
Statins inhibit lymphocyte homing to peripheral lymph nodes

Introduction

The recirculation of lymphocytes constitutes a paramount

feature of the adaptive immune system. Naive lympho-

cytes routinely travel through blood vessels, the lymphatic

system, peripheral tissues and lymphoid organs to scru-

tinize the body for the appearance of foreign antigens.1 In

peripheral lymph nodes, tissue-derived antigens are pre-

sented to blood-borne lymphocytes by antigen-presenting

cells in conjunction with major histocompatibility com-

plex class II proteins. Recognition of the cognate antigen

that a lymphocyte is primed for, starts lymphocyte activa-

tion and clonal expansion to mount an effective adaptive

immune response.2

The extravasation of circulating naive lymphocytes out

of the bloodstream into the tissue matrix of peripheral

lymph nodes, the so-called ‘homing’ process, occurs in

the microcirculation of lymph nodes in site-specific post-

capillary high endothelial venules (HEVs).3 The passage

of lymphocytes through the HEV wall is a strictly sequen-

tial process, tightly orchestrated by the co-ordinated

expression and function of adhesion molecules and

chemotactic mediators.4–9 It is well recognized that the

lymphocyte rolling is mediated by L-selectin, while the

subsequent firm adhesion is controlled by the adhesive

function of the heterodimeric integrin b2 lymphocyte

function-associated antigen 1 (LFA-1; CD11a/CD18).6,10
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Summary

Lymphocyte homing to peripheral lymph nodes is governed by adhesion

molecules, including lymphocyte function-associated antigen 1 (LFA-1).

Statins are 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

and exert anti-inflammatory effects, e.g. inhibition of LFA-1. It is still not

known whether statin compounds are capable of inhibiting lymphocyte

homing in vivo. We used a cervical lymph node preparation to study the

effects of simvastatin on lymphocyte adhesion to high endothelial venules

(HEVs) by means of intravital fluorescence microscopy (IVM). IVM

revealed that firm adhesion of lymphocytes to HEV endothelium critically

depends on the adhesive function of LFA-1. The number of firmly adher-

ent lymphocytes was reduced by 58% in LFA-1-deficient mice (P < 0�05

versus wild-type controls). As in mutant mice, acute treatment with simva-

statin (i.p. injection at 2 hr prior to IVM) inhibited the firm adhesion of

lymphocytes to HEV endothelium of wild-type animals by 63% (P < 0�05

versus vehicle-treated wild-type controls). In addition, acute treatment

with the synthetic statin-derivate LFA878 also reduced firm lymphocyte

adhesion in HEVs by 63% (P > 0�05 versus placebo-treated controls).

Histological analysis after a 10-day treatment with simvastatin showed

reduced cellularity of cervical lymph nodes, as indicated by a reduction of

the relative area of haematoxylin-stained cell nuclei in cervical lymph

node cross-sections from 94 ± 0% in vehicle-treated controls to 77 ± 3%

in simvastatin-treated mice (P < 0�05). We conclude that statin com-

pounds are capable of inhibiting lymphocyte homing to murine peripheral

lymph nodes in vivo. This may have novel implications for the treatment

of adaptive immune responses, e.g. transplant rejection.
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to peripheral lymph node HEV endothelium has been

clearly illustrated by mechanistic intravital microscopy

studies using specific function blocking monoclonal anti-

bodies directed against LFA-1.6,11 Further, mice lacking

the a-subunit CD11a are devoid of LFA-1 and the corres-

ponding phenotype presents with only small lymph nodes

and decreased lymph node cellularity.12 These lines of evi-

dence clearly indicate that the adhesive function of LFA-1

is of great importance during the physiological homing of

naive lymphocytes to peripheral lymph nodes.

Virtually all leucocytes constitutively express LFA-1 in

an inactive state and leucocyte activation provokes a

change in LFA-1 avidity rather than quantitative up-regu-

lation of this integrin b2.13,14 Proper binding of LFA-1 to

its receptive counterpart intercellular adhesion molecule 1

(ICAM-1), as expressed for example on endothelial cells

or antigen-presenting cells, requires a complex structural

change of the extracellular domains of LFA-1 from a bent,

non-adhesive form to an extended, highly adhesive con-

formation.15 Next to the prominent role for cell migra-

tion, LFA-1 additionally functions as a costimulatory

molecule during lymphocyte activation upon recognition

of cognate antigen. Costimulatory binding of LFA-1 to

the antigen-presenting cell-expressed ICAM-1 boosts

cytokine production and allows for clonal expansion of

lymphocytes, which guarantees efficient adaptive immu-

nity.16 Targeting LFA-1 therefore appears to be an attract-

ive approach to control leucocyte responses during both

innate and adaptive immune diseases.

Statins are 3-hydroxy-3-methylglutaryl coenzyme A

(HMG-CoA) reductase inhibitors and are frequently

prescribed to decrease the risk of cardiovascular disease

because of their potent lipid-lowering effects. There is a

growing body of evidence demonstrating that, besides

lowering lipids, statins exhibit potent immunomodula-

tory effects.17–23 It was found that lovastatin binds a

previously unknown site of the LFA-1 inserted (I)-

domain, which was therefore termed the L-site.24

Because the L-site is located distant to the ligand bind-

ing site of LFA-1, the so-called metal-ion-dependent

adhesion site (MIDAS), these data indicated that statins

may inhibit LFA-1-dependent cell interactions via this al-

losteric antagonism. In fact, LFA-1-mediated lymphocyte

adhesion to ICAM-1 was sensible to co-incubation with

HMG-CoA reductase inhibitors in vitro.25 In addition,

statins blocked the LFA-1-dependent costimulation of

T cells in vitro and reduced the number of graft infil-

trating mononuclear leucocytes (MNLs) in a model of

experimental cardiac transplantation.25,26 Thus, statins

may suppress LFA-1-dependent adaptive immune reac-

tions at distinct levels. It is not known, however, if sta-

tins are also capable of inhibiting the LFA-1-dependent

process of lymphocyte homing in HEVs of peripheral

lymph nodes, thereby attenuating adaptive immune

responses.

This study was meant to determine the effects of statin

treatment on naive lymphocyte homing to peripheral

lymph nodes in vivo. We used intravital fluorescence

microscopy of the cervical lymph node preparation in

mice to quantitatively analyse the lymphocyte–endothelial

cell adhesive interactions in the lymph node HEVs under

physiologically resting conditions.

Materials and methods

Animals

C57BL/6 (Charles River, Sulzfeld, Germany) and LFA-1-

deficient mice12 with body weights ranging between 20

and 24 g were used for the experiments. Animals were

housed in a 12 h : 12 h dark : light cycle and were

allowed free access to standard pellet food (Altromin,

Lage, Germany) and tap water. All experiments were per-

formed in accordance with the legislation on the protec-

tion of animals and were approved by the Governmental

Ethical Committee for Animal Experimentation. For all

surgical interventions, animals were anaesthetized by an

intraperitoneal (i.p.) injection of 7�5 mg ketamine hydro-

chloride (Parke Davis, Freiburg, Germany) and 2�5 mg

xylacine (Bayer, Leverkusen, Germany) per 100 g body

weight and were placed on a heating pad to maintain a

mean body temperature of 37� throughout the experi-

mental procedures. After experimentation, blood samples

were drawn from the inferior vena cava for determination

of systemic leucocyte counts and the anaesthetized ani-

mals were killed by midline sternotomy, diaphragmotomy

and ventriculotomy.

Cervical lymph node preparation

The anaesthetized animals were placed in a supine posi-

tion onto a microsurgical stage and the left-sided, most

cranial cervical lymph node was exteriorized for intravital

fluorescence microscopy. A cutaneous flap was prepared

on the entire ventral aspect of the neck with its base on

the left postero-lateral side. After lateral eversion, the

layer of fatty tissue, covering the submandibular gland,

was carefully incised along the midline and everted to the

left as a fatty tissue flap along the lateral microvascular

pedicle. Great care was taken to manipulate neither the

embedded cervical lymph nodes nor the supplying micro-

vasculature. To prevent the preparation from drying, a

cover-glass slip was gently placed onto the everted tissue.

A 10-min equilibration period was allowed before transfer

of the animals to the microscope stage (Fig. 1).

Intravital fluorescence microscopy

After an intravenous injection of 0�1 ml 5% fluorescein

isothiocyanate-dextran (molecular weight 150 000; Sigma
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Chemical Co., St Louis, MO, USA) and 0�1 ml 0�5%

Rhodamine 6G (Sigma Chemical Co.), the HEV micro-

vasculature of the cervical lymph node was visualized

using a modified Zeiss Axiotech microscope (Zeiss,

Oberkochen, Germany) equipped with a 100-W mercury

lamp, filter sets for blue (450–490 nm excitation;

> 520 nm emission wave length), green (530–560 nm;

> 580 nm) and ultraviolet (330–390 nm; > 430 nm) light

epi-illumination and long-distance objectives [10·
numerical aperture (NA) ¼ 0�30; 20· NA ¼ 0�50, 50·
NA ¼ 0�55; Zeiss, Oberkochen, Germany]. Microscopic

images were televised and recorded on a charge-coupled

device video camera (FK6990, Pieper, Schwerte, Germany)

and on video tape (Panasonic AG-7350-S-VHS, Matsush-

ita, Tokyo, Japan) for subsequent off-line analysis of

microcirculatory parameters. Red blood cell flow velocity,

vascular diameters and wall shear rates were determined

using CAPIMAGE Software (Zeintl, Heidelberg, Germany).

HEVs were differentiated depending on their branching

order within the HEV microvascular tree (Fig. 1c). The

cervical lymph node microcirculation regularly presents

with four generations of HEVs arising from the smallest

postcapillary subcortical HEVs (generation IV) and drain-

ing blood into mostly a single large venule leaving the

lymph node (generation I). For quantitative assessment of

leucocyte–endothelial cell adhesive interactions a magnifi-

cation of 1100· was used on a 14-inch (35�5-cm) video

screen. Under these conditions, the length of non-branch-

ing HEV segments ranged between 50 and 110 lm. Firm

adhesion of leucocytes was assessed by counting the num-

ber of Rhodamine 6G-labelled leucocytes remaining sta-

tionary within HEV segments for at least 30 seconds and

is expressed in cells/mm2 endothelial surface. Leucocyte

rolling was assessed by counting the number of Rhodam-

ine 6G-labelled leucocytes passing a reference point in the

centre of the individual microvascular HEV segments for

30 seconds and is expressed as the number of rolling

cells/min/mm circumference. The nuclear staining elicited

by Rhodamine 6G allows differentiation between poly-

morphonuclear cells and mononuclear cells, because poly-

morphonuclear and mononuclear characteristics can be

identified. Others have previously demonstrated that

almost all leucocytes interacting with the HEV endothe-

lium in peripheral lymph nodes are MNLs, indicating

their lymphocytic nature.6 Indeed, not all MNLs observed

may be lymphocytes. However, presuming that almost

exclusively lymphocytes home to peripheral lymph nodes,

we refer to the analysed MNLs as lymphocytes through-

out the text of the manuscript.

Subsequent to intravital microscopy, the lymph nodes

were harvested and fixed in 4% formaldehyde overnight

for histological examination.

Flow cytometry

For confirmation that leucocytes of CD11a gene-targeted

animals lack the surface expression of LFA-1, blood sam-

ples of C57BL/6 wild-type and LFA-1-deficient mice were

drawn from the vena cava inferior into EDTA tubes. Fifty

microlitres of blood were incubated for 30 min with 1�5 ll

II IIII IIIIII

IVIV

low-light-level
CCD-camera

microscope

animal

monitor

(a)

(b) (c)

video-recorder

off-line analysis (CapImage)

Figure 1. Schematic illustration of the intravital microscope set-up. After preparation and eversion of the cutaneous flap at the ventral aspect of

the neck, the experimental animals were placed in a supine position onto the microscope stage (a). A modified Zeiss Axiotech microscope, fixed

vertically above the stage platform, was used for epi-illumination microscopy of the lymph node preparation (b). Microscopic images were tele-

vised and recorded on videotape (c) for off-line analysis of haemodynamics and leucocyte–endothelial cell adhesive interactions in individual cer-

vical lymph node HEVs. The depicted microscopic image of the cervical lymph node microcirculation (c) shows the typical arrangement of four

generations of HEVs.
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of a rat anti-mouse CD11a monoclonal antibody (Clone

I21.7; Immunotech, Luminy, France). Excessive antibodies

were washed off with 1 ml phosphate-buffered saline by

centrifugation for 3 min at 400 g before incubation with

a CyTM3-conjugated AffiniPure goat anti-rat immuno-

globulin G (Jackson ImmunoResearch, West Grove, PA),

which served as a secondary antibody and for controls.

Next, red blood cells were lysed and washed off before

the cell pellet was resuspended in 500 ll Cell Fix (BD

Bioscience, San Jose, CA) and kept on ice until flow cyto-

metrical analysis (BD Bioscience). Samples were protected

from light during all incubation steps. Leucocytes were dif-

ferentiated upon forward and side scatter characteristics.

Experimental protocol

To confirm the dependence of lymphocyte–HEV endothel-

ial cell interactions on the function of LFA-1, we com-

pared firm adhesion of lymphocytes in cervical lymph

node HEVs of C57BL/6 wild-type and LFA-1-deficient

mice. Next, we determined whether or not treatment with

statins could affect firm lymphocyte adhesion in HEVs.

Therefore, wild-type mice were pretreated by one i.p.

injection (at 2 hr prior to IVM) of either simvastatin

(0�5 mg/kg body weight dissolved in 5% ethanol; Calbio-

chem/EMD Biosciences Inc., La Jolla, CA) or ethanol

alone. The dose of 0�5 mg simvastatin/kg body weight was

used in accordance with established clinical treatment reg-

imens.27 In a separate set of experiments, animals were

daily treated i.p. with this statin or ethanol and lymph

nodes were harvested for histological examination of the

lymph node cellular density after a 10-day treatment per-

iod. Additionally, we determined the efficacy of the statin-

based small molecule inhibitors of LFA-1, LFA-878 and

LFA-703 (30 mg/kg dissolved in ethanol/CremophorEL

and further diluted 1 : 3 with phosphate-buffered saline,

i.p. 2 h before intravital microscopy; Novartis Institutes

for BioMedical Research, Basel, Switzerland) in inhibiting

firm lymphocyte adhesion to peripheral lymph node HEV

endothelium in mice. Corresponding controls received the

vehicle alone.

Histological analysis

Formaldehyde-incubated lymph node specimens were

embedded in standard paraffin and 4-lm mid-sections

were simultaneously stained with haematoxylin before

subsequent transillumination light microscopy. Using an

identical power light source for all specimens, images

were recorded on videotape for subsequent determination

of the lymph node cellularity by CAPIMAGE software. A

static grey level was defined, which allowed the measure-

ment of the summarized area of all visible and haematox-

ylin-stained cell nuclei, which is given as a percentage of

the entire high-power field.

Statistical analysis

Data are given as mean values ± standard error of the

mean and n represents the number of animals used per

group. Statistical differences were calculated by means of

analysis of variance followed by appropriate post hoc test-

ing, including the correction of the a error to compensate

for multiple comparisons (SIGMASTAT 4�0, Jandel Scien-

tific, San Rafael, CA). Differences were considered signi-

ficant at a P < 0�05.

Results

Lymphocyte arrest in cervical lymph node HEVs
is dependent on LFA-1

Intravital fluorescence microscopy of the cervical lymph

node microcirculation revealed that blood-borne lympho-

cytes interacted with the HEV endothelium under physio-

logically resting conditions (Fig. 2a,b). Firm lymphocyte

adhesion was found to be most prominent in the smallest

post-capillary HEVs of generation III and IV, while fewer

lymphocytes were attached to the endothelium of larger

HEVs (Fig. 2c). Confirming that firm lymphocyte attach-

ment to the HEV endothelium was site-specific for secon-

dary lymphoid organs and critically dependent on the

adhesive function the integrin b2 LFA-1, we found mark-

edly fewer firmly adherent lymphocytes in cervical lymph

node HEVs of LFA-1-deficient mice (Fig. 2c). The overall

firm lymphocyte adhesion was significantly reduced by

58% in the mutant animals (P < 0�05 versus C57BL/6

wild-type mice, n ¼ 6 or n ¼ 7). Detailed analysis

demonstrated that firm lymphocyte adhesion to HEV

endothelium was LFA-1-dependent in HEVs of generation

II–IV (Fig. 2c; P < 0�05 versus C57BL/6 wild-type mice,

n ¼ 6 or n ¼ 7). In contrast, the numbers of firmly

adherent lymphocytes in the larger generation I HEVs

were comparable between wild-type and LFA-1-deficient

mice. Of note, flow cytometry confirmed that leucocytes

of C57BL/6 wild-type mice, but not of mutant mice,

expressed LFA-1 (data not shown). Systemic leucocyte

counts did not differ significantly between LFA-1-deficient

and C57BL/6 wild-type mice (Table 1). Furthermore,

there was no significant difference in the HEV micro-

haemodynamics between LFA-1-deficient and C57BL/6

wild-type mice (Table 2), indicating that the differences

in lymphocyte adhesion are not the result of differences

in microvascular flow conditions.

Simvastatin inhibits firm lymphocyte adhesion
in cervical lymph node HEVs

In wild-type mice, firm adhesion by lymphocytes to cer-

vical lymph node HEV endothelium was significantly

reduced by 63% after the 2-hr pretreatment with
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simvastatin, i.e. the overall number of firmly adherent

lymphocytes was 1209 ± 165 and 452 ± 77 cells/mm2

endothelial surface in ethanol-treated controls and sim-

vastatin-treated animals, respectively (Fig. 3; P < 0�05,

n ¼ 9). Similar to the findings in LFA-1-deficient mice,

simvastatin reduced firm lymphocyte adhesion in HEVs

of generations II–IV (P < 0�05 versus ethanol-treated

controls, n ¼ 9), while there was no significant effect on

lymphocyte–endothelium adhesive interactions in gener-

ation I HEVs (Fig. 3). Of note, simvastatin treatment did

not affect lymphocyte rolling. The overall numbers of

rolling lymphocytes in cervical lymph node HEVs were

239 ± 33 and 277 ± 39 cells/min/mm circumference in

simvastatin-treated and ethanol-treated controls, respect-

ively (P > 0�05, n ¼ 9). There was no significant differ-

Table 1. Systemic leucocyte counts

Cells

(· 103/ll blood)

C57BL/6 wild-type (n ¼ 6) 7�1 ± 1�5
LFA-1-deficient (n ¼ 7) 8�6 ± 1�3
Ethanol-treated (n ¼ 9) 6�1 ± 0�6
Simvastatin-treated (n ¼ 9) 4�5 ± 0�9
Vehicle-treated (n ¼ 8) 5�3 ± 0�7
LFA878-treated (n ¼ 8) 3�4 ± 0�3*

LFA703-treated (n ¼ 8) 3�5 ± 0�3*

Blood samples were drawn from the inferior vena cava into EDTA-

containing tubes and the number of white blood cells was counted

using a haemocytometer. Data are mean values ± standard error of

the mean and n represents the number of animals per group.

*P < 0�05 versus vehicle-treated wild-type controls.
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Figure 2. Firm adhesion by lymphocytes in HEVs of the cervical

lymph node is LFA-1-dependent. Intravital fluorescence microscopy

of the cervical lymph node allows for visualization of individual

HEVs and intravascularly adherent leucocytes, using blue-light epi-

illumination and contrast enhancement of the intravascular plasma

by intravenously applied fluorescein isothiocyanate-dextran (a, direc-

tion of blood flow is as indicated), as well as green-light epi-illumin-

ation and contrast enhancement by Rhodamine 6G (b), respectively.

Notably, the majority of the Rhodamine 6G-stained leucocytes

appear with homogeneously stained and round-shaped nuclei, indi-

cating their lymphocytic nature. Quantitative analysis of firm lym-

phocyte adhesion in four generations of cervical lymph node HEVs

(c) in C57BL/6 wild-type mice (white bars) and LFA-1-deficient ani-

mals (black bars) under resting conditions. Data are mean values ±

SEM, n ¼ 6 or n ¼ 7, *P < 0�05 versus C57BL/6 wild-type mice,
#P < 0�05 versus HEV generation I, §P < 0�05 versus HEV generation

II. Scale bar represents 15 lm (a,b).

Table 2. Haemodynamics in the HEV microcirculation of murine

cervical lymph nodes

RBC flow

velocity

Wall shear

rate

C57BL/6 wild-type (n ¼ 6) 0�8 ± 0�1 82 ± 10

LFA-1-deficient (n ¼ 7) 0�7 ± 0�1 81 ± 9

Ethanol-treated (n ¼ 9) 0�8 ± 0�1 78 ± 15

Simvastatin-treated (n ¼ 9) 0�7 ± 0�1 66 ± 19

Vehicle-treated (n ¼ 8) 0�7 ± 0�1 78 ± 12

LFA878-treated (n ¼ 8) 0�6 ± 0�1 66 ± 13

LFA703-treated (n ¼ 8) 0�7 ± 0�1 81 ± 7

Intravital microscopic images were televised and centreline red blood

cell (RBC) flow velocity (mm/second) as well as wall shear rates (per

second) were quantitatively analysed off-line. Data are mean values ±

standard error of the mean and n represents the number of animals

per group.
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Figure 3. Firm adhesion of lymphocytes in HEVs of the cervical lymph

node is sensitive to treatment with simvastatin. Quantitative analysis

of firm lymphocyte adhesion in four generations of cervical lymph

node HEVs in ethanol-treated (white bars) and simvastatin-treated

(black bars) C57BL/6 wild-type mice. Data are mean values ±

SEM, n ¼ 9, *P < 0�05 versus ethanol-treated C57BL/6 wild-type

mice, #P < 0�05 versus HEV generation I, §P < 0�05 versus HEV

generation II.
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ence in systemic leucocyte counts and HEV microhaemo-

dynamics between simvastatin- and ethanol-treated mice

(Tables 1, 2).

The statin-based LFA-1 antagonist LFA878 inhibits
firm lymphocyte adhesion in HEVs

Treatment with the statin analogue LFA703 had no signi-

ficant impact on the firm adhesion of lymphocytes to

HEV endothelium in cervical lymph nodes, when com-

pared to vehicle-treated wild-type controls (Fig. 4). In

contrast, treatment with LFA878 significantly reduced

firm lymphocyte adhesion. The overall number of firmly

attached lymphocytes was reduced by 63% in LFA878-

treated mice (P < 0�05 versus vehicle-treated wild-type

controls, n ¼ 8). We found that LFA878 inhibited firm

adhesion by lymphocytes in HEVs of generation II, III

and IV (Fig. 4; P < 0�05 versus vehicle-treated controls,

n ¼ 8) without affecting lymphocyte–HEV endothelial

cell interactions in generation I HEVs. Neither treatment

with the statin-derivate LFA703, nor with LFA878 affected

the lymphocyte rolling in cervical lymph node HEVs, i.e.

the overall numbers of rolling lymphocytes in cervi-

cal lymph node HEVs were 181 ± 21, 235 ± 38 and

212 ± 34 cells/min/mm circumference in wild-type mice

treated with LFA703, LFA878 and the vehicle, respectively

(P > 0�05, n ¼ 8). LFA878 reduced the total number of

circulating leucocytes, but so did LFA703 (Table 1),

which in turn had no effect on firm lymphocyte adhesion.

There was no significant difference in the HEV micro-

haemodynamics between LFA703-, LFA878- and placebo-

treated mice (Table 2).

Simvastatin inhibits lymphocyte homing to peripheral
lymph nodes

Histological analysis revealed that the 10-day treatment of

mice with simvastatin markedly reduced the cellularity of

cervical lymph nodes (Fig. 5a,b). The area of haematoxy-

lin-stained cell nuclei was significantly smaller in cervical

lymph node cross-sections of simvastatin-treated mice,

when compared to specimens harvested from ethanol-

treated controls (Fig. 5c; P < 0�05, n ¼ 6).

Discussion

This study provides novel data on the immunomodula-

tory properties of statin compounds. Using intravital
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Figure 4. Firm adhesion of lymphocytes in cervical lymph node

HEVs is sensitive to treatment with LFA878, a statin-based small

molecule inhibitor of LFA-1. C57BL/6 wild-type mice received an

i.p. injection of either LFA703 (grey bars), LFA878 (black bars), or

the vehicle alone for controls (white bars) and intravital fluorescence

microscopy of the cervical lymph node was performed after 2 hr.

Firm lymphocyte adhesion was quantified in four generations of

the HEV microcirculation. Data are mean values ± SEM, n ¼ 8,

*P < 0�05 versus vehicle-treated controls, #P < 0�05 versus HEV

generation I, §P < 0�05 versus HEV generation II.
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Figure 5. Simvastatin reduces the cellularity in cervical lymph nodes.

Histological analysis of the cervical lymph node cellularity in C57BL/6

wild-type mice, which were daily treated i.p. with simvastatin (b, c

black bar) or the ethanol alone (a, c white bar). Cervical lymph

nodes were harvested on day 10, stored overnight in 4% formalde-

hyde and embedded into paraffin. Midline cross-sections of the

identical thickness of 4 lm were stained simultaneously with haema-

toxylin and central high-power fields were recorded on tape, using a

defined light source. The relative area of haematoxylin-stained cell

nuclei was determined by means of a computer-assisted image analy-

sis program and is given in per cent. Data are mean values ± SEM,

n ¼ 6 or n ¼ 7, *P < 0�05 versus ethanol-treated C57BL/6 wild-type

mice. Scale bar represents 30 lm (a,b).
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fluorescence microscopy in the cervical lymph node pre-

paration in mice, we found that the HMG-CoA reductase

inhibitor simvastatin at a clinically relevant dose and the

statin-based small molecule inhibitor of LFA-1 LFA878

inhibit the firm adhesion of lymphocytes in the cervical

lymph node HEVs. Moreover, our data illustrate that

treatment with simvastatin reduces the cellularity of

murine cervical lymph nodes, indicating that LFA-

1-dependent firm adhesion of lymphocytes is a prerequis-

ite for the extravasation into the lymph node matrix.

Thus, the current analysis provides evidence that statin

compounds exert immunomodulatory functions by inhib-

iting LFA-1-dependent lymphocyte homing to peri-

pheral lymph nodes.

The recruitment of leucocytes is a hallmark of inflam-

mation and consequently it was investigated whether sta-

tins would interfere with the leucocyte extravasation

cascade, thereby exhibiting their anti-inflammatory

effects. There is a great body of evidence demonstrating

that clinically relevant statins inhibit the extravasation

cascade during acute inflammatory tissue infiltration of

granulocytes, for example in non-specific pulmonary

inflammation, chemically induced peritonitis and myocar-

dial ischaemia/reperfusion injury.28–30 In contrast, there

are only limited data on the inhibitory effects of HMG-

CoA reductase inhibitors on immune responses involving

the recruitment of MNLs, such as lymphocytes.26,31,32

Such data, however, are of particular interest when dis-

cussing the potential value of statins as an additional

pharmacological tool to treat adaptive immune responses.

Expanding on previous findings demonstrating that sta-

tins are capable of modulating adaptive immunity, our

data show that statins were capable of inhibiting firm

adhesion by lymphocytes to HEV endothelial cells in vivo.

This is further supported by the fact that simvastatin

treatment also reduced the cellularity of lymph nodes,

because firm adhesion of lymphocytes to the HEV endo-

thelium is a critical prerequisite and a rate-limiting step

during lymphocyte homing.6,10 Moreover, our data under-

score the fact that the immunomodulatory effects of

statins target LFA-1-dependent events first, because it was

demonstrated that firm lymphocyte adhesion was critic-

ally dependent on the adhesive function of LFA-1, and

second, because the inhibition of firm lymphocyte adhe-

sion exerted by both simvastatin and the statin-based

LFA-1 inhibitor LFA878, which does not inhibit the

HMG-CoA reductase, resembled the reduction of firm

adhesion in lymph node HEVs of LFA-1-deficient ani-

mals. Moreover, demonstrating that statins interfere with

the LFA-1-dependent extravasation cascade during MNL

migration, it is also tempting to speculate that statin-

based cardiovascular protection is, despite lipid lowering,

the result of direct inhibition of the LFA-1-dependent

firm adhesion of MNLs to the arterial endothelium.33 In

fact, it is a well-established concept that monocytes and

T-lymphocytes are recruited to developing atherosclerotic

plaques.34,35

We found that lymphocytes predominantly adhere to

the endothelium of generation III and IV HEVs, while

fewer cells attached firmly to the endothelium of the large

generation I HEVs. This is in line with previous data on

lymphocyte homing in the murine inguinal lymph node,

highlighting that the extravasation of lymphocytes in per-

ipheral lymph nodes is highly site-specific and occurs pre-

dominantly in the smallest paracortical HEVs.6,10 Indeed,

there are regional differences in the ultrastructural ana-

tomical features of HEV endothelium.36 The smallest

post-capillary HEVs, which may correspond to the herein

defined generation III and IV HEVs, present with site-

specific cuboidal endothelium carrying finger-like protru-

sions into the vessel lumen. Further downstream, HEVs,

which may correspond to the herein defined generation I

and II HEVs, exhibit an endothelial surface structure that

is more flattened out and is almost similar to the endo-

thelium in non-lymphoid microvessels.36 These regional

differences in the HEV microanatomy may thus also help

to explain why we found that statin compounds inhibit

firm lymphocyte adhesion selectively in cervical lymph

node generation III and particularly in generation IV

HEVs, while lymphocyte–endothelial cell adhesive interac-

tions in the larger generation I and II HEVs were almost

unaffected.

The inhibitory mechanisms of action of simvastatin in

our experimental setting are probably unrelated to lipid-

lowering per se, because we applied simvastatin acutely

and found a prompt decrease in firm lymphocyte adhe-

sion already after 2 hr. Significant reduction of plasma

lipid levels by statins has its onset later.26,37 However, the

inhibition of the HMG-CoA reductase not only results

in the long-term decrease of plasma lipid levels but the

prevention of b-hydroxy-b-methylglutaryl conversion to

mevalonic acid during the isoprenoid production also

prevents the post-translational lipid modification of pro-

teins, the so-called ‘prenylation’.25,38 Inhibition of pre-

nylation of the Rho family of GTPases by statins was

shown to correlate with impaired integrin binding, inclu-

ding LFA-1.39,40 In endothelial cells, statin blockade of

Rho GTPase activity resulted in a reduction of activated

ICAM-1 expression.41,42 One explanation for the simva-

statin effect on lymphocyte homing observed here may

be the HMG-CoA reductase inhibition-dependent reduc-

tion of protein prenylation and the subsequently limited

expression and function of lymphocytic LFA-1 and HEV

endothelial ICAM-1. This is in line with previous in vitro

data on lovastatin-inhibited immunological costimulation

of T cells, which was specific to LFA-1–ICAM-1 binding

and was partially reversible by addition of mevalonic

acid.25 Nevertheless, such data do not per se exclude the

possibility that simvastatin-reduced lymphocyte homing

may at least partly apply to HMG-CoA reductase inhibi-
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tion-independent antagonism of LFA-1 function. Of note,

simvastatin not only blocks the HMG-CoA reductase, but

also binds to the L-site of LFA-1, thereby inhibiting the

adhesive function of this integrin b2 with the same

potency as lovastatin.24,25 Further, the in vitro costimula-

tion of T cells was prevented by the synthetic des-oxo-

lovastatin, which retains the inhibitory effects on LFA-1

function mediated by L-site binding, but does not affect

the HMG-CoA reductase-driven isoprenoid synthesis

required for protein prenylation.25 Thus, the simvastatin-

based reduction of lymphocyte homing observed in this

study may rely on both HMG-CoA reductase inhibition-

dependent and -independent pathways, affecting the

adhesive function of LFA-1.

Statin-based small molecule inhibitors of LFA-1, such

as LFA878 and LFA703, allow for a more detailed analysis

of those immunomodulatory effects of statin compounds,

which are solely driven by the L-site binding-mediated

allosteric antagonism of LFA-1. Neither LFA878, nor

LFA703 inhibits the HMG-CoA reductase.25,43 We found

that LFA878 blocked the firm adhesion of lymphocytes to

the endothelium of peripheral lymph node HEVs. These

data may indicate that the simvastatin-based inhibition of

lymphocyte extravasation is the result of L-site binding-

mediated allosteric antagonism of LFA-1. This notion is

further supported by the fact that there were profound

pharmacodynamic similarities between LFA878 and sim-

vastatin in reducing the LFA-1-dependent firm adhesion

of lymphocytes in the distinct generations of peripheral

lymph node HEVs. In fact, the reduction in firm lympho-

cyte adhesion exerted by both LFA878 and simvastatin

was comparable to the reduction of firm lymphocyte

adhesion in LFA-1-deficient animals. Nevertheless, several

metabolites of statins are found in vivo after administra-

tion with and without inhibitory activity to the HMG-

CoA reductase.44,45 It can therefore not be excluded that

HMG-CoA reductase inhibition-dependent mechanisms

of inhibition of LFA-1 function by simvastatin might have

paralleled or even superseded the HMG-CoA reductase

inhibition-independent effects on lymphocyte homing.46

Ethanol-treated controls showed a more pronounced

firm lymphocyte adhesion when compared to normal

wild-type animals. Because simvastatin treatment required

the drug to be dissolved in 5% ethanol, this relatively

high dose of ethanol has also to be used in the matching

control group. Because ethanol is known to increase leu-

cocyte adhesive interactions in vivo,47 this may represent

the cause of the higher firm adhesion of the lymphocytes

observed in this control group.

Treatment with both statin analogues, LFA703 and

LFA878, led to a significant decrease of circulating leuco-

cytes when compared to the matching vehicle-treated

controls. Simvastatin also showed a lowering (although

not significant) of circulating leucocyte counts compared

to its corresponding control group. This may reflect one

anti-inflammatory action of statins with reduction of leu-

cocyte counts, as also described in large clinical trials with

patients with coronary artery and peripheral artery

disease.48,49

In contrast to LFA878, we did not find a significant

inhibitory effect of the statin analogue LFA703 on the

LFA-1-dependent firm adhesion of lymphocytes in per-

ipheral lymph node HEVs. Notably, it was demonstrated

in vivo that LFA703 effectively blocked the acute inflam-

matory and LFA-1-dependent recruitment of granulo-

cytes, for example during peritonitis, intestinal ischaemia/

reperfusion injury and endotoxaemic liver injury.25,50,51

Both statin analogues, LFA878 and LFA703, bind to the

L-site of LFA-1.43 Distinct occupancy of certain L-site sub-

pockets, however, leads to differential effects on the extra-

cellular LFA-1 conformation and, thereby, to a more

efficient LFA-1 blockade by LFA878.43 The overtly specific

inhibitory effect of LFA878 on firm lymphocyte adhesion

is thus explained by the more efficient LFA-1 blockade

by LFA878 and is not simply the result of the decrease

of systemic leucocyte counts in statin-analogue-treated

animals.

The diverse functions of LFA-1 mediating lymphocyte

trafficking on one hand and costimulatory signalling on

the other make this integrin b2 a promising target to

modulate adaptive immune reactions, for example during

autoimmune disease and transplant rejection. Current

clinical immunosuppressive approaches targeting LFA-1

function are however, limited by the requirement for par-

enteral application.44 HMG-CoA reductase inhibitors are

relatively safe and orally active. Our data thus underline

the concept of using LFA-1 inhibition by statin com-

pounds as a supplemental tool for the clinical treatment

of adaptive immune reactions.44 The additional lipid-

lowering capacity of HMG-CoA reductase inhibitors may

further help to attenuate corticoid treatment-associated

side-effects during immunosuppression.

Taken together, this study provides new insights into

the immunomodulatory mechanisms of action of clinic-

ally relevant HMG-CoA reductase inhibitors. We demon-

strated in vivo that the lymphocyte homing to peripheral

lymph nodes is sensitive to treatment with the HMG-CoA

reductase inhibitor simvastatin and the synthetic statin

analogue LFA878 under physiological resting conditions.

The mechanisms of action of simvastatin may involve

HMG-CoA reductase inhibition-dependent and -inde-

pendent inhibitory effects on the adhesive function of

LFA-1. Considered collectively with previous findings on

statin-based inhibition of LFA-1 function in adaptive

immunity and in view of the potential use of HMG-CoA

reductase inhibitors as complementary immunosup-

pressive agents, we may therefore propose an at least

three-stage concept of statin-based effects on adaptive

immunity by inhibition of LFA-1, including (1) block-

ade of lymphocyte homing and, thus, prevention of naive
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lymphocyte exposure to foreign antigen in secondary lym-

phoid organs, (2) repression of lymphocyte costimulation,

and (3) inhibition of peripheral tissue infiltration of

reactive effector lymphocytes.
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