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Tumor-Derived TGF�-1 Induces Dendritic Cell Apoptosis in
the Sentinel Lymph Node

Manabu Ito,* Yoshihiro Minamiya,1* Hideki Kawai,* Satoshi Saito,* Hajime Saito,*
Taku Nakagawa,* Kazuhiro Imai,* Makoto Hirokawa,† and Jun-ichi Ogawa*

Lymphatic flux from a primary tumor initially flows into a tumor-draining lymph node (LN), the so-called sentinel LN (SLN).
Carried by the lymph fluid are a variety of mediators produced by the tumor that can influence immune responses within the SLN,
making it a good model with which to investigate tumor-related immunology. For instance, dendritic cell (DC) numbers are
reduced in SLNs from melanoma and breast cancer patients. In the present study, we investigated the mechanism by which DC
numbers were reduced within SLNs from patients with non-small cell lung cancer. We found that the incidence of apoptosis among
DCs was higher in SLNs than in non-SLNs, as were levels of TGF�-1. In contrast, levels of TGF�-1 mRNA did not differ between
SLNs and non-SLNs, but were 30 times higher in tumors than in either LN type. In vitro, incubation for 2 days with TGF�-1
induced apoptosis among both cultured DCs and DCs acutely isolated from normal thoracic LNs, effects that were blocked by the
TGF�-1 inhibitor DAN/Fc chimera. Taken together, these results suggest that tumor-derived TGF�-1 induces immunosuppres-
sion within SLNs before the movement of tumor cells into the SLNs, thereby facilitating metastasis within those nodes. The
Journal of Immunology, 2006, 176: 5637–5643.

E vidence suggests that, for some types of cancer, lymph
fluid and tumor cells from the primary tumor initially flow
into a tumor-draining lymph node (LN),2 the so-called

sentinel LN (SLN), before flowing into more distal LNs (1–8). If
correct, then when metastasis is not found in an SLN, it most likely
will not be present in more distal nodes; and, in fact, the adverse
effects of lymphadenectomy have been avoided in cases of breast
cancer (1, 2) and melanoma (3, 4) based on that idea. There is also
evidence of the existence of SLNs in non-small cell lung cancer
(NSCLC) (5–7) as well as in colon and gastric cancers (8). Ini-
tially, the SLN concept was considered only in the context of sur-
gical treatment. However, more recently, it also has been consid-
ered in the context of the pathophysiology of cancer, in particular,
tumor immunity. For example, it has been reported that, in both
breast cancer and melanoma, numbers of dendritic cells (DCs), an
APC population thought to play key roles in the initiation of Ag-
specific T cell proliferation—are lower in SLNs than in other LNs
(9, 10). This finding is not entirely surprising, because it is well
known that tumor cells release a variety of cytokines and other
biologically active materials (11–15). These various mediators
must flow into the SLN, making it easy to imagine that they could
influence the response to tumor cells within the SLN, for instance,
via a reduction in DC number.

The mechanisms by which tumor immunity is affected within
the SLN are not fully understood. However, it is well known that
tumor cells produce various immunosuppressive factors, including
TGF� (11–13), PGE2 (14), vascular endothelial growth factor (14,
15), and IL-10 (14). Among these, overexpression of TGF� is
closely associated with a poor prognosis in patients with malignant
tumors (16–18). TGF� suppresses CD4� T cell production stim-
ulated by IL-2, IFN-�, or TNF-� (19) and induces apoptosis
among peripheral blood T cells (20). In contrast, the effect of
TGF� on DCs is interestingly equivocal. On one hand, TGF�-1 is
required for the generation of Langerhans cell-type DCs from
CD34� hemopoietic progenitor cells (21, 22), which express
CD1a but not CD83 and are arrested at an immature differentiation
stage (23), and TGF�-1 mRNA is expressed in both Langerhans
cell-type DCs and germinal center-type DCs (24). On the other
hand, TGF� suppresses the differentiation of mouse bone marrow-
derived DCs as well as their capacity to secrete the Th1-polarizing
cytokine IL-12 (25), to present Ag, to stimulate tumor-sensitized T
lymphocytes, and to migrate into tumor-draining LNs (26), all of
which suggests that TGF� suppresses the immune response of
non-Langerhans cell-type, monocyte-derived DCs. Therefore, our
principle aim in the present study was to investigate the cause of
the reduction in DC numbers within SLNs from NSCLC patients;
in particular, we were interested in the role played by TGF�.

Materials and Methods
SLN identification

This study was approved by the institutional review boards at Akita Uni-
versity School of Medicine and University Hospital. NSCLC patients were
enrolled in the study after obtaining signed informed consent. LNs showing
no evidence of metastasis were obtained from each patient, after which
SLNs were identified using the method developed at our institute (5).
Briefly, a magnetic tracer (ferumoxides) was injected around the lung tu-
mor during surgery, after which the magnetic force within the LNs was
measured using a highly sensitive handheld magnetometer, and LNs in
which magnetic force was detected were defined as SLNs. Non-SLNs
served as a control. The definition of non-SLN in this study was a magnetic
force-negative LN from a matched station level based on the classification
by Naruke et al. (27). We also obtained normal thoracic LNs from patients

*Division of Thoracic Surgery, Department of Surgery, and †Division of Hematology
and Oncology, Department of Medicine, Akita University School of Medicine, Hondo
Akita City, Japan

Received for publication December 7, 2005. Accepted for publication February
14, 2006.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 Address correspondence and reprint requests to Dr. Yoshihiro Minamiya, Division
of Thoracic Surgery, Department of Surgery, Akita University School of Medicine,
1-1-1 Hondo Akita City, 01-8543, Japan. E-mail address: minamiya@med.akita-
u.ac.jp
2 Abbreviations used in this paper: LN, lymph node; SLN, sentinel LN; DC, dendritic
cell; AEC, 3-amino-9-ethylcarbatole; NSCLC, non-small cell lung cancer; DAB,
3–3�-diaminobenzidine tetrahydrochloride.

The Journal of Immunology

Copyright © 2006 by The American Association of Immunologists, Inc. 0022-1767/06/$02.00

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


with pneumothorax after obtaining informed consent. The normal LNs
were used to study the effect of TGF�-1 on apoptosis among DCs and T
lymphocytes.

Materials

Abs specific for S100� (rabbit polyclonal Ab; FabGennix), CD1a (mouse
mAb clone O10; NeoMArkers), CD83 (mouse mAb clone HB15e; BD
Biosciences), Lineage Cocktail 1 (CD3 clone SK7, CD14 clone M�P9,
CD16 clone 3G8, CD19 clone SJ25C1, CD20 clone L27, CD56 clone
NCAM16.2; FITC-conjugated mouse mAb clone SK7;, BD Immunocy-
tometry Systems), CD11c (PE-conjugated mouse mAb clone As-HCL-3;
BD Immunocytometry Systems), CD123 (PE-conjugated mouse mAb
clone 9F5; BD Immunocytometry Systems), CD80 (PE-Cy5-conjugated
mouse mAb clone B7.5; BD Biosciences), CD3 (FITC-conjugated mouse
mAb clone SK7; BD Immunocytometry Systems), CD4 (PE-conjugated
mouse mAb clone SK3; BD Biosciences), CD8 (PE-conjugated mouse
mAb clone SK1; BD Immunocytometry Systems), HLA-DR (R-PE-con-
jugated and PE-Cy5-conjugated mouse mAb clone G46-6; BD Bio-
sciences), CD40 (CyChrome-conjugated mouse mAb clone 5C3; BD Bio-
sciences), TGF�-1 (mouse mAb clone TB21; Chemicon International)
were used. Recombinant human TGF�1 and the TGF� inhibitor DAN/Fc
chimera (28), were purchased from Sigma-Aldrich.

Human DC cultures

Human DCs were cultured using the method of Shurin (29) with some
modification. Briefly, peripheral blood was obtained from healthy volun-
teers, after which PBMCs were separated by Histopaque (1.007 g/ml;
Sigma-Aldrich) density centrifugation (400 � g for 30 min at room tem-
perature) and washed in PBS. Residual erythrocytes were removed with
hypotonic treatment using 0.2% NaCl. The isolated PBMCs were washed
twice in PBS and plated at 107 cells per well in six-well plates and incu-
bated for 2 h in 2 ml of AIM V medium (Invitrogen Life Technologies) at
37°C under a humidified 5% CO2/95% air atmosphere. Nonadherent cells
were then removed, and adherent monocytes were gently washed with
warm AIM V medium and then incubated overnight in RPMI 1640.
CD14� monocytes were then selected using Dynabeads M450 CD14 (Dy-
nal Biotech) according to the manufacturer’s instructions and cultured for
7 days with recombinant human GM-CSF (1000 U/ml; R&D Systems) and
IL-4 (1000 U/ml; R&D Systems) in RPMI 1640 medium supplemented
with 10% autologous human serum, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, 0.2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM
HEPES (Invitrogen Life Technologies).

Immunohistochemical staining and TUNEL

SLNs and non-SLNs were fixed in periodate-lysine-paraformaldehyde so-
lution (2% paraformaldehyde, 75 mM disodium hydrogen orthophosphate,
13.5 g/L lysine, and 2.14 g/L sodium periodate) for 2 h at 4°C and em-
bedded in soft paraffin. After preparing 3-�M sections, the TUNEL method
was used to identify apoptotic cells using an ApopTag Peroxidase In Situ
Apoptosis Detection kit (S7100; Chemicon International) and developed
using a 3-3�-diaminobenzidine tetrahydrochloride (DAB) or ApopTag Plus
Fluorescein In Situ Apoptosis Detection kit (S7111; Chemicon Interna-
tional) according to the manufacturer’s instructions.

In addition, DC markers (S100�, CD1a; mature DCs, CD83) were
stained so that the number of DCs in SLNs and Non-SLNs could be
counted. In those experiments, the TUNEL was omitted. Instead, sections
in Target Retrieval Solution (pH 9.0; DakoCytomation) were either irra-
diated with microwaves for 5 min at 500 W (for CD1a and CD83 staining)
and then cooled for 20 min, or they were left untreated (for S100� staining)
in the same buffer. The sections were then double-labeled with anti-S100�
(1/50 dilution), anti-CD1a (1/20 dilution), or anti-CD83 (1/20 dilution)
primary Abs for 1 h at room temperature and rinsed five times with TBS.
To stain for S100�, the cells were then incubated with alkaline phospha-
tase-labeled polymer anti-mouse/rabbit IgG (DAKO EnVision system; Da-
koCytomation) according to the manufacturer’s instructions, after which
the sections were developed with fuchsin. To stain for CD1a and CD83, the
cells were incubated with a Catalyzed Signal Amplification System (Da-
koCytomation) according to the manufacturer’s instructions, after which
the sections were developed with 3-amino-9-ethylcarbatole (AEC). Be-
cause of the heterogeneous distribution of DCs within LNs, the numbers of
S100��, CD1a�, and CD83� cells were counted in five randomly selected
high-power fields in the paracortical areas of the LNs under �400 mag-
nification. This approach has been used by other investigators when ana-
lyzing the expression of mature DCs (30). Each slide was examined on at
least two separate occasions by at least two individuals.

Cells were also dissociated from normal lymph nodes and incubated for
2 days in the presence of TGF�-1 at concentrations of 20 or 40 ng/ml. Cell
monolayers were then prepared on slides using a Cytospin (Thermo Elec-
tron), after which the monolayers were fixed with acetone for 5 min at
�20°C and incubated first with anti-S100� Ab (1/50 dilution) for 1 h at
37°C, then with alkaline phosphatase-labeled polymer anti-mouse/rabbit
IgG (DAKO EnVision system; DakoCytomation) according to the manu-
facturer’s instructions, and developed with fuchsin. To detect apoptosis,
TUNEL was conducted using an ApopTag Peroxidase In Situ Apoptosis
Detection kit (S7100; Chemicon International) and developed with DAB

FIGURE 1. Histological analysis showing a
reduction in DC levels within SLNs. SLNs and
non-SLNs were immunohistochemically stained
with anti-S100� Ab (a and b, respectively), anti-
CD1a Ab (c and d, respectively), or anti-CD83 Ab
(e and f, respectively), after which the numbers of
stained cells were counted. g–I, Numbers of DCs
labeled with the indicated Abs in SLNs and non-
SLNs. Numbers of DCs were significantly higher
in non-SLNs than SLNs.
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according to the manufacturer’s instructions. The slides were counter-
stained with hematoxylin. Numbers of apoptotic cells and DCs were then
counted in five randomly selected high-power fields (�400).

Flow cytometry

After preparing single-cell suspensions from lymph nodes, flow cytometric
analysis was conducted to analyze cell number, activity, and incidence of
apoptosis among DCs, CD4� T lymphocytes, and CD8� lymphocytes.
DCs were negatively selected using Lineage Cocktail 1 (FITC-conjugated
Ab mixture against CD3, CD14, CD16, CD19, CD20, and CD56). There-
after, myeloid and lymphoid DCs (DC1s and DC2s, respectively) were
detected using PE-conjugated Ab against CD11c and CD123, respectively.
After detecting the cells, their activities were evaluated based on expres-
sion of surface Ag CD80 using PE-Cy5-conjugated anti-CD80 Ab. T cells
were selected using FITC-conjugated anti-CD3 Ab, after which CD4� and
CD8� T cells were detected using PE-conjugated anti-CD4 and anti-CD8
Abs. The activities of CD4� and CD8� T cells were evaluated based on
their expression HLA-DR detected using PE-Cy5-conjugated anti-
HLA-DR Ab. Apoptosis among CD4� and CD8� T cells in single-cell
suspensions made from normal LNs was analyzed using double-color flow
cytometry. After treatment with 20 or 40 ng/ml TFG�1 for 2 days, the cells
were stained with PE-conjugated anti-CD4 or anti-CD8 Ab, after which
apoptotic cells were stained using FITC-conjugated TUNEL reaction mix-
ture provided with an In Situ Cell Death Detection Kit (Roche Diagnostics)
according to the manufacturer’s instructions. Apoptosis among cultured

DCs treated with 20 or 40 ng/ml TGF�-1 for 2 days was analyzed using
triple-color flow cytometry. Briefly, the CD14� cells cultured as described
above were stained with CyChrome-conjugated anti-CD40 Ab and R-PE-
conjugated anti-HLA-DR Ab. Apoptotic cells were then stained using
FITC-conjugated TUNEL reaction mixture provided in an In Situ Cell
Death Detection kit (Roche Diagnostics) according to the manufacturer’s
instructions. Cells that were CD40�, HLA-DR�, and TUNEL� were
deemed to be apoptotic DCs.

Quantification of TGF� by ELISA

Levels of TGF�-1, -2, and -3 in tumor specimens and SLNs were measured
using sandwich ELISAs according to the manufacturer’s protocol (Quan-
tikine human TGF�-1, Quantikine human TGF�-2, DuoSet human
TGF�-3; R&D Systems). The values were expressed as nanograms per
milligram of protein.

Real-time semiquantitative RT-PCR analysis of TGF�-1

Fresh tumor and LN samples were immediately stored in liquid nitrogen
until use. For real-time semiquantitative RT-PCR, total RNA was isolated
from the samples using a Fast RNA kit Green (Qbiogene) according to the
manufacturer’s instructions. After quantifying the isolated RNA using a
spectrophotometer, 1-�g aliquots were reverse transcribed by incubation
with Superscript II reverse transcriptase (Invitrogen Life Technologies)
and 0.5 �g of oligo(dT)12–18 for 50 min at 42°C, and then for 15 min at
70°C. The primer sequences used to amplify TGF�-1 mRNA (GenBank
accession no. BC000125) were 5�-GCGTCTGCTGAGGCTCAAGT-3�
(forward) and 5�-CTCAACCACTGCCGCACAA-3� (reverse). PCR was
conducted in a LightCycler using a Light Cycler-FastStart DNA Master
SYBR Green 1 Kit (Roche Diagnostics). Thermocycling was done in a
final volume of 20 �l containing 1 �l of cDNA sample (or standard), 3 mM
MgCl2, 0.5 �M each primer, and 2 �l of LightCycler-FastStart DNA Mas-
ter SYBR Green 1. After 10 min of initial denaturation at 95°C, the cycling
protocol entailed 40 cycles of denaturation at 95°C for 10 s, annealing at
60°C for 10 s, and elongation at 72°C for 7 s. As an internal control, we
also amplified the mRNA for GAPDH using primers 5�-AACGTGT
CAGTGGTGGACCTG-3� (forward) and 5�-AGTGGGTGTCGCTGTT
GAAGT-3� (reverse). The reaction mixture was the same as used to am-
plify TGF�-1 mRNA, except that 4 mM MgCl2 was used; the
thermocycling protocol was the same, except annealing was conducted at
62°C. The LightCycler apparatus measured the fluorescence of each sam-
ple in every cycle at the end of the annealing step. After proportional
background adjustment, the fit point method was used to determine the
cycle in which the log-linear signal was distinguishable from the back-
ground, and that cycle number was used as the crossing-point value. The
software then produced a standard curve by measuring the crossing point
for each standard sample and plotting them against the logarithmic values
of the concentrations. Levels of TGF�-1 mRNA were then normalized to
those of GAPDH.

DNA fragmentation

DCs cultured with and without TGF�-1 were lysed with 20 �l of lysis
buffer provided in a Quick Apoptotic DNA Ladder Detection kit (Biovi-
sion). The DNA was then isolated according to the manufacturer’s instruc-
tions, after which samples were electrophoretically separated on a 1% aga-
rose gel containing 0.1 �g/ml ethidium bromide. DNA was visualized
using a UV transilluminator, and the gels were photographed.

Statistics

Differences between the cell counts obtained with SLNs and non-SLNs
were assessed using Student’s paired t test. Group data were expressed as
means � SD and were analyzed using two-way ANOVA in combination
with the least square method using the statistical software JMP IN 5.1.1
(SAS Institute). The significance of individual differences was evaluated
using contrast tests. Values of p � 0.05 were considered significant.

Results
Apoptosis among DCs within SLNs from NSCLC patients

SLNs and non-SLNs obtained from patients with primary adeno-
carcinomas of the lung (NSCLC) showing no evidence of nodal
metastasis were used in this study. After identifying SLNs and
non-SLNs as described in Materials and Methods, we estimated
the number of DCs (S100��, CD1a�, and CD83� cells and ma-
ture DCs) within the nodes by evaluating immunohistochemically
stained sections (Fig. 1). We found there to be significantly fewer

FIGURE 2. Flow cytometric analysis showing a reduction in DC levels
within the SLNs. DCs were negatively selected using Lineage Cocktail 1,
(FITC-conjugated Ab mixture against CD3, CD14, CD16, CD19, CD20,
and CD56), after which DC1s and DC2s were resolved using PE-conju-
gated anti-CD11c (a) and anti-CD123 (b), respectively. The number (c)
and activity (d) of DC1s were measured by staining CD11a and CD80,
respectively. The number (e) and activity (f) of DC2 were measured by
staining CD123 and CD80, respectively. The numbers and activities of
DC1s and DC2s were higher in non-SLNs than in SLNs (p � 0.005).
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DCs present within SLNs than non-SLNs; moreover, triple-color
flow cytometry showed that both the number and activity (CD80�)
of both DC1s (CD11�) and DC2s (CD123�) were reduced in
SLNs, as compared with non-SLNs (Fig. 2).

Hypothesizing that the reduced numbers of DCs within SLNs
might reflect an increased incidence of apoptosis, we compared
SLNs and non-SLNs by double-staining the cells using a specific
DC marker (S100�, CD1a, or CD83) and TUNEL (Fig. 3, a–f).
Consistent with our hypothesis, we found the incidence of apopto-
sis among DCs to be significantly higher in SLNs than in non-
SLNs (Fig. 3, g–i), suggesting that apoptosis is a major factor
underlying the reduction in DCs within SLNs.

Because TGF� suppresses stimulated CD4� T cell production
and induces apoptosis among PBMCs (19, 20), we next examined

the extent to which TGF� contributes to the induction of apoptosis
among DCs within SLNs. Using ELISAs, we found that levels of
TGF�-1 were higher in SLNs than non-SLNs, whereas no signif-
icant difference was detected in the levels of TGF�-2 or -3 in the
two groups (Fig. 4, a–c). Moreover, immunohistochemical anal-
ysis of SLNs and primary NSCLS tumor specimens showed sub-
stantial amounts of TGF�-1 to be present within the tumors, but
little or no TGF�-1 was detected in the SLNs, suggesting the tu-
mor is the source of the cytokine affecting DCs within SLNs (Fig.
4, d and e). We subsequently confirmed that idea using semiquan-
titative RT-PCR, which showed expression of TGF�-1 mRNA to
be �30 times higher in the primary tumor than in SLNs or non-
SLNs (Fig. 4f). Given that the SLN is the first LN into which the
tumor drains it appears to us that tumor-derived TGF�-1 flows into

FIGURE 3. Incidence of apoptosis among
DCs is increased within SLNs. TUNEL analysis
of apoptosis among DCs (S100��, CD1a�, and
CD83� cells) within SLNs. a and b, S100�� cells
are stained red (fuchsin); TUNEL-positive cells
are stained dark brown (DAB). c and d, CD1a�

cells were stained red (AEC); TUNEL-positive cells
are stained green (FITC). e and f, CD83� cells are
stained red (AEC); TUNEL-positive cells were
stained green (FITC). g, Percentage of apoptotic
(TUNEL�) cells in SLN and non-SLNs; the per-
centage was significantly higher in SLNs than
non-SLNs (p � 0.05).

FIGURE 4. Levels of tumor-de-
rived TGF�-1 are increased within
SLNs. TGF�-1 (a), TGF�-2 (b), and
TGF�-3 (c) content of SLNs and
non-SLNs was measured using spe-
cific ELISAs. TGF�-1 was higher in
SLNs than non-SLNs (p � 0.05).
Distribution of TGF�-1 in a represen-
tative tumor specimen (d) and SLN (e)
was analyzed with immunohistochem-
ical staining. Positive staining for anti-
TGF�-1 Ab is shown in brown. f,
Semiquantitative RT-PCR analyses of
TGF�-1 mRNA in tumor specimens,
SLNs, and non-SLNs were performed.
�, p � 0.05 vs SLNs and non-SLNs
(ANOVA in combination with the
Tukey-Kramer honest significant dif-
ference test; n � 5 in each group).

5640 TGF�-1 INDUCES DC APOPTOSIS IN SLNs
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the SLN, where it induces apoptosis among the DCs, but it does
not reach more distant LNs at levels sufficient to exert a significant
effect.

In vitro effects of TGF�-1 on cultured and acutely
dissociated DCs

To further confirm that TGF�-1 mediates the increase in apoptosis
seen among DCs within SLNs, we next examined the in vitro
effects of TGF�-1 on the cultured DCs from normal LNs. The cells
were incubated with TGF�-1 (20 or 40 ng/ml) for 2 days, after
which electrophoresis of the extracted DNA yielded the ladder
pattern characteristic of apoptotic cells (Fig. 5b), and flow cytometry
showed increased incidence of apoptosis (Fig. 5c). In addition,
DAN/Fc chimera, a specific inhibitor of TGF�-1, almost completely
blocked the evoked apoptosis among cultured DCs. In similar fashion,
when suspensions of cells acutely isolated from normal LNs were
incubated with TGF�-1 for 2 days and then double-stained with anti-
S100� mAb as a marker of DCs and TUNEL to evaluate the apo-
ptosis, TGF�-1 was found to induce significant increases in the inci-
dence of apoptosis and, again, the effect was largely blocked by
DAN/Fc chimera (Fig. 6, a and b). In neither preparation did the tracer
(magnetite) that we used for the detection of SLNs have any effect on
DC apoptosis.

Effects of TGF�-1 on the number and activity of T lymphocytes
within SLNs

Because TGF� is also known to suppress CD4� T cell production
(19), we also evaluated the number and activity (reflected by
HLA-DR expression) of CD4� and CD8� T cells in SLNs (Fig. 7).
We found that the numbers of CD4� T cells were significantly

lower in SLNs than in non-SLNs, although there was no significant
difference in the numbers of CD8� T cells. In addition, HLA-DR
expression by both CD4� and CD8� T cells was lower in SLNs
than non-SLNs. These findings were confirmed using double-color
flow cytometry to assess the effect of TGF�-1 on apoptosis among
CD4� and CD8� T cells in suspensions of cells acutely isolated

FIGURE 5. TGF�-1 induces apoptosis among cultured DCs. Apoptosis
among cultured DCs incubated for 2 days with TGF�-1 (20 or 40 ng/ml)
was analyzed using flow cytometry. a, Cells that were CD40�, HLA-DR�,
and TUNEL� were deemed to be apoptotic DCs. b, The representative
electrophoresis of DNA extracted from cultured DCs incubated for 2 days
with the indicated concentration of TGF�-1 is shown; note the ladder pat-
tern of the fragmented DNA characteristic of apoptosis. c, Percentage of
apoptotic cells was detected after 2 days in presence of the indicated con-
centration of TGF�-1, without (F) or with (E) the inhibitor DAN/Fc chi-
mera. �, p � 0.05 vs DAN/Fc chimera; DAN/Fc, DAN/Fc chimera (two-
way ANOVA in combination with the least square method; the significance
of individual differences was evaluated using contrast tests).

FIGURE 6. TGF�-1 induces apoptosis in DCs within LNs. a and b,
TUNEL analysis of TGF�-1-induced apoptosis among cells acutely disso-
ciated from normal LNs is shown. DCs (S100�� cells) are stained red
(fuchsin), whereas TUNEL� cells are stained brown (DAB). a and b,
Nonapoptotic DCs and apoptotic DCs are shown, respectively. Percentage
of apoptotic cells was detected after 2 days in presence of the indicated
concentration of TGF�-1, without (F) or with (E) the inhibitor DAN/Fc
chimera (c). �, p � 0.05 vs DAN/Fc chimera (two-way ANOVA in com-
bination with the least square method; the significance of individual dif-
ferences was evaluated using contrast tests).

FIGURE 7. Numbers of CD4� T cells are reduced within SLNs. The
numbers of CD4� (a) and CD8� (b) cells in SLNs and non-SLNs were
analyzed using flow cytometry. To assess T cell activity, numbers of CD4�

(c) and CD8� (d) cells that were also HLA-DR� were counted.

5641The Journal of Immunology

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


from normal LNs. The results showed that exposure to TGF�-1
(20 or 40 ng/ml) for 2 days induced a significant increase in ap-
optosis among CD4� but not CD8� T cells (Fig. 8) and, as with
the DCs, the effect on CD4� T cells was blocked by DAN/Fc
chimera; the inhibitor had no effect on CD8� T cells.

Discussion
Our findings that tumor-derived TGF�-1 induces apoptosis among
DCs and CD4� T lymphocytes within SLNs from NSCLC patients
presenting with no evidence of nodal metastasis is consistent with
an earlier report (31) and suggests that tumor-derived TGF�-1 in-
duces immunosuppression within SLNs before the movement of
tumor cells into the node, thereby facilitating nodal metastasis. We
were careful to select patients with no evidence of metastasis to
avoid the effects of cytokines derived from metastatic tumor cells,
because Poindexter et al. (32) reported that the number of mature
CD83� DCs in tumor-free SLNs is higher than that in tumor-
containing SLNs. In addition, our finding that numbers of CD11�,
CD11�CD80�, CD123�, and CD123�CD80� cells were reduced
in SLNs indicates that not only the overall number but also the
activity of both DC1s and DC2s was reduced in SLNs from
NSCLC patients. It is also noteworthy that TGF� reportedly in-
hibits DC migration into tumor-draining LNs (26), suggesting that,
in addition to apoptosis, a TGF�-induced reduction in DC migra-
tion into SLNs may also contribute to the decline in the num-
bers of DCs within SLNs. These effects on DCs within SLNs
from NSCLC patients are consistent with observations reported
for other malignant tumors, including breast cancer (9) and mel-
anoma (10).

A comparison of our findings with those previously reported
underscores concentration-dependence and tissue specificity of the
effects exerted by TGF�-1. At a concentration of 10 ng/ml, for
instance, TGF�-1 inhibits DC migration from tumors into draining
LNs, as well as the ability of DCs to present Ag and stimulate T
lymphocytes (26), though it reportedly promotes the growth and
differentiation of monocyte-derived DCs into Langerhans cell-type
DCs by protecting the viability of DC precursors (33, 34). In ad-
dition, Riedl et al. (35) reported that, at a lower concentration (0.5
ng/ml), TGF�-1 inhibits DC apoptosis induced by TNF-�, al-
though Kiertscher et al. (36) reported that a neutralizing anti-TGF�
mAb had no effect on DC apoptosis induced by the conditioned
supernatant from tumor cell cultures. In contrast, Jacobsen et al.
(37) showed that, at 2 ng/ml, TGF�-1 induces apoptosis among
immature murine progenitor cells, which is consistent with the
finding of Radeke et al. (38) that, at 0.1–10 ng/ml, TGF� induces
expression of Smad3 mRNA, transient Smad3/4 oligomerization,
and Smad3/DNA binding in Langerhans cell-type DCs. The acti-
vation of Smad3 by TGF�-1 is an upstream event leading to ac-
tivation of the Fas death pathway to apoptosis (39). The average
serum TGF�-1 levels in healthy volunteers and cancer patients
were previously shown to be 50.8 � 19.2 and 40.5 � 12.1 ng/ml,
respectively (40); we selected TGF�-1 concentrations of 20 and 40
ng/ml for our in vitro studies based on that finding.

Our study also suggests that TGF�-1 derived from primary tu-
mors induces apoptosis among CD4� T cells within SLNs. By
contrast, Chen et al. (41) reported that T cell apoptosis was en-
hanced in mice lacking TGF�-1; moreover, a low concentration of
TGF�-1 (1 ng/ml) did not inhibit the synthesis and secretion of
cytokines by CD4� T cells and acted synergistically with IL-2 to
block apoptosis among CD4� T cells (42). We suggest that the
discrepancy between our present findings and those earlier reports
reflects the difference in the TGF�-1 concentrations used. In fact,
it has been shown that higher concentrations of TGF� (5–25 ng/
ml) induce CD4� T cell apoptosis (43, 44). Thus, TGF� may
suppress apoptosis among CD4� T cells at low concentrations, but
induce it at higher concentrations.

In conclusion, we found that in NSCLC patients TGF�-1 de-
rived from the primary tumor induces apoptosis among both DC
and CD4� T cells within SLNs which, at least in part, accounts for
the decline in their numbers there. We suggest that tumors prepare
SLNs for metastasis via this immunosuppressive mechanism, mak-
ing the SLN a good model for investigating tumor immunity and
its relationship to metastasis.
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