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A B S T R A C T

The aim of this study was to investigate the effects of an activating anti-CD40 antibody

(aCD40Ab) on leukocyte adhesion to tumour vessels, leukocyte migration and tumour

growth in experimental liver cancer. Morris-Hepatoma was induced by subcapsular inocu-

lation of tumour cells in the liver of ACI-rats. On day 7 and 8 after tumour cell injection, one

group of the animals received aCD40Ab. On day 13 the tumour volume was measured and

intravital microscopy was performed quantifying leukocyte adherence in the liver. Further-

more, immunohistological analyses were performed. aCD40Ab-Treated animals showed

increased leukocyte–endothelium interaction, demonstrated substantially more T- and

natural killer (NK) cells in the tumour and had a distinctly decreased tumour volume.

Our results show that treatment with aCD40Ab stimulates endothelial leukocyte adhesion

in tumour vessels and migration of CD4 cells/CD8 T-cells and NK cells into the tumour and

inhibits tumour growth. Thus, the CD40/CD154 pathway is a worthwhile target for adjuvant

immunotherapy.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The incidence of hepatocellular carcinoma (HCC) is increasing

worldwide.1,2 Hepatocellular carcinomas are seldom resect-

able and even if curative resection is possible the long term

postoperative survival remains disappointing.3 Current med-

ical treatment concepts for HCC include chemotherapy, per-

cutaneous injection of ethanol (PEI) chemotherapy with

anthracyclins, medical treatment with anti-androgens or

anti-estrogens and immunotherapy with interferon-alpha

(INF-a).2,9,10 All of these treatments, however, have not proven

to be very effective2,9,10 and there is an urgent need for other

treatment modalities such as immunotherapy.
er Ltd. All rights reserved
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CD40 is a membrane protein of the tumour necrosis factor

receptor family.4 CD40 is expressed on antigen presenting cells

(APC), including dendritic cells (DC), B cells, activated macro-

phages, and follicular dendritic cells.4 APCs capture antigens,

transport them to lymphoid organs, and present the antigens

to CD4+ T-helper-cells and CD8+ cytotoxic-T-cells.4 CD40–

CD40 ligand (CD154) interactions play a pivotal role in activation

of professional APC. CD154 enhances antigen presentation

of CD40-expressing APC, followed by activation of effector T

and natural killer (NK) cells. Activating CD40 antibodies mimic

engagement of CD40 with CD154. This CD40/CD154 interaction

plays a key role in the antigen-presentation.4–6 CD40/CD154

interaction leads to an up-regulation of adhesion molecules
.
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on endothelial cells and to stimulation of NK, CD4+ T-helper-

and DCs.4–6 DCs activate, via the CD40/CD154-interaction,

CD4+ T-helper-cells.5 Activated CD4+ T-helper cells produce di-

verse cytokines such as IL-12 and TNF-a, and stimulate CD8+

cytotoxic T cells directly.5,6 These mechanisms can help the

immune system to recognize and destroy the tumour as

shown in previous reports.5,6

On the other hand the liver possesses specific immunolog-

ical properties which could be used in anticancer therapy.7

The intrahepatic concentration of lymphocytes is unusually

high and represents 16–22% of the non-parenchymal cell pool

in the liver.8 Differential analysis of intrahepatic lymphocytes

has shown a high number of cytotoxic CD8+T-cells.8,9 The

CD4:CD8 ratio in the liver is 1:3.5, whereas the ratio in the

spleen is 1.8:1.9

The purpose of the presented study was to stimulate the

potential of the large lymphocyte pool within the liver by

improving antigen presentation of APC via CD40/CD154 inter-

action. By administration of activating CD40 antibodies (aC-

D40Ab), we mimicked the binding of CD154 ligand to its

receptor CD40 to study the adhesion of leukocytes to tumour

vessels, their migration and differential accumulation within

the tumour. The effect of aCD40Ab on the growth of induced

liver cancer was also studied using an established rat model

of Morris Hepatoma.10

2. Materials and methods

2.1. Animals

Written consent for the experimental protocol and for all

experiments was obtained from the responsible animal pro-

tection committee (Regierungspräsidium Karlsruhe, Kar-

lsruhe, Germany). Fourteen male ACI rats (240–260 g) were

included in the study. The rats were kept under standard con-

ditions in a 12 h dark–light circle and given rat chow and

water ad libitum; 18 h prior to the operative procedures, food

was withheld, but they had free access to water. Two rats were

excluded because they died under anaesthesia during tumour

cells injection.

2.2. Tumour cell line

An established cell line of the hepatocellular carcinoma (hep-

atoma) in the rat, Morris Hepatoma (MH) 3924A (kindly

provided by Prof. Dr. H. Wrba, Deutsches Krebsforschungszen-

trum, Heidelberg, Germany) was used. Morris Hepatoma 3924A

was induced by the administration of N-2-fluorenyldiaceta-

mide in ACI rats in 1951. It is a rapidly growing and poorly dif-

ferentiated hepatocellular carcinoma.11 The cell lines were

grown in RPMI 1640 medium containing 100 lg/ml streptomy-

cin and 10% heat-inactivated FCS. Cells were cultured for 4

days and were inoculated after separation into the liver (day

4 of the cell culture10).

2.3. Hepatoma induction and treatment

Two groups, each consisting of six rats, were studied. Anaes-

thesia was performed with intraperitoneal xylazinehydro-

chlorid (i.p.) (8 mg kg�1 body wt.) and intramuscular (i.m.)
ketamine (40 mg kg�1 body wt.) The rats were placed in a su-

pine position. An abdominal midline incision was performed.

Animals received a subcapsular injection of 5 ll of MH 3924

cells solution (12 · 106 cells) into the left lobes of the liver.

The abdominal midline incision was then closed by sutures.

One group received 1 mg kg�1 body wt. stimulating monoclo-

nal antibodies against CD40 subcutaneously (clone HM40-3,

PharMingen, San Diego, CA) on the 7th and 8th day after tu-

mour cell injection. The antibody is described to stimulate B

cells and to induce expression of the B7 complex. Further-

more, dendritic cells are activated by this antibody.14 No

blocking antibodies are available at the present time. The con-

trol group received 1 mg kg�1 body wt. sc 0.9% NaCl on day 7

and 8 after injection of MH 3924 cells. On day 13, in vivo

microscopy (IVM) was performed and the mean arterial pres-

sure, as well as heart rate and arterial blood gases, were mon-

itored. After the IVM the hepatoma was sampled for

immunohistological analysis and the blood serum was col-

lected for cytokine assessment.

2.4. In vivo microscopy (day 13)

Anaesthesia was performed with i.p. xylazinhydrochlorid

(8 mg kg�1 body wt.) and i.m. ketamine (40 mg kg�1 body wt.)

Erythrocytes were obtained from separate donor rats by heart

puncture. They were labelled with FITC (Isomer I, Sigma No. F-

1628, Sigma, Deisenhofen, Germany). Erythrocyte staining and

tissue preparation were done according to the protocol from

Sarelius and Duling.11 Briefly, erythrocytes were washed in a

glucose saline buffer and resuspended in a bicine-saline buffer

(pH 6.8) containing FITC 9 mg · ml�1 and incubated at 25 �C for

3 h. The labelled erythrocytes were administered intrave-

nously 30 min prior to the measurements. For labelling of leu-

kocytes, 0.028 mg of rhodamine-6G was administered 5 min

prior to the measurements as described by Baatz.12

A catheter was placed in the right jugular vein and the left

carotid artery to supplement fluid loss and to monitor the

mean systemic blood pressure, respectively. The rats were

placed in a supine position and an abdominal midline inci-

sion was performed. In this way the surface of the liver and

tumour was visible. The liver and the tumour were continu-

ously superfused with 37 �C warm Ringer solution. The fluo-

rescence microscope (Leitz, Wetzlar, Germany) was

equipped with ·20 and ·40 water immersion lenses (Achro-

plan 20/0.75W and Achroplan 40/0.75W, Zeiss, Oberkochen,

Germany). Epifluorescence was performed with an epifluores-

cence illuminator (Pleomak, Leitz) equipped with XBO 100W/2

short arcon Xenon lamp (Osram, Berlin, Germany), a 2-mm

KG 1 heat-protecting filter, an excitation filter for FITC-

labelled erythrocytes (450–490 nm) and an excitation filter

for rhodamine-6G-labeled leukocytes (515–560 nm). Five post-

capillary venules in the tumour were identified. The images of

both excitation filters, which could be utilised in the same re-

gions of interest (ROI), were recorded on videotape and off-

line analysis then performed.

2.5. Off-line analysis of in vivo microscopy

The mean erythrocyte velocity, the mean vessel diameter

and the leukocyte–endothelium interaction in tumour vessels



Fig. 1 – Adhesion of leukocytes. On day 13, intravital

microscopy was performed quantifying leukocyte adhesion

in postcapillary venules. Treatment of tumour-bearing rats

with activating CD40 antibodies significantly increased the

number of rolling and sticking leukocytes in the tumour

vessels compared to controls (*: P < 0.01). Data presented as

mean ± SD.
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(20–40 lm) and in postcapillary venules of tumour-surround-

ing liver tissue were determined using a special software pro-

gram (Cap Image�, Zeintl GmbH, Heidelberg, Germany). The

erythrocyte velocity was evaluated by the frame-to-frame

method.

Leukocytes that adhered to the vascular wall with high

affinity (for more than 30 s) were determined as ‘‘stickers’’,

and those that adhered with low affinity (for less than 30 s)

were determined as ‘‘rollers’’. Leukocyte–endothelium inter-

action was expressed as the number of stickers and rollers/

100 lm of vessel length.

Blood flow was calculated by the standard formula:

F(t) = p · (D2/4) · v (with F, blood flow; D, mean venule diame-

ter; v, mean erythrocyte velocity).

Vascular wall shear rates were calculated by the standard

formula: Sr = 8 · v/D (with D, mean venule diameter; v, mean

erythrocyte velocity).

2.6. Measurement of tumour volume

Tumour length (L) and width (W) were measured in histologi-

cal sections and tumour volume was evaluated according to

the formula:14 Tumour volume (mm3) = L (mm) · W2 (mm)/2.

2.7. Immunohistochemistry

Tumour tissue was snap-frozen in liquid nitrogen. Thin sec-

tions were cut by cryostat (5 lm), fixed in acetone and hydrated

in PBS. Endogenous peroxidase activity was blocked with H2O2

in methanol. The sections were incubated for 1 h with mAbs

directed against rat CD4 (Dako, San Diego, CA), rat CD8 (Dako,

San Diego, CA) and rat NK (anti-rat NKR-P1A, PharMingen, San

Diego, CA). Isotype-matched rat IgG (PharMingen, San Diego,

CA) was used as negative control. Frozen sections of the spleen

were used as positive control. After washing in PBS, the sec-

tions were incubated for 10 min with a biotinylated secondary

antibody (Dako, San Diego, CA) and coloured using an AP chro-

mogen kit (LSAB, Dako, San Diego, CA).

Lymphocytes were counted in the tumour. The immuno-

histochemical images were digitally analysed. For this aim,

four microscopic fields of 0.5 mm2 were randomly chosen by

light microscope (Leica DMRB, Leica GmbH, Germany), digital-

ized by a colour video camera (CF 20/4DX, Kappa GmbH, Glei-

chen, Germany) to histological images and saved in computer.

Number of lymphocytes were counted and expressed per

1 mm2 of surface.

2.8. Statistics

Results are expressed as the mean values ±SD from six rats

per group. Analysis was performed using the Wilcoxon–

Mann–Whitney-U-Test with P < 0.05 considered to be

significant.

3. Results

3.1. Microcirculatory parameters

To study the effect of CD40 activation on liver lymphocytes we

determined the rate of lymphocyte–endothelial interactions
in the livers of treated and untreated mice. Both high- and

low-affinity leukocyte–endothelium interaction in the tumour

vessels were significantly increased (*P < 0.01) in the aC-

D40Ab-treated group compared with the control group (low-

affinity leukocyte–endothelium interaction: 8.96 ± 3.40/

100 lm/30 s in aCD40Ab vs. 1.63 ± 1.00/100 lm/30 s in con-

trols; P < 0.01; high-affinity leukocyte–endothelium interac-

tion: 8.21 ± 3.71/100 lm/30 s in aCD40Ab vs. 1.07 ± 0.55/

100 lm/30 s in controls; P < 0.01) (Figs. 1, 2a and b).

Mean blood flow and erythrocyte velocity were determined

as control. The mean erythrocyte velocity and calculated

mean blood flow in the tumour vessels were not different

compared with the control group (vessel diameter

32.2 ± 4.2 lm in controls, 31.8 ± 2.8 lm in aCD40Ab) (erythro-

cyte velocity: 1.69 ± 0.24 mm/s in controls, 1.47 ± 0.31 mm/s

in aCD40Ab) (blood flow: 1.47 ± 0.51 nl/min in controls,

1.22 ± 0.29 nl/min in aCD40Ab; data not shown).

3.2. Stimulation of CD4+, CD8+ and NK cells

To determine the effector cells responsible for possible tu-

mour growth suppression, we performed immunohistological

analysis by quantitation of CD4+, CD8+ and NK cells in the

tumour.

The number of both the CD4 and CD8 positive cells were

significantly increased (*P < 0.01) in the aCD40Ab-treated

animals in comparison with the untreated animals (CD8:

386 ± 141 cells/mm2 in controls vs. 987 ± 454 cells/mm2 in

aCD40Ab, CD4: 324 ± 224 cells/mm2 in controls vs. 1365 ±

472 cells/mm2 in aCD40Ab; Figs. 3, 4a–d).

There was a high number of NK cells in the tumour in both

treated and untreated animals (Figs. 5a and b). After the treat-

ment with stimulating CD40-antibodies the number of intra-

tumoural NK cells increased significantly (P < 0.01) in

comparison to the untreated animals (260 ± 91 cells/mm2

without therapy vs. 534 ± 147 cells/mm2 with therapy; Fig. 3).



Fig. 2 – (A,B) Intravital microscopy of high-affinity leukocyte adhesion. Treatment of tumour-bearing rats with activating

anti-CD40 antibodies resulted a significant increase of high-affinity leukocyte adhesion in blood vessels within the tumour.

(A) Treated tumour, (B) non-treated tumour (P < 0.01).

Fig. 3 – Quantification of intratumoural lymphocytes. On day

13 fresh tissue was snap-frozen and immunohistochemistry

was performed quantifying CD4+ and CD8+ leukocytes

within the tumour. Treatment of tumour-bearing rats with

activating anti-CD40 antibodies significantly increased the

number of CD4+ and CD8+ leukocytes within the tumour

compared to controls (P < 0.01). Data presented as

mean ± SD.
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3.3. Tumour growth in vivo

The tumour length, width and calculated tumour volume

were significantly decreased in the aCD40Ab-treated ani-

mals compared with the control animals. The tumour

length in the treated animals was 9.5 ± 1.8 mm vs.

12.6 ± 3.2 mm in the untreated animals, the width was

4.9 ± 0.9 mm vs. 6.3 ± 0.9 mm and the tumour volume was

102 ± 42.5 mm3 vs. 256.6 ± 107 mm3 (P < 0.01; Fig. 6).

The presence of metastases were examined in all animals.

Two of the untreated animals had local metastases (beyond

10 mm away from the primary tumour). In contrast, none of

the treated animals demonstrated metastases (data not

shown).
4. Discussion

It was previously demonstrated that monoclonal antibodies

against CD40 activate APCs, enhance tumour antigen presen-

tation and stimulate CTLs.13,14 We found that stimulating

monoclonal antibodies against CD40 are an effective treat-

ment against liver cancer in our rat model by inhibiting tu-

mour growth. Our data suggests that the observed effects

are due to a stimulation of leukocyte adhesion to tumour ves-

sels, an activation of CD8+, CD4+ and NK cells and their

migration into the tumour. By simple subcutaneous adminis-

tration of activating anti-CD40 antibodies we found that the

tumour volume in the treated animals was 60% smaller than

in the untreated animals. Two of the untreated animals had

local metastases while none of the treated animals had any

metastases. These novel findings demonstrate that immuno-

therapy per se can be effective in the treatment of experimen-

tal liver cancer. Although the final proof could only be done by

administration of blocking anti-CD40 antibodies, this step

could not be performed since blocking antibodies are not

available at the present time.

Leukocytes are transported to the liver by the blood stream

and come into contact with endothelial cells.15 At first, the

collision with endothelial cells leads to leukocyte rolling only

if they express selectins and their ligands.15 In the next level

of activation, leukocytes respond to selectins by initiating sig-

nalling cascades which lead to up-regulation of integrins such

as ICAM-I and VCAM-I15 and consecutive firm endothelium–

interaction, i.e. sticking.15 After this step they migrate into

the interstitium and can then participate in the local immune

response.15 CD40–CD154 interactions up-regulate intercellu-

lar adhesion molecules such as E-selectin, VCAM-I and

ICAM-I on endothelial cells and enhance leukocyte–endothe-

lium interaction.16

In vivo fluorescent microscopy is suited to obtain quantita-

tive and qualitative information about local microcirculation

and leukocyte adherence was shown in previous studies.17

In the present report we observed a high number of leukocytes



Fig. 4 – (A–D) Immunohistochemistry of intratumoural lymphocytes. Treatment of tumour-bearing rats with, activating

anti-CD40 antibodies resulted in a significant increase of the number of CD4+ (A,B) and CD8+ (C,D) leukocytes within the

tumour (P < 0.01). (A,C) Control tumours, (B,D) treated tumours. Immunohistochemistry of CD4+ and CD8+ leukocytes.

Magnification ·250.

Fig. 5 – (A,B) Immunohistochemistry of intratumoural NK cells. Treatment of tumour-bearing rats with activating anti-CD40

antibodies resulted in a significant increase of the number of NK cells within the tumour. (A) Control tumour, (B) Treated

tumour (P < 0.01). Immunohistochemistry of NK cells. Magnification ·250.
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Fig. 6 – Tumour size in treated and control rats. On day 13 the

tumour length (L) and width (W) were measured and tumour

volume was evaluated according to the formula: tumour

volume (mm3) = L (mm) · W2 (mm)/2. Treatment of

tumour-bearing rats with activating CD40 antibodies

significantly decreased the tumour volume compared to

controls (*: P < 0.01). Data presented as mean ± SD.
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adhering to the vascular wall of tumour vessels with low affin-

ity (rollers) 5 days after the treatment with aCD40 antibodies

(day 13 after tumour inoculation). The number of leukocytes

adhering to the vascular wall of tumour vessels with high

affinity (stickers) was also significantly increased. Minor

amounts of sticking leukocytes in the control group represent

a baseline status and confirm data presented in other stud-

ies.18 Since the blood flow and calculated wall shear rates were

similar in the tumours of treated and untreated animals the

higher number of rollers and stickers in the aCD40Ab-treated

group is a sign of true activation.15 The observation that leuko-

cyte adhesion in malignant tumour vessels (without stimula-

tion) is reduced compared to healthy vessels was previously

documented.19

Cytotoxic T-cells (CD8+) are responsible for rejection of

malignant cells and are activated by CD4+ T-cells.13,20 Previ-

ous studies demonstrated that both CD4+ and CD8+ T cells

are important for an effective antitumour immune re-

sponse.13 Interactions between CD40 ligand and CD40 on

CD4+ T cells and APC are essential for the priming of CD8+

cytotoxic T-cells to lyse tumour cells.4 Furthermore, activating

anti-CD40 antibodies stimulate APC directly.4 Activated APC

prime CD4+ and CD8+ T-cells to destroy the tumour4 and as

we used an immunogenic tumour model we found moderate

amounts of CD 4+ and CD8+ T-cells in the tumour of un-

treated animals. This confirms previous studies showing a

high number of CD8+ cytotoxic T-cells and CD4+ T-cells in

the liver.9 However, CD4+ and CD8+ cells increased signifi-

cantly after treatment with activating anti-CD40 antibodies.

These differences correlate with the observations of the high

number of rollers and stickers in the tumour venules. After

aCD40Ab therapy, a high number of CD8+ T-cells infiltrated

the tumour however there were even more CD4+ T-cells that

had migrated into the tumour. These observations underline

the importance of CD4+ T-cells in antitumour immune re-

sponse and correspond to data that have shown direct activa-

tion of CD4+ T-cells via CD40–CD40L interaction.21
Another mechanism that could be involved in the inhibi-

tion of tumour growth after activating anti-CD40 antibody

treatment is the activation of NK cells.22 The murine liver

contains a large number of NK cells which are potent effector

cells against tumours. Activation of NK cells can conse-

quently lead to tumour lysis which results in the release of

apoptotic and necrotic bodies.22,23 The necrotic bodies are

then taken up and presented to T cells.23 NK cells express

only rarely the CD40 ligand and no CD40. However, it was

shown that treatment with activating anti-CD40-antibodies

resulted in NK cell activation.22 It was suggested that aC-

D40Ab stimulates NK cells indirectly, possibly by cytokine

production upon CD40 coupling to APCs.22 Tumours often

do not express MHC-I-proteins and can escape the CD8+ T-

cells immune response.24 NK cells in comparison to cytotoxic

CD8+ T-cells do not require MHC class I molecules to recog-

nise the tumour, but can lyse tumours that do not express

these proteins.22 In our study we saw a significant increase

of infiltrating NK cells after therapy with aCD40Ab. Thus, it

seems conceivable that NK cells were activated indirectly

via aCD40Ab action, migrated into the tumour and contrib-

uted to the inhibition of tumour growth.

One important mechanism involved in the regulation of

immune responses after CD40 stimulation is an increased

cytokine secretion such as TNF-a.25 TNF-a is typically in-

creased after CD8+- and NK cell activation. TNF-a increases

immunogenicity of tumour cells, stimulates cytokine secre-

tion by effector lymphocytes, activates leukocytes and inhib-

its tumour growth.26

In conclusion, we have shown that activating CD40 anti-

bodies induce a significant antitumour effect in rat Morris

Hepatoma and that this is probably mediated by the immune

effector function of CD4+, CD8+ and NK cells.
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