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The pathogenesis of infection with Yersinia pestis, the causative agent of plague, was examined following
subcutaneous infection of BALB/c mice with a fully virulent strain expressing green fluorescent protein. Plate
culturing, flow cytometry, and laser confocal microscopy of spleen homogenates throughout infection revealed
three discernible stages of infection. The early phase was characterized by the presence of a small number of
intracellular bacteria mostly within CD11b™ macrophages and Ly-6G™* neutrophils. These bacteria were not
viable, as determined by plate culturing of spleen homogenates, until day 2 postinfection. Between days 2 and
4 postinfection, a plateau phase was observed, with bacterial burdens of 10° to 10* CFU per spleen. Flow
cytometric analysis revealed that there was even distribution of Y. pestis within both CD11b™ macrophage and
Ly-6G™ neutrophil populations on day 2 postinfection. However, from day 3 postinfection onward, intracellular
bacteria were observed exclusively within splenic CD11b™ macrophages. The late phase of infection, between
days 4 and 5 postinfection, was characterized by a rapid increase in bacterial numbers, as well as escape of
bacteria into the extracellular compartment. Annexin V staining of spleens indicated that a large proportion
of splenic neutrophils underwent rapid apoptosis on days 1 and 2 postinfection. Fewer macrophages underwent
apoptosis during the same period. Our data suggest that during the early stages of Y. pestis infection, splenic
neutrophils are responsible for limiting the growth of Y. pestis and that splenic macrophages provide safe
intracellular shelters within which Y. pestis is able to grow and escape during the later stages of infection. This
macrophage compliance can be overcome in vitro by stimulation with a combination of gamma interferon and

tumor necrosis factor alpha.

The gram-negative bacterium Yersinia pestis is the etiological
agent of plague. Plague is primarily a disease of rodents; how-
ever, humans are at risk of infection if they come into contact
with an infected animal. Transmission is usually through the
bite of an infected flea vector (21). This type of infection
usually leads to the manifestation of bubonic plague with traf-
ficking of bacteria to the local draining lymph node, which
becomes swollen and tender following the formation of the
characteristic bubo. Bacteria are subsequently seeded through-
out the body and colonize major organs, including the liver and
spleen, with high fever and prostration. During the later stages
of the disease, the patient develops a bacteremia with blood
culture counts in the range from 10 to 4 X 107 CFU/ml (20).
Sometimes a bacteremia may occur without the formation of
buboes. This septicemic form of plague is often hard to detect
and results in a higher rate of mortality than the bubonic form
due to delayed treatment (20). If during bubonic or septicemic
plague colonization of the alveolar spaces occurs, then a sec-
ondary pneumonic plague develops, resulting in a highly trans-
missible disease with low infectious doses and mortality rates
approaching 100% (20). The precise terminal stages of plague
infection have not been identified but are similar to those of
other systemic illnesses. Because an overwhelming septicemia
is a strong feature during the later stages of Y. pestis infection,
it seems likely that endotoxin is responsible for the systemic
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inflammatory response syndrome and its sequalae, such as
disseminated intravascular coagulation (31).

Following infection, Y. pestis is phagocytosed at the site of
infection by polymorphonuclear leukocytes (predominantly
neutrophils) and macrophages. Histological evidence indicates
that bacteria within neutrophils are killed, while bacteria
within macrophages survive and go on to express various vir-
ulence determinants, which allows growth and eventual release
from the macrophages (1, 5). For example, F1 antigen (7) and
type III secretion systems/effectors (6) are expressed only at
37°C and have been shown to modulate the host response so
that Y. pestis becomes resistant to subsequent phagocytosis.
The use of these antiphagocytic mechanisms has led research-
ers to suggest that Y. pestis is predominantly an extracellular
pathogen in the mammalian host (4, 6). This suggestion is
supported by the results of recent vaccination studies with mice
and recombinant F1 and V protein subunits, in which the
major correlate of protection was the production of immuno-
globulin G1 antibodies (35). In addition, passive transfer of F1
and V antibodies is sufficient to induce protection in SCID/
Beige mice (12). However, a strong cell-mediated immune
response to Y. pestis infection is seen in immunized mice,
suggesting that immune cells are also needed to clear either
extracellular Y. pestis that has been opsonized or intracellular
bacteria within host cells. A T-cell component of protection
against Y. pestis, in the absence of antibody, has long been
established (32, 36). Furthermore, interleukin-4 knockout
mice, which produce low titers of immunoglobulin G1 antibod-
ies in response to vaccination with F1 and V, are still protected
against challenge with fully virulent Y. pestis (8). In unvacci-
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nated individuals, low doses of Y. pestis can be resolved fol-
lowing combined treatment with the Thl-associated cytokines
gamma interferon (IFN-y) and tumor necrosis factor alpha
(TNF-a) (17). These studies suggest that cell-mediated im-
mune responses are important in protection against Y. pestis.

The studies described above show that, although an antibody
response is sufficient to protect against plague, the full re-
sponse to vaccination is both humoral and cell mediated. In
unvaccinated individuals, the interaction of the organism with
the innate immune system, in particular the cellular response,
is important in determining the outcome of the infection. To
gain a better understanding of the cellular pathogenesis of
plague, we studied the progression of infection in unvaccinated
mice using a fully virulent strain of Y. pestis expressing green
fluorescent protein (GFP). We demonstrated that in the
spleens of BALB/c mice, Y. pestis is predominantly an intra-
cellular pathogen, residing inside CD11b* macrophages and
Ly-6G ™" neutrophils until the latest stages of infection (day 5 or
6), when extracellular bacteria can be detected by flow cytom-
etry. Bacterial culture and flow cytometric analysis suggested
that up to day 2 postinfection host neutrophils were able to
control Y. pestis growth, probably through apoptosis, while host
macrophages were compliant throughout the course of infec-
tion. We found that this Y. pestis-induced suppression of anti-
bacterial macrophage activity could be overcome in vitro by
addition of IFN-y and TNF-a.

MATERIALS AND METHODS

Animals. Six to 8-week-old female BALB/c mice were obtained from Charles
River Laboratories (Margate, United Kingdom) and used for all experiments.
Mice were culled as soon as they displayed terminal symptoms of Y. pestis
infection. For this model of virulent Y. pestis infection by subcutaneous injection,
the humane endpoint for BALB/c mice was usually between days 4 and 5
postinfection.

Bacterial strains, plasmids, growth conditions, and chemicals. Y. pestis GB
was grown aerobically at 28°C in blood agar base broth or on blood agar base or
Congo red agar as described previously (19). Escherichia coli JM109 was cultured
and stored as described by Sambrook et al. (27a). Ampicillin and kanamycin
(Sigma, Poole, United Kingdom) were used at final concentrations of 55 and 50
pg ml~ ' Isopropyl-p-thiogalactopyranoside (IPTG) was included when it was
required at a final concentration of 1 mM. Restriction enzyme digestion, de-
phosphorylation with shrimp alkaline phosphatase, and DNA ligation were per-
formed by standard procedures using enzymes provided by Roche (Lewes,
United Kingdom). Plasmid DNA was isolated using kits provided by QTAGEN
(Crawley, United Kingdom) according to the manufacturer’s instructions.

Construction of Y. pestis expressing GFP. The gfp gene encoding the “cycle 3”
variant of GFP was isolated from pGFPuv (Clontech Laboratories Inc., United
States) by digestion with Smal and Stul and ligated into SamI-digested, dephos-
phorylated pTrc99A (Pharmacia) to generate pTrcGFP. The ligation was trans-
formed into E. coli JM109 and plated on LB agar supplemented with ampicillin
and IPTG. Colonies which fluoresced during exposure to UV light contained
plasmids with inserts in the correct orientation for GFP expression driven by the
Ptrc promoter of pTrc99A. The promoter and gfp gene were amplified from
pTrcGFP by PCR using oligonucleotide primers GFPstl (GTCGAGCTGCAG
CGACTGCACGGTGCACCAA) and GFPst2 (CTATGTCTGCAGACACCA
GACAAGTTGGTAATGG). The primers contained PstI sites (underlined),
which allowed the PCR product to be digested with PstI and ligated into similarly
digested and dephosphorylated pACYC177. The PCR was performed using 30
cycles of amplification (95°C for 15 s, 50°C for 15 s, 72°C for 30 s) with a
Perkin-Elmer 9600 GeneAmp PCR system. The ligation was transformed into E.
coli JM109. A kanamycin-resistant clone which was brightly fluorescent during
exposure to UV light was chosen, and the plasmid was designated pACGFP.
Plasmid pACGFP was transformed into Y. pestis GB by electroporation (0.2-cm
cuvettes; 25 pF; 200 Q; 1.6 V) using a Bio-Rad Electropulser. A kanamycin-
resistant clone which was brightly fluorescent during exposure to UV light was
designated Y. pestis(pACGFP).
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Determination of the virulence of Y. pestis(pACGFP) in BALB/c mice. The
median lethal dose (MLD) is the median dose of bacteria required to induce
morbidity or death. The MLD of the Y. pestis(pACGFP) recombinant was as-
sessed by subcutaneous injection of groups of five female 8-week-old BALB/c
mice (Charles River, United Kingdom) with serial dilutions of exponential-phase
broth cultures grown at 28°C (27). Humane endpoints were strictly observed, and
animals that were deemed incapable of survival were humanely culled by cervical
dislocation. The times to humane death (typically 3 to 5 days) were recorded, and
the MLD of the recombinant strain was determined by the method of Reed and
Muench (22).

Colonization of spleens by Y. pestis(pACGFP). Groups of five BALB/c mice
were inoculated subcutaneously with approximately 1 X 10° CFU of Y. pestis and
humanely culled at 6, 12, 24, 48, 72, 96, and 120 h postinfection. Numbers of
bacteria were calculated by plating serial dilutions onto Congo red agar and
incubating the plates at 28°C for 2 to 3 days. The results were expressed as
geometric means plus 95% confidence limits.

Separation of target cell populations using magnetic beads. Neutrophils and
macrophages from Y. pestis(pACGFP)-infected mice were separated from a
spleen cell suspension using the Minimacs system for cell separation according to
the manufacturer’s instructions (Miltenyi Biotech, United Kingdom). Briefly,
individual suspensions were incubated with phycoerythrin (PE)-conjugated
GR-1 antibody (antineutrophil; BD Pharmingen, United States) for 20 min on
ice, washed with phosphate-buffered saline, and then incubated with anti-PE
microbeads (Miltenyi Biotech, United Kingdom) for 30 min on ice. After wash-
ing, cells were passed through a column attached to a magnet so that GR-1" cells
remained in the column while unlabeled cells passed through as effluent. This
procedure was repeated to improve the cell yield. The negative fraction was then
labeled with anti-CD11b-coated microbeads (Miltenyi Biotech, United King-
dom) for 30 min on ice, and macrophages were separated from the effluent. The
GR-1*, CD11b™", and GR-1~ CD11b " fractions were stained with Cy-chrome-
conjugated anti-CD11b (Serotec, United Kingdom), fixed in 4% paraformalde-
hyde for a minimum of 24 h, and analyzed by flow cytometry and laser confocal
microscopy.

Flow cytometry and laser confocal microscopy. Both intra- and extracellular
fluorescent Y. pestis cells were detected using flow cytometry and laser confocal
microscopy. Fixed samples were analyzed using a FACScan (BD Biosciences,
United States), and fluorescence in the FL1 (p3) channel indicated that Y.
pestis(p ACGFP) was present. Intra- and extracellular bacteria were differenti-
ated by cell size in the forward scatter channel. The data presented below are
representative of entire spleen subset populations, since all target cells from
individual spleens were acquired. Confirmation of the type of intracellular host
of fluorescent bacteria was done using PE-conjugated anti-Ly-6G (BD Phar-
mingen, United States) for neutrophils and Cy-chrome-conjugated anti-CD11b
(Serotec, United Kingdom) for macrophages. Appropriate isotype controls were
used to define the location of analysis quadrants for PE and Cy-chrome staining.
Spleen cells from age-matched, uninfected BALB/c mice were used to control for
fluorescence in the FL1 channel. Apoptotic cells were detected using an Annexin
V kit (BD Pharmingen, United States), in which cells were stained for the
presence of the surface-expressed phospholipid phosphatidylserine, as well as the
vital dyes propidium iodide and 7-amino-actinomycin D.

Cells were also examined using an Olympus IX70 inverted laser confocal
scanning microscope with a X60 water immersion lens. Images were excited at
488 nm and detected using 530-nm band-pass filters for GFP and a 565-nm
long-pass filter for PE and Cy-chrome. Images were recorded and processed by
using the Fluoview image system (Olympus, Germany).

Survival in cytokine-treated J774 macrophage cell cultures. Y. pestis GB bac-
teria from frozen bead stocks were grown at 28°C as described previously (27).
The precise number of viable bacteria was determined after dilutions of the broth
were cultured on Congo red agar. Intracellular survival of Y. pestis was measured
as described previously by Oyston et al. (18). J774 macrophages were seeded at
a density of 5 X 10° cells ml~! in L-15 medium supplemented with 2% fetal calf
serum and 2 mM L-glutamine (Sigma, United Kingdom) in 24-well tissue culture
dishes and cultured until they were confluent. The tissue culture medium was
removed, 200 pl (107 CFU) of the bacterial suspension (resuspended in tissue
culture medium) was added, and the cells were incubated at 37°C for 30 min. The
suspension above the monolayer was removed, and the cells were washed three
times with tissue culture medium. One milliliter of culture medium containing 10
pg ml~! gentamicin (Sigma) was added, and the cells were incubated for 45 min
at 37°C. The cells were washed twice with culture medium, and 1 ml of culture
medium containing 2 wg ml~! gentamicin was added to the cells. The cells were
then incubated at 37°C. At selected times, the culture medium was removed, the
cells were washed twice with fresh medium, and 1 ml of ice-cold 0.1% sodium
deoxycholate (Sigma, United Kingdom) was added to the cells. Macrophages
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FIG. 1. Growth of Y. pestis(pACGFP) in the spleens of BALB/c
mice following subcutaneous infection with approximately 100 MLD.
Mice were infected subcutaneously in the hind thigh. Spleens were
removed from groups of five mice at 6, 12, 24, 48, 72, 96, and 120 h
postinfection. Log dilutions of each sample were plated in duplicate on
Congo red agar plates containing kanamycin (kanamycin+) and not

containing kanamycin (kanamycin—) and then incubated at 28°C for 2
days. The data are geometric means and standard deviations.

No. cfu/spleen

were lysed by vigorous aspiration. The lysate was diluted in phosphate-buffered
saline, and the number of bacteria was determined after growth at 28°C for 48 h
on Congo red agar. Duplicate samples were taken at all times, and the assay was
repeated three times. At 12 to 16 h before infection with Y. pestis, macrophages
were pretreated with either culture medium alone, 50 ng IFN-y alone (4.21 X 10°
U), 40 ng TNF-« alone (1.08 X 107 U), or both 50 pg IFN-y and 40 pg TNF-«
(all obtained from R & D Systems, United Kingdom). Once infected, macro-
phages were retreated with the combinations and concentrations of cytokines
described above until the end of the experiment.

Statistical analyses. The Student ¢ test was used to determine whether there
was a significant difference between arithmetic and geometric means for cell type
and treatment group data, respectively.

RESULTS

Virulence of Y. pestis(pACGFP) in mice. The Y. pestis recom-
binant expressing GFP was less virulent in mice than the wild-
type GB strain. The previously reported MLD for intraperito-
neal inoculation with the GB wild-type strain is 1 CFU (27).
The recombinant carrying pACGFP was determined to have
an MLD of 124 CFU, probably reflecting the biochemical
burden of carrying the plasmid and constitutively expressing
GFP.

Recovery of Y. pestis(pACGFP) from BALB/c mice. Groups
of five BALB/c mice were humanely culled on consecutive days
after infection with 100 MLD (approximately 10* CFU) of Y.
pestis(pACGFP), and their spleens were removed for assess-
ment of the bacterial load (Fig. 1). Dilutions were plated on
Congo red agar with and without 50 pg ml~' kanamycin to
evaluate the stability of pACGFP in vivo. The fact that there
was no difference between the number of bacteria recovered in
the presence of kanamycin and the number of bacteria recov-
ered in the absence of kanamycin (P < 0.05) indicated that the
plasmid was stable. Culturable bacteria were detected from
day 2 postinfection onward. The number of bacteria remained
relatively constant (between 10° and 10* CFU per spleen)
between days 2 and 4 postinfection. After that, the number of
bacteria increased rapidly to approximately 107 CFU per
spleen.

INFECT. IMMUN.

Intracellular and extracellular Y. pestis(pACGFP) pathogen-
esis over the course of infection. In order to determine the
relative proportions of intra- and extracellular Y. pestis-
(pACGFP) present in the spleen over the course of infection,
homogenates were analyzed by flow cytometry. Since the bac-
terial load data (Fig. 1) suggested that bacteria first get to the
spleen on day 2 postinfection, samples were taken from day 2
postinfection onward (Fig. 2B to E), as well as from uninfected
control mice (Fig. 2A). Cell size, determined by forward scat-
ter, was plotted against fluorescence caused by GFP (Fig. 2).
Both the upper left and upper right quadrants displayed eu-
karyotic cells, while the lower left and lower right quadrants
displayed events that are approximately 1 log smaller (e.g., 1
pm), including bacteria. Interestingly, on days 2 to 4 postin-
fection (Fig. 2B to D), all the green fluorescence was observed
in the upper right quadrant, suggesting that all Y. pestis cells
present within the spleen were located either intracellularly or
tightly adhered to host cells. Extracellular, non-cell-associated
bacteria were observed only in the lower right quadrant on day
5 postinfection, during the late phase of infection (Fig. 2E).
These data suggest that Y. pestis is predominantly a cell-asso-
ciated pathogen over the first 4 days postinfection and escapes
host cell association only during the very late stages of infec-
tion.

Intracellular niche of Y. pestis(pACGFP). In order to find the
cell-associated niche of Y. pestis(p ACGFP) in the spleens of
BALB/c mice, a further set of time course experiments was
performed. Preliminary experiments, in which spleen homog-
enates were stained with fluorescently labeled antibodies,
proved to be unsatisfactory, as too few cells were acquired to
get statistically significant results by flow cytometry. In order to
enhance the sensitivity, entire CD11b™" macrophage and Ly-
6G™ neutrophil populations were separated from spleen ho-
mogenates. The three populations obtained (CD11b", Ly-
6G™, and CD11b~ Ly-6G~) were stained with fluorescently
labeled Ly-6G (PE) and CD11b (Cy-chrome) antibodies and
analyzed by flow cytometry (Fig. 3). Analysis gates were set up
based on established size and granularity characteristics of
neutrophils and macrophages (Fig. 3A). Over the course of
infection, a consistent defined population of CD11b™ macro-
phages was associated with Y. pestis(pACGFP) (Fig. 3A). In
contrast, fluorescent bacteria were consistently observed in the
isolated Ly-6G™ neutrophil fraction on days 1 and 2 postinfec-
tion (Fig. 3A). Fluorescent bacteria were not observed in the
CD11b™ Ly-6G~ population at any time during infection (data
not shown). No expression of CD11b was observed in the
Ly-6G™ target population, nor was there any Ly-6G expression
in the CD11b™ target population (data not shown), indicating
that none of the intracellular bacteria attributed to macro-
phages were actually present in the neutrophil population (and
vice versa). Quantitative analysis of cells positive for GFP
indicated that CD11b* macrophages were consistently in-
fected over the course of infection with mean infection levels
between 4 and 27% (Fig. 3B). These levels were significantly
greater than those in the Ly-6G™ neutrophil population from
day 3 postinfection onward (P < 0.001). Intracellular bacteria
were observed within Ly-6G™ neutrophils on days 1 and 2
postinfection; there was a mean of 27.2% Y. pestis(p ACGFP) "
cells on day 2 postinfection, but this value decreased rapidly as
infection progressed (Fig. 3B). These data indicate that
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FIG. 2. Presence of Y. pestis(pACGFP) in the spleens of BALB/c mice from day 2 postinfection onward. Groups of five BALB/c mice were
infected with approximately 100 MLD of Y. pestis(pACGFP), and their spleens were removed from day 2 postinfection onward. At each time
spleens were removed, and cell suspensions were prepared and fixed in 4% paraformaldehyde. Cells were acquired after 24 h of incubation at 4°C
in the dark. The y axis indicates cell size (FSC), while the x axis indicates green fluorescence.

CD11b* macrophages are the main intracellular hosts of Y.
pestis throughout infection in the host spleen. They also sug-
gest that Ly-6G™ neutrophils are unable to phagocytose Y.
pestis from day 3 postinfection onward.

Laser confocal microscopy was used to assess whether the
cell-associated bacteria observed as described above were ei-
ther intracellular or attached to the cell surface. Samples from
BALB/c mice infected with Y. pestis(pACGFP) were obtained
from day 2 postinfection onward, and CD11b™, Ly-6G*, and
CD11b~ Ly-6G™ fractions were stained as described above
with fluorescent markers. Analysis of the Ly-6G™ and CD11b™
Ly-6G "~ fractions revealed that there were no discernible cell-
associated bacteria on the days examined. Cell-associated bac-
teria were observed with increasing frequency in the CD11b™
fractions throughout the infection. Figure 4A to D shows ex-
tended views of individual CD11b™ cells with bacteria clearly
enclosed within the cellular membrane. This observation is

further supported by Fig. 4E, which shows vertical and hori-
zontal Z-projections taken from the extended view indicated in
Fig 4D. This analysis was repeated for all images, and none of
the samples showed bacteria attached to the external cell sur-
faces. Interestingly, intracellular replication was observed
within CD11b™" cells (Fig. 4A and B), indicating that CD11b*
macrophages are a site of Y. pestis replication.

Apoptosis of macrophages and neutrophils during the early
stages of Y. pestis GB infection. Having established the distri-
bution of plague organisms in the splenic cell population of
infected mice using fluorescent bacteria, we used virulent wild-
type Y. pestis GB to study the induction of apoptosis in cells of
the innate immune system. Spleen homogenates were pre-
pared on days 1, 2, and 3 postinfection from groups of five
BALB/c mice infected subcutaneously with 100 MLD of Y.
pestis GB. The induction of apoptosis as a result of infection
was assessed by determining the binding of fluorescent An-
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nexin V to surface-expressed phosphatidylserine on target cells
in the absence of staining by vital dyes, such as propidium
iodide (CD11b™ cells) or 7AA-D (Ly-6G™ cells) (Fig. 5). In
apoptotic cells, the membrane phospholipid phosphatidylser-
ine is translocated to the outer leaflet of the plasma mem-
brane. Expression of phosphatidylserine in the absence of
staining by vital dyes like propidium iodide is indicative of the
early stages of apoptosis, whereas costaining with propidium
iodide is indicative of necrotic cells. Plague infection induced
some apoptosis among splenic CD11b ™" macrophages (Fig. 5A)
on days 1 and 2 postinfection. In contrast, nearly all Ly-6G™
neutrophils were singly positive for Annexin V on days 1 and 2

INFECT. IMMUN.
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FIG. 3. Dissemination of Y. pestis(p ACGFP) into cells of the innate
immune system following subcutaneous infection of BALB/c mice. The
spleens from groups of five BALB/c mice were removed on days 1, 2,
3,4, and 5 postinfection. Neutrophils (Ly-6G™ cells) and macrophages
(CD11b* cells) were isolated using Minimacs beads, stained for the
presence of Ly-6G and CD11b, fixed in 4% paraformaldehyde for 24 h
at 4°C, and analyzed by flow cytometry. (A) Dot plots from CD11b*
and Ly-6G™ populations on each day postinfection, indicating the
presence of GFP fluorescence. Regions from which CD11b™ and Ly-
6G™ cell data were gated are also indicated. (B) Percentages of
CD11b* (solid bars) and Ly-6G™* (open bars) cells expressing GFP
over the course of infection. The data are means with 95% confidence
limits.

postinfection (Fig. 5B). The increase in Annexin V expression
was significantly more than that in baseline apoptosis in non-
infected BALB/c mice (P < 0.05). The increase in apoptosis in
both populations coincided with the detection of culturable
bacteria on day 2 postinfection during Y. pestis(pACGFP) in-
fection.

Immunomodulation of macrophage function in vitro. The
data presented above strongly suggest that the interaction be-
tween host macrophages and Y. pestis is an important factor in
determining the outcome of infection. In vitro studies using the
J774 macrophage cell line were undertaken to determine the
effect of cytokine-driven immunomodulation on the innate re-
sponse to plague. The macrophage-activating cytokines IFN-y
and TNF-a were used as pre- and postexposure treatments for
macrophage cultures containing Y. pestis at a multiplicity of
infection of 10 bacteria to 1 cell (Fig. 6). After 30 min of
exposure to Y. pestis, treatment with either IFN-vy alone,
TNF-a alone, or a combination of IFN-y and TNF-a caused a
significant increase in the rate of infection of macrophages
compared to untreated controls (P < 0.002). At 3 and 5 h
postinfection, only macrophages treated with both IFN-y and
TNF-a had bacterial loads that were significantly lower than
those of the untreated controls (Fig. 6). At 24 h postinfection
all three treatments caused significant decreases in intracellu-
lar loads (P < 0.04). The largest decrease was induced by the
combined treatment with IFN-y and TNF-«, which caused an
almost 1,000-fold decrease in the intracellular load compared
to that of untreated control macrophages (Fig. 6). IFN-y and
TNF-«, therefore, appear to act synergistically to induce opti-
mal Y. pestis clearance by macrophages in vitro.

DISCUSSION

The precise pathogenesis of Y. pestis infection is yet to be
resolved. The extracellular nature of Yersinia pseudotuberculo-
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FIG. 4. Laser confocal microscope images of day 5 and 6 postinfection CD11b™ cell fractions from the spleens of BALB/c mice infected with
Y. pestis(pACGFP). (A to D) Extended views of macrophages containing a number of single (C and D) or replicating (A and B) intracellular
bacteria isolated on day 5 (A and B) and day 6 (C and D) postinfection. (E) Single view from panel D, accompanied by horizontal and vertical
Z-projections indicating the presence of a bacterium within the macrophage and not on its surface. Bars = 10 pm.

sis in vivo has led to speculation that Y. pestis behaves in a
similar manner (4). The expression of a sophisticated immu-
nomodulatory type III secretion mechanism by Y. pestis has
been widely accepted as evidence that the plague organism is
mainly an extracellular pathogen (4, 6). However, some studies
have indicated that a strong cell-mediated response, induced
by cytokines normally associated with the clearance of intra-
cellular pathogens, can cure infection with Y. pestis (17). Our
studies support the concept that the plague organism is an
intracellular pathogen that resides and grows within the mac-
rophage population until the terminal stages of infection (5, 14,
30).

We demonstrated that there are three stages of Y. pestis
infection in the spleen (Fig. 1): early, plateau, and late. This
finding is supported by previous studies (19). On day 1 postin-
fection Y. pestis bacilli are present within a few splenic macro-
phages and neutrophils, but Y. pestis is not culturable from
spleen homogenates for a further 24 h. This suggests that, at

least in the spleen, the innate immune system is initially able to
limit the growth of Y. pestis either by direct killing or by in-
duced stasis.

Bacterial growth in the spleen occurs between days 1 and 2
postinfection. Our studies indicate that this growth coincides
with an increase in the proportion of splenic macrophages and
neutrophils that contain Y. pestis(pACGFP) and an increase in
neutrophil apoptosis. It is therefore possible that the neutro-
phil population is responsible for suppressing bacterial growth
in the spleen until day 2 postinfection and that this suppression
is broken by the development of bacterial immunomodulatory
mechanisms that induce neutrophil cell death. As a conse-
quence, Y. pestis may become resistant to phagocytosis by neu-
trophils by inducing their cell death during the early stages of
infection, although it may take some time (1 to 2 days) for Y.
pestis to do this. The most likely explanation for these obser-
vations is that during the initial stages of infection, plague
bacilli replicate within macrophages until they escape and in-
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FIG. 5. Apoptosis in splenic macrophages (A) and neutrophils
(B) following infection of BALB/c mice with Y. pestis. BALB/c mice
were infected subcutaneously with approximately 100 MLD of Y. pestis
GB. Groups of five mice were humanely culled on days 1, 2, and 3
postinfection. Spleens were removed and stained for the presence of
Annexin V (an early cell surface-expressed marker of apoptosis) on
CD11b* (A) or Ly-6G* (B) cells (open bars). In addition, the vital
dyes propidium iodide (PI) (for CD11b™ cells) and 7AA-D (for Ly-
6G™ cells) were added to assess cell necrosis (solid bars). Following
staining, cells were washed and fixed in 4% paraformaldehyde over-
night and acquired the next day. The bars indicate mean percentages
of target cells (CD11b™ or Ly-6G™), and the error bars indicate stan-
dard deviations. An asterisk indicates that there is a significant differ-
ence between apoptosis on day 0 and apoptosis following infection.

fect other macrophages or circulate to other host organs. The
expression of F1 antigen and a functional type III secretion
system by these bacteria may account both for our inability to
find Y. pestis-infected neutrophils after day 2 postinfection and
for the observed resistance to phagocytosis by neutrophils, as
has been demonstrated for other Yersinia species (13, 23).
Furthermore, the expression of a functioning type III secretion
system by the escaping bacteria may induce the apoptosis ob-
served in splenic neutrophils and macrophages that is usually
associated with other Yersinia species infections (25). Our re-
sults also indicate that neutrophils may kill all extracellular
bacteria in the spleen during the early stage of infection and
that the high degree of apoptosis and comparatively low bac-
terial counts observed during the early and plateau phases of
infection are indicative of efficient neutrophil activity.
Relatively little is known about the expression of virulence
determinants during Y. pestis infection in vivo. Studies of Y.
pseudotuberculosis infection in mice have demonstrated that
Yopl is essential for the establishment of a systemic infection
in vivo, via the induction of macrophage apoptosis and sup-

INFECT. IMMUN.

pression of TNF-a production (16). Many in vitro studies of
Yersinia species have demonstrated that there is rapid expres-
sion of virulence markers like Yops, F1 antigen, and V antigen
1 to 4 h postinfection in macrophage cell lines. These markers
have been shown to induce apoptosis (15, 24), suppress the
production of proinflammatory cytokines like TNF-a (3, 26),
inhibit Fc receptor-mediated phagocytosis (10), and prevent
neutrophil chemotaxis (34). Our data indirectly suggest that
while these mechanisms may be expressed early during infec-
tion, they do not become effective in the spleen until between
days 1 and 2 postinfection.

Once Y. pestis has overcome the suppressive effect of the
host innate response, it establishes a relatively constant level of
infection during the plateau phase of infection between days 2
and 4 postinfection. During this period, we observed that
plague bacilli were predominantly detected only in the macro-
phage population. It is possible that Y. pestis preferentially
infects host macrophages through recognition of specific sur-
face-associated molecules. It has been suggested that expres-
sion of the CCRS receptor may aid entry into host monocytes
by plague (9, 29). Interestingly, the amount of apoptosis in
macrophages was considerably less than that in neutrophils,
particularly during the early to plateau phase of infection.
These observations support those of Cavanaugh and Randall
(5) and suggest that the macrophage is a favorable intracellular
host for plague bacilli that provides a site which avoids contact
with other components of the host’s immune system. The com-
pliant nature of macrophages during Y. pestis infection is in
direct contrast to its aggressive response to other intracellular
pathogens. This suggests that it is being immunomodulated by
the plague organism. Since no Y. pestis(pACGFP) cells were
observed on the surface of host macrophages, modulation of
macrophage behavior may occur from within the cell and not
via the classical type III secretory mechanisms commonly as-
sociated with Yersinia infections. Our in vitro studies with the
J774 macrophage cell line indicate that this immunomodula-
tion can be overcome via pretreatment with the proinflamma-
tory cytokines IFN-y and TNF-«. These cytokines have been
strongly implicated in the resolution of infections with Yersinia
spp. (2, 17) and act synergistically to overcome immunosup-
pression by the agent. Our in vitro assays demonstrated that a
combination of IFN-y and TNF-a was most effective for acti-
vating J774 macrophages to kill the plague organism. This may
explain the ability of this cytokine combination to protect mice
against plague infection in vivo (17).

In our model, the late stage of Y. pestis infection is charac-
terized by a rapid increase in the number of bacteria within the
spleen and escape of bacteria from macrophages into the ex-
tracellular compartment of the spleen. The cause of this escape
is unclear but is likely to be related to the macrophage necrosis
or apoptosis observed during in vitro studies (30, 33). It is likely
that the endotoxin-induced systemic inflammatory response
syndrome associated with the terminal stages of Y. pestis infec-
tion (5) is linked to this escape of bacilli from thee intracellular
compartment (Fig. 2E).

In conclusion, our in vivo studies suggest that in the spleen,
Y. pestis resides within host macrophages for the majority of its
infection of the murine host. Furthermore, we present some
evidence which suggests that in vivo, as well as in vitro (30), Y.
pestis replicates within macrophages. We also suggest that the
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FIG. 6. Synergistic effect of IFN-y and TNF-a on intracellular killing of Y. pestis GB by J774 macrophages. Approximately 10° J774
macrophages were pretreated with 50 g IFN-vy (striped bars), 40 g TNF-a (dotted bars), both IFN-y and TNF-a (open bars), or medium alone
(solid bars) 12 h before infection with 107 Y. pestis (multiplicity of infection, 10:1) for 30 min. Cells were washed and maintained in gentamicin
media with the relevant cytokine treatments and were lysed at 0, 3, 5, and 24 h postinfection. The bars indicate the geometric means for plate

counts, and the error bars indicate the standard errors of the means.

immunomodulatory behavior of Y. pestis is different for the two
main cells of the innate immune system. In neutrophils Y. pestis
infection results in rapid apoptosis during the early stages of
infection that is followed by bacterial resistance to phagocyto-
sis during the later stages of infection. In contrast, host mac-
rophages seem to be used as a site of intracellular replication
and relative safety from other immune effector cells. Many
studies of Yersinia species have suggested that these bacteria
have evolved highly efficient immunomodulatory machinery
that is able to suppress the host’s macrophage-mediated proin-
flammatory response (6, 11). Recent studies of Yersinia entero-
colitica have suggested that this anti-inflammatory state could
be caused by V antigen-induced interleukin-10 production, and
this may also be true for this model of Y. pestis infection (28).
Our in vitro data support these studies since pretreatment of
macrophages with strong proinflammatory stimuli (IFN-y and
TNF-a) seems to overcome this plague-induced immunosup-
pression.
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