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The ability of Escherichia coli which possess or lack mannose-sensitive adher-
ence factors (adhesins) to associate with human peripheral leukocytes in vitro in
the absence of serum was studied. E. coli 19+, which have mannose-sensitive
adhesins, were derived from E. coli strain 19 by culturing in static Trypticase soy
broth at 370C. E. coli 19-, which lack mannose-sensitive adhesins, were derived
from E. coli 19 by culturing in agitated Trypticase soy broth at 300C. E. coli 19+
attached to leukocytes and stimulated the release of lysozyme but not fi-glucu-
ronidase or lactate dehydrogenase. In contrast, E. coli 19- showed poor attach-
ment to the leukocytes and failed to stimulate lysosomal enzyme release. During
a 60-min incubation with the leukocytes, the number of viable 19+ organisms
decreased, whereas the number of viable 19- remained constant. Purified type 1
pili from E. coli 19+ agglutinated the leukocytes but did not stimulate lysosomal
enzyme release. Pretreatment of leukocytes with type 1 pili failed to prevent the
adherence of E. coli 19+. The association of 19+ with leukocytes and subsequent
release of lysozyme could be blocked by a-methyl-D-mannoside but not by
equivalent concentrations of dextrose and sucrose. These results show that
mannose-sensitive adhesins on E. coli mediate association of the organisms with
leukocytes in the absence of serum components. The identity of the adhesins
involved in leukocyte association has yet to be determined.

The ability of leukocytes (WBCs) to recognize
and ingest bacteria is a remarkable but poorly
understood phenomenon. It is well known that
serum components (complement and antibody)
coat particles and facilitate engulfment of bac-
teria by WBCs. However, WBCs engulf some
bacteria even in the absence ofserum, indicating
that recognition can be mediated by factors
other than serum. Van Oss (36) has stressed the
importance ofbacterial surface characteristics in
WBC recognition. Bacteria with hydrophobic
exteriors (37) or surface projections, e.g., pili (29,
30), are rapidly ingested by WBCs, whereas or-
ganisms with hydrophilic capsules or without
projections resist ingestion.
Escherichia coli, like many other gram-neg-

ative bacteria, exhibit different surface charac-
teristics depending on the culture conditions.
When grown in broth at temperatures of 370C
or above, E. coli produce mannose-sensitive
(MS) adherence factors (adhesins) which me-
diate attachment ofthe organisms to many types
of eucaryotic cells, including human WBCs (1,
29). One such MS adhesin, type 1 pili (fimbriae),
received extensive examination in recent years
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(3, 4, 27, 28). Another E. coli MS adhesin, the
MS lectin (12), has recently been identified but
has not been well characterized.
The purpose of this research was to investi-

gate the role of MS adhesins in E. coli-WBC
association in vitro in the absence of serum, and
to determine the effect this association has on
both the WBCs and the bacteria. The results
show that E. coli with MS adhesins associate
with WBCs to a much greater extent than do E.
coli which lack MS adhesins. Furthermore, this
association causes release of WBC lysosomal
enzymes as well as a decrease in the number of
viable E. coli. The addition of a-methyl-D-man-
noside (aMM) to the test suspensions prevents
association of the E. coli with the phagocytes
and the subsequent killing of the E. coli. These
results emphasize the significance of MS adhes-
ins in E. coli-WBC interactions.

MATERIALS AND METHODS

E. coli All strains used in this study, with the
exception of strain Bam, were clinical isolates from
the West Virginia University Hospital. Escherichia
coli Bam, the prototype strain for type 1 pili, was
kindly donated by Charles C. Brinton, Jr., University
of Pittsburgh, Pittsburgh, Pa. Most studies used E.
coli strain 19, which was isolated from a urinary tract
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infection. Isolates were identified as E. coli by Gram
stain and by biochemical characteristics (11).

Preparation of E. coli cultures for WBC stud-
ies. Strains of E. coli were grown under conditions
which stimulate or depress type 1 pili production (P)
and MS hemagglutination (HA) of guinea pig eryth-
rocytes (RBCs) (19). P+, HA+ cultures were obtained
by repeated subculture of the E. coli strain in Tryp-
ticase soy broth (TSB) with dextrose (BBL Microbi-
ology Systems, Cockeysville, Md.), incubated at 370C
without agitation. P-, HA- cultures were obtained by
repeated subculture of the E. coli strain in TSB at
300C with agitation. The final subcultures were stored
at 50C and used as a stock culture.
A 0.1-ml amount of the stock culture was inoculated

into 10 ml of TSB 18 to 20 h before use and incubated
at 370C without agitation or at 300C with agitation.
The organisms were then washed twice in 0.01 M
phosphate-buffered 0.15 M NaCl, pH 7.4 (PBS), and
suspended in PBS to the desired concentration. Or-
ganisms from the HA+ and HA- cultures of a single
strain of E. coli gave identical reactions with 17 differ-
ent biochemical tests (11). However, negative-stain
and shadow-cast electron microscope preparations of
the washed cells demonstrated many heavily piliated
bacteria in the HA+ suspensions (>70% piliated),
whereas few if any piliated cells were found in the
HA- suspensions (<2%). HA reactions of the cultures
were unaffected by washing in PBS.

In this paper, HA+ cultures will refer to TSB cul-
tures grown at 370C which gave MS HA reactions
with guinea pig RBCs. PBS-washed suspensions of
these cultures will be designated as "plus" (e.g., 19+,
Bam+). HA- cultures will refer to TSB cultures
grown at 300C which do not agglutinate guinea pig
RBCs. These E. coli will be designated as "minus"
(e.g., 19-, Bam-).
Heat and formaldehyde pretreatment of E.

cola E. coli were washed, suspended in PBS to an
optical density at 625 nm of 0.5 to 0.7 (1.2 x 109 to 1.8
x 109 E. coli per ml) and then heat-treated by incu-
bation for 60 min in a water bath adjusted to 56 or
750C or in boiling water (1000C) for 15 min. Formal-
dehyde-killed cells were prepared by adding an equal
volume of 2% formaldehyde (final concentration, 1%)
to an E. coli suspension and incubating for 60 min at
room temperature. A portion of an untreated cell
suspension was kept at 40C and used as a control
preparation.
The pretreated and control E. coli were centrifuged,

washed twice in PBS, and suspended in PBS to the
desired optical density at 625 nm. Viability was as-
sessed by plating a loopful of the pretreated suspen-
sions on Trypticase soy agar and incubating for 48 h
at 370C.
HA assays. HA was determined by slide aggluti-

nation, using 2.5% guinea pig RBCs in 0.4% bovine
serum albumin (BSA)-PBS. E. coli cultures, which
were HA+ in the presence of 50 mM dextrose or
sucrose but HA- in the presence of 50 mM aMM,
were labeled MS.

Purification oftype 1 pili. E. coli 19+ were grown
in minimal glucose media (22) with rotation (120 rpm)
at 370C for 24 to 36 h. Pili were detached from the cell
bodies by blending and purified by isoelectric and

(NH4)2 SO4 precipitations and by isopycnic centrifu-
gation in CsCl as described by Salit and Gotschlich
(27). The purified pili were dialyzed against PBS be-
fore being added to the test suspensions. The protein
concentration was estimated by the method of Lowry
et al. (21), using crystalline BSA as the standard.
When viewed under the electron microscope, purified
pili appeared free of contaminating substances and
identical to the appendages isolated by other investi-
gators (3, 27). Purified pili, at concentrations greater
than 2 ug/ml, gave complete HA of guinea pig RBCs.
This HA activity was inhibited by 10 mM aMM, but
not by 100 mM dextrose or sucrose, which is charac-
teristic of type 1 pili (27).
WBC preparation. Human blood was obtained

from healthy volunteer donors. For a given experi-
ment, all tests were performed with WBCs obtained
from a single blood donor. All glassware, except pi-
pettes, was siliconized.

Peripheral venous blood was collected in 10-ml,
heparinized (143 U/10-ml tube) Vacutainer tubes
(Becton-Dickinson & Co., Rutherford, N.J.). WBCs
were separated from RBCs by dextran sedimentation
(2) and washed in 0.1% BSA-PBS. Residual RBCs
were removed by hypotonic saline lysis (6). After an
additional wash with 0.1% BSA-PBS, the WBCs were
suspended and adjusted to the desired concentration
in 0.4% BSA-PBS. Suspensions typically contained 65
to 80% polymorphonuclear neutrophils.

E. coli-WBC association on cover slips. WBCs
were attached to cover slips as described by Swanson
et al. (33). One drop (0.05 ml) of a suspension of
leukocytes (1 x 106 WBCs/ml) was pipetted onto glass
cover slips (22 by 22 mm). The cover slips were incu-
bated in a chamber with high humidity at 370C for 30
min. Nonadherent WBCs were then removed by dip-
ping the cover slips in PBS.

Duplicate slips were placed in plastic culture dishes
(15 by 60 mm) containing 1.0 ml of E. coli suspension
and 9.0 ml of 0.04% BSA-PBS. For inhibition tests, the
test saccharide at 50mM was added to the suspension.
The dishes were incubated at 370C with a slow rotation
(60 rpm) for 20 min, after which each cover slip was
rinsed in cold PBS, dipped in 0.1% BSA-PBS, and
allowed to air dry.
The dried cover slips were Wright stained, washed

with water, air dried, and mounted on glass slides with
a drop of Permount (Fisher Scientific Co.). They were
examined under oil immersion (1,OOOx), and each
WBC was scored as positive if two or more E. coli
could be seen either within or attached to the cyto-
plasmic periphery.

In some experiments, WBCs were pretreated with
purified pili (1,750 Itg/ml) in PBS at room tempera-
ture. Control WBCs were treated with PBS. After 15
min, the cover slips were washed in PBS and then
added to the bacterial suspensions.

E. coli survival assay. The survival of E. coli
during incubation with WBCs in suspension was as-
sayed in sterile, siliconized, glass scintillation vials.
Each assay contained the following: 3.5 ml of PBS, 1.0
ml of E. coli suspension (1.8 x 107 colony-forming
units per ml), and 1.0 ml of WBC suspension (7.5 x
106/ml). Vials containing 1.0 ml of 0.4% BSA-PBS in
place of the WBCs were included to determine the
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amount of bacterial growth during incubation. The
vials were incubated at 37°C with rotation (200 rpm)
for 60 min.

Portions (0.1 ml each) of the test suspensions were

removed from each vial immediately after the WBCs
were added and at intervals of 30 and 60 min. Each
portion was diluted in 9.9-ml water blanks, and the
tubes were vigorously shaken for 1 min to disrupt the
WBCs. The number of colony-forming units in the
water blanks was determined by duplicate pour plate
methods.
Lysosomal enzyme release. A 0.75-ml portion of

an E. coli suspension or purified pili was mixed with
an equal volume of WBCs (7.5 x 106/ml) in duplicate,
sterile, siliconized, glass scintillation vials. The vials
were then incubated at 37°C for 60 min in a rotating
water bath at 200 rpm. Control vials consisted of
WBCs incubated with PBS under identical conditions.
At the end of the incubation period, vials were placed
in crushed ice for 5 min and then centrifuged at 500
x g for 5 min at room temperature. The WBC pellet
was discarded, and the supernatant was recentrifuged
at 3,500 x g for 20 min at room temperature to pellet
the bacteria.

Because of their lability, f8-glucuronidase and lac-
tate dehydrogenase (41) were assayed within 2 h after
collection of the sample supernatant fluids. Samples
for lysozyme assay were frozen at -20°C and assayed
on the following day. Total concentrations of these
enzymes varied from one experiment to another;
therefore, test results are calculated as a percentage of
total activity released in vials containing 0.75 ml of
WBCs and 0.75 ml of 0.4% Triton X-100 (final concen-
tration, 0.2%).

Lysozyme was assayed by measuring the decrease
in absorbency at 450 nm of a suspension of Micrococ-
cus lysodeikticus (0.15 mg/ml; Sigma Chemical Co.)
in 0.1 M phosphate buffer, pH 6.2 (26, 42). Enzyme
activities (micrograms per milliliter) were determined
by comparison with a standard curve prepared with
egg white lysozyme (Sigma). Lactate dehydrogenase
was assayed by the method of Wacker et al. (38). One
unit of activity was defined as an increase in absorb-
ancy at 340 nm of 0.001/min per 0.02 ml of sample at
250C.

fl-glucuronidase was measured by the methods de-
scribed by Brittinger et al. (5) and Hoffstein et al. (14),
using phenolphthalein-glucuronic acid (Sigma) as the
substrate. The amount of free phenolphthalein was
measured at 550 nm, using a standard curve prepared
with phenolphthalein at pH 10.4.
To test the possibility that E. coli was adsorbing

and inactivating releasedB-glucuronidase, the follow-
ing experiment was done. WBC fi-glucuronidase was

prepared in crude form by suspending PBS-washed
WBCs in distilled water to a concentration of 7.2 x

106/ml and agitating the mixture to disrupt the cells.
The cell fragments and the remaining intact WBCs
were pelleted by centrifugation at 1,000 x g for 15 min
at 5°C, and the supernatant fluid was used as the
enzyme preparation. Several concentrations of E. coli
19+ were added to the enzyme preparation. A control
suspension contained an equal amount of the enzyme

preparation incubated with PBS. After incubation at
370C for 60 min, the suspensions were centrifuged at

3,500 x g for 20 to 25 min, and the supernatant fluid
was assayed for f3-glucuronidase activity.

RESULTS

Association of E. coli 19. E. coli 19+ had
much higher WBC association percentages than
did 19- (Table 1). The addition of 50 mM aMM
to the 19+ suspensions reduced the amount of
WBC association to nearly that found for 19-.
Glucose and sucrose at the same concentrations
as aMM did not inhibit 19+ association. Glucose
even appeared to enhance the association of 19+
cells with the WBCs.
Pretreatment of E. coli 19+. To partially

characterize the E. coli-WBC interaction, the
bacteria were pretreated with 1% formaldehyde
or with heat before being assayed for WBC
association (Table 2). Formaldehyde decreased
E. coli association by about 20% as compared

TABLE 1. Association of E. coli 19 with WBCs:
effect of saccharidesa

E. E. coli-WBC % Con-
coli Addition association trol

19+ PBS (control) 84.0 (78-90) 100
aMM (50 mM) 7.0 (7-7) 8
Dextrose (50 mM) 97.0 (95-99) 115
Sucrose (50 mM) 79.5 (79-80) 95

19- PBS 7.5 (5-10) 9
a WBCs on cover slips were added to suspensions of

E. coli 19 (8 X 107 CFU/ml) in 0.04% BSA-PBS with
and without added saccharides. Suspensions were in-
cubated at 370C with rotation for 15 min.

b Results are expressed as the percentage of 200
WBCs examined having two or more bacteria attached
to or within the cytoplasmic periphery. Values in
parentheses indicate range.

TABLE 2. Association of E. coli 19 with WBCs:
pretreatment of E. coli 19+ with formaldehyde and

heat a

Permeb
E. coli-WBC asso-

Control
Pretreatmentb ciation Cnr

None (control) 85.5 (78-93) 100
Formaldehyde 69.0 (56-82) 80.7
56°C, 60 min 64.5 (57-72) 75.4
75°C, 60 min 14.0 (7-21) 16.4
100°C, 15 min 1.5 (1-2) 1.8

a WBCs attached to cover slips were added to sus-
pensions of pretreated E. coli 19+ (8 X 107/Ml) in
0.04% BSA-PBS and incubated at 37°C with rotation
for 15 min.

b E. coli 19+ were pretreated as described in the
text.

cResults are expressed as the percentage of 200
WBCs examined having two or more bacteria attached
to or within the cytoplasmic periphery. Data are from
a single experiment tested in duplicate. Values in
parentheses indicate range.
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with untreated (control) 19+. Heating the bac-
teria at 560C for 60 min decreased the associa-
tion by about 25%, whereas heating at 750C for
60 min or 1000C for 15 min decreased association
by 83.6 and 98.2%, respectively. Viable E. coli
were recovered after heating at 560C, but no
viable bacteria were found after pretreating with
formaldehyde or heating at 75 or 1000C.
Pretreatment ofWBCs with purified pili.

Preliminary studies showed that pili in concen-
trations greater than 2 ,ug/ml caused complete
agglutination of a suspension ofWBCs (1 x 107/
ml). The addition of aMM inhibited this agglu-
tination, showing that the attachment of pili to
the human WBCs is an MS reaction.

In an attempt to specifically block E. coli 19+
association, the WBCs on cover slips were pre-
treated with purified pili (1,750 ,Lg) from 19+
cultures. The association percentages for 19+
were similar for WBCs pretreated with either
pili (97.7%) or PBS (99.6%).
Ingestion of E. coli 19+. Because the asso-

ciation experiment did not show whether the
bacteria were ingested or attached to the surface
of the WBCs, the following experiment was
done. WBCs on cover slips were incubated with
suspensions of E. coli 19+ at 370C, a tempera-
ture at which phagocytosis occurs readily, and
at 40C, a temperature at which phagocytosis is
sluggish. After incubation, the cover slips were
washed in PBS to remove nonadherent bacteria
or in PBS containing 50 mM aMM to remove
nonadherent bacteria as well as bacteria at-
tached to the external surfaces of the WBCs
(24). Thus, after washing in aMM-PBS, only
bacteria which were internalized would be seen
on the stained preparations.
The results of this experiment are presented

in Table 3. E. coli 19+ associated with the WRBCs
slightly better at 370C (94.0%) than at 40C
(80.7%). If the WBCs incubated with 19+ at
370C were then washed in PBS with aMM, there
was only a small decrease in the bacterial asso-
ciation percentage. However, if the WBCs incu-
bated with 19+ at 40C were washed in PBS with
aMM, there was a larger decrease in the associ-
ation percentage of 19+ (about 20%). The results
show that after incubation at 40C, more E. coli
were detached from the surface of the WBCs as
compared with E. coli incubated at 370C. After
incubation at 370C, it appears the bacteria were
ingested and were insensitive to the aMM dis-
placement.

E. coli survival. Knowing that 19+ associate
with WBCs both in suspension and on glass
cover slips, we determined the survival of the
bacteria during incubation with WBCs. Bacte-
rial survival was assayed by removing portions
of the E. coli-WBC mixture at different times
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and adding these portions to water blank tubes.
The tubes were shaken vigorously to disrupt the
WBCs and release ingested bacteria. Thus, in
these assays, both the viable extracellular and
intracellular bacteria were measured.

Figure 1 shows the results of a survival assay

TABLE 3. Association ofE. coli 19+ with WECs:
incubation at 40C and 370C'

Incuba- Post-in- E. coli-WBC Totaltion cubation association WBC
t(emC) washb (%)C counted

37 PBS 94.0 (94.0-94.1) 219
aMM 90.6 (88.4-92.7) 262

4 PBS 80.7 (80.0-81.3) 228
aMM 59.6 (52.0-67.3) 204

a WBCs on cover slips added to suspensions of E.
coli 19+ (1.5 x 108 CFU/ml) in 0.04% BSA-PBS and
incubated at the desired temperature for 15 min.

b After incubation, cover slips were washed with
either cold PBS or cold PBS containing 50 mM aMM.

'Results are expressed as the percentage of WBCs
examined having two or more bacteria attached to or
within the cytoplasmic periphery. Data were obtained
from a single experiment tested in duplicate. Values in
parentheses indicate range.
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FIG. 1. Survival of E. coli 19 during incubation
with suspensions of WBCs. E. coli 19 (1.8 x 107 CFU)
were added to vials with ( ) and without (---)
WBCs (7.5 x 10o). Each point represents the average
total colony-forming units (both intra- and extracel-
lular) in duplicate test vials. The range of colony-
forming units in the vials at 60 min is indicated.
Symbols: 19+ (0); 19- (0); 19+ with 10 mM aMM
(A).
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using E. coli 19+ and 19- as test organisms.
Similar results were obtained from other E. coli
strains (Bam+, 30+, 38-, 47-; data not shown).
The number of viable 19+ as well as Bam+ and
30+ decreased approximately 50% over the 60-
min period, whereas counts of viable 19- (38-,
47-) remained nearly the same as controls con-
taining 19+ or 19- without WBCs. The addition
of 10 mM aMM to the suspensions of 19+ abol-
ished the killing of these bacteria. The number
of viable 19+ cells in control suspensions con-
taining 10 mM aMM without WBC increased
from 3.0 x 106 CFU/ml to 3.3 x 106 CFU/ml
during the 60-min incubation (data not shown).
The data show that 19+ cells associated with
and were killed by WBCs, and that this inter-
action between bacteria and WBCs was pre-
vented by aMM.
Lysosomal enzyme release. Lysozyme and

fi-glucuronidase were used as markers of WBC
lysosomal enzyme release. Lactate dehydrogen-
ase, a cytoplasmic enzyme, was used to assess
WBC damage.

Figure 2 shows the release of lysozyme from
WBCs incubated with E. coli 19+ and 19-. At
a bacteria-to-WBC ratio of 200:1, 19+ caused
release of 38.9% of the total enzyme. An equal
number of 19- released 12.4%, which was
slightly above the amount of lysozyme released
by nonstimulated (PBS) control WBCs (7.2%).
Lysozyme release by 19+ was reduced by the
addition of 25 mM aMM but not by 25 mM
dextrose. The addition of 50 mM aMM reduced
the release oflysozyme from 19+-exposedWBCs
to approximately the same amount released by
live 19+.

INFECT. IMMUN.

The release ofenzymes from WBCs incubated
with various numbers of 19+ is illustrated in Fig.
3. At each bacteria-to-WBC ratio, the amount of
lysozyme (percent total) released was greater
than the amount of lactate dehydrogenase or
fP-glucuronidase released. A ratio of 10 19+ cells
per WBC released more enzyme (23%) than did
200 19- cells per WBC (19.5%), thus demon-
strating the enhanced ability of 19+ cells to
release lysozyme compared to 19- cells. Adding

a
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W 4 * -GLUCURONIDASE
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FIG. 3. Extracellular release of WBC enzymes
after incubation with various numbers of E. coli 19
per WBC. Vials were incubated at 37°C for 60 min.
Total enzyme released by 0.2% TritonX-1I00: Iysozyme
= 13.2 to 22.3 plg of egg white Iysozyme equivalents
per 5 x 10 0W0Cs;,2-glucuronidase 270to 3240g
of phenolphthalein released per 18 h per 5 x 10,
WBCs; lactate dehydrogenase -548 to 590 U15 x I0&
WBCs. Results are reported as the mean value oftwo
experiments, with each test performed in duplicate.

<,40_

00

FORMlALDEHYDE l0mM 25mbl 50mMl 25mMl 50mMl
0MMi DEXTROSE 0MMi
19+ ~19- PBS

FIG. 2. Extracellular release ofIysozyme from WBCs after incubation with E. coli 19. Vials were incubated
at 37°C for 60 min. Bacteria-to-WEC ratio = 200:1. Total lysozyme released by 0.2% Triton X-100 = 16.5 to
27.7 plg of egg white lysozyme equivalents per 5 x 10' WECs. Results reported as the mean value of n
experiments, with each test performed in duplicate.
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increased numbers of 19+ per WBC resulted in
only a small increase in released lactate dehy-
drogenase and ,6-glucuronidase. The addition of
50 mM aMM to the test suspension containing
200 19+ cells per WBC reduced the release of
enzymes to approximately the same amounts
released by 19-.
To test the possibility that 19+ was adsorbing

or inactivating fi-glucuronidase, E. coli 19+ were
added to a cell-free preparation of WBC en-
zymes and incubated for 60 min at 370C. After
incubation, the bacteria were pelleted, and the
supernatant was assayed for ,8-glucuronidase ac-
tivity. At a concentration of E. coli 19+ equiva-
lent to 250 bacteria per WBC, .8-glucuronidase
activity decreased by 16% compared with the
PBS control. At ratios of 50 and 25 E. coli per
WBC, there were decreases of 3 and 0%, respec-
tively, in,8-glucuronidase activity.

In an attempt to determine the role of pili in
WBC lysosomal enzyme release, purified pili
from E. coli 19+ were added to suspensions of
WBCs and incubated for 60 min at 370C. Pili, in
concentrations of up to 133 ug/ml, failed to
induce the release of lysozyme, lactate dehydro-
genase, or 8-glucuronidase.

DISCUSSION
The results of these experiments show that in

the absence of serum opsonins, E. coli, which
hemagglutinate guinea pig RBCs and possess
type 1 pili (P), associated with human WBCs to
a greater extent than E. coli cells from the same
strain which lack HA activity and pili. Further-
more, the HA+, P+ E. coli are killed during the
interaction with the WBCs, probably as a result
of ingestion by the WBCs. This report supports
and extends the work of Silverblatt et al. (29),
which shows that piliated E. coli are more sus-
ceptible to phagocytosis than the same E. coli
after removal of their pili by ultraviolet irradia-
tion. In our experiments, as in those of Silver-
blatt, D-mannose (or its derivative, aMM) in-
hibited bacterial adherence to the WBCs, sug-
gesting an MS association. E. coli are reported
to possess two MS adherence factors: type 1 pili
(3, 4, 27, 28) and the recently isolated MS lectin
(12). Though type 1 pili and the MS lectin may
actually be the same (23), differences in the
amino acid composition and molecular weight of
the subunits suggest that they are different (12).
Thus, the identity of the E. coli MS adhesin
which mediates adherence to WBC has yet to
be determined.
We have obtained some evidence which sug-

gests that type 1 pili do not mediate attachment
of the E. coli to WBCs. Our attempts to block
E. coli 19+ association withWBC by pretreating
the WBC with purified pili from 19+ were un-
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successful. Similar pretreatment of epithelial
cells with purified pili inhibited the attachment
of homologously piliated E. coli to these cells
(18).
Bacteria with two adhesins, one which me-

diates attachment to epithelial cells and another
which mediates association with WBCs, have
been reported in the literature. Neisseria gon-
orrhoeae possess pili (8) which are involved in
the adherence of N. gonorrhoeae to epithelial
cells. In addition, N. gonorrhoeae have a leu-
kocyte association (LA) factor which is involved
in the attachment of N. gonorrhoeae to WBCs
(32). A similar factor may exist on E. coli 19+
cells (the MS lectin?), but identification will
have to await the isolation of a strain of E. coli
lacking type 1 pili (pil) but retaining the ability
to associate with WBCs (LA+).
The microbicidal activity against E. coli 19+

appears to be the result of the interaction of 19+
with the WBCs. The possibility exists, however,
that E. coli 19- failed to associate with the
WBCs and be killed because of a capsule (K
antigen) or another antiphagocytic substance
(16, 17). However, since K antigen formation is
favored at 37VC (13), it would be expected that
E. coli 19+, which was cultured at 370C, would
possess the largest capsule and therefore be re-
sistant to phagocytosis. Since 19+ readily asso-
ciated with the WBCs, it is doubtful that the
differences inWBC association between 19+ and
19- cells are due to capsule formation.
In the present study, we found that HA+, P+

E. coli were able to trigger lysosomal enzyme
release from the WBCs in the absence of serum.
The magnitude of enzyme released was directly
related to the ratio of bacteria to WBCs. The
appearance of the enzymes was not a result of
bacteria-induced WBC damage, since lactate de-
hydrogenase was not released. In addition, bac-
terial viability was not required for the discharge
of lysosomal enzymes from WBCs; formalde-
hyde-killed E. coli 19+ stimulated the release of
equal amounts of lysozyme as did viable E. coli
19+.
Our study shows that E. coli 19+ stimulated

a large release of WBC lysozyme, an enzyme
found in both primary and secondary granules
(31), but only a small release of fl-glucuronidase,
a primary granule enzyme (31). This suggests
that mainly secondary granule enzymes are re-
leased during WBC association with 19+. This
was a surprising result, since enzymes from both
primary and secondary granules are typically
released into the extracellular media during in-
teraction of phagocytes with bacteria (7, 34, 35,
41). The release of enzymes from only secondary
(specific) granules has been reported, but only
for noningestible substances, referred to as in-
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complete stimuli (39), such as human leukocytic
pyrogen (19), phorbol myristate acetate (40), the
calcium ionophore A23187 (40), and concana-
valin A (ConA) (15).
The inability of 19+ to stimulate fi-glucuron-

idase release may, nevertheless, be more appar-
ent than real. E. coli 19+, mixed with a crude
preparation of f-glucuronidase obtained from
WBCs by hypotonic lysis, caused a decrease in
the activity of this enzyme after a 60-min incu-
bation at 370C. Thus, the low amount of ,6-
glucuronidase in the cell-free supernatant may
result from an adsorption or inactivation of re-
leased enzyme by 19+.
Type 1 pili and ConA, a plant lectin, aggluti-

nate the same species of cells and the cell agglu-
tination (20, 25, 27) is inhibited by D-mannose.
This suggests that receptors for type 1 pili and
ConA are, at least in part, related. Evidence for
the sharing of a common receptor is also pro-
vided by the fact that ConA inhibits agglutina-
tion of guinea pig RBCs by type 1 pili (27) and
phagocytosis of type 1 piliated E. coli by human
WBCs (29). Therefore, since ConA is known to
cause a release of specific granule enzymes from
human WBCs (15), it was expected that purified
pili would also cause a release of these enzymes.
Isolated pili, however, were unable to stimulate
release of lysosomal enzymes from the WBCs.
The reason for this is unclear.
Many of the biological activities induced by

ConA are associated with the ability of this
multivalent lectin to cross-link receptors on the
WBC cell surface (8, 10). Similarly, pili on E.
coli cells may simultaneously bind to several
receptors in one small area of the WBC surface
and form a receptor patch. Isolated pili may,
however, fail to adhere to the WBC in a manner
which forms the necessary clustering of recep-
tors needed to stimulate lysosomal enzyme re-
lease.

In conclusion, the studies reported in this
paper were designed to provide information re-
garding the interaction of E. coli with human
phagocytes in a simple medium (PBS) and in
the absence of serum. The role of the MS ad-
hesins in the pathogenicity of E. coli in vivo is
only speculative at this time and must await
further studies. For now, however, the E. coli-
WBC interaction system, because of its reversi-
ble nature with aMM, provides investigators
with a useful tool with which to probe the com-
plex cascade of events that takes place during
phagocytosis.
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