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Neutrophil Mac-1 and MEL-14 Adhesion Proteins
Inversely Regulated by Chemotactic Factors

TakasHI KE1 KisHIMOTO,* MARK A. JUTILA,T ELLEN LAKEY BERG,

EuGeNE C. BUTCHER

The neutrophil Mac-1 and gpl00™®.* adhesion proteins are involved in neutrophil
extravasation during inflammation. Both the expression and activity of Mac-1 are

greatly increased after neutrophil activation. In contrast, neutrophils shed gp10

0MEL-14

from the cell surface within 4 minutes after activation with chemotactic factors or
phorbol esters, releasing a 96-kilodalton fragment of the antigen into the supernatant.

Immunohistology showed that gpl0

0MEL-14

was downregulated on neutrophils that

had extravasated into inflamed tissue. The gpl100™F.!* adhesion protein may partici-
pate in the binding of unactivated neutrophils to the endothelium; rapid shedding of

gp 1 00MEL—14
neutrophils.

IRCULATING AND BONE MARROW

neutrophils provide a front line of

defense that can be rapidly mobi-
lized and activated against infectious agents.
The first step in extravasation involves adhe-
sive interactions of neutrophils with the
vascular endothelium, which must be regu-
lated to allow localization of neutrophils
only to inflammatory sites. Similarly, activa-
tion of neutrophils must be limited to those
cells at the inflammatory site, so that dam-
age to normal tissues is minimized. The
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may prevent extravasation into and damage of normal tissues by activated

leukocyte integrins, LFA-1, Mac-1, and
p150,95 [collectively referred to as the
CD18 complex (1)], are essential in the
neutrophil extravasation process, as demon-
strated experimentally (2, 3) and from the
study of humans with a genetic deficiency of
CD18 expression (4). Optimal CD18 func-
tion requires cell activation (4-7), which is
also accompanied by rapid mobilization of
an intracellular pool of Mac-1 and p150,95
to the cell surface (8). A second class of
neutrophil adhesion protein, gpl0OMEL-14)
has been implicated in neutrophil extrava-
sation (9, 10). Neutrophil gﬁlOOMEL'14 is
related to lymphocyte gp90MEL14 which
mediates adhesion to the specialized high
endothelial venules (HEV) of peripheral
lymph nodes (11). The MEL-14 monoclo-
nal antibody (MAb) prevents murine neu-
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trophil localization to subcutaneous inflam-
matory sites (9) and to the inflamed perito-
neum (9, 10) in vivo, and blocks binding of
neutrophils to vascular endothelium with-
in tissue sections of lymph nodes in vitro
(9, 10). In contrast to Mac-1 activity, gp-
100MEL-14_mediated binding does not ap-
pear to require neutrophil activation. In-
deed, phorbol myristate acetate (PMA)-
activated neutrophils or neutrophils harvest-
ed from inflamed peritoneum have increased
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Fig. 1. Chemotactic factors are potent regulators
of gpl00MEL'* expression. Bone marrow leuko-
cytes (BML) were isolated from femurs of
BALB/c mice (9, 10). The gpl 00ME-"—positive
cells are 80% neutrophils and are competent for
localization to inflammatory sites in vivo (9, 10).
The BML were untreated (A and I), or incubated
at 37°C for 1 hour in the absence of stimulus (B
and J) or in the presence of PMA (100 ng/ml) (C
and K), C5a (107®M) (D and L), TNF (100
U/ml) (E and M), LTB; (10-*M) (F and N), LPS
(10 pg/ml) (G and O), or II-1 (1 pg/ml) (H and

and then stained with MAb against
gp 100MEL-14 [MEL-14 (11), panels A to H] or
Mac-1 [M1/70 (26)] (I to P), or with a control
MAD [9B5 (27)] (Q and R) by indirect immuno-
fluorescence. The cells were analyzed by quantita-
tive flow cytometry (FACStar, Becton-Dickin-
son). The neutrophil population was gated by
characteristic forward- and right-angle light-scat-
ter profiles (9, 10).
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expression of Mac-1 but, in direct contrast, a
decrease to one-tenth the gplOOMEL4
expression of circulating neutrophils (10).
We examined the effects of a panel of
physiologic mediators of neutrophil activa-
tion on in vitro gplOOMEL'* expression
(Fig. 1). Murine bone marrow and periph-
eral blood neutrophils have similar concen-
trations of gplOOME™!* and show similar
ability to localize to inflammatory sites in
vivo (9, 10). Because of the inaccessibility of
blood neutrophils in the mouse, we chose to
study bone marrow neutrophils. Neutro-
phils were activated with various levels of
mediators for 1 hour at 37°C. Neutrophil
chemotactic factors, such as the C5a frag-
ment of complement and leukotriene By
(LTBy), were potent inducers of
gplO0OMEL14 downregulation at concentra-
tions of 1 x 1078M (Fig. 1, D and F).
Downregulation with PMA (100 ng/ml)
was more complete (Fig. 1C), perhaps re-
flecting heterogeneity among the bone mar-
row neutrophils for expression of C5a and
LTB, receptors. Tumor necrosis factor
(TNF), which has chemotactic activity (12),
was also effective at concentrations of 10 to
500 U/ml (Fig. 1E). Interleukin-1 (IL-1)
(Fig. 1H) and lipopolysaccharide (LPS)

(Fig. 1G) reduced gpl0OMEL1* expression,
but only at relatively high doses (200 U/ml
and 1 to 10 pg/ml, respectively). All of these
factors also induced Mac-1 upregulation
(Fig. 1, I to P). In general, the extent of
Mac-1 increase correlated with the extent of
gpl1OOMEL14 decrease. Incubation for 1 hour
at 37°C in the absence of any mediators
(Fig. 1J) also resulted in partial Mac-1 up-
regulation, as previously described (5), and
partial gpl0OOMEL!4 downregulation (Fig.
1B). Other factors, such as concanavalin A,
interferon-vy, and transforming growth factor-
B did not reduce gplOOMEL'4 expression
more than the 37°C control (13). In separate
experiments, gpl0OMEL! was also downre-
gulated on peripheral blood neutrophils upon
activation with PMA and C5a (13).

Next we studied the kinetics of gp-
100MEL-14 - downregulation on  activated
neutrophils (Fig. 2). Murine bone marrow
neutrophils were activated with C5a (1 X
10~®M) for various lengths of time, rapidly
fixed by the addition of paraformaldehyde
(0.5% final concentration), and then ana-
lyzed by flow cxltoﬂuoromctry. Downregu-
lation of gpl00MEL-14 expression was rapid,
with a 60% reduction detectable 1 min after
exposure to Cba (Fig. 2, compare A and B).
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Downregulation of gpl00MEL!* continued
steadily and was almost complete by 4 min
(Fig. 2, B to E), although gplOOMEL14
expression continued to decrease slightly at
30 min (Fig. 2G). The gplOOMEL-! was
almost completely lost 5 min after activation
with PMA, and a 5-min incubation with
LTB, reduced staining by 78% (13). This
rapid modulation of gplOOMEL!* closely
followed the known kinetics for upregula-
tion of Mac-1 [(4) and Fig. 2, H to N]. In
contrast, expression of the T200 cell surface
protein only increased slightly (Fig. 2, O to
U), which is consistent with reports of
mobilization of a small intracellular pool of
T200 (14). At short time points (5 and 10
min), LPS and IL-1 had no effect on gp-
100MEL-14 expression, suggesting that these
factors may cause gpl00MEL1 downregula-
tion indirectly, perhaps by inducing endoge-
nous LTB, production (15). These results
indicate that chemotactic factors are potent
inducers of gp100MEL'* downregulation.

The rapid downregulation of gp-
100MEL-1 could be due to internalization
of gplOOMEL-14 | shedding of gpl0OMEL-14,
or a conformational change that results in
the loss of the MEL-14 epitope. To distin-
guish between these possibilities, we used a
polyclonal MEL-14 serum to immunopre-
cipitate gplOOMEL!* from both the cell
lysate and the cell-free supernatant of neu-
trophils surface-labeled with '*I and acti-
vated with PMA. No MEL-14 antigen
could be detected in association with the cell
lysates of activated neutrophils (Fig. 3, lane
1). In contrast, MEL-14 antigen was im-
munoprecipitated from the supernatant of
these activated cells (Fig. 3, lane 4). The
shed MEL-14 antigen was only about 4 kD
smaller than gplOOMEL* associated with
unactivated neutrophils (Fig. 3, compare
lanes 4 and 7), a size that is consistent with
the large extracellular domain predicted by
MEL-14 cDNA clones (16). A small
amount of MEL-14 antigen is detectable in
the supernatant of control cells (Fig. 3, lane
10), which may represent a normal low-level
release of MEL-14 antigen or partial activa-
tion of neutrophils during the isolation and
iodination procedures. The T200 antigen
was not detectable in supernatant from ei-
ther activated or unactivated cells (Fig. 3,
lanes 5 and 11).

Neutrophil interaction with venules in
vivo and subsequent diapedesis is thought
to occur in 3 to 10 min, a time frame
consistent with the in vitro changes in
gplOOMEL! To determine whether rapid
gpl00MEL14 downregulation is associated
with extravasation in vivo, we examined
inflamed tissues from mice by immunohis-
tology. The footpads of mice were inflamed
with 3 ng LPS for 3 hours, and then the
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mice were infused with the dye luconyl blue
(17) to stain vessels (Fig. 4A). Frozen thin
sections of the inflamed footpads were pre-
pared and stained by two-color analysis with
antibody to Mac-1 (anti-Mac-1) and MEL-
14 MADb. Many neutrophils within the lu-
men or walls of small vessels associated with
inflamed tissues were both Mac-1" and
MEL-14" (13). In contrast, all neutrophils
that had extravasated into the surrounding
inflamed tissue stained intensely with anti-
Mac-1 (Fig. 4B), but not with MEL-14
MAD (Fig. 4C). Interestingly, in some larg-
er vessels, neutrophils within the lumen
were also MEL-14" (Fig. 4C). These latter
cells were often associated in small aggre-
gates (Fig. 4B), a phenomenon that is
known to be activation dependent in vitro
(4, 5). Since unstimulated peripheral blood
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Fig. 3. The gplOOMEL-!* s shed from the cell
surface of activated neutrophils. We washed the
neutrophils three times in PBS and surface-la-
beled them with '2I using lactoperoxidase beads
(Bio-Rad) according to manufacturer’s recom-
mendations. Labeled neutrophils were incubated
in RPMI containing 1% bovine serum albumin
(BSA) for 10 min at 37°C with (lanes 1 to 6) or
without (lanes 7 to 12) PMA (100 ng/ml). Pro-
teins were immunoprecipitated from lysates of
washed cells (lanes 1 to 3 and 7 to 9) or from
12,000¢ supernatants of the cells (lanes 4 to 6 and
10 to 12). The gplOOMEL-!* (lanes 1, 4, 7, and
10) was immunoprecipitated with a polyclonal
rabbit antiserum to MEL-14 (poly MEL) and
protein A—coupled agarose beads. The T200 anti-
gen was immunoprecipitated with the 30G12
MAD (anti-T200) (28) and antibody to rat immu-
noglobulin G coupled to agarose beads (lanes 2,
5, 8, and 11). Control precipitations were done
with normal rabbit serum (NRS) and protein A—
coupled agarose beads (lanes 3, 6,9, and 12). The
immunoprecipitates were subjected to SDS-8%
polyacrylamide gel electrophoresis under reduc-
ing conditions and autoradiography. Migration of
molecular mass standards is indicated. Act., acti-
vated; Supe, supernatant; Unact., unactivated.

neutrophils are MEL-14* (9, 10), the dem-
onstration of MEL-14" neutrophils within
vessels of inflamed tissues indicates that
gp100MEL-1 downregulation can occur early
during extravasation and is rapid in vivo as
well as in vitro. The immunohistologic dem-
onstration of MEL-14" neutrophils sur-
rounding inflamed venules provides direct
evidence for neutrophil activation during
the extravasation process.

The inverse effects of activation on expres-
sion of Mac-1 and gplOOMEL!* demon-
strated here suggest that these two proteins
mediate distinct but complementary events.
The rapid downregulation of gpl00MEL-14
in association with extravasation in vivo,
and in conjunction with activation in vitro,
indicates that its participation must be con-
fined to early stages of extravasation, preced-
ing neutrophil activation in inflammatory
sites. Neutrophil activation does not appear
to be required for gplOOMEL-"_mediated
adherence, as evidenced by rapid, MEL-14—
inhibitable binding of unactivated neutro-
phils to endothelium within frozen sections
of tssue at 7°C (9, 10). It is likely that
gpl0OMEL-1 {5 an adhesion molecule, proba-
bly acting through its lectin domain (16)
with carbohydrate determinants induced on
endothelial cells (18). The shedding of
gp100MEL-M could provide a rapid “de-adhe-
sion” mechanism and may be necessary for
the neutrophil to proceed from binding to
the endothelium to migrating through the
endothelium or for release of the neutrophil
from the endothelium after diapedesis.
Alternatively, gpl00MEL! downregulation
could act as a protective mechanism that
prevents activated neutrophils, freed by
shear forces from inflamed venules, from
entering secondary sites which are unrelated
to the initial insult. In support of this model,
when activated (Mac-1°"8"/MEL-14%")
neutrophils are injected intravenously they
are unable to localize to inflamed tissues in
vivo (10).

In contrast, numerous reports have un-
derscored the importance of neutrophil acti-
vation for both increased Mac-1 expression
and functional activity. Indeed, studies (19,
20) suggest that CD18 does not contribute
significantly to the interaction of unstimu-
lated neutrophils to endothelial cells under
conditions of physiologic shear force, but
instead may be important in cementing ini-
tial adhesive events mediated by other mech-
anisms and in transendothelial migration
(and in subsequent neutrophil effector func-
tions). This model is consistent with the
observation that antibody to CD18 inhibits
irreversible attachment of neutrophils to in-
flamed venules in vivo, but does not affect
initial neutrophil-endothelial cell interaction
and rolling (2). These reports add to the
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increasing evidence for a Mac-1-indepen-
dent mechanism of adhesion of resting neu-
trophils to cultured endothelial cells (7, 19-
22). Other CD18 adhesion proteins, LFA-1
and p150,95, may account for some of this
Mac-1-independent adhesion (7, 21). How-
ever, unstimulated neutrophils from CD18-
deficient patients are still competent for
binding to cultured endothelial cells (7, 20,
23). Indeed, activation of CD18-deficient
neutrophils actually reduces adhesion of
these cells to endothelial cells (24), suggest-
ing that some CD18-independent adhesion
function may be downregulated on activa-
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tion. We developed MAbs against the hu-

man homolog of gplOOMEX1 in order to

examine the role of this antigen in such
CD18-independent adhesion in vitro (25).

In conclusion, we hypothesize that
gplOOMEL1 " berhaps in conjunction with
yet unidentified adhesion systems, is in-
volved in mediating the initial adhesion
event between circulating neutrophils and
the vascular endothelium adjacent to inflam-
matory sites. Chemotactic factors released at
the inflamed site may initiate the activation
process in these adherent cells, downregu-
lating gplOOME-' and engaging Mac-1

Fig. 4. Downregulation of
gplOOMEL-14 occurs rapidly
in vivo during inflamma-
tion. Thin sections of foot-
pads of mice which were
inflamed after a 3-hour ex-
posure to LPS, were first
stained with MEL-14 then
with PE-conjugated goat
antibody to rat immuno-
globulin G (C), blocked
with rat serum, and then
stained with fluorescein iso-
thiocyanate (FITC)—conju-
gated MAb to Mac-1 (B).
The identification of vessels
was aided by infusing mice
intravenously with the dye
luconyl blue just before they
were killed (A). Many areas
of the inflamed tissue con-
tained MEL-14" cells local-
ized within vessels (13).
However, there were no ob-
vious examples of MEL-14*
cells that were not associated
with a vessel. The neutro-
phil-specific MAb RB6-8C5
(9) gave a staining pattern
similar to that with MAb to
Mac-1, suggesting that most
of the Mac-1" cells observed
in these inflamed tissues
were neutrophils (13).

activity to allow extravasation to occur.
Neutrophil interactions with venules at sites
of inflammation thus reflect a complex inter-
play between cell adhesion-recognition mol-
ecules and cellular activation events.

REFERENCES AND NOTES

1. Mac-1 [MO-1, OKM-1, complement receptor type
3 (CR3), and CD11b/CD18], LFA-1 (CD11b/CD-
18), and p150,95 (CD11c/CD18) are related of
heterodimers that are composed of unique a sub-
units (CD11a, b, c, respectively) and a common 8
subunit (CD18). For brevity the three proteins are
collectively referred to as the CD18 complex.

2. K.-E. Arfors et al., Blood 69, 338 (1987).

3. P.J. Simpson et al., J. Clin. Invest. 81, 624 (1988);
H. Rosen and S. Gordon, J. Exp. Med. 166, 1685
(1987).

4. D. C. Anderson and T. A. Springer, Annu. Rev.
Med. 38, 175 (1987); T. K. Kishimoto et al., Adv.
Immunol., 46, 149 (1989).

5. J. P. Buyon et al., J. Immunol. 140, 3156 (1988).

6. N. B. Vedder and J. M. Harlan, J. Clin. Invest. 81,
676 (1988); S. D. Wright and B. C. Meyer, J.
Immunol. 136, 1759 (1986).

7. C.W. Smith et al., J. Clin. Invest. 82, 1746 (1988);
C. W. Smith et al., ibid., 83, 2008 (1989).

8. R. F. Todd III et al., ibid. 74, 1280 (1984); T. A.
Springer, W. S. Thompson, L. J. Miller, F. C.
Schmalstieg, D. C. Anderson, J. Exp. Med. 160,
1901 (1984); L. J. Miller et al., J. Clin. Invest. 80,
535 (1987).

9. D. M. Lewinsohn, R. F. Bargatze, E. C. Butcher,
J. Immunol. 138, 4313 (1987).

10. M. A. Jutila, L. Rott, E. L. Berg, E. C. Butcher,
ibid., in press.

11. W. M. Gallatin et al., Nature 304, 30 (1983).

12. J. W. Ming et al., J. Immunol. 138, 1469 (1987).

13. M. A. Jutla, T. K. Kishimoto, E. C. Butcher,
unpublished observations.

14. P. Lacal, R. Pulido, F. Sanchez-Madrid, F. Mollin-
edo, J. Biol. Chem. 263, 9946 (1988).

15. C. W. Parker, Annu. Rev. Immunol. 5, 65 (1987).

16. M. H. Siegelman et al., Science 243, 1165 (1989); L.
A. Lasky et al., Cell 50, 975 (1989).

17. L. F. Fajardo, S. D. Prionas, J. Kowalski, H. H.
Kwan, Radiat. Res. 114, 297 (1988).

18. S. D. Rosen, M. S. Singer, T. A. Yednock, L. M.
Stoolman, Science 228, 1005 (1985); T. A. Yed-
nock, E. C. Butcher, L. M. Stoolman, S. D. Rosen,
J. Cell Biol. 104, 725 (1987).

19. M. B. Lawrence, C. W. Smith, S. G. Eskin, L. V.
Mclntyre, Blood, in press.

20. C. W. Smith et al., in Structure and Function of
Molecules Involved in Leukocyte Adhesion, T. A.
Springer, D. C. Anderson, R. Rothlein, A. S. Ro-
senthal, Eds. (Springer-Verlag, New York, in press).

21. F. W. Luscinskas, A. F. Brock, M. A. Arnaout, M.
A. Gimbrone, Jr., J. Immunol. 142, 2257 (1989).

22. G. A. Zimmerman and T. M. McIntyre, J. Clin.
Invest. 81, 531 (1988).

23. M. R. Buchanan et al., Blood 60, 160 (1982).

24. C. W. Smith, personal communication.

25. T. K. Kishimoto, M. A. Jutila, E. C. Butcher, in
preparation.

26. T. A. Springer, G. Galfre, D. S. Secher, C. Milstein,
Eur. J. Immunol. 9, 301 (1979).

27. S.'T. Jalkanen et al., ibid. 16, 1195 (1986).

28. J. A. Ledbetter and L. A. Herzenberg, Immunol. Rev.
47, 63 (1979).

29. We thank L. Rott for assistance with flow cytofluor-
ometry; S. Rosen for the polyclonal serum against
MEL-14 antigen; C. W. Smith for sharing data and
for discussions; and R. Bargatze, L. Picker, and R.
Hallman for critical review of the manuscript. Sup-
ported by NIH grant Al 19957; an Established
Investigator Award of the American Heart Associa-
tion (E.C.B.); an American Cancer Society, CA
Division Fellowship (M.A.J.); and a Damon Run-
yon-Walter Winchell Cancer Foundation Fellow-
ship (T.K.K.).

2 June 1989; accepted 1 August 1989

REPORTS 1241





