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Vibrio vulnificus Induces Macrophage Apoptosis In Vitro and In Vivo
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In this study, we compared the apoptotic activities of clinical and environmental isolates of Vibrio vulnificus
toward macrophages in vitro and in vivo. The clinical isolates induced apoptosis in macrophage-like cells in
vitro and in macrophages in vivo. This suggests that macrophage apoptosis may be important for the clinical

virulence of V. vulnificus.

Many bacterial pathogens that infect mammals have devel-
oped specific traits to avoid the innate and specific immune
defenses of the host (3, 6, 12, 17). A characteristic common to
several invasive enteric pathogens (e.g., Shigella, Salmonella,
and Yersinia species) is the ability to induce macrophage apo-
ptosis via a type III protein secretion system (8, 9, 16, 21).
Macrophage apoptosis in response to Shigella and Salmonella
infections triggers severe inflammation via the action of proin-
flammatory cytokines (22). Yersiniae induce apoptosis in mac-
rophages by suppressing the signaling pathway that leads to the
production of proinflammatory cytokines (1, 10). Macrophage
cell death may lead to either the induction or the inhibition of
an inflammatory response. In studying the interaction between
phagocytes and Vibrio vulnificus, most efforts have focused on
the capsule (7, 11, 13, 18). Encapsulated isolates of V. vulnifi-
cus are more resistant to phagocytosis by human polymorpho-
nuclear leukocytes and murine peritoneal macrophages than
are unencapsulated isolates (4, 5, 15). However, the cytotoxic
effects on phagocytes have not been clearly demonstrated. In
this study, we examined the apoptotic effects of nine isolates of
V. vulnificus on macrophages.

First, we examined each isolate of V. vulnificus for apoptotic
activity toward a macrophage-like cell line, J774, by using ter-
minal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) analysis. Five clinical isolates of V.
vulnificus, the K series of strains, were isolated from the blood
of individual septicemic patients at Kurashiki Central Hospital
in Japan between 1985 and 1999. Two environmental strains,
E4 and E10, were isolated from seafood in Florida. Strain R41
was isolated from plankton in Okayama Prefecture in Japan.
Strain G83 was isolated from seafood in the Republic of Ko-
rea. Bacteria in the logarithmic growth phase were obtained by
cultivation with Luria-Bertani broth at 37°C. The desired bac-
terial concentration was checked by plating serial dilutions of
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the samples on agar and counting CFU after incubation. J774
cells were grown in Dulbecco’s modified Eagle’s medium
(Gibco BRL Life Technologies, Rockville, Md.) supplemented
with 2 mM glutamine, 2 mM sodium pyruvate, and 20% heat-
treated fetal calf serum. Cells were seeded in 24-well tissue
culture plates at 10° cells/well. Each isolate of V. vulnificus was
inoculated into the wells at a multiplicity of infection of ap-
proximately 1.0. After incubation at 37°C for 150 min, the
Mebstain Apoptosis Kit (Immunotech, Marseilles, France) was
used to label the free 3'-OH ends of DNA fragments with
fluorescein as recommended by the manufacturer. The well-
known apoptotic agent gliotoxin was used as the positive con-
trol (2, 14, 20). As shown in Fig. 1, all of the clinical isolates
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FIG. 1. Apoptosis was induced by clinical and environmental
strains of V. vulnificus in J774 macrophage-like cells. J774 cells were
coincubated with each of the clinical or environmental strains indi-
cated for 150 min. For the positive control, cells were incubated with
20 uM gliotoxin (GT) for 4 h. Apoptotic cells were detected by the
TUNEL method and by counterstaining with propidium iodide. The
percentage of apoptotic cells in at least 300 cells was calculated. Data
are presented as means * standard errors and represent two indepen-
dent experiments, each in triplicate wells.
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FIG. 2. Clinical isolate K44 induces apoptosis in mouse peritoneal macrophages in vivo. Mice (n = 4 for each time point) were s.c. injected in
the lower right flank with 107 bacteria suspended in 0.5 ml of PBS. Peritoneal macrophages were isolated at the indicated times after injection of
bacteria. (A) Apoptotic cells were detected by the TUNEL method as described in the text. Data are presented as means * standard errors (n
=4). **, P < 0.01 (K44 or R41 versus DHS5a) according to Student’s ¢ test. (B) Nuclear morphology of mouse peritoneal macrophages stained
with propidium iodide and the TUNEL method. Peritoneal macrophages were isolated at 6 h after the injection of bacteria. All of the cell nuclei
in the field were stained with propidium iodide (a, ¢, e, and g). Apoptotic cells were stained by the TUNEL method (b, d, f, and h). Normal nuclear
morphology was observed in control cells (a), in the cells of E. coli DH5a-injected mice (c), and in the cells of R41-injected mice (g). In these cases,
cells were not stained by the TUNEL method (b, d, and h). In contrast, nuclear fragmentation with typical apoptotic morphology was observed

in cells from mice injected with clinical isolate K44 (e and f).

and the gliotoxin were highly apoptotic. In contrast, the ability
of the environmental isolates to induce DNA fragmentations
was lower than that of all of the clinical isolates. The rates of
apoptosis caused by the clinical isolates ranged from 74.2 to
96.2% of the cells, whereas the rates of apoptosis caused by the
environmental isolates ranged from 0.2 to 1.0%. The differ-
ences between the clinical isolates and the environmental iso-
lates were statistically significant by the Mann-Whitney non-

parametric U test (P < 0.05). Furthermore, we confirmed the
formation of DNA ladders, one of the main characteristics of
apoptosis (19). K44 induced the formation of DNA ladders
after incubation for 80 min, whereas environmental isolates
R41 and G83 did not (data not shown). However, these envi-
ronmental isolates induced DNA fragmentation after further
incubation, suggesting that there may be a difference in the
amount of an apoptotic factor produced by these isolates.
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These results indicate that clinical isolates of V. vulnificus have
a greater ability than environmental isolates to induce apopto-
sis in J774 cells in vitro.

We next examined whether V. vulnificus causes apoptosis in
macrophages in vivo. K44 or R41 vibrios were injected subcu-
taneously (s.c.) into mice. Escherichia coli DH5o was used as a
negative control. Male 5-week-old ddY mice of the same col-
ony (n = 4 for each time point) were used in this study. All of
the animals used in the present study were cared for in accor-
dance with the guidelines for animal treatment of Kitasato
University, which conform to the standard principles of labo-
ratory animal care. The bacterial cultures were washed once
with phosphate-buffered saline (PBS), and 107 bacteria sus-
pended in 0.5 ml of PBS were s.c. injected into the lower right
flank of each mouse. At the times indicated (Fig. 2A), perito-
neal macrophages were retrieved from the mice. Cells were
resuspended in RPMI 1640 medium (Sigma Aldrich, St. Louis,
Mo.) containing 100 pg of gentamicin (Sigma Aldrich) per ml
and seeded in 24-well tissue culture plates with coverslips at 5
X 10° cells/well. Cells were incubated for 1 h at 37°C under 5%
CO, in air in a humidified atmosphere to allow macrophages to
adhere to the glass surface, washed with RPMI 1640 medium
containing 100 pg of gentamicin per ml, and further incubated
for 2 h. After incubation, the cells were stained by the TUNEL
method as described above. As shown in Fig. 2A, the percent-
age of apoptotic peritoneal macrophages from K44-infected
mice was significantly increased 6 h after injection (P < 0.05).
At the same time, K44 induced typical nuclear fragmentation
in macrophages (Fig. 2B). On the other hand, there was no
effect on the frequency of apoptosis and nuclear fragmentation
in the macrophages isolated from R41-injected or DH5«a-in-
jected mice (Fig. 2A and B). It is well known that V. vulnificus
bacteria evade phagocytes by means of an antiphagocytic cap-
sule (4, 5, 15). Therefore, we confirmed the number of bacteria
of each isolate in the blood and capsular expression by colony
morphology and capsular staining. K44 was recovered from the
blood in numbers more than 200- to 10,000-fold higher than
those of R41 at 3 or 6 h after infection (data not shown), and
all of our clinical isolates expressed thicker capsules than did
the environmental isolates (data not shown). These data indi-
cate that only strain K44 could escape from the host defense by
means of this thicker capsular polysaccharide and could induce
apoptosis in macrophages in vivo. It was not possible to deter-
mine whether R41 has the ability to induce apoptosis.

We report here that V. vulnificus induces apoptosis in mac-
rophages, as well as evading phagocytosis by macrophages, in
vivo. The ability of V. vulnificus to kill macrophages by apo-
ptosis may be important for the initiation of infection and the
development of its pathogenesis.
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