INFECTION AND IMMUNITY, Aug. 1996, p. 3385-3393
0019-9567/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 64, No. 8

The Salmonella Virulence Plasmid Enhances Salmonella-Induced Lysis

of Macrophages and Influences Inflammatory Responses

LAURENCE A. GUILLOTEAU,'t TIMOTHY S. WALLIS,> ANNE V. GAUTIER, '}
SHEILA MACINTYRE,! DAVID J. PLATT,®> anp ALISTAIR J. LAX?*

School of Animal and Microbial Sciences, University of Reading, Reading,' and Institute for Animal Health,
Compton, Nr Newbury,* Berkshire, and Department of Bacteriology, Glasgow Royal Infirmary,
Glasgow,” United Kingdom

Received 29 January 1996/Returned for modification 4 April 1996/Accepted 23 May 1996

The Salmonella dublin virulence plasmid mediates systemic infection in mice and cattle. Here, we analyze the
interaction between wild-type and plasmid-cured Salmonella strains with phagocytes in vitro and in vivo. The
intracellular recovery of S. dublin from murine peritoneal and bovine alveolar macrophages cultured in the
presence of gentamicin in vitro was not related to virulence plasmid carriage. However, the virulence plasmid
increased the lytic activity of S. dublin, Salmonella typhimurium, and Salmonella choleraesuis for resident or
activated mouse peritoneal macrophages. Lysis was not mediated by spv genes and was abolished by cytocha-
lasin D treatment. Peritoneal and splenic macrophages were isolated from mice 4 days after intraperitoneal
infection with wild-type or plasmid-cured S. dublin strains. The wild-type strain was recovered in significantly
higher numbers than the plasmid-cured strain. However, the intracellular killing rates of such cells cultured
in vitro for both S. dublin strains were not significantly different. Four days after infection, there was a lower
increase of phagocyte numbers in the peritoneal cavities and spleens of mice infected with the wild-type strain
compared with the plasmid-cured strain. The virulence plasmid influenced the survival of macrophages in vitro
following infection in vivo as assessed by microscopy. Cells from mice infected with the plasmid-cured strain
survived better than those from mice infected with the wild-type strain. This is the first report demonstrating
an effect of the virulence plasmid on the interaction of Salmonella strains with macrophages. Plasmid-mediated
macrophage dysfunction could influence the recruitment and/or the activation of phagocytic cells and conse-
quently the net growth of Salmonella strains during infection.

Salmonella enterica is the etiological agent of different clin-
ical forms of infection designated salmonellosis (24). The vir-
ulence of Salmonella strains is highly complex, requiring the
expression of numerous genes, some of which are located on
large plasmids, which are generally serotype associated (3, 19).
An 8-kb region common to plasmids from different serotypes is
required for the expression of virulence in vivo (4, 38, 39), and
this system contains five open reading frames designated spv
genes (Salmonella virulence plasmid) (16).

The role of the virulence plasmid in the pathogenesis of
salmonellosis is still not understood. In mice, the virulence
plasmid is not required for translocation of salmonellas
through the intestinal mucosa but is necessary in the systemic
phase of the disease (18, 25, 26). In cattle, the virulence plas-
mid is necessary for the persistence of Salmonella dublin in
systemic sites but is not required during the enteric phase of
infection (37). Virulence plasmid functions are not involved in
the regulation of lipopolysaccharide (LPS) biosynthesis (23,
33), expression of major outer membrane proteins (37), resis-
tance to serum killing (32), or invasion and growth in nonpro-
fessional phagocytic cell lines (15). It has been suggested that
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plasmid genes promote intracellular growth of Salmonella
strains (17). Although the intracellular environment of phago-
cytic and nonprofessional phagocytic cells induces the expres-
sion of spv genes (12, 28), in vitro studies have not shown any
relationship between carriage of the virulence plasmid by Sal-
monella strains and survival within macrophages (10, 15, 29).

There is no direct evidence that virulence plasmid functions
are directly related to survival of salmonellas within phagocytes
in vivo. In mice, wild-type salmonellas induce a strong inflam-
matory response as shown by marked splenomegaly and he-
patic abscess formation (21), whereas plasmid-cured strains
induce a mononuclear response in the liver, mediated by radio-

TABLE 1. Salmonella strains used in this study

Strain Properties and/or derivation Reference

SD2229 Wild-type S. dublin strain from an out- 25
break of bovine salmonellosis

SDM173c Virulence plasmid-cured derivative of 25
SD2229

SDMS51 TnA insertion mutant of SD2229 in spv 25
fragment

SDM173(pCRV4) 8-kb Sall-Xhol fragment 39

ST12/75 Wild-type S. typhimurium strain from an 3
outbreak of bovine salmonellosis

STMS8c¢ Virulence plasmid-cured derivative of 39
ST12/75

SCS14/74 Wild-type S. choleraesuis strain from an 36
outbreak of porcine salmonellosis

SCS14/74(Tp231)  Virulence plasmid-cured derivative of This study

SCS14/74




3386 GUILLOTEAU ET AL.

6
(a)
2 54
+
g
= 47
o
E
E 3
@]
&0
Q
[
1 T 1 L] 1 1
0 12 18 24
6
(b)
m
7] 54
+
E
T4
=
2
Q
2
-
2 1 T T 1 1
0 6 12 18 24
Time (h)

FIG. 1. Survival of S. dublin in murine peritoneal (a) and bovine alveolar (b)
macrophages infected in vitro. Macrophages (5 X 10° per well) were infected
with SD2229 (@) or SDM173¢ (O). Experiments were performed on 10 (a) and
2 (b) separate occasions, and representative data are expressed as the mean *
standard error of three wells per time point.

sensitive effectors (14, 18). The virulence plasmid has been
implicated in immunomodulation of the host and in reducing
the early expansion of yd T cells in Salmonella choleraesuis-
infected mice (9). However, this effect may be serotype specific
since the virulence plasmid did not modulate the early T-cell
response in S. dublin-infected mice (14).

In this study, we have analyzed the interaction of wild-type
and derivative plasmid-cured strains of S. dublin, Salmonella
typhimurium, and S. choleraesuis in murine and bovine macro-
phages after in vitro or in vivo infection.

MATERIALS AND METHODS

Bacterial strains. Strains of Sa/monella used in this study are listed in Table 1.
Following overnight culture in Luria-Bertani (LB) broth, bacteria were subcul-
tured 1/100 and grown in LB broth at 37°C for 6 h with shaking to stationary
phase (optical density at 550 nm of 1.6 = 10° CFU/ml). Ampicillin (100 .g/ml)
and kanamycin (75 wg/ml) were added to media as appropriate for plasmid
maintenance. Bacteria were enumerated by serial dilution and plating on Mac-
Conkey or LB agar.

Escherichia coli K-12 strain J53-2 Tp231 (NCTC 50087) was used in the
plasmid curing experiment.

Plasmid curing. The Salmonella virulence plasmids are very stable and non-
conjugative and largely belong to a single undesignated incompatibility group.
pOG669 is a 147-kb natural plasmid cointegrate between the S. typhimurium
virulence plasmid and an IncX, conjugative plasmid (pOG670) that specifies
resistance to ampicillin and kanamycin (27). It exhibits dual incompatibility, and
its conjugative introduction into Salmonella serotypes that harbor virulence plas-
mids results in displacement of the indigenous plasmids if selection for either of
the pOG669 resistance markers is maintained (5). Accordingly, pOG669 was
introduced by conjugation from E. coli K-12 strain J53-2 into S. choleraesuis
under kanamycin selection (10 pg/ml). Transconjugants were purified and then
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maintained under this selection for three successive subcultures. The loss of the
50-kb plasmid was confirmed by agarose gel electrophoresis. Subsequent transfer
of the IncX plasmid Tp231 (E. coli K-12 strain J53-2 Tp231) by chloramphenicol
(20 pg/ml) or tetracycline (10 wg/ml) selection led to displacement of pOG669 by
IncX incompatibility and establishment of Tp231. The resultant S. choleraesuis
Tp231 lacked spv genes and was resistant to ampicillin, chloramphenicol, and
tetracycline.

Animals. C57BL/6 male and female mice aged 7 to 8 weeks were bred in our
animal facilities and used for the infection studies and as a source of macro-
phages. Outbred, adult Friesian cows were used as a source of alveolar macro-
phages.

Preparation of macrophages. Peritoneal exudate cells (PEC) were obtained by
washing the peritoneal cavity with 3 ml of Iscove’s modified Dulbecco’s medium
(IMDM) (Gibco Life Technologies Ltd., Paisley, United Kingdom) containing
heparin (5 U/ml). PEC were centrifuged at 600 X g for 10 min and suspended in
IMDM containing 10% fetal calf serum (FCS) (Gibco) and 100 p.g of gentamicin
per ml or in phenol red-free Dulbecco’s modified Eagle’s medium nutrient
mixture F12 Ham (DME/F12) (Sigma, Poole, United Kingdom) containing 4%
FCS and 100 pg of gentamicin per ml for the cytotoxicity assay. The number and
the viability of cells in the suspension were determined by trypan blue exclusion.
Viability was always greater than 95%. Cells were allowed to adhere in 24-well
plates (Greiner Labortechnik, Stuttgart, Germany) for 2 h to yield between 2 X
10° and 5 X 10° macrophages per well, which represented about 30% of har-
vested PEC. The medium was exchanged for fresh gentamicin-free medium, and
cells were incubated overnight at 37°C in a 5% CO, atmosphere.

Resident and elicited macrophages were used for lysis experiments. Macro-
phages were elicited by injecting 1.5 ml of 10% (wt/vol) Proteose Peptone into
the peritoneal cavities of mice and were harvested 3 days later as described
above; macrophages represented about 80% of PEC. Resident macrophages
were activated in vitro with S. typhimurium LPS (Sigma) (10 ng/ml) and gamma
interferon (IFN-y) (Sigma) (50 IU/ml) for 2 h before infection and during the
assay. In some experiments, macrophages were treated with cytochalasin D
(Sigma) at 1 pg/ml in culture medium, for 30 min before and during infection.

Alveolar bovine macrophages were prepared by a method modified from that
described by Van Leengoed et al. (35). Lungs were removed from cattle and
washed by introducing 600 ml of phosphate-buffered saline (PBS) via the tra-
chea. The washings were collected after gentle massage, and the process was
repeated twice more. Washings were filtered through muslin, and cells were
harvested by centrifugation (10 min, 150 X g, room temperature) and washed
with IMDM containing 10% FCS and 5 U of heparin per ml. Cells were resus-
pended in IMDM containing 10% FCS and 100 pg of gentamicin per ml at a
concentration of 5 X 10° cells per ml.

Infection of murine macrophages with S. dublin in vitro. Resident peritoneal
macrophages were used to test for intracellular persistence of S. dublin. Three
hours before infection with S. dublin, macrophages were washed and overlaid
with gentamicin-free medium. Macrophages were infected with S. dublin sus-
pended in IMDM with 10% FCS at a ratio of five bacteria per macrophage for
1 hat 37°C in a 5% CO, atmosphere. Monolayers were washed three times with
gentamicin-free medium, overlaid with IMDM with 10% FCS and 100 pg of
gentamicin per ml to inhibit extracellular proliferation of S. dublin, and incu-
bated at 37°C in a 5% CO, atmosphere. At different time intervals, cells were
washed three times with gentamicin-free medium and three wells per bacterial
strain were overlaid with 1 ml of 0.5% (wt/vol) sodium deoxycholate to lyse
macrophages. The released viable S. dublin cells were enumerated on LB agar.

log CFU associated to PEC (m =+ se)
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FIG. 2. In vivo persistence of S. dublin associated with murine PEC. Mice
were infected i.p. with 10> CFU of SD2229 (@) or 10° CFU of SDM173c (O), and
PEC were harvested at different times. Each point represents the mean *
standard error of data from three mice.
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FIG. 3. In vitro persistence of S. dublin in murine peritoneal (a) and splenic
(b) macrophages after in vivo infection. Peritoneal macrophages were isolated 4
days after i.p. infection with either 6 X 10> CFU of SD2229 (®) or 3 X 10* CFU
of SDM173c (O). Splenic macrophages were isolated 4 days after i.p. infection of
mice with either 5 X 10? CFU of SD2229 (®) or 6 X 10° CFU of SDM173c¢ (O)
and maintained in culture in vitro. Experiments were performed on at least three
separate occasions, and representative data are expressed as the means * stan-
dard errors of three wells per time point.

The 0-h sample was taken directly following the 1-h infection period and desig-
nated the total cell-associated recovery.

In vivo infection of mice with S. dublin and isolation of macrophages. Mice
were infected intraperitoneally (i.p.) with S. dublin and killed by CO, asphyxia-
tion at different time intervals after infection. Intracellular survival of S. dublin
after in vivo infection was analyzed on peritoneal and splenic macrophages
isolated from mice 4 days after infection. PEC were collected as described above
and washed twice in gentamicin-free medium. PEC pellets were lysed with 1 ml
of 0.5% (wt/vol) sodium deoxycholate, and the viable counts of cell-associated S.
dublin per peritoneal cavity were determined. Peritoneal macrophages were
isolated and resuspended at 5 X 10° macrophages per ml in IMDM with 10%
FCS, which represented about 60% of PEC. Splenic macrophages were selected
by isolating adherent cells from a single-cell suspension of spleen cells (6). They
were obtained by pressing spleens through nylon gauze and lysing erythrocytes by
adding NH,CI to the homogenate to a final concentration of 0.155 M. Spleen
cells were resuspended at 5 X 10° cells per ml in IMDM with 10% FCS. For both
peritoneal and splenic macrophages, 1 ml of cell suspension was removed before
seeding and centrifuged at 600 X g for 10 min, and the pellet was resuspended
in 1 ml of 0.5% (wt/vol) sodium deoxycholate. Salmonella bacteria were enu-
merated on LB agar, and this represented the count at time zero. Remaining
macrophages were resuspended in IMDM with 10% FCS and 100 pg of genta-
micin per ml. Macrophages were seeded in 24-well plates, at a concentration of
5 X 10° macrophages per well for PEC and 5 X 10° cells per well for spleen cells,
and incubated at 37°C with 5% CO,. The nonadherent cells were removed after
4 or 2 h of incubation for peritoneal or splenic macrophages, respectively, by
vigorous repeated washing and incubated at 37°C with 5% CO, in medium
containing gentamicin. At different time intervals, the viable counts of intracel-
lular S. dublin were determined after washing with gentamicin-free medium
before lysis of macrophages and were expressed as log CFU per well.

Calculation of the rate constant of intracellular killing (Kj). Killing of S.
dublin was calculated as a rate constant (K,; hour ') according to the following
equation: K;, = [log n(t = 0) — log n(t)]/t, in which n() is the number of viable
intracellular bacteria after time ¢ (hours) has elapsed and n(t = 0) represents the
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number of viable bacteria at the beginning of the assay (34). Values of K, shown
are means of rates determined from three wells per time point.

Macrophage lysis assay. Peritoneal macrophages suspended in DME/F12
containing 4% FCS and 100 pg of gentamicin per ml were seeded into 96-well
plates (5 X 10* cells per well) and incubated overnight. Before use, macrophages
were washed in gentamicin-free DME/F12 with FCS and cultured with fresh
medium for 2 h. Monolayers were infected at a ratio of five bacteria per mac-
rophage with S. dublin, S. typhimurium, or S. choleraesuis. Supernatants from the
infected macrophages were sampled and assayed for lactate dehydrogenase ac-
tivity (41) with the cytotoxic 96 kit (Promega, Southampton, United Kingdom)
according to the manufacturer’s instructions. Percentage of cytotoxicity was
calculated as a fraction (percent):

Ay (assay) — Ao (medium) — A,q (spontaneous release)

. - : - X
A g (total lysis) — Ay (medium + lysis solution) — A, (spontaneous release) 100

Phenotypic analysis. (i) Microscopic observations. Macrophages were seeded
onto 13-mm glass coverslips within wells of a 24-well plate. Macrophages were
infected in vitro with S. dublin or were directly isolated from infected mice as
described above. Coverslips were air dried, fixed with methanol, stained by a
modified May-Griinwald-Giemsa stain (Diff Quik; Baxter Dade AG, Diindingen,
Switzerland), and examined by light microscopy.

(ii) Flow cytometry (FCM) analysis. Fluorescein isothiocyanate (FITC)-con-
jugated anti-Mac-1 monoclonal antibody (MAb) (complement receptor type 3
[CD11b/CD18], M1/70 clone), used at a working dilution of 1:20, was obtained
from Boehringer Mannheim (Lewes, United Kingdom). Anti-F4/80 MAb (work-
ing dilution, 1:10) and anti-7/4 MAD (working dilution, 1:20) were obtained from
Serotec (Kidlington, United Kingdom). These MAbs were produced by rat cells;
the anti-Mac-1 and anti-F4/80 MAbs were of the immunoglobulin G2b (IgG2b)
isotype, and the anti-7/4 MADb was of the IgG2a isotype. An FITC rabbit anti-rat
Ig [F(ab’),, STAR 49] was used as secondary antibody (working dilution, 1:50)
for unconjugated F4/80 and 7/4 MAbs and was obtained from Serotec. All
antibodies were diluted in PBS containing 0.2% (wt/vol) bovine serum albumin
and 0.01% (wt/vol) NaN; (PBS-B) alone or with 10% mouse serum for FITC
anti-rat Ig.

For labelling, cells (10°) were incubated at 4°C for 20 min with 50 pl of MAb
at the appropriate concentration, washed twice with PBS-B, and fixed with 0.5%
paraformaldehyde in PBS. Cells were single stained by FITC anti-Mac-1 MAD or
anti-F4/80 MAb or by anti-7/4 MADb followed by FITC anti-rat Ig. Cells were
analyzed on a FACScan (Becton Dickinson, Mountain View, Calif.) with for-
ward- and side-scatter gating to select leukocyte populations. The proportion of
single-stained cells in total gated cells was expressed in a histogram. Binding of
PBS-B or secondary antibody was used to determine nonspecific immunofluo-
rescence for each set of staining and was deduced from the proportion of positive
cells. An irrelevant FITC rat IgG2b isotypic control (V.H. Bio Ltd., Newcastle-
upon-Tyne, United Kingdom) used at a working dilution of 1:20 was used as a
negative control. Data were expressed as the proportion of positive cells in the
total leukocyte population per organ. The total number of leukocytes per organ was
calculated from the total number of cells in PEC and spleen per mouse, and the
proportion of leukocytes was determined by FCM.

Mac-1 (31) and F4/80 (2) markers were used to analyze newly recruited
phagocytes and mature macrophages, respectively (13), and 7/4 was used to label
neutrophils (20).

Statistics. The results were expressed as the means * standard errors of values
and analyzed by one-way analysis of variance followed by an unpaired Student-
Newman-Keuls multiple comparison test to calculate significant differences (P <
0.05) between two groups (InStat for MacIntosh; GraphPad, San Diego, Calif.).

TABLE 2. Intracellular killing rate of S. dublin by murine
peritoneal and splenic macrophages infected in vivo
and cultured ex vivo

Rate of intracellular killing (h™') (mean = SE)*

T(i}IlI;e Peritoneal macrophages Splenic macrophages
SDM173¢ SD2229 SDM173¢ SD2229
4 —0.020 (0.092)  0.013 (0.123) 0.733 (0.39) 1.225 (0.022)
21 0.018 (0.001)  0.016 (0.01)  0.138 (0.018)  0.148 (0.014)

28 0.016 (0.004)  0.019 (0.015) 0.102 (0.003)  0.126 (0.003)

“ Rate of intracellular killing of S. dublin strains within resident peritoneal and
splenic macrophages at different times during ex vivo cultures. Macrophages
were isolated from mice infected i.p. with 5 X 10> CFU of SD2229 or with 5 X
10° CFU of SDM173c. Data are expressed as the means + standard errors from
three different experiments. The negative value represents the absence of killing.
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FIG. 4. May-Griinwald-Giemsa staining (Diff Quik) of resident peritoneal macrophages infected in vitro with SDM173c (a) or SD2229 (b) for 1 h and cultured in

the presence of gentamicin for 3.5 h. Bar = 0.1 mm.

RESULTS

(i) In vitro survival of S. dublin in macrophages. Within 2 h
of infection of mouse resident peritoneal macrophages, there
was a 2-log reduction in both the wild-type strain SD2229 and
the plasmid-cured derivative strain SDM173c of S. dublin.
Thereafter, the number of S. dublin bacteria increased slightly.
No significant differences in survival were observed between
the two strains (P > 0.05) (Fig. 1la). The recovery of these
strains from bovine alveolar macrophages, under the same

conditions, was not significantly different (P > 0.05), although
higher numbers of bacteria were recovered at all time points
(Fig. 1b).

(ii) In vitro persistence of S. dublin in mouse macrophages
after in vivo infection. The numbers of S. dublin bacteria as-
sociated with PEC following i.p. infection with either wild-type
or plasmid-cured strains were compared in a gentamicin pro-
tection assay. Following i.p. infection with 10> CFU of the
wild-type strain and with 10°> CFU of the plasmid-cured strain,
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SD2229 increased in number exponentially over the first 5
days, at which point the mice had died; in contrast, the number
of SDM173c remained relatively constant over the 15 days
following infection (Fig. 2).

We analyzed the persistence of S. dublin in peritoneal and
splenic macrophages isolated 4 days after i.p. infection of
mice and cultured in vitro (termed ex vivo). The i.p. infection
dose of strain SDM173c was 3 X 10* CFU compared with
6 X 10*> CFU for strain SD2229. These infection doses were
used in an attempt to obtain comparable numbers of both
strains of S. dublin associated with PEC at day 4. In vitro
bactericidal activities of peritoneal macrophages for S. dublin
were not significantly different for both strains (Fig. 3a; Table
2). An even higher infection dose of strain SDM173c (6 X 10°
CFU) was used for ex vivo analysis of splenic macrophages.
The bactericidal activities of splenic macrophages for both
strains of S. dublin were not significantly different (Fig. 3b;
Table 2) but were considerably higher than those seen with
PEC.

(iii) Lysis of macrophages by Salmonella strains. Analysis of
resident peritoneal macrophages stained with Diff Quik sug-
gested that S. dublin infection induced cell damage. Wild-type
S. dublin caused substantially more damage than plasmid-
cured S. dublin as early as 3.5 h after infection in a gentamicin
protection assay (Fig. 4). Cells incubated with wild-type S.
dublin were present in lower numbers, and the remaining cells
were larger and more frequently lysed. This was not related to
a large intracellular proliferation of S. dublin. Lysis of macro-
phages was quantified by measuring the lactate dehydrogenase
activity released from lysed macrophages into the medium for
up to 3 h after infection. Salmonella strains do not produce
measurable lactate dehydrogenase activity when grown aero-
bically (data not shown). A significant cytotoxic effect (P <
0.001) was observed after 1 h of incubation with S. dublin. It
was significantly higher for strain SD2229 than for strain
SDM173c at up to 3 h of interaction (P < 0.001) (Fig. 5a). Both
strains were isolated from the culture medium in comparable
numbers at all time points (data not shown) and increased by
1 log between 0 and 3 h. This plasmid-associated cytotoxicity
was also found when wild-type and cured strains of S. typhi-
murium (P < 0.001) were compared (Fig. 5a). The role of the
virulence plasmid in S. choleraesuis-induced macrophage lysis
was assessed at 3 h after in vitro infection of resident perito-
neal macrophages. The wild-type strain caused 77.3% lysis,
which was significantly greater than the 43.3% lysis caused by
the plasmid-cured strain (P < 0.01). The final levels of lysis
reached varied slightly in each experiment, but the differences
between wild-type and plasmid-cured strains were always
highly reproducible.

The reintroduction of the spv region into the cured strain of
S. dublin [SDM173(pCRV4)] did not affect cytotoxicity. Fur-
thermore, a mutant deficient in functional spv genes (SDM51)
was as cytotoxic as strain SD2229 (Fig. 5b). These results show
that the cytotoxic effect of S. dublin on macrophages was medi-
ated by the presence of the virulence plasmid but not the spv
genes.

S. dublin induced a similar cytotoxic effect on peritoneal ad-
herent cells incubated with or without nonadherent cells (data
not shown). S. dublin induced comparable cytotoxicity on both
resident macrophages and macrophages activated with IFN-y
and LPS (P > 0.05) but significantly greater cytotoxicity on
Proteose Peptone-elicited macrophages (P < 0.001). Under all
conditions, SD2229 remained more cytotoxic than SDM173c
(P < 0.01) (Fig. 5¢). Cytochalasin D treatment abolished the
difference between S. dublin wild-type and plasmid-cured
strains in both resident and Proteose Peptone-elicited perito-
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FIG. 5. Salmonella-induced lysis of murine peritoneal macrophages. (a) Mac-
rophages were infected with SD2229 (@), SDM173c (O), ST12/75 (m), or STM8c
(0). (b) Macrophages were infected with SD2229 (@), SDM173¢ (O), SDM173
(pCRV4) (m), or SDM51 (A). (c) S. dublin-induced lysis of macrophages at
different states of activation. Macrophages were resident or Proteose Peptone
(PP) elicited and either LPS- and IFN-y-activated, cytochalasin D-treated, or
untreated. Macrophages were then infected with SD2229 (m) or SDM173c¢ ().
Lysis was measured 3 h after infection. Experiments were performed on at least
three separate occasions, and representative data are expressed as the means =
standard errors of three wells per time point.
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FIG. 6. Scatter plots depicting the proportion of Mac-1*, F4/80™, or 7/4™ cells in the peritoneal cavity (a) and spleen (b) on day 4 after an i.p. infection with strain SD2229
or SDM173c. Cells were stained with FITC-conjugated anti-Mac-1 MAb or with anti-F4/80 MAb or anti-7/4 MAD followed by FITC-conjugated anti-rat F(ab), antibody.

No of positive cells (log)

7 neal macrophages (P > 0.05) (Fig. 5c). A similar pattern of
(@ responses was seen with wild-type and plasmid-cured strains of
S. typhimurium on resident and Proteose Peptone-elicited mac-
rophages treated with IFN-y and LPS or with cytochalasin D
(data not shown).

(iv) Phenotypic characterization of S. dublin-induced in-
flammatory cells. The phenotypes of phagocytes from the peri-
toneal cavity and spleen were analyzed 4 days after i.p. infec-
tion of mice with either strain SD2229 (5 X 10? CFU) or strain
SDM173c (5 X 10° CFU). The proportion of phagocytic cells
was quantified by FCM on PEC and spleen with Mac-1, F4/80,
and 7/4 markers (Fig. 6). A general hypercellularity was ob-
served in PEC from mice infected with strain SDM173c com-

Mac-1 Fa4/30 714 pared with PEC from mice infected with strain SD2229. This
corresponded to significantly higher numbers of Mac-1*, F4/
80", and 7/4" cells at this site (P < 0.01) (Fig. 7a). Likewise in

8 " the spleen, higher numbers of Mac-1* and F4/80" cells and
® significantly higher numbers of 7/4* cells (P < 0.05) were
observed in mice infected with SDM173c compared with mice
infected with SD2229 (Fig. 7b).

Splenic macrophages isolated from mice 4 days after in-

No of positive cells (log)

FIG. 7. Phenotypic analysis of PEC (a) and splenic cells (b) from mice in-
fected i.p. with 5 X 102 CFU of SD2229 (m) or 5 X 10° CFU of SDM173c (E). Cells
were single stained for the indicated markers and analyzed by FCM. Cells were gated
on leukocyte population, and the proportion of positive cells was determined. The
number of positive cells was calculated from the total number of leukocytes per
organ and expressed as the log of the number of positive cells. Data are expressed

Mac-1 F4/30 74 as the means * standard errors of values from three different experiments.
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FIG. 8. Splenic macrophages in culture for 42 h after isolation from mice infected i.p. either with 5 X 10° CFU of SDM173c (a) or with 5 X 10> CFU of SD2229
(b). Cells were stained with May-Griinwald-Giemsa stain (Diff Quik). Bar = 0.1 mm.

fection with SD2229 or SDM173c were checked for viability,
and comparable numbers of cells were seeded into wells.
Splenic macrophages isolated from mice infected with strain
SDM173c remained healthy in vitro whereas those isolated from
mice infected with strain SD2229 were mainly lysed (Fig. 8).

DISCUSSION

Several groups have shown that the Salmonella virulence
plasmid is involved in the systemic phase of infection in a

variety of host species (7, 15, 18, 25, 26, 37). However, the
role(s) of the plasmid in the pathogenesis of salmonellosis is
still unknown. Persistence within macrophages is considered
an essential step in the pathogenicity of Salmonella strains
(11). Studies assessing the intracellular survival of S. dublin, S.
typhimurium, or Salmonella enteritidis in resident and activated
macrophages from I#y* or Ity" mice (29) or chickens (10) cul-
tured in vitro have not shown any relationship between the
survival of Salmonella strains and carriage of the virulence
plasmid. We have confirmed and extended these observations
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with in vitro- and in vivo-infected peritoneal macrophages
from C57BL/6 mice (I#y°). Previously, it has been shown that
wild-type and cured strains of S. typhimurium were phagocy-
tosed and killed in vivo to an equal extent by peritoneal mac-
rophages (15). We have performed similar experiments with S.
dublin over a longer time period but also with macrophages
from the spleen, a target organ of systemic infection and there-
fore a possible site of virulence plasmid expression. The tissue
source of the macrophages used is potentially very important,
since not all macrophages would be expected to be involved in
the control of infection (6). Although the number of S. dublin
bacteria associated with splenic macrophages was higher in
mice infected with wild-type strain SD2229 than in those in-
fected with the cured strain SDM173c, the bacterial persis-
tence in our assay was the same. These results are consistent
with previous reports that the virulence plasmid is apparently
not directly related to intracellular survival in macrophages in
vivo. However, the plasmid-associated lysis of macrophages
that we have observed makes the Salmonella survival data
difficult to interpret. Gentamicin present in the assay does not
affect intracellular Salmonella bacteria in viable macrophages,
but Salmonella bacteria which lyse macrophages will be ex-
posed to gentamicin, resulting in potentially misleading bacte-
rial recoveries. Thus, the virulence plasmid may influence sur-
vival within macrophages, although any such activity would not
be detected in this assay.

We observed a higher expansion of phagocyte numbers in
the peritoneal cavity and spleen from mice infected with strain
SDM173c than in those from mice infected with strain SD2229.
This inflammatory response was characterized by the presence
of numerous Mac-1" cells, a marker of polymorphonuclear
leukocytes, newly recruited macrophages, and natural killer
cells, and the presence of F4/80" cells, a marker for mature
macrophages. The Mac-1 marker is a type 3 complement re-
ceptor involved in the recruitment of myelomonocytic cells to
inflammatory sites (30). Our results showed that strain SD2229
induced a lower expansion of inflammatory cells in mice than
did strain SDM173c, suggesting that the carriage of the viru-
lence plasmid allows a down regulation of phagocyte recruit-
ment to the site of infection. However, this activity must be
either site or host specific as the virulence plasmid did not
influence the magnitude of the inflammatory response in bo-
vine ileal mucosa (37). In vitro, splenic macrophages survived
better when they were isolated from mice infected with strain
SDM173c than when isolated from mice infected with strain
SD2229. This supports the role of the virulence plasmid of S.
dublin in immunomodulation of the early immune response,
possibly by the induction of macrophage dysfunction.

We also showed that Salmonella strains lysed murine peri-
toneal macrophages in vitro and that this cytotoxic effect was
amplified by the presence of the virulence plasmid in S. dublin,
S. typhimurium, and S. choleraesuis strains but not by the spv
genes. This would suggest the existence of uncharacterized
plasmid genes involved in macrophage lysis. Lysis was observed
on resident, activated, and elicited macrophages, the last ap-
parently being more susceptible. The reduction of cytotoxicity
for the wild-type strains by cytochalasin D treatment suggests
that microfilament reorganization (40) and internalization of
Salmonella bacteria are necessary for this effect. This rapid-
onset lysis of macrophages is both serotype and host specific. S.
dublin and S. typhimurium but not S. choleraesuis will lyse
bovine macrophages; none of these serotypes will lyse porcine
macrophages (36).

The Salmonella bacterium is considered a facultative intra-
cellular organism which survives intracellularly in vitro (1, 6,
11) and in vivo (8); there is also evidence for an extracellular
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phase of infection (22). The plasmid-cured strain is able to
colonize and to persist in spleen and liver, but the systemic
phase of the infection does not develop and the net growth is
controlled. If one property of the virulence plasmid is to me-
diate macrophage lysis in vivo, then clearly wild-type Salmo-
nella strains will at some stage during the disease process
occupy a different niche from plasmid-cured strains. The viru-
lence plasmid did not influence the rapid extracellular growth
rate of Salmonella strains in peritoneal chamber implants in
mice (17) or cattle (37). However, escape from macrophages
may influence growth rate, and this is consistent with data
showing that the virulence plasmid increases the net growth
rate of Salmonella strains (17). The differences in inflammatory
reactions in mice infected with either wild-type or plasmid-
cured strains are further evidence that the virulence plasmid
influences Salmonella-macrophage interactions. The mecha-
nisms involved in macrophage lysis and the genes involved in
this process are the subject of ongoing studies.
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