
Modulating Influence of Chemotactic Factor-Induced Cell
Adhesiveness on Granulocyte Function

Jorg Fehr, Clemens Dahinden

J Clin Invest. 1979;64(1):8-16. https://doi.org/10.1172/JCI109466.

The importance of adhesion in regulating locomotion and accumulation of polymorphonuclear leukocytes (PMN) has
remained vague. We found that the chemotaxis of human PMN resuspended in heat-inactivated plasma was maximal
toward 1-10 nM N-formyl-met-leu-phe (f-Met-Leu-Phe), but fell below random motility toward ≥ 100 nM. This impressive
decrease of motility was paralleled by increased cell adherence on Petri dishes being minimal at 1 nM and maximal at
>10 nM f-Met-Leu-Phe (6±1 and 37±2% [SE] adherent cells, respectively). Checked by phase-contrast microscopy, cells
under stimulated adhesion lost the typical bipolar shape of moving PMN and became immobilized and highly flattened.
PMN, preexposed to 250 nM f-Met-Leu-Phe and tested after washing, retained increased adhesiveness and showed
extremely low random and chemotactic motility. In contrast, preexposure to 1 nM f-Met-Leu-Phe had no effect on
chemotaxis. Supporting the concept that immobilizing hyperadhesiveness does not correspond to a general functional
hyporesponsiveness of PMN, no depression of the initial ingestion rate was observed in the presence of 250 nM f-Met-
Leu-Phe. Moreover, a close correlation was found between the induction of PMN adhesiveness and the stimulation of the
hexose monophosphate pathway activity as well as of lysomal enzyme release (r ≥ 0.98). Thus, “chemotactic
deactivation” and “high-dose inhibition of chemotaxis” by N-formyl peptides is the consequence of increased cell
adhesiveness. This phenomenon provides a mechanism for cell trapping […]

Research Article

Find the latest version:

https://jci.me/109466/pdf

http://www.jci.org
http://www.jci.org/64/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI109466
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/109466/pdf
https://jci.me/109466/pdf?utm_content=qrcode


Modulating Influence of Chemotactic Factor-Induced
Cell Adhesiveness on Granulocyte Function

JORGFEHRand CLEMENSDAHINDEN, Department of Medicine, Section of
Hematology CH5, University of Zurich, CH-8091 Zurich, Switzerland

A B S T RA C T The importance of adhesion in regulat-
ing locomotion and accumulation of polymorphonu-
clear leukocytes (PMN) has remained vague. Wefound
that the chemotaxis of human PMNresuspended in
heat-inactivated plasma was maximal toward 1-10 nM
N-formyl-met-leu-phe (f-Met-Leu-Phe), but fell below
random motility toward - 100 nM. This impressive de-
crease of motility was paralleled by increased cell ad-
herence on Petri dishes being minimal at 1 nM and
maximal at >10 nM f-Met-Leu-Phe (6±1 and 37±2%
[SE] adherent cells, respectively). Checked by phase-
contrast microscopy, cells under stimulated adhesion
lost the typical bipolar shape of moving PMNand be-
came immobilized and highly flattened. PMN, preex-
posed to 250 nM f-Met-Leu-Phe and tested after wash-
ing, retained increased adhesiveness and showed
extremely low random and chemotactic motility. In
contrast, preexposure to 1 nM f-Met-Leu-Phe had no
effect on chemotaxis. Supporting the concept that im-
mobilizing hyperadhesiveness does not correspond to
a general functional hyporesponsiveness of PMN, no
depression of the initial ingestion rate was observed
in the presence of 250 nM f-Met-Leu-Phe. Moreover,
a close correlation was found between the induction of
PMNadhesiveness and the stimulation of the hexose
monophosphate pathway activity as well as of lysomal
enzyme release (r - 0.98). Thus, "chemotactic deac-
tivation" and "high-dose inhibition of chemotaxis" by
N-formyl peptides is the consequence of increased cell
adhesiveness. This phenomenon provides a mechanism
for cell trapping at the inflammatory site. Conversely,
if operative in circulating blood, e.g., in septicemia,
it may impair PMNemigration to such sites.

This work was presented in part at a multidisciplinary ses-
sion of the 35th Annual Meeting of the American Federation
for Clinical Research, San Francisco, Calif., 1 May 1978 and
was published in abstract form in 1978. Clin. Res. 26: 346A.
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INTRODUCTION

Local recruitment of polymorphonuclear leukocytes
(PMN)l to inflammatory sites is essential to the host in
its defense against invading microbial organisms. Al-
though the knowledge of the direction-finding mecha-
nisms of PMNhas increased tremendously (1, 2), other
mechanisms, in addition to directional migration (che-
motaxis), must exist that are responsible for the ability
of PMNto accumulate and to be retained at sites of
infection (1, 3). The repeatedly made in vitro observa-
tion of an inhibition of cell orientation (4) or chemo-
taxis (5-8) with high concentrations of chemotactic
factors have either gone unnoted or have found no
reasonable explanation. Nevertheless, such findings
are reminiscent of the situation at the inflammatory
locus where leukocytes are trapped in a milieu with
presumably high concentrations of chemotactic agents.
Because, on the one hand, the importance of cell ad-
hesion in regulating PMNlocomotion is still not under-
stood (9) and, on the other hand, excessive cellular
adhesion could provide a potential mechanism as to
how movement of PMNmight be impeded and local
cell trapping accomplished, we thought it worthwhile
to study the interrelations between PMNlocomotion
and adhesiveness. The recent work, initiated by Schiff-
mann et al. (10), on synthetic N-formyl peptides made
it possible to perform a comparative analysis of these
two cellular characteristics in controlled concentrations
of pure and highly potent chemoattractants.

METHODS

Preparation of leukocyte suspensions and plasma. Venous
blood from healthy adult donors, collected in plastic syringes
that contained preservative-free soditum heparin (20 U/ml
blood; Novo Industries, Copenhagen, Denmark) was mixed
with 0.5 vol of 6% (wt/vol) dextran (Dextran 110, Fisons Ltd,

IAbbreviations used in this paper: HMP, hexose mono-
phosphate pathway; HPF, high power field(s); MPO, myelo-
peroxidase; PMN, polymorphonuclear leukocytes.
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Loughborough, England) and allowed to sediment at room
temperature. The leukocyte-rich supernate was centrifuged
at 150 g for 8 min and, after lysis of residual erythrocytes with
ice-cold hypotonic saline, the cells (80-90% PMN, 10-20%
mononuclear cells) were washed twice in Gey's solution
(Gibco Diagnostics, Glasgow, Scotland) and, if not stated
otherwise, suspended in autologous heat-inactivated plasma.
Fresh autologous cell-free plasma was prepared simuitil-
taneously by collectinig the blood in ice-cold plastic
syringes. After transfer to precooled plastic tubes and cen-
triftugation at 39,000 g, the supernatant plasma was immediately
decanted and anti-coagulated with 4 U heparin/ml. Before it
was used as cell suspension medium, the plasma was heat-
inactivated at 560C for 30 min followed by removal of the
precipitate by sedimentation at 39,000 g for 15 min.

PMNchemotaxis. PMNrandom motility and directional
migration was quantified by using the two-filter sandwich
techni(lue of Keller et al. (11), in modified Boyden chambers
(Celloplex, Basel, Switzerland). 0.25-ml aliquots of leukocytes,
suspended in heat-inactivated plasma (that contained 1 x 106i
PMN/ml) were added to the upper compartment of the cham-
ber, which was separated from the lower compartment by two
micropore filters: an 8-/Lgm pore size filter (cellulose nitrate;
Sartorius Inc., G6ttingen, West Germany) was laid over a
0.45-,um pore size filter (cellulose nitrate; Millipore Corp.,
Bedford, Mass.). The lower compartment of the chamber was
filled either with autologous heat-inactivated plasma (random
migration) or with the same medium to which the desired
concentration of the chemoattractant had been added. The
chambers were incubated for 60 min at 37°C and 100% humid-
ity. The procedure outlined by Keller et al. (11) was followed
exactly for fixation and staining. The PMNresponse in tripli-
cate or quadruplicate chambers was quantified by counting
the cells on the surface of both, the upper side of the cell-
impermeable, and the lower side of the cell-permeable filter
in 10 high power fields (HPF) corresponding to 1.5 mm2, with
the aid of an eyepiece grid.

PMNadherence. PMNadhesiveness was assessed as out-
lined (12). Briefly, duplicate 1-mi aliquots of leukocytes sus-
pended in autologous heat-inactivated plasma (that contained
4 x 106 PMN/ml), to which different concentrations of N-for-
myl peptides had been added, were incubated in 10 x 35 mm
Petri dishes (Corning Glass Works, Corning, N. Y.) for 40 min
at 37°C and 100% humidity. Subsequently, the dishes were
washed thoroughly in saline and dried at 4°C. The amount of
adherent cells was quantified by measuring their myeloperox-
idase (MPO) content. Through knowledge of the number of
cells placed on dishes and their initial MPOcontent, the
absolute number of adherent cells remaining after washing
could be determined. In some experiments, net release of
lysozyme (13) and ,f-glucuronidase (14) during the incubation
of the leukocytes on Petri dishes was also assayed with 8 x 106
PMN/ml. Under the conditions employed, release of MPOand
lactic dehydrogenase (15) into the supernatant plasma was
not observed.

Glucose oxidation by the hexose monophosphate pathu;ay
(HMP) of leukocytes in suspension. The activity of the HMP
of leukocytes suspended in autologous heat-inactivated plasma
to which different concentrations of N-formyl peptidases had
been added, was determined by measuring the generation of
14C02 from [1-'4C]glucose (16). 0.6 ,uCi of [1-_4C]glucose (57 mCi/
mmol; Amersham Corp., Buckinghamshire, England) was added
to 1 ml of cell suspension that contained 8 x 106 PMN, and the
mixture was incubated in triplicate in 100 x 20 mmplastic tubes
with rubber caps fitted with cups (Kontes Co., Vineland, N. J.).
To calculate the amount of glucose converted to CO2, the
glucose concentration in heat-inactivated plasma was meas-

ured by the gluicose oxi(lase methodl (glutcose analyzer, Beek-
man Instruments Inc., Fullerton, Calif.). After 30 min of'
incubation at 370C in a shaking water bath, 0.2 ml of' Hyamine
10-X (Rohbi & Hass Co., Philadelphia, Pa.) was injected
through the stopper into the cup and 0.2 ml of 5 N H2SO4added
to the cell suspension. After eqtuilibration f'or 60 min, the
cups were placed in couinting vials that contained 10 ml of'
Instagel (Packard Instrument Co., Inc., Downers Grove, Ill.)
and assayed in a liqtuid scintillation counter. The influenee
of N-f'ormyl peptides on latex-stimulated HMPactivity was
also assessed (latex, Dow Corning Corp., Midland, Mich.,
mean particle diameter, 1.1 ,um, final concentration of' par-
ticles, 1% [vol/vol], 1-2 x 103 particles/PMNN).

Phagocytic capacity of leukocytes. The rate of'ingestion of'
leuikocytes in the presence or absence of N-formyl peptides
wvas (quanitified by the method of Stossel (17) with lipopoly-
saccharide-coated oil droplets. The procedture was followedl as
described (17) with the exceptioni that the cell suspensioni
mediu-m consisted of heat-inactivated plasima and the droplets
wvere prepared with dli isodecyl phthalate (Polysciences Inc.,
Warrington, Pa.) instead of paraffin oil.2

Other comppounds and reagents. The cheinotactic peptides
and analogues N-formyl-methionyl-leucyl-phenyl-alaninie (f-
Met-Leu-Phe), N-fonryl-miiethionyl-phenylalanine (f-Met-Phe),
N-fonrivl-phenylalanivyl-methionine (f-Phe-Met), anl niethioniyl-
phenylalalninie (Nlet-Phe) were obtained from Bachem AG,
Bubendorf, Switzerland. Peptides were dissolved in a smuall
volume of 0.15 N NaOHanid diluted in phosphate-buffered
saline, with subsequent correction of the pH to 7.4 with 0.15 N
HCI. For in vitro experiments, the plasima dilution, through
addition of buffered peptide solution, was 1% (vol/vol). Intilini
(Sigmta Chemical Co., St. Louis, Mo.) was sonicatedl in 0.9%
saline, washed twice, and resuspended in phosphate-buffered
saline, pH 7.4, at 100 mg/nl. The complement system of
humani plasma (prepared as outlined above) was activated by
incubation for 30 min at 37°C with 5 mg inulin/ml, followed by
removal of inulin byr meanis of sedimentation at 39,000 g for 15
min. Ficoll-Hvpa(que was obtained from Pharmacia Inc.,
Uppsala, Sweden. EDTAwas the product of Sigma Chemical Co.

RESULTS

In vitro adherence-inducing capacity of
chemotactic peptides for human PMN

Given the fact that chemotactic small molecular
weight complement split products (12, 18), as well as
the recently defined synthetic chemotactic peptides
(19) produce an immediate but transient neutropenia
when administered intravenously, an attempt was
made to further substantiate our hypothesis that PMN
margination in vivo and cell adhesiveness measured in
vitro are closely associated phenomena (12). Therefore,
the effect of different concentrations of f-Met-Leu-Phe
and f-Met-Phe, respectively, on PMNadhesiveness
was assessed by means of our Petri dish assay, which
quantitates adherent cells by measuring the retention
of MPOactivity on dishes after thorough washing. 95-
100% pure autologous fresh plasma was chosen as the

2 Stossel, T. P. 1976. Personal communication.
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FIGURE 1 In vitro adherence-inducing capacity of f-Met-
Leu-Phe and f-Met-Phe for human PMNin autologous heat-
inactivated plasma. Adherent cells were quantitated by meas-
uring their MPOcontent and expressed as percentage of the
totally applied PMN. Symbols represent mean and range of
four experiments performed with cells and plasma from a
single donor. +, percentage of adherent cells in heat-inacti-
vated plasma without f-Met-Leu-Phe and f-Met-Phe, respectively.

suspension medium to represent the physiologic situa-
tion as closely as possible. On the other hand, knowl-
edge of the influence of activated complement compo-
nents on PMNadherence (12) meant that the plasma
had to be heat-inactivated. As shown in Fig. 1, adher-
ence was minimal and no different to the control in the
presence of from 0.1 to 1.0 nM f-Met-Leu-Phe, but
began to increase at 3 nm and reached a maximum
and plateau of nearly 40% adherent cells at concen-
trations higher than 100 nM. An identical sigmoidal-
shaped dose-response curve was obtained for adherence
induction by the dipeptide f-Met-Phe, except that the
profound change in this PMNsurface characteristic oc-
curred at a concentration roughly 1,000 times higher
than that of the agent. The presence of 100 uM of the
positional isomer f-Phe-Met as well as of the nonfor-
mylated Met-Phe resulted in no measurable increase
in PMNadhesiveness. Maximal PMNadherence for
f-Met-Leu-Phe (38 +2% [SE] adherent cells) and f-Met-
Phe (39+1%) was similar to the amount of cells that
adhered when they were incubated in inulin-activated
plasma (35±4%, n = 4). To exclude the influence of
platelets and contaminating mononuclear cells on basal
and stimulated adherence of PMN, experiments were
also performed with pure PMNsuspensions (96-99%
PMN, 1-4% eosinophils) prepared by means of Ficoll-
Hypaque density separation (20). Similar results, 8.8
±0.8% (SE) adherent cells in heat-inactivated plasma,
and 39.4±2.2% adherent cells in the presence of 250
nM f-Met-Leu-Phe, were obtained with this PMN
preparation (n = 6).

As far as morphologic changes of adherent PMNis
concerned, there was a striking difference in the phase-

contrast microscopic appearance of cells, which adhered
in Sykes-Moore chambers under basal conditions (in
heat-inactivated plasma) or the stimulated conditions
(in the presence of appropriate concentrations of di-
tripeptides or inulin-activated plasma) (Fig. 2A and B).
Cells incubated in heat-inactivated plasma revealed
the typical bipolar shape of moving PMN(21) with
veil-like, undulating hyaline lamellipodia and short,
less flattened tails, and showed randomly directed loco-
motion with an approximate mean velocity of 6 ,um/min
(estimated by time-lapse cinematography with 20
frames/min). No gross difference was visible when a
chemotactic concentration of f-Met-Leu-Phe (1 nM, cf.
following paragraph) was added. In contrast, when
PMNwere incubated in the presence of maximal ad-
hesion-promoting stimuli (250 nM f-Met-Leu-Phe,
inulin-activated plasma), the cells lost their polariza-
tion, extended their hyaline lamellar processes over
their entire circumference, and became highly flattened
similar to spreaded monocytes (22). Although, these
disk-like PMNwere practically immobilized (checked
by time-lapse cinematography), they showed continu-
ous ruffling activity with extension and retraction of
hyaline lamellae (Fig. 2C).

In ancillary studies with the rabbit model (12, 19), the
dose of peptides needed to induce neutropenia exactly
paralleled the adherence-promoting capacity of these
agents. The correlation coefficient between neutropenia
induction and adherence promotion was -0.949 (N
= 8, P < 0.001) for f-Met-Leu-Phe, and -0.944 (n = 6,
P < 0.01) for f-Met-Phe, respectively (regression analy-
sis by the method of least squares).

Despite the fact that others have found that the
addition of complement-activated serum (23) or syn-
thetic chemotactic peptides (24) to PMNsuspended in
artificial media induced cell aggregation, it has been an
absolutely consistent finding under conditions employed
in our system that PMNdid adhere in single-cell mono-
layers, without overlapping or formation of aggregates.
Because it has been reported that PMNaggregation
is transient and, therefore, a reversible change in PMN
adhesiveness at low concentrations of peptides could
have been missed, a time-course study at low (1 nM)
and high (1 ,uM) concentrations of f-Met-Leu-Phe was
performed. As shown in Table I, no detectable increase
in PMNadhesiveness was found at 1 nM f-Met-Leu-
Phe, and, as viewed continuously by light microscopy,
cells adhered in single cell monolayers. It should be
noted explicitly that when PMNwere suspended in
artificial media like Hanks' balanced salt solution or
Gey's solution, they revealed an unspecifically high
adherence on Petri dishes (44+±3% [SD] adherent cells,
n = 4), which could not be modified significantly by
addition of formylated peptides. Morphologically, such
cells showed a high degree of flattening on the
substratum.

10 J. Fehr and C. Dahinden
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FIGURE 2 (A) PMN morphology under phase-contrast microscopy. Pure
granulocyte suspensions were prepared by Ficoll-Hypaque separation and
the cells were resuspended in autologous heat-inactivated plasma. Picture
made after incubation at 37°C for 25 min. (B) PMNmorphology under the
same conditions as in A, except that 250 nM f-Met-Leu-Phe was present.
(C) Extension and retraction of hyaline lamellae of PNMN in the presence

of 250 nM f-Met-Leu-Phe as analyzed by time-lapse cinematography (20
frames/min). Outlines of two selected PMNwere traced at 0, 1, and 2 min.
This type of motile activity continued over an observation period of 60 min.
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TABLE I
Time-Course of Adhesive Changes at Low (Chemotactic)

and High Concentrations off-Met-Leu-Phe

Concentration of f-MIet-Leu-Phe
Duration of
incubation None 1 ,IM 1 M

1ni0?

1() 3.5+0.4* 2.9+0.34 32.9+ 1.9§
20 4.1+0.6 3.0+0.1 31.7±0.7§
40 10.2±0.9 11.0+0.8t 36.0±1.5§
60 12.5+0.4 11.7±0.3t 40.0±2.0§

* Percentage of totally applied cells that adhered to Petri
dishes (mean+SD of two experiments performed in trip-
licates).

4 P vs. control without f-Met-Leu-Phe >0.05 (Student's t test).
§ P vs. control without f-Met-Leu-Phe <0.001.

The dose dependency of the in vitro
chemotactic activity of N-formyl peptides and
its relationship to PMNadhesiveness
Because it is still an open and challenging question

as to what extend the adhesiveness of PMNinfluences
their motility, N-formyl peptide-induced chemotaxis
was analyzed with special reference to the adhesive-
ness-promoting potency of these agents. No attempt was
made to define the lowest chemotactically active con-
centration of peptides. As shown in Fig. 3, the dose-
response study for the f-Met-Leu-Phe-induced chemo-
taxis resulted in maximal PMNmigration towards 1 and
10 nM tripeptide. Above this concentration, a striking
inhibition of chemotaxis and even random motility be-
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came apparent: at 100 nM tripeptide the amount of
cells moving through the filter was already reduced to
79±4% (SE) of random migration (P < 0.005, Student's
t test) and at over 1 ,uM, PMNwere virtually trapped
at or near the proximal surface of the upper filter. Again,
the specificity of the phenomenon gained strong sup-
port through congruent findings obtained in analogous
experiments with the less potent formylated dipeptide,
f-Met-Phe (Fig. 4).

Under consideration of the concentration gradient of
the peptides in the chemotactic chamber, the compari-
son of the chemotactic and adherence-promoting capac-
ity of these agents tested clearly indicates that low
concentrations of these peptides, which are already
strongly chemotactic, do not induce a measurable
change in PMNadhesiveness. On the other hand, when
PMNencounter higher concentrations of these pep-
tides, they become hyperadhesive leading to profoundly
diminished directed and random migration in vitro.
The correlation coefficient between inhibition of
chemotaxis and augmentation of adhesiveness was
-0.980 (n = 6, P < 0.001) for f-Met-Leu-Phe, and
- 0.994 (n = 4, P < 0.01) for f-Met-Phe, when the two
functions were assayed with PMN from the same
subject.

To provide further evidence that hyperadhesiveness
is indeed a cellular characteristic that impedes the
migratory response of PMNin a broader and somehow
unspecific sense, experiments as compiled in Table II
were performed. When PMNwere made hyperadher-
ent by adding appropriately high concentrations of
f-Met-Leu-Phe to both sides of the filters in the Boyden
chamber, these cells showed virtually abolished re-
sponsiveness to a gradient of complement-derived
chemoattractants as produced by inulin-activated
plasma. In contrast, such a directed migratory response
was not impaired in the presence of a chemotactic (1
nM) concentration of f-Met-Leu-Phe.

300-
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4
lU

0 nM IO nM I00 nM HM

f-MET-LEU-PHE IN LOWER CHAMBER

FIGURE 3 The concentration dependency of the chemotactic
activity of f-Met-Leu-Phe for human PMN. Cells in the upper
compartment were suspended in autologous heat-inactivated
plasma and the same medium was present in the lower com-
partment to which different concentrations of the tripeptide
had been added. Reference point for data representation is
the random migration in heat-inactivated plasma that cor-
responded to 51+8 (SE) cells/10 HPF. Data are derived from
three experiments performed with triplicate chambers with
cells and plasma from a single donor. Bars denote mean+SE.

200F
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a 100 nM lFm lO,um lOOFLm

f-MET-PHE IN LOWER CHAMBER

FIGURE 4 The concentration dependency of the chemotactic
activity of f-Met-Phe for human PMN. Experimental condi-
tions as outlined for Fig. 3. Random motility for this set of
experiments was 108±9 (SE) cells/10 HPF.
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TABLE II
Inhibition of Migration towards Complement-Derived

Chemotactic Factor(s) by High Dose of
Formylated Peptide

Chemotaxis in Boydeni chamiibers

Upper compartmiient Lower compartmnent

cells/JO HPF*

HIP HIP 485±93
HIP c-fMLP 2,153-+148
HIP 10% IAP 2,591+208
a-fMLP a-fMLP + 10% IAP 16+4
c-fMLP c-fMLP + 10% IAP 2,040+172t

Abbreviations used in this table: HIP, autologous heat-
inactivated plasma; a-fMLP, 250 nM f-Met-Leu-Phe; c-fMLP,
1 nM f-Met-Leu-Phe; 10% IAP, 10% inulin-activated plasma
in HIP (vol/vol).
* Results represent the mean-+SE of three experiments per-
formed in triplicates with PMNobtained from a single donor.
I P vs. migration towards 10% IAP without f-Met-Leu-Phe
>0.05 (Student's t test).

Chemotactic deactivation and its relationship
to PMNadherence
Although the phenomenon of the chemotactic deac-

tivation, a term that describes the failure of leukocytes
to migrate along a concentration gradient of a chemo-
tactic stimulus as a result of a previous interaction with
the active chemotactic factor (25, 26), is a well estab-
lished fact in granulocyte function no data explaining
this phenomenon, except the possible role of an ac-
tivable esterase (25) have as yet been offered. With
regard to the formylated peptides, the results presented
in Fig. 5 indicate that the ability of these agents to
deactivate PMNis strictly dependent on the concen-
tration. PMNin heat-inactivated plasma were preincu-
bated in a tumbling tube at 37°C for 15 min in the
presence of a maximal chemotactic (1 nM) or maximal
adherence-promoting (250 nM) concentration of f-Met-
Leu-Phe or, as a control, without adding any peptide.
They were subsequently washed twice by centrifuga-
tion at 150 g for 7 min at 4°C in 40% heat-inactivated
autologous plasma diluted with Gey's solution and re-
suspended in heat-inactivated plasma at appropriate
concentrations to assess their random and chemotactic
motility as well as their adhesiveness. The total wash-
ing procedure lasted 25-30 min and resulted in a dilu-
tion of the active agent by a factor of at least 5,000. The
results of the migratory behavior in chemotactic cham-
bers are shown in Fig. 5. In the control experiments
(left) the pattern of results was identical to the data
given in Fig. 3, with stimulated migration towards 1 nM
tripeptide and strongly inhibited motility.towards 10
nM (P vs. random motility < 0.001, Student's t test).

T
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200 -
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a InM 100 nM 0 nM 0 InM

CONCENTRATION OF t-MET-LEU-PHE IN LOWER CHAMBER

FIGURE 5 Ability of f-Met-Leu-Phe to irreversibly depress
random motility and chemotactic response to the same stimu-
lus (deactivation) after preincubation (15 min, 37°C) at high
concentrations of the tripeptide. Random motility for this
experiment was 83±4 (SE) cells/10 HPF. The experiment was
repeated twice with PMNfrom different donors showing simi-
lar results. For further explanations, please see text.

When PMNwere preincubated in a chemotactic con-
centration of the tripeptide (1 nM) (Fig. 5, center), sub-
sequent random migration and chemotaxis after wash-
ing remained unchanged (P vs. control-incubated cells
> 0.05). However, when PMNwere preincubated with
an adherence-promotinig concentrationi (250 nM) of
f-Met-Leu-Phe, the subsequently measured random mo-
tilitv and chemotaxis towards the samne stimiiulus was ex-
tremely low (Fig. 5, right, P vs. control random motility
< 0.001). Direct support for the conception that ex-
cessive surface affinity is indeed the basis for such
motile cellular sluggishness was obtained by quantify-
ing the Petri dish adhesiveness of identically treated
PMN(three experiments). Preincubation without or in
the presence of 1 nM tripeptide kept adherence low
(6+1% [SE] and 8±2% adherent cells, respectively),
whereas preexposure to 250 nM f-Met-Leu-Phe resulted
in retention of the increased adhesiveness despite the
thorough washing procedure (26±3% adherent cells;
P vs. adherence in heat-inactivated plasma without or
with 1 nM f-Met-Leu-Phe < 0.005, Student's t test).

The influence of N-formyl peptides on basal
and stimulated HMPactivity, lysosomal
enzyme release, and phagocytosis
In the following series of experiments, the influence

of different concentrations of N-formyl peptides on
some of the established systems, measuring in vitro
PMNfunction, was analyzed:

Experiment 1. No increase in HMPactivity was
observed in our system when PMNwere suspended in

Cell Adhesiveness as a Modulator of Granulocyte Function 113



heat-inactivated plasma in the presence of a maximal
chemotactic concentration of f-Met-Leu-Phe (Table
III). However, when PMNwere suspended in the pres-
ence of a hyperadhesion-inducing concentration of the
same agent, they showed marked alteration in oxygen
metabolism as measured through a consistent increase
in the glucose oxidation via the HMP. When the ad-
herence-promoting and the HMP-stimulating activities
of different concentrations (1 nM- 1 ,M) of f-Met-Leu-
Phe were correlated, a strikingly close linear relation-
ship was obtained between these two PMNcharacter-
istics (r = 0.98; regression analysis by the method of
least squares). Analogue results were obtained by using
f-Met-Phe as the stimulus: the maximally chemotactic
concentration of 1 ,uM dipeptide induced no increment
in the HMPactivity (119±11% [SE] of the control, P
> 0.05, n = 4), whereas 10 and 100 ,tM f-Met-Phe in-
creased this activity to 197±5 and 209±12%, respec-
tively (P vs. control < 0.001, P between 10 and 100
,uM > 0.05). As a control, 100 uM of the positional
isomer f-Phe-Met induced no change in HMPactivity
(103±7%, P > 0.05; n = 3).

Experinment 2. Lysosomal enzyme release on Petri
dishes, quantitated by net liberation of lysozyme, ex-
actly paralleled the results obtained for stimulation of
adherence and HMPactivity: no influence of a chemo-
tactic concentration of f-Met-Leu-Phe on the one hand,
a maximal and plateau-reaching activity at and over
250 nM tripeptide on the other (Table III). Again, a
strikingly close correlation was found between the
ability of f-Met-Leu-Phe to promote PMNadherence
and to induce lysozyme release on Petri dishes when
these two cellular characteristics were measured
simultaneously over a broad concentration range of the
stimulating agent (0.1 nM--1 uM). The correlation co-

TABLE III
Influence of f-Met-Leu-Phe on HMPActiuity and

Lysosomral Enzyme Release

HMPactivitv Lvsoz%rme release on
Concenitration of' 37°C, 30 uin, in suspen.sioni Petri dishes

f\'Met-Leu-Phe (it = 6) (n = 5)

none 100* 1.05+(0.10 (SE)
1 nM 101+5t 0.86±0.14t

10 nlM 140+6§ 2.42+0.16"
250 nM 265± 1311 4.87±+0.28"

1 ,uM 274+15" 4.95+0.31'

The concentration of PMN in both test systems was
8 x 106/ml.
* 6.3+±0.4 (SE) nM glucose/107 PMNper 30 min.
P vs. control without f-Met-Leu-Phe >0.05 (Student's t test).

§ P vs. control without f-Met-Leu-Phe <0.05.
"I P vs. control without f-Met-Leu-Phe <0.001.
¶P vs. 250 nM f-Met-Leu-Phe >0.05.

efficient in five such experiments was > 0.98. An
identical pattern of results, although with lower amounts
of net enzyme liberation, was obtained when the re-
lease of 8-glucuronidase was measured (results not
shown).

Experiment 3. When the PMNphagocytic capacity
was quantified by the sensitive "opsonized oil droplet
method" (17), no difference was found in the initial
(5 min) ingestion rate of PMNsuspended in heat-in-
activated plasma, either in the absence or in the pres-
ence of 250 nM f-Met-Leu-Phe: 153±8 (SE) and 150
±7 ,g phthalate/107 PMNper min, respectively (n = 4).
That mere attachment of oil droplets without real in-
ternalization could have produced such a pseudo-
equality of the results was excluded in two ways: (a) by
addition of EDTA(5 mMfinal concentration) after the
5 min incubation period at 37°C, the results were not
influenced significantly, a procedure which results in a
complete detachment of PMNin our Petri dish assay
and (b) viewed by light microscopy, oil droplets were
equally internalized in the presence or in the absence
of f-Met-Leu-Phe. In addition, when the phagocytosis-
induced "respiratory burst" was estimated by glucose
oxidation via the HMPin the presence of an optimal
concentration (27) of latex particles, the values obtained
after preincubation (5 min, 37°C) of PMNwith 250 AM
f-Met-Leu-Phe were somewhat higher, but a statisti-
cally significant difference was not attained: 329±30
(SE) vs. 382±40 nM glucose/107 PMNper 30 min (P
> 0.05, Student's t test; n = 5).

DISCUSSION

Mainly for theoretical reasons, it has become widely
accepted that attachmiient of cells to the substratum is
a prerequisite for migration to occur (28-30). Never-
theless, on more practical grounds, the importance of
adhesion in regulating locomotion and accumulation of
leukocytes has remained vague (9). With the synthetic
chemotacticN-formyl peptides, our study demonstrates
an impressive inverse relationship between PMN
motility and adhesiveness. That this phenomenon is
not restricted to effects of N-formyl peptides, but has
much broader implications for the regulation of PMN
locomotion, is suggested for three reasons: (a) A natural
low molecular weight chemoattractant from Escherichia
coli supernate interacts with the same receptor site as
the synthetic peptides (21). (b) A similar high-dose in-
hibition of chemotaxis has recently been found with
purified C5a (8), an attractant with a different receptor
site (7, 31). (c) PMNmade hyperadhesive by f-Met-
Leu-Phe, also showed abolished migration towards
complement-derived chemoattractants (Table II). With
regard to the more than 10-yr-old term of "chemo-
tactic deactivation" (25), our study provides evidence
that increased cell adhesiveness plays a causative role
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in this phenomenon. Based on our results, it should be
emphasized that this form of "deactivation", in a strict
sense, does not correspond to an impairment in the
direction finding mechanism. Rather, what can be ob-
served is a more general depressing effect on the basic
migratory machinery of the PMNapparent in a per-
sistent, extremely low random motility, a finding which
has recently been confirmed with complement-activated
serum as preincubation medium (32). Our observations
do not exclude the existence of other mechanisms of
deactivation, because, besides several studies reporting
deactivation with relatively high doses of chemotactic
factors (25, 32, 33), low-dose chemotactic deactivation
has been found for other PMN(26) and eosinophil
(34, 35) chemoattractants.

In analyzing the effect of different concentrations of
N-formyl peptides on three established in vitro assay
systems, which are thought to measure most essential
PMNfunctions, support was gained for the concept that
PMNhyperadhesiveness and chemotactic desensita-
tion do not correspond with a general functional hypo-
responsiveness of these cells. The most important in-
dication that hyperadherence-inducing concentrations
of N-formyl peptides are not toxic to PMNis the fact
that no depression of the initial ingestion rate was found
in the presence of an appropriate concentration of
f-Met-Leu-Phe. From parallelism between stimulation
of the HMPactivity and release of lysosomal enzymes
on the one hand and adherence induction on the other,
combined with the as yet still unexplained observa-
tions that many of the peptide-induced PMNaltera-
tions have their dose-response maximum clearly above
their optimal chemotactic concentration (6, 36-38), the
conclusion can be drawn that these stimulatory events
are chiefly related to the termination of locomotion (39).
Thus, the in respect of locomotion deactivated PMN
show alterations that reflect a stimulated, highly reac-
tive cellular condition.

Bearing in mind that simple conclusions from anal-
ogy cannot be made, the present study may nevertheless
have considerable implications with reference to the
living organism. PMNhyperadhesiveness may indeed
be an important prerequisite in the mechanism of local
cell trapping at the inflammatory site. Conversely, if
these mechanisms are operating in circulating blood,
e.g., in septicemia, granulocyte emigration to the in-
flammed focus may be impaired and bacterial dissemi-
nation facilitated. Furthermore, an analysis of the role
of PMNadhesiveness in situations where in vivo che-
motactic deactivation has been inferred as the cause of
a chemotactic hyporesponsiveness (26, 35, 40) or in
secondary granulocytopathies as exemplified by a re-
cent case report of an juvenile peridontitis showing
extremely spreaded PMNin vitro (41), may help to
extend the clinical significance of these PMNsurface
characteristic.

The fundamental question of whether the immobi-
lizing adhesion is accomplished either directly (active
rearrangement of contractile proteins [30] and forma-
tion of podosomes [42]) or more indirectly through
membrane alterations mediated by released lysosomal
enzymes (43), remains unsolved.
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