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Formation of lymphatic metastasis is the initial step
of generalized spreading of tumor cells and predicts
poor clinical prognosis. Lymphatic vessels generally
arise within the peritumoral stroma, although the
lymphangiopoietic vascular endothelial growth fac-
tors (VEGF)-C and -D are produced by tumor cells. In
a carefully selected collection of human cervical can-
cers (stage pT1b1) we demonstrate by quantitative
immunohistochemistry and in situ hybridization that
density of lymphatic microvessels is significantly in-
creased in peritumoral stroma, and that a subset of
stromal cells express large amounts of VEGF-C and
VEGF-D. The density of cells producing these vascular
growth factors correlates with peritumoral inflamma-
tory stroma reaction, lymphatic microvessel density,
and indirectly with peritumoral carcinomatous lym-
phangiosis and frequency of lymph node metastasis.
The VEGF-C- and VEGF-D-producing stroma cells were
identified in situ as a subset of activated tumor-asso-
ciated macrophages (TAMs) by expression of a panel
of macrophage-specific markers, including CD68,
CD23, and CD14. These TAMs also expressed the
VEGF-C- and VEGF-D-specific tyrosine kinase receptor
VEGFR-3. As TAMs are derived from monocytes in the
circulation, a search in peripheral blood for candi-
date precursors of VEGFR-3-expressing TAMs revealed
a subfraction of CD14-positive, VEGFR-3-expressing
monocytes, that, however, failed to express VEGF-C
and VEGF-D. Only after in vitro incubation with tumor
necrosis factor-� , lipopolysaccharide, or VEGF-D did
these monocytes start to synthesize VEGF-C de novo.
In conclusion VEGF-C-expressing TAMs play a novel
role in peritumoral lymphangiogenesis and subse-

quent dissemination in human cancer. (Am J Pathol
2002, 161:947–956)

Life expectancy of patients with malignant tumors is de-
termined by metastatic dissemination that proceeds ini-
tially via lymphatic vessels to lymph nodes, and eventu-
ally via blood vessels to distant organs. Thus, targeted
disruption of established lymphatic vessels, or inhibition
of local lymphatic neoangiogenesis, promises to reduce
metastasis.1 Interference with lymphatic angiogenesis
has become possible only recently with the identification
of vascular endothelial growth factors (VEGF)-C and –D
as specific growth factors for lymphatic endothelia, and
their corresponding tyrosine kinase receptor, VEGFR-
32–4 that, however, is also expressed in peritumoral blood
capillaries.5 Transgene overexpression of VEGF-C and
VEGF-D in experimental tumors has established a direct
relation between lymph vessel density and rate of lym-
phatic metastasis.6–8 These studies were performed in
human mammary carcinomas and melanomas implanted
into mice, and in murine sarcomas,6,9,10 using novel
markers for localization of lymphatic vessels, such as the
membrane mucoprotein podoplanin,11 and the CD44-
related hyaluronan receptor LYVE-1.12 In contrast to in-
tratumoral blood vessels that receive their growth stimu-
lus from intratumoral VEGF,13 lymphatic capillaries were
encountered almost exclusively within the peritumoral
stroma at the tumor surface, but not within tu-
mors.9,10,14,15 This study on human squamous carcino-
mas of the uterine cervix provides evidence that a sub-
fraction of tumor-associated macrophages (TAMs) are a
major source of VEGF-C and VEGF-D, that their density
correlates with regional lymph vessel proliferation, and
that they are presumably derived from a subfraction of
circulating monocytes.
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Materials and Methods

Tissues

Archival paraffin-embedded or frozen tissue samples of 7
normal human cervixes, 5 cases of low-grade squamous
intraepithelial lesions (LSILs), 7 cases of high-grade
squamous intraepithelial lesions (HSIL), and 32 cases of
International Union against Cancer (UICC) Stage pT1b1
cervical squamous carcinomas treated by radical hyster-
ectomy and pelvic lymph node dissection were included
into this study. All procedures were performed in compli-
ance with Austrian legislation.

Immunohistochemistry and Confocal
Microscopy

Immunohistochemistry and immunofluorescence were
performed on formalin-fixed, paraffin-embedded cervical
tissue samples, acetone-fixed cryostat sections, or slides
with cultured cells. For immunohistochemical detection of
protein expression, antibodies with the following speci-
ficities were used: VEGF-C (Zymed Inc., South San Fran-
cisco, CA), VEGF-C 15-meric peptide (VEGF-C amino
acids 260 to 274) prepared with an automated peptide
synthesizer (model 430A; Applied Biosystems Inc., Fos-
ter City, CA), CD1, CD2, CD3, CD8, CD14, CD16, CD19,
CD20, CD23, CD34, CD45, CD45RA, CD56, CD68,
CD123, HLA-DR (all from Research Diagnostics Inc.,
Flanders, NJ), VEGFR-3,2 podoplanin (IgG raised in rab-
bits,11 or sera produced in mice), LYVE-1 (affinity-purified
rabbit anti-IgG, kindly provided by Dr. David Jackson,
Oxford, UK), tryptase (Chemicon International Inc., Te-
mecula, CA), and VEGF-D (Santa Cruz Biotechnology
Inc., Santa Cruz, CA). For immunohistochemistry, a bi-
otin-streptavidin-horseradish peroxidase-based method
was used. For immunofluorescence, Alexa 488- and Al-
exa 633-labeled secondary antibodies were used and for
nuclear counterstaining, propidium iodide was used (all
from Molecular Probes, Eugene, OR). Triple-channel con-
focal laser-scanning microscopy analysis was performed
on a Zeiss LSM 510 (Oberhochen, Germany).

Morphometry

Microvessel density was determined by two independent
observers who were blind to the clinical course of the
patient. Mean values of microvessel densities scored by
both investigators for each patient were entered into fur-
ther calculations. For determination of lymphatic mi-
crovessel density (LMVD), the area directly adjacent to
tumor formations with the greatest number of distinctly
highlighted microvessels (hot spot)16 was selected.
LMVD was then determined by counting all decorated
vessels at a total magnification of �200 within an exam-
ination area of 0.25 mm2 using an eye grid. Each stained
lumen was regarded as a single countable microvessel.
Lymphangiosis carcinomatosa was considered positive if
at least one tumor cell cluster was detected within a
podoplanin-labeled lymphovascular lumen. The number

of VEGF-C- and VEGF-D-positive stroma cells was deter-
mined in the area of their highest density (hot spot) at a
magnification of �400 (field of view, 0.08 mm2). The ratio
of CD68- and VEGF-C-expressing stroma cells was de-
termined in identical areas in consecutive tissue sections.
Immunostaining intensity of VEGF-C in cancer cells was
graded as strong (���), medium (��), and weak ex-
pression (�). Peritumoral inflammation was graded as:
�, when inflammatory reaction was sparse; ��, with
moderate/inhomogeneous reaction; and ���, with
dense, homogenous inflammatory infiltrate, as de-
scribed.17

In Situ Hybridization

Human VEGF-C anti-sense and sense RNA probes were
generated from linearized (ApaI, KpnI) pCR2.1 topo vec-
tor (Invitrogen, San Diego, CA), corresponding to nucle-
otides 1033 to 1593 of human VEGF-C cDNA (sense
5�-TTCCCTGCCAGCAACACTACCA-3�, anti-sense 5�-
CCAATATGAAGGGACACAACGACA-3�). Digoxigenin-
labeled anti-sense mRNA was synthesized using T7 RNA
polymerase and [DIG]UTP, and sense mRNA, using SP6
RNA polymerase and [DIG]UTP (Boehringer, Mannheim,
Germany). In situ hybridization for VEGF-C mRNA expres-
sion was performed on 5-�m thick formalin-fixed, paraf-
fin-embedded tissue samples of four different cases, as
described.18

Isolation and Stimulation of Blood Mononuclear
Cells

Blood-borne mononuclear cells were isolated from hep-
arinized peripheral blood of normal healthy donors by
density gradient centrifugation with Ficoll-Paque (Phar-
macia, Uppsala, Sweden). T cells and monocytes were
separated by magnetic sorting using the MACS tech-
nique (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many) as described.19 Monocytes were enriched using
biotinylated CD14 monoclonal antibody VIM13 (purity
�95%) (kindly provided by O Majdic, Institute of Immu-
nology, Vienna, Austria). The relative number of VEGFR-3
surface-positive CD14� monocytes was determined by
cell sorting (FACSCalibur; Becton-Dickinson. Mountain
View, CA), starting with 106 CD14� cells in phosphate-
buffered saline (PBS) containing 1% bovine serum albu-
min and 10% fetal calf serum. Incubation was performed
with monoclonal antibody toward human VEGFR-320 for
30 minutes at 4°C, followed by three washes in PBS and
Alexa 488-conjugated goat anti-mouse IgG (Molecular
Probes Inc.). Controls were performed with irrelevant first
antibodies. Alternatively, CD14� cells were centrifuged
onto slides by cytospinning, labeled for immunofluores-
cence with the same antibodies, and the relative fraction
of VEGFR-3�/CD14� cells was visually counted. Sam-
ples from four healthy individuals were analyzed and the
relative number of VEGFR-3� cells were expressed as
mean value with SE.

For in vitro activation, CD14� monocytes (1 � 106/ml)
were cultured in RPMI 1640 (Life Technologies, Inc.,
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Grand Island, NY), supplemented with 2 mmol/L of L-
glutamine, 10% fetal calf serum, 100 U/ml of penicillin,
and 100 �g/ml of streptomycin in 24-well plates (Costar,
Cambridge, MA) in the presence of lipopolysaccharide
(LPS) from Escherichia coli (1 �g/ml) (serotype 0127-B8;
Sigma Chemie GmbH, Deisenhofen, Germany), tumor
necrosis factor (TNF)-� (50 U/ml) (provided by Dr. GR
Adolf, Boehringer Ingelheim, Vienna, Austria), recombi-
nant human VEGF-D (0.3 �g/ml) (R&D Systems Inc.,
Minneapolis, MN), or medium alone at 37°C. Freshly iso-
lated monocytes were kept at 4°C to avoid activation.

Qualitative Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Total RNA of monocytes was isolated with TriReagent
(Molecular Research Center, Cincinnati, OH). Total RNA
(3 �g) was used for cDNA synthesis (total volume, 20 �l),
and the reverse transcriptase reaction mixture (2 �l) was
used for PCR reaction with a DNA thermal cycler (Perkin
Elmer Cetus) for 40 cycles (60 seconds at 94°C, 60
seconds at 57°C, and 60 seconds at 72°C), with following
primers: G3PDH sense 5�-TGAAGGTCGGAGTCAACG-
GATTTGGT-3�, anti-sense 5�-CATGTGGGCCATGAGGT-
CCACAC–3; VEGF-C sense 5�-GATGTGGGGAAGGA-
GTTTGGAGTC-3�, VEGF-C anti-sense 5�-TTGGCTGGGG-
AAGAGTTTGTTTTT-3�; VEGF-D sense 5�-CTAGAGAAAC-
GTGCGTGGAGGTG-3�, VEGF-D anti-sense 5�-AGTTTTT-
GGGGTGCTGGATTAGAT-3�; VEGFR-3 sense 5�-CAGAC-
GGGCAGGAGGTGGTGTG-3�, VEGFR-3 anti-sense 5�-
CGGCTGTGACGCGAGTAGATGC. The amplified PCR
products (G3PDH, 452 bp; VEGF-C, 567 bp; VEGF-D,
525 bp; and VEGFR-3, 787 bp) were electrophoresed
in 1% agarose gels and stained with ethidium bromide.

Immunoblotting

U937 cells (CRL-2367; American Type Culture Collection,
Manassas, VA) were cultured as described, lysed in re-
ducing sodium dodecyl sulfate sample buffer, and pro-
teins were electrophoresed by 5 to 15% gradient sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and
transferred onto nitrocellulose membranes (BioRad,
Richmond, CA). Membranes were cut and strips were
incubated with monoclonal anti-VEGFR-3 IgG, rabbit anti-
human VEGF-C, and rabbit anti-human VEGF-D antibod-
ies. A lysate of isolated cultured human blood vessel
endothelial cells21 was processed and used as control.
Strips were washed and binding of primary antibodies
was developed as described.21

Statistics

The Mann-Whitney test, Kruskal-Wallis-test, Spearman’s
coefficient of correlation, and chi-square test were used
as indicated in the figure legends. Numbers given are
mean values � SE. A P value of �0.05 was considered as
significant.

Results

LMVD Is Increased in Peritumoral Stroma and
Correlates with Regional Lymphangiosis
Carcinomatosa

Podoplanin and LYVE-1 double-positive lymphatic mi-
crovessels were found exclusively within the peritumoral
stroma, but not between tumor cells, both in noninvasive
and pT1b1-stage invasive carcinomas (Figure 1, B and
G). In contrast, CD34� blood capillaries were also en-
countered between tumor cell sheets without intervening
stroma in consecutive sections (Figure 1A). Double im-
munofluorescence further confirmed that all vessels la-
beled with podoplanin also expressed LYVE-1 (Figure 1;
D, E, and F). Morphometric analysis indicated that in
normal cervical tissue the average density of lymphatic
vessels (LMVD) amounted to 4.3 � 0.5 microvessels/
high-power field (HPF), whereas it was markedly elevated
in LSILs (9.4 � 2 microvessels/HPF), HSILs (11.6 � 2.2
microvessels/HPF), and invasive cancers (8.3 � 1.1 mi-
crovessels/HPF; Figure 2A). Inflammatory stroma reac-
tion was rated � in 9.4%, �� in 43.8%, and ��� in
46.9% of the cases. A significant correlation was encoun-
tered between LVMD and inflammatory stroma reaction
(P � 0.012) (Figure 2B), and a trend toward increased
LMVD with higher dysplasia was observed (Figure 2A).
Median LMVD significantly correlated with lymphangiosis
carcinomatosa (11.3 � 1.6 microvessels/HPF in cases
with lymphovascular tumor invasion versus 6.1 � 1.4 in
cases without; P � 0.014) (Figure 2C). Invasion of tumor
cells into peritumoral lymphatic vessels was observed in
44% of cases, and was statistically significantly associ-
ated with lymph node metastasis (P � 0.008) (Figure 2F).
Expression of VEGF-C in cancer cells was graded as
��� in 37.5%, �� in 25%, and � in 37.5%. There was
no association of VEGF-C expression of tumor cells with
any other parameter, including LMVD and lymph node
status (P � 0.05).

VEGF-C and VEGF-D Are Expressed in
Mononuclear Cells in the Peritumoral
Inflammatory Infiltrate

Expression of VEGF-C and VEGF-D was observed in a
subset of mononuclear cells of the peritumoral inflamma-
tory stroma by immunohistochemistry (Figures 1I and
3B), and in four cases also by in situ hybridization (Figure
3A), using a digitonin-labeled anti-sense probe, and a
corresponding sense probe as negative control (data not
shown). Frequently, these mononuclear cells formed
small clusters close to lymphatic microvessels (Figures
1C and 3B) and were in close contact to the tumor
surfaces (Figures 1I and 3A). Relatively smaller amounts
of the growth factors and of their specific mRNA were
also detected within tumor cells (Figures 1I and 3A). The
mean number of VEGF-C-expressing cells in invasive
carcinomas (39.5 � 3.7/HPF) significantly correlated with
the grade of inflammatory stroma reaction (P � 0.001)
(Figure 2D), and was highest in carcinomas (39.5 �
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Figure 1. Identification of lymphatic vessels (A–F) in consecutive serial sections of a representative case of stage pT1b1 squamous cell carcinoma of the uterine
cervix. A: All vessels are immunolabeled (arrowheads) with anti-CD34 antibody that does not discriminate between lymphatic and blood vessel endothelial cells.
Besides several vessels, including small arteries (arrows) within the tumor stroma, two vessels are also labeled within the tumor (Tu). B: Consecutive section
labeled with rabbit anti-podoplanin antibody, revealing six sections through lymphatic vessels (arrowheads), whereas other vessels (arrows) that were marked
by CD34 antibody in the previous section were podoplanin-negative and are blood vessels. C: Next consecutive section immunostained with rabbit anti-LYVE 1
IgG that marks the same lymphatic vessels (arrowheads) as podoplanin in the previous level. Blood vessels are not marked (arrows). D–F: Double
immunofluorescence on a squamous cell carcinoma with mouse antibodies to podoplanin (green, D) and rabbit anti-LYVE 1 IgG (red, E) reveals perfect overlap
of both markers on the same lymphatic vessel (yellow, F). G–I: Association of peritumoral lymphatic vessels (G), CD68-positive TAMs (H), and VEGF-C-producing
cells (I) on consecutive sections of cervix squamous epithelial carcinoma. G: Lymphatic vessels (Ly) are localized rabbit anti-podoplanin antibody within the
peritumoral mononuclear infiltrate surrounding infiltrative extensions of the invasive carcinoma (Tu). H: CD68� TAMs are localized close to the tumor and
surround the lymphatic vessels (outlined in green; position was deduced from the preceding section and indicates vessels that were free of erythrocytes in higher
magnification in this section). I: VEGF-C is expressed in tumor cells (Tu) in a granular pattern, as well as in peritumoral inflammatory cells (arrows), some of
which are associated with the surface of the invading tumor (arrowheads). Original magnifications: �350 (A–C); �600 (D–F); �420 (G–I).
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3.7/HPF), followed by HSILs (23.3 � 5.8/HPF) and LSILs
(8.4 � 3.1/HPF) (P � 0.001). A significant correlation was
found between the number of VEGF-C-expressing peri-
tumoral cells, and median LMVD (Figure 2E).

VEGF-C-Expressing Stroma Cells Are TAMs

The VEGF-C-expressing peritumoral stroma cells were
characterized in situ, using double immunofluorescence
and confocal microscopy, keeping anti-VEGF-C antibody
labeling constant, and varying the antibodies in the other
channel (Figure 4). All VEGF-C-producing cells ex-
pressed the markers CD68, CD14, CD23, HLA-DR, and
CD45 (Figure 4), while �50% also produced CD16 (Fig-
ure 4). The VEGF-C-expressing cells failed to produce
CD1a, CD2, CD3, CD8, CD19, CD20, CD34, CD56,
CD45-RA, CD123, and tryptase. All VEGF-C-positive
cells also expressed equally VEGF-D (Figure 4). These
results indicated that the VEGF-C-positive cells are a
subset of TAMs, comprising �25% of all CD68-positive
cells in the peritumoral inflammatory infiltrate (Figure 1H).

VEGF-C-Expressing Macrophages Produce
VEGFR-3

Double-immunofluorescence analysis revealed that all
peritumoral VEGF-C- and VEGF-D-expressing cells were
also labeled by anti-VEGFR-3 antibodies in a granular
intracellular pattern (Figure 5), but not at cell surface
membranes, although VEGFR-3 is a tyrosine kinase re-
ceptor.2 Stromal cells that failed to express VEGF-C and
VEGF-D were also consistently devoid of VEGFR-3, and
also the tumor cells failed to express the receptor (data
not shown).

VEGF-C Synthesis Is Induced in Vitro in
VEGFR-3-Expressing Monocytes

CD14� monocytes were affinity purified from the blood of
four normal humans, immunolabeled with anti-VEGFR-3
antibodies, and analyzed by fluorescence-activated cell
sorting or by morphometry on cytospin preparations.
Consistently, a subfraction of 61.4 � 8.9% of VEGFR-3�

cells was identified in prepurified CD14� monocytes (Fig-
ure 5). These cells expressed VEGFR-3 on their surface,
and also in perinuclear location, presumably in the endo-
plasmic reticulum (Figure 5), however, they failed to pro-
duce VEGF-C (Figures 5 and 6). Incubation with TNF-�,
LPS, and also with human recombinant VEGF-D induced
VEGF-C production, and interiorization of VEGFR-3 into a
granular intracellular compartment (Figures 5 and 6),
similar to VEGF-C-producing TAMs in tissue (Figure 5).
These immunohistochemical results were confirmed by
RT-PCR (Figure 6).

The Cell Line U937 Expresses Intact VEGF-C,
VEGF-D, and VEGFR-3

The macrophage-related tumor cell line U937 constitu-
tively expressed VEGFR-3, as well as VEGF-C and
VEGF-D (Figure 7), suitable for identification of the re-
spective proteins, whereas it was impossible to isolate
phenotypically stable TAMs in sufficient numbers from
the surgical specimens of cervical carcinomas. Western
blotting revealed that U937 cells produced the receptor
and both ligands in their respective active, mature forms,
as well as in typical processed products (Figure 7).

Discussion

Tumor dissemination starts with the migration of tumor
cells through lymphatic vessels to develop a metastasis
in the regional sentinel lymph node. This places center
stage the intra- and/or peritumoral lymphatic vessels, and
the growth factors VEGF-C and VEGF-D that secure their
survival,20 and support their proliferation.22 Their signifi-
cance was recently highlighted by experiments in which
rapid development of lymph node metastasis was achieved
in immunodeficient mice that were implanted with trans-
genically VEGF-C-overexpressing tumors and that devel-
oped large peritumoral lymphatic vessels.6,7,9,10 However,

Figure 2. Correlations between lymphatic vessel density and clinical param-
eters. A: There was a clear trend toward higher LMVD in low-grade squa-
mous intraepithelial lesions (LSILs), high-grade squamous intraepithelial le-
sions (HSILs), and squamous cell cervical cancers (Ca) compared to normal
cervical tissue that, however, failed to reach statistical significance. (P �
0.078, Kruskal Wallis test). B: There was a significant correlation between
LMVD and the grade of inflammatory stroma reaction (1, absent; 2, moderate;
3, dense homogenous inflammatory infiltrate) (P � 0.012, Kruskal-Wallis
test). C: LMVD was significantly increased in cervical cancers with invasion
of peritumoral lymphatic vessels by tumor cells (lymphangiosis carcinoma-
tosa) (pos.) when compared to those without (neg.) (11.39 � 1.62 versus
6.06 � 1.36) (P � 0.014, Mann-Whitney test). D: The number of VEGF-C-
expressing peritumoral cells correlated with the grade of inflammatory
stroma reaction in invasive cancers as well as in LSILs (P � 0.043, Kruskal
Wallis test). E: LMVD in squamous carcinomas, stage pT1b1, with �35
VEGF-C-positive stroma cells was significantly lower than in those cancer
samples with �35 VEGF-C-positive cells (6.11 � 1.53 versus 10.87 � 1.45)
(P � 0.014, Mann-Whitney test), using the median value of 35 VEGF-C-
positive stroma cells as cutoff score. F: Lymphatic vessel invasion of tumor
cells was highly associated with the presence of lymph node metastases (P �
0.008, chi-square test).
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results obtained on experimental animals are limited by the
fact that their tumor vasculature may differ unpredictably
from that in humans, as demonstrated for example by the
dual specificity of VEGF-D for both blood and lymphatic
endothelial cells in mice, contrasted by restriction to lym-
phatics in humans.24

To gain insight into the mechanisms of (peri)tumoral
lymphangiogenesis in natural human tumors and to pro-
vide a basis for functional studies, descriptive analysis of
histopathologically well-defined, preferentially early-
stage tumors without necrosis and other complicating
secondary changes are required. Human squamous ep-
ithelial carcinomas of the uterine cervix are advanta-
geous because of their unique anatomical simplicity.
They originate from stratified, nonkeratinized squamous
epithelium that rests on a collagen-rich stroma with only
few equidistant blood and lymphatic vessels, and sparse
inflammatory cells. Neoplasia progresses via histopatho-
logically exactly defined, preinvasive, intraepithelial
precursors of low-grade (LSIL) and high-grade (HSIL)
squamous intraepithelial lesion, to stroma invasive carci-
nomas. Invariably, tumors of all stages are demarcated
by a mixed inflammatory stroma infiltrate. For this study
we have selected 32 patients with early-stage cervical
squamous cell carcinoma that was restricted to the cervix
and did not exceed a diameter of 4 cm (stage pT1b1,
UICC), with complete clinical follow-up.

Localization of lymphatic vessels, isolation of lym-
phatic endothelial cells, and unraveling of their function
has become possible only recently, with the discovery of
markers specific for the lymphatic endothelium. The cur-
rent inventory comprises molecules of widely diverse
functions, such as the VEGF-C- and VEGF-D-specific
tyrosine kinase receptor VEGFR-3,2–4 the CD44-related
hyaluronan receptor LYVE-1,12 the transcription factor
Prox-1,25 and the membrane mucoprotein podoplanin,11

Figure 3. Localization of VEGF-C-expressing cells by in situ hybridization (A) and immunofluorescence (B). A: Expression of VEGF-C mRNA is found by in situ
hybridization in highest concentration in cells within the peritumoral stroma, some of which directly sit on the surfaces (arrowheads) of the infiltrating tumor
extensions (T). Small amounts of VEGF-C mRNA are also expressed by tumor cells (arrows). These results are representative for four different patients. For
negative control, hybridization with sense probe was performed and no signal was found (data not shown). B: When VEGF-C and lymphatic vessels are
co-localized by double immunofluorescence and confocal laser-scanning microscopy, individual and clusters of VEGF-producing cells (green channel) frequently
adjoin the lymphatic vessel wall marked by podoplanin (red channel). Nuclear counterstaining was performed with propidium iodide (blue channel). Original
magnifications: �600 (A); �2500 (B).

Figure 4. Identification of VEGF-C- and VEGF-D-producing peritumoral cells
as TAMs. Analysis was performed on paraffin sections of cervical carcinomas
by double-labeling confocal laser-scanning microscopy. VEGF-C-expressing
cells (green channel) are aligned in the left columns, and the counterlabel-
ing antibodies are displayed in the red channel. This analysis indicates that
VEGF-C-expressing cells are also labeled with antibodies specific for CD68,
HLA-DR, partially CD16, CD23, CD45, and VEGF-D. Nuclei were counter-
stained with propidium iodide (blue channel). Original magnifications,
�2500.
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that contributes to cell adhesion (D. Kerjaschki, manu-
script in preparation). Although all these molecules are
useful tools for the localization of lymphatics in tissue
sections, they also have their shortcomings;26 for exam-
ple, antibodies specific for VEGRF-3 also immunolabel
blood microvessels in the vicinity of tumors,5,10 LYVE-1 is
expressed in liver sinusoidal cells,27 and only in a sub-
population of isolated cultured lymphatic endothelial
cells,20 Prox-1 is found also in the nuclei of nonendothe-

lial cells,26,28 and podoplanin is located in neoplastic
endothelial cells presumably derived from blood vessels,
such as high-grade angiosarcomas and Kaposi sarco-
ma,11 and in nonvascular cells, such as renal glomerular
podocytes,11,29 and myofibroblasts (D. Kerjaschki, un-
published observation). Thus, it was appropriately sug-
gested that use of combinations of the markers at hand
could compensate for their individual deficits and may
yield more reliable immunohistochemical results.26 The
use of podoplanin as a lymphatic endothelial tag in this
study was warranted because it was previously 1) ex-
cluded from dermal blood vessels that express the spe-
cific marker PAL-E;30 2) co-expressed in most, but not all
VEGFR-3� vessels; 3) coincided with LYVE-1 labeling of
peritumoral lymphatic cysternae in VEGF-C-overexpress-
ing pancreatic �-cell carcinomas in Rip-TAG mice (D
Kerjaschki and G Christofori G, unpublished observa-
tion); and 4) co-distributed with LYVE-1 in the present
study. Thus, the combined use of podoplanin and LYVE-1
in this study validated the conclusion that double-positive
vessels were considered as lymphatics.

Lymphatic vessels were absent from all cervical squa-
mous cell carcinomas examined and were concentrated
within the peritumoral stroma, whereas CD34� blood mi-
crovessels were also encountered within tumors. These
results are similar to previous findings in several other
human tumors, such as melanomas,9 colorectal and hep-
atocellular carcinoma,27 and others.15,31 However, they
are in contrast to recent findings in squamous cell carci-
nomas of the head and neck region, in which intratumoral
lymphatic vessels were observed by LYVE-1 labeling.32

This discrepancy cannot be simply explained by the use
of different immunohistochemical markers because
LYVE-1 was also used in the present study. Presumably,
squamous cell carcinomas of different anatomical origin
also vary in their lymphangiogenic properties that may be
also influenced by organ- and region-specific, as yet
unidentified, factors.26

Figure 5. Co-expression of VEGFR-3 and VEGF-C in peritumoral stroma and
in CD14 affinity-purified circulating human monocytes. In the peritumoral
tissue, both VEGF-C (green channel) and VEGFR-3 (red channel) are co-
expressed simultaneously by the same TAMs, and co-localize within the
cytoplasm in a granular compartment, presumably in endosomes or lyso-
somes. By contrast, round CD14 affinity-purified monocytes express
VEGFR-3 on their surface membrane, and in a perinuclear compartment,
presumably the endoplasmic reticulum, but they do not express VEGF-C. The
number of these CD14� cells that express VEGFR-3 was determined in four
different patients by fluorescence-activated cell sorting, and amounted on
average to �60%. Incubation of these cells with exogenous VEGF-D and
TNF-� induced de novo synthesis of VEGF-C. While incubated with VEGF-D
(1 �g/ml, 30 minutes, 37°C) they remained round, TNF-� (50 U/ml, 30
minutes, 37°C) induced cell flattening and endocytosis of receptor-ligand
complexes, similar to TAMs observed in vivo. Original magnifications,
�2500.

Figure 6. A and B: Activation of monocytes with TNF-� and LPS to produce
VEGF-C and VEGF-D mRNA, detected by RT-PCR. Monocytes were isolated
from peripheral blood by CD14 affinity purification (A) or by elutriation (B)
at 4°C to avoid activation. These cells express constitutively VEGFR-3 (787
bp), but not VEGF-C (567 bp) and VEGF-D (525 bp). Incubation with TNF-�
(50 U/ml) or LPS (50 U/ml for 30 minutes) causes rapid initiation of VEGF-C
and VEGF-D mRNA production. C: The macrophage-related tumor cell line
U937 constitutively produces CD68 and CD23, and also VEGF-C and
VEGFR-3 without stimulation.

Figure 7. Expression of VEGF-C, VEGF-D, and VEGFR-3 protein in a lysate
of isolated, cultured lymphatic endothelial cells (control) and in the human
macrophage-related cell line U937. Tissue and cells were lysed in sodium
dodecyl sulfate buffer, the proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred onto nitrocellulose,
and immunoblotted with polyclonal antibodies specific for VEGF-C, VEGF-D,
and VEGFR-3. VEGF-C is detected in the control and in U937 cells as an
�21-kd protein, along with typical dimers and a degradation products. Also
VEGF-D is encountered in U937 cells as an �21-kd band, in addition to
oligomers. VEGFR-3 is expressed in U937 cells in its mature 195-kd form, and
as a proteolytically processed 125-kd product.
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It is of importance for potential future anti-metastatic
therapies to know whether the density of lymphatic cap-
illaries within and around tumors is increased by lym-
phangiogenesis, and supports tumor cell spreading. Di-
rect evidence for neoangiogenesis was provided by
immunostaining with the proliferation marker Ki67 so far
only for squamous epithelial cell carcinomas of the head
and neck region.32 In cervical squamous carcinomas
examined in this study the local density of peritumoral
lymphatic vessels was significantly increased over nor-
mal tissues, both in intraepithelial noninvasive and inva-
sive tumors. Because noninvasive intraepithelial tumors
do not compress the underlying stroma, this provides
indirect evidence that the focal peritumoral increase in
lymphatic vessel density was because of neoangiogen-
esis, rather than passive aggregation of pre-existing ves-
sels by pushing of the tumor, as found in intradermally
inoculated experimental rat sarcoma.10

In our series of cervical carcinomas the density of
lymphatic vessels was directly related to peritumoral
chronic inflammation.17 A link to clinical relevance was
established by the statistical association of increase in
peritumoral lymph vessel density with the number of lym-
phatic vessels containing carcinoma cells (lymphangio-
sis carcinomatosa), that correlates with the occurrence of
lymph node metastasis.14 Lymphangiosis carcinomatosa
and lymph node metastases are established prognostic
factors in early-stage cervical cancer, indicating unfavor-
able outcome.31

Human tumors of different organs were previously
found to express VEGF-C that was related to the lymph
node status and eventual clinical outcome of the pa-
tients.32–36 These studies mainly used RT-PCR of tissue
samples that is not suited to distinguish between sites of
VEGF-C production by tumor and/or stroma cells. Intrigu-
ingly, immunohistochemical investigations have revealed
that lymphatic microvessels were localized primarily
within the peritumoral stroma.9,14,15,17,23,27,31 This raised
the question whether intratumoral lymphatics were either
not present at all, or were actually induced by VEGF-C of
tumor cells, but not detected with the currently available
probes, for example because these lymphatic marker
proteins could be down-regulated within tumors, but not
in their surroundings. Alternatively, tumor cells could pro-
duce anti-lymphangiogenic factor(s) or degrade VEGF-C
proteolytically to fragments that interact both with
VEGFR-3 and VEGFR-2, and thus promote angiogenesis
of blood vessels.9,37 Eventually, VEGF-C and VEGF-D
could be produced and released by as yet unidentified
cells in the peritumoral stroma, and account for the peri-
tumoral proliferation of lymphatic vessels. In this study we
have localized VEGF-C and VEGF-D by antibodies spe-
cific for different epitopes and by in situ hybridization.
Similar to previous studies, we have found VEGF-C ex-
pression within tumor cells in high-grade noninvasive and
in invasive carcinomas, however, this failed to correlate
statistically with any parameter related to peritumoral lym-
phangiogenesis. Labeling for VEGF-C and VEGF-D pro-
tein and mRNA was concentrated in mononuclear cells
within the peritumoral inflammatory infiltrates. These cells
were identified in situ as a subset of activated TAMs

based on their expression of CD68, CD14, CD23, HLA-
DR, and CD45, but not CD123, excluding plasmocytic
dendritic cells.38 They also failed to produce CD1a, CD2,
CD3, CD8, CD19, CD20, CD34, CD56, CD45-RA, and
tryptase, thus excluding endothelial cells, platelets that
produce VEGF-C,39 basophilic granulocytes, lympho-
cytes, and dendritic cells. All VEGF-C-producing TAMs
co-expressed VEGF-D, indicating that both growth fac-
tors are synthesized in parallel. Approximately 25% of
CD68-positive TAMs expressed VEGF-C, and their num-
ber correlated significantly with peritumoral inflammation
and density of lymphatic microvessels, that in turn was
linked to peritumoral lymphangiosis carcinomatosa.

All VEGF-C- and VEGF-D-producing TAMs co-ex-
pressed also the corresponding tyrosine kinase receptor
VEGFR-3, whereas growth factor-negative TAMs were
consistently also devoid of this receptor. VEGFR-3-ex-
pressing TAMs were recently also observed in human
melanomas implanted into immunodeficient mice, and
evidence was provided that VEGF-C serves as chemoat-
tractant in vitro for mouse peritoneal macrophages,9 how-
ever their role as source for VEGF-C and VEGF-D was not
appreciated. Co-expression of VEGF-C, VEGF-D, and
their receptor by the same cell provides the elements for
an autocrine regulatory system, as recently also postu-
lated for endothelial cells of human lymphangiomas.40

Taken together, these results argue for a novel role of a
subclass of TAMs as major producers of VEGF-C and
VEGF-D within the peritumoral stroma and as a potential
cause for peritumoral lymphatic neoangiogenesis.

Because TAMs are derived from circulating mono-
cytes, we searched for a monocyte subpopulation that
expressed VEGFR-3 on their surfaces, and could qualify
as precursor for the VEGFR-3 and VEGF-C- and VEGF-
D-expressing TAM population. By direct morphometry,
as well as by fluorescence-activated cell sorting, 61.4 �
8.9% of CD14-purified monocytes in the peripheral blood
of normal humans were found to express VEGFR-3 in
their cell membranes and in their perinuclear endoplas-
mic reticulum. However, they failed to produce VEGF-C,
both by immunofluorescence and RT-PCR. Only after
incubation in vitro with TNF-�, LPS, and also with
recombinant human VEGF-D. VEGF-C production and
interiorization of VEGFR-3 into a granular intracellular
compartment commenced, similar to TAMs in situ. These
results point to a novel VEGFR-3-expressing subclass of
monocytes that do not synthesize VEGF-C or VEGF-D,
unless activated via different receptor-ligand systems,
including the VEGFR-3 by exogenous VEGF-D. It is thus
possible to induce in CD14-purified monocytes in vitro a
phenotype similar to that of VEGF-C- and VEGF-D-
producing TAMs in situ. The in situ location of TAMs close
to the tumor surfaces could provide a milieu of various
activating factors, including TNF-�, causing the induction
of VEGF-C and VEGF-D synthesis in freshly immigrated
monocytes. Previously, LPS was also found to promote
VEGF expression in human monocytes/macrophages.41

VEGF-C and VEGF-D, as well as VEGFR-3, are subject
to alternative splicing and postranslational modifications
that may also significantly alter their biological activities,9

and this raises the question which type of VEGF-C and
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VEGF-D are produced and released by TAMs. Because
phenotypically stable TAMs could not be purified in large
enough quantities from the available surgical specimens
of cervical carcinomas, we have examined as surrogate
for TAMs the macrophage-related tumor cell line U937.42

These cells produced constitutively VEGF-C, VEGF-D,
and VEGFR-3 in amounts sufficient for analysis by West-
ern blotting that revealed expression of both growth fac-
tors and their receptor in their respective active, mature
forms, along with typical processed forms. This suggests
that biologically active forms of VEGF-C and VEGF-D, as
well as of VEGFR-3, are generated at least in this surro-
gate TAM cell line.

Collectively, the results of this investigation provide
evidence for a hypothesis of peritumoral lymphatic neo-
angiogenesis that assigns a role to a novel subfraction of
VEGFR-3-expressing monocytes. We assume that these
cells are chemoattracted toward the tumor and are ex-
posed to activators in the peritumoral stroma, such as
TNF-�. Here they are converted to TAMs, and switch on
de novo synthesis of VEGF-C and VEGF-D that cause
proliferation of lymphatic microvessels to launch anti-
tumoral immune responses by providing conduits for an-
tigen-presenting cells toward secondary lymphatic or-
gans. A potential role for VEGFR-3-positive dendritic cells
derived from CD14� monocytes43 remains to be estab-
lished. However, tumor cells may use the same routes for
spreading and formation of lymph node metastasis. As
preliminary studies on several other types of human car-
cinomas reveal similar scenarios (our unpublished obser-
vations), the connection between VEGF-C- and VEGF-D-
producing TAMs and lymphatic spreading of tumors may
be of more widespread significance.
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