasmin cleavable
site [15]. Signaling through LT�R, i.e., the only known
receptor for LT�1�2, can be triggered by LIGHT which is
for example expressed on activated lymphocytes [49].
Indeed, in tumors treated with the LT� fusion protein, cells
expressing a LT�R ligand were present, which actually due
to the absence of endogeneous LT� is likely to be LIGHT.
Interestingly, tumors expressing LIGHT induced a massive
inWltration of naïve T cells that correlated with an upregula-
tion of chemokines and adhesion molecules [51]. In addi-
tion, the important role of LIGHT for the organization of
tertiary lymphoid organ preceding the development of
spontaneous insulin-dependent diabetes mellitus has been
recently demonstrated [26].

Thus, it is conceivable that in tissues where the threshold
is already decreased, i.e., in our model the tumormicroenvi-
ronment, a transient high concentration of LT� is able to
trigger a cascade or positive feedback loop, respectively,
which results in the formation of a tertiary lymphoid tissue.
Importantly, this induced tissue allows for T-cell priming
directly at the tumor site which may ease the initiation of
speciWc T-cell responses.
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