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Diminished Neutrophil Oxidative Metabolism After
Phagocytosis of Virulent Salmonella typhi
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The interactions of human polymorphonuclear neutrophils (PMNs) with viru-
lent and avirulent strains of Salmonella typhi were examined. Ingestion of the S.
typhi strains by PMNs was evaluated with three techniques: visual examination
of PMN monolayers (phagocytic index); uptake of radiolabeled S. typhi by PMNs;
and removal of S. typhi from the supernatant of suspensions of PMNs and
bacteria. All three techniques indicated equivalent phagocytosis of the strains.
Postphagocytic PMN oxidative metabolism was quantitated with measurements
of oxygen consumption, protein iodination, and chemiluminescence. We found
that although PMNs ingested equal numbers of virulent and avirulent S. typhi,
those PMNs ingesting the virulent organisms exhibited a significantly smaller
increase in postphagocytic oxidative metabolism than PMNs ingesting avirulent
S. typhi. Despite this muted oxidative burst the virulent bacteria were killed as
well as the avirulent strains. Virulent S. typhi either fail to stimulate receptors
that trigger PMN oxidative metabolism or inhibit PMN oxidative metabolism.
Our data support the former hypothesis.
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Although the act of ingesting a particle is
usually sufficient to stimulate oxidative metab-
olism of polymorphonuclear neutrophils (PMNs)
(12), recent studies suggest that these two events
are separable (8, 14, 19). Miller et al. (17) re-
ported that PMNs interacting with the virulent
Quailes strain of Salmonella typhi failed to ex-
hibit the usual enhanced postphagocytic oxygen
consumption. Possible explanations for this phe-
nomenon include (i) a decrease in the number of
particles ingested, resulting in less triggering of
oxidative burst; (ii) inhibition of oxidative me-
tabolism by ingestion of the virulent S. typhi; or
(iil) diminished stimulation of oxidative metab-
olism by ingestion of the virulent S. ¢yphi be-
cause of failure to stimulate appropriate recep-
tors. We carefully quantitated ingestion of or-
ganisms by PMNs and studied PMN postphag-
ocytic oxidative metabolism. Because the rela-
tionship of this phenomenon to virulence of the
organism is unclear, we examined the ability of
PMN:ss to kill both virulent and avirulent S. typhi
strains. (A portion of this work was published in
abstract form [R. E. Kossack, J. Schadelin, R.
Guerrant, P. Densen, and G. L. Mandell, Clin.
Res. 26:28A, 1978].)

MATERIALS AND METHODS

Bacteria. S. typhi strains (Quailes, Ty2V, and O-
901) were kindly supplied by Richard B. Hornick of
the University of Rochester School of Medicine and
Dentistry, Rochester, N.Y. The Quailes and Ty2V
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strains contain high titers of both Vi and O antigens
and are both known to produce clinical typhoid fever
in humans (5, 11, 18). The 0-901 strain is a nonmotile
derivative of Ty2V which lacks both O and Vi antigens
and is relatively nonvirulent for humans (5).

Trypticase soy broth (BBL Microbiology Systems,
Cockeysville, Md.) (18-h) cultures were centrifuged at
800 X g for 15 min, and the resultant pellet was washed
in 0.9% saline at 37°C and suspended in Hanks bal-
anced salt solution (HBSS) (Microbiological Associ-
ates, Bethesda, Md.). The bacterial concentration was
adjusted to 10° organisms per ml (an optical density of
1.10 at 580 nm), by using a Gilford 2450 spectropho-
tometer (Gilford Instrument Laboratories, Inc., Ober-
lin, Ohio). Bacterial counts by serial dilution and pour
plates confirmed that this method yields equal num-
bers of all strains of S. ¢yphi.

C-labeled bacteria were prepared by incubation of
bacteria in Trypticase soy broth with 10 uCi of L-"C-
amino acids (New England Nuclear Corp., Boston,
Mass.) for 18 h. These bacteria were then prepared as
described above.

PMNs. Whole blood was obtained from healthy
volunteers with no history of salmonella infection or
recent (10 years) typhoid fever vaccination.

PMNs were obtained by sedimentation of whole
blood in an equal volume of heparinized (10 U/ml) 3%
Dextran-70 (Pharmacia Laboratories, Inc., Piscata-
way, N.J.) for 1 h at 22°C at a 60° angle. The leuko-
cyte-rich supernatant was removed and centrifuged at
200 x g for 12 min at 22°C. For oxygen consumption
experiments, the erythrocytes were lysed once using 3
ml of iced 0.22% saline plus heparin (10 U/ml). Isoto-
nicity was restored after 45 s with 0.99 ml of 3% saline
followed by 5 ml of HBSS. Centrifugation was re-
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peated, and the pellet was washed twice in HBSS. The
concentration of PMNs in the final suspension (usually
10’ PMNs per ml) was determined by hemacytometer
count.

Phagocytosis. (i) Phagocytic index. Samples of
whole venous blood (0.5 nl) were placed on cleaned
cover slips and incubated in a moist chamber at 37°C
for 90 min. The resulting clot was washed off with
0.9% saline at 37°C, and a suspension of 10’ bacteria
in HBSS and 10% fresh autologous serum was added
to the adherent leukocytes. These cover slips were
then replaced in the moist chamber. Two cover slips
were removed at 0, 5, 10, 20, and 30 min, rinsed with
saline to remove cell-free bacteria, fixed with metha-
nol, and stained with Giemsa stain. The resultant
preparations were mounted on glass microscope slides
and were examined with oil immersion microscopy.
The preparations were coded so that the examiner was
“blinded” as to the strain of bacteria used. Both the
number of PMNs with associated bacteria and the
total number of cell-associated bacteria per 100 PMNs
were recorded.

(ii) Cell association of '*C-labeled bacteria (4).
PMNs, 2.5 X 10%/ml, in HBSS and 10% fresh autolo-
gous serum were mixed with '“C-labeled S. typhi at
about 15 Salmonella colony-forming units per PMN
in polypropylene tubes (12 by 75 mm; Falcon, Oxnard,
Calif.) in a final volume of 3 ml. The tubes ‘were
tumbled at 12 rpm at 37°C, and at 0, 5, 10, and 20 min
0.2-ml samples were withdrawn, placed in 4 ml of
HBSS (plus heparin, 10 U/ml), and centrifuged at 250
X g for 5 min. The supernatant was discarded, and the
pellet was washed again as described above. The final
pellet was suspended in 0.1 ml of Protosol (New Eng-
land Nuclear Corp.). A 2.5-ml volume of Bray sc ntil-
lation fluid was added, and the mixture was poured
into a glass scintillation vial and counted in a liquid
scintillation counter (LS250; Beckman Instrument Co.,
Inc., Fullerton, Calif.). The results are expressed as
the percentage of total bacteria that were cell associ-
ated.

(iii) Removal of bacteria from supernatant
fluid by PMNs. Phagocytosis was assayed by using
the technique of differential centrifugation as de-
scribed below.

Postphagocytic oxidative metabolism. (i) Ox-
ygen consumption. PMNs (10) and S. typhi cells
(1.25 X 10°) in a final volume of 3 ml of HBSS with
10% serum were incubated in the chambers of a polar-
ographic oxygen monitor (Yellow Springs Instruinent
Co., Yellow Springs, Ohio). The incubation mixture
contained 1 mM KCN, which abolished oxygen con-
sumption of live S. typhi (unpublished data) without
interfering with either PMN oxygen consumpticn or
the attachment or ingestion of S. typhi by PMNs (12).
The oxygen consumption of PMNs alone or with
boiled Staphylococcus aureus 502A was also meas-
ured. Oxygen consumption was displayed on a linear
recorder, and the rate during the period of maximal
uptake was measured and expressed as microliters of
O per minute.

(ii) Myeloperoxidase-mediated iodination by
granulocytes. The method of Klebanoff (13) as mod-
ified by Root et al. (20) was employed. PMNs (5 X
10%) and 2.5 X 10" S. typhi units were incubated in 0.5
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ml of Ca**-free Krebs-Ringer phosphate plus 0.10 uCi
of Na'®I (New England Nuclear Corp.) and nonradio-
active Nal at a final total concentration of 0.08 mM.
The samples were tumbled at 12 rpm for 30 min at
37°C, and the reaction was stopped by the addition of
0.1 ml of sodium thiosulfate. Iodinated protein was
precipitated and washed three times with 1 ml of 10%
trichloroacetic acid, centrifuging the protein suspen-
sion at 2,000 X g for 5 min after each trichloroacetic
acid addition. The final button was taken up in 1 ml of
10% trichloroacetic acid and counted in a gamma
counter (Beckman Biogamma II, Beckman Instru-
ments).

(iii) Chemiluminescence. PMNs (10°) and bacte-
ria (5 X 107) in a total volume of 0.5 ml with 10% fresh
autologous serum and 5 X 10~ M luminol (Sigma
Chemical Co, St. Louis, Mo.) were incubated in small
glass vials. Luminescence was continuously measured
in a Chemglow Photometer at 37°C (Aminco, Silver
Spring, Md.). The data were fed into a linear recorder,
and measurements were made until peak luminescence
was achieved. Chemiluminescence was expressed as
intensity units (J. Schadelin and G. L. Mandell, Pro-
gram Abstr. Intersci. Conf. Antimicrob. Agents Chem-
other. 17th, New York, N.Y., abstr. no. 209, 1977).

Bactericidal activity. S. typhi were added to
PMNs in 2 ml of HBSS with 10% heat-inactivated
autologous serum in polypropylene tubes (12 by 17
mm; Falcon). S. typhi/PMN ratios of 0.33:1 to 17:1
were used. The tubes were tumbled at 12 rpm at 37°C
for 120 min. Samples (0.2 ml) were removed after 0,
15, 30, 60, and 120 min of incubation (3). Total counts
of viable bacteria were performed after hypotonic lysis
of the PMNSs, serial dilution, and pour-plate prepara-
tion. Additional 0.2-ml samples were placed in 1.8 ml
of 0.9% saline and centrifuged at 250 X g for 5 min.
Serial dilutions and pour-plate counts were done on
the supernatant and on the pellet after hypotonic lysis
to determine numbers of viable cell-free (supernatant)
and cell-associated (sediment) bacteria.

RESULTS

Phagocytosis. (i) Phagocytic index. Mi-
croscopic examination of PMN monolayers re-
vealed consistently similar uptake of both viru-
lent (Quailes) and avirulent (0-901) strains of S.
typhi by PMNs. By 30 min, >88% of the PMN
were found to have bacteria associated with
them (88.5 + 1.5% with Quailes, 88.5 + 3.5% with
0-901). In addition, the number of bacteria per
PMN was similar for incubation with the two S.
typhi strains. At 30 min those PMNs incubated
with the Quailes strain contained 4.3 + 0.6 bac-
teria per PMN, whereas those incubated with
the O-901 strain contained 4.4 + 0.4 bacteria per
PMN. Preparations treated with 0.5% trypan
blue revealed >95% dye exclusion by PMNs in
all samples at all time periods, indicating PMN
viability.

(ii) Cell association of radiolabeled bac-
teria. Studies with '*C-labeled 0-901 and
Quailes strains of S. typhi likewise revealed sim-
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Fi16. 1. Cell association of S. typhi. PMNs were
incubated with “C-labeled S. typhi. Cell-associated
counts were determined at various time periods. Re-
sults are expressed as percentage of bacteria that are
cell associated (mean + standard error of the mean;
n=3.

ilar uptake of stains by PMNs. Figure 1 shows
uptake versus time for PMNs incubated with
the virulent (Quailes) and avirulent (0-901) S.
typhi strains. Uptake was similar at all time
periods, except for a small, but significant, dif-
ference at 10 min.

(iii) Differential centrifugation. There was
equivalent removal of both strains of S. typhi
from the supernatant at 15, 30, and 60 min
(Table 1). There was no change in numbers of
bacteria in the supernatant over the time course
of the experiment when PMNs were omitted.

Metabolic studies. (i) Oxygen consump-
tion. Figure 2 shows cumulative O, consumption
as a function of time for PMNs incubated with
the virulent (Quailes) strain and the avirulent
(0-901) strain of S. typhi. PMNs incubated with
the avirulent strain showed a marked increase
of oxygen consumption which was similar to that
obtained when heat-killed staphylococci were
ingested. Ingestion of the virulent strain stimu-
lated a significantly smaller consumption of ox-
ygen.

There was also a difference in the rate of O,
consumption. Nonphagocytizing PMNs con-
sumed 0.063 + 0.012 pl of O, per 10’ PMNs per
min. After 10 min of incubation of PMNs with
the avirulent (0-901) strain, O, consumption
increased to a maximum of 0.432 + 0.080 pl per
10’ PMNSs per min (P = 0.002 for non-phagocy-
tizing PMNs versus PMNs plus the avirulent
strain). In contrast, PMNs incubated with the
virulent strain showed a muted response to the
phagocytic stimulus, only reaching 0.153 + 0.24
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ul of O; per 10’ PMNs per min (P = 0.061 for
PMNs alone versus PMNs plus virulent S. ty-
phi). Maximal O. uptake of PMNs ingesting the
avirulent strain was significantly greater than
for PMNs ingesting the virulent strain (P =
0.01). PMNs ingesting a different virulent strain
(Ty2V) showed a similar muted consumption of
oxygen (0.062 ul of O, per 10’ PMNSs per min).

(ii) Iodination of protein. The ability of
PMNs incubated with virulent (Quailes) S. typhi
to iodinate protein was only 60% of that of PMNs
incubated with the avirulent strain (0-901) (P
= 0.0029) (Fig. 3).

(iii) Chemiluminescence. The magnitude of
the PMN chemiluminescent response reflects
the generation of excited metabolites of oxygen

TABLE 1. Percentage of bacteria removed from

supernatant®
Time % of bacteria P (virulent
(min) Virulent Avirulent versus
(Quailes) (0-901) avirulent)
15 60.6 + 16.3 55.5 + 23.6 0.346
30 743 +106 8.1 7.7 0.108
60 989+ 09 991+ 08 0.470

“PMNs and S. typhi were tumbled together at a
ratio of 15 bacteria per PMN. At the indicated time
periods, the numbers of bacteria remaining in the
supernatant were compared to numbers at 0 time.
These data from four separate experiments are ex-
pressed as mean + standard error of the mean.
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F16. 2. Oxygen consumption by PMNs. PMNs and
S. typhi were incubated together in a polarographic
oxygen monitor. KCN (1 mM) was employed to inhibit
bacterial consumption of oxygen. Cumulative oxygen
consumption is plotted against time. Ingestion of the
virulent (Quailes) S. typhi strain resulted in signifi-
cantly less O, consumption than did ingestion of the
avirulent (0-901) S. typhi strain.
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FiG. 3. Iodination of protein by PMNs ingesting
S. typhi. PMNs were incubated with S. typhi strains
or heat-killed staphylococci in the presence of '*I.
The amount of protein iodination was quantitated
over time. Ingestion of virulent (Quailes) S. typhi
resulted in significantly less protein iodination than
did ingestion of avirulent (0-901) S. typhi. Bars rep-
resent mean + standard error.

(J. Schadelin, R. Schadelin, and G. L. Mandell,
Crit. Rev. Clin. Lab. Sci., in press). PMNs incu-
bated with the avirulent (0-901) strain produced
a quick rise in luminescence to a peak of 25.3 +
3.1 luminescence units. PMNs incubated with
the virulent (Quailes) strain responded more
slowly and reached a peak value of only 14.8 +
1.4 luminescence units (n = 4, P = 0.005). Results
of a representative experiment are shown in Fig.
4. The luminescence response to ingestion of the
avirulent strain was similar to that obtained with
preopsonized zymosan particles (26.3 + 3.3 lu-
minescence units). When zymosan was added to
suspensions of PMNs that were preincubated
with virulent (Quailes) S. typhi, the resulting
chemiluminescence peak (29.5 units) was as
great as that observed when zymosan was added
to suspensions of PMNs alone, indicating that
the Quailes strain does not “poison” the PMNs.
This indicates that the PMNs were not damaged
or inhibited by interacting with the virulent S.
typhi.

Bactericidal activity. PMNs killed both the
virulent (Quailes) and the avirulent (0-901) S.
typhi strain equally well at a ratio of one bacte-
rium to one PMN (Table 2). When the number
of organisms was increased to a multiplicity of
17 bacteria per PMN, 98.8% of the Quailes strain
and 99.7% of the 0-901 strain were killed by
PMNs by 60 min.

DISCUSSION

Differences in the virulence of strains of S.
typhi have been ascribed to differences in surface
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antigens. Felix and Pitt (5) showed that those
strains possessing greatest quantities of Vi and
O antigens were most virulent for mice. Hornick
et al. (10) demonstrated that infection with Vi
antigen-containing strains was more likely to
produce clinical disease in humans than that
with strains lacking Vi antigen.

Though these surface antigens appear to play
a role in the pathogenesis of typhoid fever, the
mechanisms have not been clearly defined. It
has been suggested that these antigens may
provide protection against phagocytosis (5) or
enhance intracellular survival of virulent strains
(11). Our studies demonstrate that despite the
presence of both Vi and O antigens on the viru-
lent (Quailes) strain the organism was efficiently
ingested. We found that the virulent (Quailes)
strain was ingested as well as the avirulent (O-
901) strain.
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F16. 4. Chemiluminescence of PMNs ingesting S.
typhi. PMNs were incubated with either virulent
(Quailes) or avirulent (0-901) S. typhi in a photometer
to measure light emission. PMNs with the virulent
strain showed a muted chemiluminescent response.

TABLE 2. Percentage of bacteria killed”

% of bacteria killed
Time
(min) Virulent Avirulent P value
(Quailes) (0-901)
15 455+23 37912 0.24
30 67.1+12  765%13 0.16
60 965+ 4 99.2 + 0.6 0.16

“PMNs and S. typhi were tumbled together at a
ratio of 1 bacteria per PMN. At the indicated time
periods, numbers of surviving bacteria were quanti-
tated by lysis of PMNs, serial dilution, and pour-plate
counts. Results from four separate experiments are
expressed as mean (standard error of the mean) per-
cent of bacterial inoculum killed.
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It is clear that the nature of the ingested
particle has a profound effect on PMN post-
phagocytic metabolic events (15). We observed
that despite ingestion of equivalent numbers of
bacteria, the oxygen consumption, protein iodi-
nation, and chemiluminescence were signifi-
cantly muted in PMNs interacting with virulent
(Quailes) S. typhi. Since these events have been
closely linked with PMN bactericidal activity
(13), we examined the ability of PMNs to kill
virulent and avirulent S. typhi strains.

PMNs were able to kill virulent S. typhi and
avirulent S. typhi equally well at multiplicities
as high as 17 bacteria per PMN. Two possible
explanations for this finding are: (i) PMN oxi-
dative metabolism, stimulated by the virulent
strain (albeit decreased), is sufficient for normal
bactericidal activity, or (i) PMNs kill S. typhi
by nonoxidative means.

Substances associated with PMN granules can
kill bacteria (6, 22, 23), and this killing does not
appear to be dependent on oxidative activity.
Cationic proteins with significant bactericidal
activity towards gram-negative organisms have
been identified in neutrophil granules (J. Weiss,
O. Stendahl, and P. Elsbach, Clin. Res. 28:515A,
1980). The activity of these substances may ex-
plain the ability of PMNs to kill virulent S. typhi
despite muted oxidative metabolism. Friedberg
and Shilo (6, 7) have shown that surface differ-
ences of various strains of Salmonella typhi-
murium can enhance differences in the ability of
these organisms to resist killing by the oxygen-
independent pathways.

The mechanism by which the virulent S. typhi
strains dampen or fail to fully stimulate the
oxidative activity may be related to interactions
with PMN surface receptors. Stimuli that trigger
the metabolic burst and those that induce inges-
tion may be separated (8, 14, 17, 19). It is con-
ceivable that Vi or O antigen masks a surface
moiety that normally triggers oxidative metab-
olism. A direct inhibitory effect is less likely
because we found that PMNs that have inter-
acted with virulent S. typhi are capable of a
maximal metabolic burst upon further stimula-
tion.
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