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Yersinia pestis, the agent of plague, uses a type III secretion injectisome to deliver Yop proteins into macrophages
to counteract phagocytosis and induce apoptosis. Additionally, internalized Y. pestis can survive in the phagosomes
of naïve or gamma interferon (IFN-�)-activated macrophages by blocking vacuole acidification. The Y. pestis LcrV
protein is a target of protective antibodies. The binding of antibodies to LcrV at the injectisome tip results in
neutralization of the apoptosis of Y. pestis-infected macrophages and is used as an in vitro correlate of protective
immunity. The cytokines IFN-� and tumor necrosis factor alpha can cooperate with anti-LcrV to promote protection
against lethal Y. pestis infection in mice. It is not known if these phagocyte-activating cytokines cooperate with
anti-LcrV to increase the killing of the pathogen and decrease apoptosis in macrophages. We investigated how
anti-LcrV and IFN-� impact bacterial survival and apoptosis in cultured murine macrophages infected with Y. pestis
KIM5. Y. pestis KIM5 opsonized with polyclonal or monoclonal anti-LcrV was used to infect macrophages treated
with or without IFN-�. The phagocytosis and survival of KIM5 and the apoptosis of macrophages were measured
at different time points postinfection. The results show that anti-LcrV reduced apoptosis at an early time point (5 h)
but not at a later time point (24 h). Polyclonal anti-LcrV was unable to inhibit apoptosis at either time point in
IFN-�-activated macrophages. Additionally, anti-LcrV was ineffective at promoting the killing of KIM5 in naïve or
activated macrophages. We conclude that Y. pestis can bypass protective antibodies to LcrV and activation with
IFN-� to survive and induce apoptosis in murine macrophages.

There are three human pathogenic Yersinia species: Y. pestis,
Y. pseudotuberculosis, and Y. enterocolitica (27). All three spe-
cies contain an approximately 70-kb virulence plasmid (pCD1
in Y. pestis and pYV in Y. pseudotuberculosis and Y. enteroco-
litica) that encodes a type III secretion system (T3SS) and
effector proteins termed Yersinia outer proteins or Yops. Y.
pestis is the causative agent of pneumonic and bubonic plague
and the latter two cause gastroenteritis. Y. pestis is thought to
be closely related to Y. pseudotuberculosis (1). In addition to
carrying pCD1, Y. pestis harbors two additional plasmids,
pMT1 and pPCP1, that give it increased virulence compared to
Y. pseudotuberculosis (27). Historically, Y. pestis has had a ma-
jor impact on society, killing large numbers of people world-
wide. Today, with the development of antibiotics and increased
sanitary conditions, bubonic and pneumonic plague are no
longer major public health concerns. However, there are still
rodent populations infected with plague, and small numbers of
humans within the population are infected annually (27). It is
important to further study Y. pestis to create a safe and effec-
tive vaccine, both because there is still a natural reservoir and
because there is the potential danger that pneumonic plague
may be used for acts of bioterrorism.

The pCD1 plasmid encodes a T3SS composed of the secre-
tion apparatus, chaperones, Yops (9), and the translocator
proteins (YopB, YopD, and LcrV). Six effector Yops have
been identified: YopH, YopO/YpkA, YopP/YopJ, YopE,
YopM, and YopT. YopJ (YopP in Y. enterocolitica) inhibits
mitogen-activated protein kinase signaling cascades as well as
the activation of NF-�B, a transcription factor important for
the expression of proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-�), by preventing the phosphory-
lation and subsequent degradation of the NF-�B inhibitor
(I�B) (25). As a result, YopJ inhibits the expression of TNF-�,
diminishing the inflammatory response. YopJ has also been
shown to induce apoptosis, due to the loss of mitogen-activated
protein kinase and NF-�B activity (25).

The phagocytosis of an opsonized pathogen by a macro-
phage is mediated by surface receptors, such as the Fc recep-
tor. During the process of phagocytosis several signaling cas-
cades are activated. Rho GTPase family members (Rac-1,
RhoA, and Cdc42) that are localized in the plasma membrane
become activated through the binding of GTP. These GTPases
regulate the polymerization of actin to drive phagocytosis (2).
Several of the Yops have antiphagocytic effects, through the
direct inhibition of Rho GTPases, including YopO (also
known as Yersinia protein kinase A), YopT, and YopE (25, 30).
YopH has been shown to inhibit phagocytosis and the expres-
sion of monocyte chemoattractant protein 1, a chemokine
involved in macrophage recruitment, and diminish the Fc-
mediated oxidative burst in neutrophils and macrophages
(6, 25).
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The expression of the T3SS and the regulation of Yop trans-
location are dependent on temperature, calcium levels, and
host cell contact. At 28°C, the expression of the T3SS is down-
regulated. At 37°C, the T3SS is maximally induced (9), and a
needle-like surface structure, the Ysc injectisome, is formed.
Upon contact with a host cell, the T3SS is systematically acti-
vated. The translocators YopB and YopD are believed to form
a channel in the host cell membrane, allowing the delivery of
the effector Yops. The effector Yops are translocated into the
host cell cytoplasm, where they disrupt host cell signaling (9).

In addition to YopB and YopD, the LcrV protein is neces-
sary to deliver the effector Yops into the host cell (28). The
mechanism by which LcrV mediates translocation is not fully
understood, but it appears to be important for the correct
assembly of the translocation channel (23). LcrV has been
shown to localize to the tip of the injectisome (23). LcrV, also
known as V antigen, has many other important roles. It has a
regulatory role in Yop secretion within the bacterium (27).
LcrV is also a soluble protein and is an important protective
antigen (24, 42).

Y. pestis is efficiently phagocytosed and survives within the
phagosomes of naïve murine macrophages when the bacteria
are grown at 28°C prior to in vitro infection (13, 14, 34, 41). Y.
pestis can block phagosome acidification, which may be impor-
tant for survival in macrophages (34). The growth of Y. pestis at
37°C prior to infection promotes Yop delivery during phago-
cytosis, and as a result, the efficiency of bacterial uptake by
macrophages is reduced. However, �20 to 35% of 37°C-grown
Y. pestis bacteria that associate with macrophages are internal-
ized (10, 43). Yop-expressing Y. pestis that are internalized by
naïve macrophages are able to survive intracellularly (21). In
addition, macrophages infected with 37°C-grown Y. pestis die
of YopJ-induced apoptosis (12, 21, 43). Thus, Yop-expressing
Y. pestis can counteract the antibacterial functions of naïve
macrophages by intracellular survival and the induction of apop-
tosis if they are unable to avoid phagocytosis. Lukaszewski et
al. showed that naïve mice infected with Y. pestis could harbor
Y. pestis within CD11b� spleen macrophages for several days
postinfection (p.i.) and that a significant percentage of these
phagocytes died of apoptosis during this time period (22).

Mice can be protected against lethal Y. pestis infection by
passive immunization with anti-LcrV antibodies (15–17, 19, 38,
39, 42, 44). Opsonization with anti-LcrV antibodies increases
the phagocytosis of Y. pestis by macrophages (10, 29, 43). The
increased phagocytosis of Y. pestis mediated by anti-LcrV an-
tibody opsonization is associated with reduced Yop transloca-
tion (10, 29) and reduced apoptosis (10, 29, 43). The ability of
anti-LcrV antibodies to inhibit apoptosis in macrophages in-
fected with Y. pestis is commonly used as a measure of neu-
tralizing activity (3, 43–45).

In addition to antibodies, the cytokines gamma interferon
(IFN-�) and TNF-� are important for protective immune re-
sponses against Y. pestis infection (11, 19, 24, 26, 38, 39). Y.
pestis can survive in macrophages activated with IFN-� (22,
32–34), but a significantly reduced intracellular persistence of
the bacteria is observed when macrophages are exposed to
both IFN-� and TNF-� (22).

Macrophages are important for anti-LcrV-mediated protec-
tion against Y. pestis in the livers of infected mice (10, 29). In
addition to protecting macrophages from apoptosis, it is pos-

sible that opsonization with anti-LcrV decreases the survival of
Y. pestis in phagocytes, due to the ability of Fc receptors to
activate bactericidal processes. The activation of macrophages
with IFN-� is known to upregulate Fc receptor expression and
function, which could further increase intracellular killing, fol-
lowing the uptake of anti-V-opsonized Y. pestis (19, 38, 39). It
is also possible that activation per se could decrease the sen-
sitivity of Y. pestis-infected macrophages to undergo apoptosis.

In this study, we investigated how opsonization with anti-
LcrV antibodies, and activation with IFN-�, impacts the ability
of Y. pestis to survive within and kill macrophages. The findings
have implications for understanding how anti-LcrV antibodies
and cytokines function to protect against plague.

MATERIALS AND METHODS

Bacterial strains. The strains used are shown in Table 1. Y. pestis pgm mutants
KIM5 and KIM5/GFP (where GFP is green fluorescent protein) contain
pCD1Ap. KIM5/GFP also contains an isopropyl-�-D-thiogalactopyranoside
(IPTG)-inducible plasmid encoding GFP (pMMB207gfp3.1). The KIM5 yopB
mutant contains an in-frame deletion of yopB in pCD1Ap as described by Lilo
et al. (21). The KIM5 phoP mutant contains pCD1Ap and an in-frame deletion
of phoP as described by Grabenstein et al. (13). Y. pseudotuberculosis serogroup
I strain 32777, formerly known as IP2777, contains pYV.

Sera and antibodies. Anti-LcrV serum and control serum were obtained from
LcrV-immunized or adjuvant-only injected mice, respectively, as described by
Ivanov et al. (18). The monoclonal antibody (MAb) specific for LcrV (MAb 7.3)
has been described previously (17). A hybridoma producing anti-YopD MAb
248.19 was generated by the Hybridoma Facility at Stony Brook University.
BALB/c mice were immunized with YopBDE antigen (17). Following the fusion
of spleen cells from immunized mice, hybridoma clones producing anti-YopD
MAb were identified by enzyme-linked immunosorbent assay (ELISA) and im-
munoblotting. One subclone producing anti-YopD MAb was designated 248.19,
and the MAb was isotyped immunoglobulin G1 (IgG1). The MAb was purified
by the ammonium sulfate precipitation of hybridoma supernatants. The precip-
itated protein was dissolved in phosphate-buffered saline (PBS) and dialyzed
against PBS.

Primary macrophage cell culture. Bone marrow-derived macrophages
(BMDMs) were isolated from the femurs of C57BL/6 mice (Jackson Laboratory)
and prepared as previously described (31). BMDMs were seeded in 24-well cell
culture plates at 1.5 � 105 cells per well for 24 h prior to infection in Dulbecco’s
modified Eagle’s medium (Gibco) with 10% fetal bovine serum (HyClone),
1 mM sodium pyruvate, 2 mM glutamate, and 15% L-cell-conditioned medium.

Infection conditions. Bacterial cultures were grown in heart infusion broth
(HI) containing ampicillin (Amp) (25 �g/ml) and chloramphenicol (30 �g/ml) to
select for pCD1Ap or pMMB207gfp3.1, respectively, overnight with aeration at
28°C. Overnight cultures were diluted 1:40 in HI with Amp and 2.5 mM CaCl2
(and with chloramphenicol and 0.05 mM IPTG to induce the expression of GFP
when necessary) and incubated with aeration for 2 h at 37°C. Ten microliters of
KIM5 (1.5 � 106 CFU per 1 ml) suspended in PBS was incubated with 10 �l of
LcrV or control serum or 10 �l PBS (KIM5 nonopsonized) and incubated at
37°C with 5% CO2 for 10 min. The volume was then increased to 1 ml with cell

TABLE 1. Yersinia strains used in this study

Strain Characteristic(s)a Reference

Y. pestis
KIM5 pCD1Ap, pMT1�, pPCP1�, pgm

mutant, Ampr
21

KIM5/GFP KIM5/pMMB207gfp3.1, Ampr,
Camr

13

KIM5 phoP pCD1Ap phoP in-frame deletion 13
KIM5 yopB pCD1Ap yopB in-frame deletion

of nucleotides 496 to 774, Ampr
21

Y. pseudotuberculosis
32777 pYV� 37

a Ampr, ampicillin resistance; Camr, chloramphenicol resistance.
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culture medium and added to the macrophages (multiplicity of infection of 10
bacteria per macrophage). The plates were centrifuged for 5 min at 95 � g to
facilitate contact between the macrophages and the bacteria and incubated for 20
min at 37°C with 5% CO2.

Phagocytosis assay. RAW 264.7 mouse macrophage-like cells (ATCC TIB-71)
were grown in Dulbecco’s modified Eagle’s medium plus Glutamax (Gibco BRL)
with 10% heat-inactivated fetal bovine serum (HyClone) and 1 mM sodium
pyruvate at 37°C with 5% CO2. Macrophages were seeded on glass coverslips at
1.5 � 105 cells in 1 ml medium in 24-well cell culture plates and incubated
overnight. Macrophages were infected as described above with opsonized or
nonopsonized KIM5/GFP expressing GFP. The plates were centrifuged at 95 �
g for 5 min to facilitate contact between the macrophages and the bacteria and
incubated for 20 min at 37°C with 5% CO2. The wells were then washed with
prewarmed PBS once and fixed with 2.5% paraformaldehyde (PFA) in PBS at
room temperature for 30 min. After being washed with PBS, coverslips were
blocked with 3% bovine serum albumin in PBS for 20 min. Extracellular bacteria
were labeled with rabbit anti-Yersinia antiserum SB349 (5) and with goat anti-
rabbit antibody conjugated to Alexa Fluor 594 (Molecular Probes). The cover-
slips were washed and mounted with ProLong Gold antifade reagent (Invitro-
gen) onto slides. The slides were examined by epifluorescence microscopy using
a Ziess Axioplan2 microscope. Pictures of three fields per coverslip in at least
three independent experiments were taken. The number of macrophage-associ-
ated intracellular bacteria (green only) and the number of macrophage-associ-
ated extracellular bacteria (red and green overlay) were counted, and the percent
internalization was determined as follows: [no. of intracellular bacteria/(no. of
intracellular bacteria � no. of extracellular bacteria)] � 100.

LDH release assay. Lactate dehydrogenase (LDH) release from the superna-
tants collected from Y. pestis-infected BMDMs at 5 and 24 h p.i. was determined
using the CytoTox-96 nonradioactive cytotoxicity assay (Promega). The super-
natants were collected and centrifuged to remove cellular debris, and LDH levels
were determined in triplicate. Total LDH release was determined from super-
natants from freeze-thaw-lysed BMDMs. Spontaneous LDH release was deter-
mined from supernatants obtained from uninfected cells. The percentage of LDH
release was calculated as follows: % LDH release 	 [(infected cell LDH release –
spontaneous LDH release)/(total LDH release – spontaneous LDH release)] � 100.

CFU assay. At 25 min, 1.5 h, and 5 h p.i., Y. pestis-infected BMDMs were
washed with PBS and lysed with 500 �l of 0.1% Triton X-100 in PBS. The plate
was then incubated at 37°C with 5% CO2 for 10 min. Wells were scraped and
lysates collected in microcentrifuge tubes. A total of 500 �l PBS were used to
wash the wells. Lysates and washes were combined and used for serial dilutions.
Dilutions were plated on HI-plus-Amp plates and incubated at 28°C for 2 days.
The plates were enumerated, and the log10 CFU per ml were determined from
the results of three independent experiments.

TNF-� and IL-1� ELISA. At 24 h p.i., the supernatants from wells containing
infected BMDMs were collected, centrifuged for 10 min at 200 � g to remove
cellular debris, and transferred to new tubes. The supernatants were diluted
appropriately, and 50 �l of each diluted sample was analyzed. The concentration
of TNF-� and interleukin-1� (IL-1�) in the supernatant was measured using the
Quantikine mouse TNF-� and IL-1� immunoassay kits (R&D Systems).

Phagosome acidification. J774A.1 murine macrophage-like cells (ATCC TIB-
67) seeded in 24-well plates on glass coverslips at 1.5 � 105 cells/well were
infected with KIM5 expressing GFP as described above. Determination of the
colocalization of phagosomes containing GFP-positive Y. pestis with LysoTracker
Red DND 99 was performed by fluorescence microscopy (34). As a positive
control for the colocalization with LysoTracker Red DND 99, we used KIM5/
GFP fixed in 2.5% PFA (34). One hour prior to fixation, the cell culture medium
was removed from the wells, and cell culture medium containing 50 nM Lyso-
Tracker Red DND 99 was added. Coverslips were fixed with 2.5% PFA and
mounted onto the slides. The percentage of KIM5/GFP that colocalized with
LysoTracker Red was determined as described previously (34).

Statistical analysis. Experiments were performed at least three times. The
results were subjected to analysis of variance and the Tukey posttest using Prism
(GraphPad). The results were considered significantly different if the probability
(P) values were less than 0.05.

RESULTS AND DISCUSSION

Opsonization with anti-V serum increases the phagocytosis
of Y. pestis by naïve but not activated macrophages. In order to
study how anti-LcrV antibodies and IFN-� impact the ability of
Y. pestis to survive within and kill macrophages, we utilized

mouse anti-LcrV immune serum (anti-V), previously shown to
be protective (18), and cultured mouse macrophages (RAW
264.7 macrophage-like cell line or primary BMDMs). To con-
firm that the anti-V used in this study contained antibodies that
could increase the uptake of Y. pestis by macrophages, a phago-
cytosis assay was performed. A culture of Y. pestis KIM5/GFP
(Table 1) was shifted from 28°C to 37°C in the presence of
IPTG to induce the expression of the T3SS and GFP. Samples
of the bacteria were preincubated with normal mouse control
serum, anti-V or PBS (nonopsonized) for 10 min prior to
infection. Naïve RAW 264.7 cells were then infected with the
bacteria at a multiplicity of infection of 10 for 25 min and then
fixed. Phagocytosis was measured by fluorescence-based mi-
croscopy. The percent internalization of nonopsonized KIM5/
GFP was �30%, which was significantly lower than that under
the control serum condition (�45%), likely due to the absence
of complement proteins in the nonopsonization condition (Fig.
1A). KIM5/GFP preincubated with anti-V were phagocytosed
to a significantly higher level (�65%) than bacteria preincu-
bated with control serum (Fig. 1A), showing that this serum
contained anti-LcrV antibodies that could increase the phago-
cytosis of Y. pestis by macrophages.

We next examined the interaction between IFN-�-stimu-
lated macrophages and KIM5/GFP opsonized with or without
anti-V. The phagocytosis assay was performed as above except

FIG. 1. Phagocytosis assay with KIM5-infected naïve or IFN-�-
stimulated RAW 264.7 macrophages. KIM5/GFP was grown under
T3SS-inducing conditions and incubated with PBS (KIM5), anti-V (�
anti-V serum), or control serum (� Serum) prior to infecting naïve
macrophages (A) or IFN-�-stimulated macrophages (B) on coverslips.
Twenty-five minutes p.i., the cells were fixed and extracellular bacteria
were labeled for detection by immunofluorescence. Extracellular and
intracellular bacteria from three fields per experiment were counted by
fluorescence microscopy, and the percentage of internalization was
determined. Results were taken from three independent experiments
and averaged. Error bars show standard deviations. *, P 
 0.05 com-
pared to the control serum condition.
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that RAW 264.7 cells were activated with IFN-� (100 U/ml) for
24 h before infection. With IFN-�-activated macrophages,
there was an overall increase in bacterial uptake, but the in-
crease was most dramatic for the nonopsonized and control
serum-opsonized conditions (Fig. 1B). Approximately 55 to
60% of the nonopsonized or control-opsonized KIM5/GFP
was internalized. Anti-V-opsonized KIM5/GFP was internal-
ized at a slightly higher level (�75%), but this increase was not
significant compared to that of the control. These results
showed that the activation state of the macrophage was impor-
tant for the ability of anti-V to increase the phagocytosis of Y.
pestis. The fact that an increased phagocytosis of Y. pestis was
observed following exposure to IFN-� indicated that the cyto-
kine treatment was upregulating antibacterial functions in
macrophages.

The opsonization of Y. pestis with anti-V serum decreases
apoptosis in naïve but not in activated macrophages at an
early stage of infection. We next examined the effect of anti-V
sera on YopJ-induced macrophage death using an LDH re-
lease assay. Naïve BMDMs were infected at a multiplicity of
infection of 10 with KIM5 (Table 1) grown and opsonized as
described above. BMDMs were also infected in parallel with
the noncytotoxic KIM5 yopB mutant (Table 1) as a control.
After phagocytosis was allowed to occur for 25 min, the sur-
vival of extracellular bacteria was prevented by the addition of
a low concentration of gentamicin to the tissue culture me-
dium. This infection protocol was used because it allows for the
measurement of intracellular survival and apoptosis under the
same infection conditions. KIM5, being a pgm mutant, lacks
the ripCBA genes required for the growth of Y. pestis in acti-

vated macrophages (33), and therefore, to avoid decreases in
survival due to the absence of the ripCBA genes, the CFU-
based survival assays (see Fig. 3) were limited to a short time
period (5 h). LDH release was initially determined at 5 h p.i.
The results showed that macrophages infected with the non-
opsonized yopB mutant, deficient in Yop translocation, re-
leased very small amounts of LDH, about 2.5% of the total, by
5 h of infection (Fig. 2A). This was a significantly lower LDH
release than that of BMDMs infected with control serum-
opsonized KIM5 (�18%). Compared to BMDMs infected with
control serum-opsonized KIM5, LDH was also significantly
lower when KIM5 was opsonized with anti-V (3%) but not
when the bacteria were left unopsonized (12.5%). These re-
sults were consistent with previous studies, which showed that
rabbit polyclonal anti-LcrV antibodies could reduce Yop trans-
location and decrease apoptosis in naïve J774A.1 macrophage-
like cells infected with Y. pestis (10, 29, 43).

When the LDH assay was performed with IFN-�-activated
macrophages, only the BMDMs infected with the nonopso-
nized yopB mutant released significantly lower levels of LDH
than the control serum (2.3% versus 18%) (Fig. 2C). Thus, the
ability of anti-V to inhibit apoptosis was diminished in acti-
vated macrophages.

Opsonization with anti-V does not decrease the survival of
Y. pestis in activated macrophages. To determine if the opso-
nization of Y. pestis with anti-V would result in increased killing
within BMDMs, we performed a CFU assay at various times
p.i. Naïve BMDMs were infected with opsonized or nonopso-
nized bacteria as above for the LDH assay. As a preliminary
test to confirm that the BMDMs used were bactericidal under

FIG. 2. Examination of YopJ-mediated cell death in Y. pestis-infected macrophages through determination of LDH release. Naïve BMDMs (A
and B) and IFN-�-stimulated BMDMs (C and D) were left uninfected or infected with nonopsonized KIM5 or KIM5 yopB or KIM5 opsonized
with the indicated serum. LDH levels in the supernatants of the BMDMs at 5 h (A and C) and 24 h (B and D) p.i. were measured. Results were
normalized by subtracting background levels of LDH from uninfected macrophages and are shown as percentages of the total LDH. Results were
taken from three independent experiments and averaged. Error bars show standard deviations. *, P 
 0.05; **, P 
 0.01 compared to the control
serum.
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the conditions of the assay, a CFU assay was performed with Y.
pseudotuberculosis grown alongside KIM5 at 37°C. The inter-
nalization of nonopsonized 37°C-grown Y. pseudotuberculosis
into BMDMs triggers a bactericidal process that requires mac-
rophage sensing of the T3SS (35, 48). As shown in Fig. 3A, by
5 h p.i there was a significant decrease in the number of CFU
for Y. pseudotuberculosis 32777. As reported previously (21),
there was no significant decrease in the number of CFU over
the same time period in BMDMs infected with nonopsonized
KIM5 (Fig. 3A). Although it is unclear why the T3SS of Y.
pestis KIM5 did not stimulate intracellular killing in BMDMs,
these results confirmed that the macrophages used were bac-
tericidal. Furthermore, because the T3SS of KIM5 did not

stimulate intracellular killing in BMDMs, we did not face the
problem of multiple bactericidal processes occurring simulta-
neously, which could complicate the analysis of the potential
role of anti-V opsonization and IFN-� activation in the de-
creasing survival of Y. pestis in macrophages.

Next, CFU assays were carried out using opsonized or non-
opsonized KIM5. A KIM5 phoP mutant (Table 1), shown pre-
viously to be highly defective for intracellular survival (13), was
included as a control. As shown in Fig. 3B, by 5 h p.i., there was
a significant (�2-log) decrease in the number of intracellular
CFU that could be recovered from the macrophages infected
with nonopsonized KIM5 phoP. In contrast, no significant de-
crease in the number of CFU was observed for the nonopso-
nized KIM5 yopB mutant, or KIM5 under any condition (non-
opsonized, anti-V, or control serum) (Fig. 3B). Based on these
results, we concluded that opsonization with anti-V does not
lead to intracellular killing of KIM5 by naïve BMDMs.

Seeing no evidence for the intracellular killing of anti-V-
opsonized KIM5 in naïve BMDMs, a CFU assay was per-
formed with macrophages activated with IFN-� (Fig. 3C). As
with the naïve BMDMs, we used KIM5 phoP as a control for
intracellular killing. The results obtained with IFN-�-stimu-
lated BMDMs were similar to those seen with naïve BMDMs,
as only KIM5 phoP showed a significant decrease in the num-
ber of CFU by 5 h p.i. (Fig. 3C). Therefore, Y. pestis that was
opsonized with anti-V prior to uptake was able to survive in
macrophages that were activated with IFN-�.

The opsonization of Y. pestis with anti-V serum does not
decrease apoptosis in naïve or activated macrophages at a late
stage of infection. Under the infection conditions used in this
study, in which internalized Y. pestis survives within macro-
phages (Fig. 3) (21), the kinetics of apoptosis is extended, such
that LDH release is first detected by 5 h p.i. (early stage) (Fig.
2), and continues to increase over the next 19 h (late stage)
(21). To determine if opsonization with anti-V would affect
apoptosis at a late stage of infection, an LDH release assay was
performed on Y. pestis-infected naïve or activated macro-
phages at 24 h p.i. Interestingly, only macrophages infected
with the KIM5 yopB mutant released significantly lower levels
of LDH than the control (Fig. 2B and D). Thus, there was no
significant decrease in apoptosis at 24 h in either naïve or
activated macrophages when KIM5 was opsonized with anti-V
prior to infection (Fig. 2B and D).

The result with naïve macrophages was unexpected, since we
had observed an �sixfold decrease in apoptosis in BMDMs
infected with anti-V-opsonized KIM5 compared to that with
control-opsonized KIM5 at 5 h p.i. (Fig. 2A) and assumed this
proportional difference would be maintained to the 24-h time
point (Fig. 2B). Instead, the results suggested that apoptosis
was accelerated in BMDMs infected with anti-V-opsonized Y.
pestis between 5 and 24 h compared to that with the control
infection. Since anti-V-opsonized KIM5 was internalized by
naïve macrophages at a higher level than control-opsonized
KIM5 (Fig. 1A), it was possible that larger numbers of inter-
nalized bacteria allowed for higher levels of cell death between
5 and 24 h p.i.

Macrophages treated with IFN-� appeared to be less sensi-
tive to YopJ-dependent cell death, as the overall levels of LDH
released from KIM5-infected BMDMs were lower in activated
cells than the naïve phagocytes (compare Fig. 2B and D).

FIG. 3. Comparison of the intracellular survival of Y. pestis and Y.
pseudotuberculosis 32777 in BMDMs. Naïve BMDMs (A, B) and IFN-
�-stimulated BMDMs (C) were infected with the indicated strains,
with or without prior opsonization with serum. Intracellular bacterial
survival was determined at 25 min, 1.5 h, and 5 h p.i. by CFU assay.
Results were taken from three independent experiments and averaged.
Error bars show standard deviations. ***, P 
 0.001 compared to the
level at 25 min.
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Activation with lipopolysaccharide desensitizes macrophages
to YopJ/YopP-induced apoptosis during infection with Y.
pseudotuberculosis or Y. enterocolitica (4, 36), and a similar
phenomenon may be operating in IFN-�-activated BMDMs
infected with Y. pestis.

The opsonization of Y. pestis with anti-V serum does not
alter the secretion of TNF-� by infected macrophages. TNF-�
has been shown to cooperate with IFN-� to promote protective
immunity against Y. pestis (39). In addition, macrophages ac-
tivated with TNF-� and IFN-� are more bactericidal against Y.
pestis than macrophages treated with IFN-� alone (22). Previ-
ous studies have shown that Y. pestis can partially suppress the
secretion of TNF-� from infected macrophages and that YopJ
is required for this suppression (21, 46). Lilo et al. showed that
after 24 h of infection, �2,000 pg/ml TNF-� was released by
KIM5-infected BMDMs (21). We wanted to determine if
TNF-� was secreted during our infections with KIM5 and to
what degree opsonization affected TNF-� levels. In parallel,
we determined levels of another cytokine (IL-1�) that is se-
creted from KIM5-infected macrophages in a YopJ-dependent
manner (21). BMDMs were infected with opsonized or non-
opsonized KIM5 or nonopsonized KIM5 yopB (Fig. 4). Super-
natants were collected at 24 h, and ELISA was performed to
measure TNF-� and IL-1� levels. We found that with BMDMs
infected with KIM5 yopB, there was �5,000 pg/ml TNF-�

released (Fig. 4A). Consistent with the concept that YopJ can
interfere with the production of TNF-�, the level of TNF-�
secreted was diminished to �2,500 pg/ml in KIM5-infected
macrophages. When KIM5 was opsonized with control serum
or anti-V, the levels of TNF-� that were secreted from the
infected macrophages were similar to those secreted from mac-
rophages infected with nonopsonized KIM5 (Fig. 4A), showing
that anti-V did not significantly affect the secretion of TNF-�.
Additionally, opsonization with anti-V did not affect the secre-
tion of IL-1� from BMDMs infected with KIM5 (Fig. 4B).

The opsonization of Y. pestis with anti-LcrV MAb 7.3 does
not decrease survival in macrophages or inhibit late-stage
apoptosis. Polyclonal antibodies and MAbs that are specific for
the same antigen can exhibit different activities with respect to
neutralizing function (7). The anti-V used in these experiments
had been shown to passively protect mice against Y. pestis
KIM5, a conditionally virulent strain, in an intravenous infec-
tion model (18). However, it was desirable to repeat the above
experiments using a well-characterized protective MAb spe-
cific for LcrV. The opsonization of Y. pestis with anti-LcrV
IgG1 MAb 7.3 (17) increases phagocytosis and decreases apop-
tosis in naïve J774A.1 cells (43). In addition, MAb 7.3 is known
to provide protection against fully virulent Y. pestis in murine
bubonic and pneumonic plague infections (15–17). We opso-
nized KIM5/GFP or KIM5 with MAb 7.3 and repeated the
phagocytosis, intracellular survival, and LDH release assays. In
parallel, macrophages were infected with Y. pestis that was left
nonopsonized or incubated with an IgG1 isotype control MAb
specific for YopD (MAb 248.19). Figure 5 shows that MAb 7.3

FIG. 4. Monitoring TNF-� and IL-1� levels in the supernatants of
Y. pestis-infected BMDMs. BMDMs were left uninfected or infected
with the indicated strains with or without prior opsonization with
serum. Supernatants were collected after 24 h of infection, and TNF-�
(A) and IL-1� (B) levels were measured by ELISA. Results were taken
from three independent experiments and averaged. Error bars show
standard deviations. **, P 
 0.01; ***, P 
 0.001 compared to serum.

FIG. 5. Phagocytosis assay with KIM5-infected naïve or IFN-�-
stimulated RAW 264.7 macrophages. KIM5/GFP was left unopsonized
or incubated with anti-LcrV MAb 7.3 or anti-YopD MAb prior to
infecting naïve macrophages (A) or IFN-�-stimulated macrophages
(B). Twenty-five minutes p.i., the cells were fixed and the percentage of
internalization was determined as described in the legend to Fig. 1.
Results were taken from three independent experiments and averaged.
Error bars show standard deviations. *, P 
 0.05 compared to MAb
YopD.
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significantly increased the phagocytosis of KIM5/GFP by naïve
but not activated RAW 264.7 cells compared to the control.
Opsonization with MAb 7.3 did not result in the significant
killing of Y. pestis in either naïve or activated BMDMs (Fig. 6A
and B). The opsonization of KIM5 with MAb 7.3 significantly
reduced apoptosis at the early infection time point (5 h) in
naïve BMDMs (Fig. 7A) but not at the late time point (24 h)
in either naïve or activated macrophages (Fig. 7B and D, re-
spectively). These results were similar to those obtained with
anti-V (Fig. 1 to 3). The only difference between MAb 7.3 and
anti-V was that opsonization with the former significantly re-
duced apoptosis in activated macrophages at the 5-h time point
(Fig. 7C).

Anti-V opsonization does not overcome the block in acidifi-
cation of Y. pestis-containing phagosomes. To date, studies that
have shown a block in the acidification of Y. pestis-containing
phagosomes in macrophages have used 28°C-grown nonopso-
nized bacteria (34). To determine if opsonization with anti-V
would increase phagosome acidification, we infected J774A.1
mouse macrophage-like cells and used microscopy to measure
the colocalization of Y. pestis-containing phagosomes with the
acidotropic probe LysoTracker Red DND-99 (34). Prior to
infection, KIM5/GFP was grown at 28°C for 2 h or at 37°C for

2 h and then not opsonized or opsonized with control serum or
anti-V. The colocalization of GFP-expressing KIM5 and Lyso-
Tracker Red was determined at 1.25 h p.i. As a positive control
for phagosome acidification, we used KIM5/GFP fixed with
PFA. Only phagosomes containing fixed KIM5/GFP (both
grown at 28°C and 37°C) showed significantly increased colo-
calization with LysoTracker Red (�90%) than the standard
condition (nonopsonized, 28°C) (Fig. 8). We concluded that
opsonization with anti-V does not overcome the block in
phagosome acidification imposed by Y. pestis in macrophages.

Conclusions. This study focused on investigating the poten-
tial cooperative effect of anti-V opsonization and IFN-� acti-
vation in allowing macrophages to protect themselves from
being colonized and killed by Y. pestis. We conclude that Y.
pestis can efficiently evade the combined effects of anti-V
opsonization and IFN-� activation in macrophages due to its
ability to block phagosome acidification. In fact, we obtained
evidence that activation with IFN-� could be counterproduc-
tive for antibody-mediated protection, as anti-V was unable to
significantly reduce apoptosis at the early time point in acti-
vated macrophages infected with KIM5 (although this effect
was not seen with MAb 7.3). On the other hand, activation with
IFN-� increased overall levels of bacterial phagocytosis and
decreased apoptosis at late stages, illustrating a protective ac-
tivity of this cytokine.

We also obtained evidence that the ability of anti-V to in-
hibit apoptosis decreased as the time of the infection was
extended. This suggests that intracellular bacteria can contrib-
ute to apoptosis and that anti-V is not neutralizing once the
bacteria are internalized. It is not clear if the intracellular
survival of Y. pestis is important for late-stage apoptosis. KIM5
phoP does not survive intracellularly (Fig. 3B and C); however,
BMDMs infected with this mutant released levels of LDH at
5 h and 24 h p.i. similar to those of BMDMs infected with
KIM5 (data not shown). In the case of Y. pseudotuberculosis,
the results suggest that protein synthesis is required for intra-
cellular bacteria to induce apoptosis (48). Perhaps internalized
KIM5 causes increased apoptosis by continuing to synthesize
and translocate YopJ for a limited period of time within nas-
cent phagosomes, but bacterial survival is not required per se.
The possibility that Y. pestis can synthesize and translocate
small amounts of YopJ from within the phagosome is not
necessarily in conflict with a previous study showing that no
delivery of YopH could be detected by immunoblotting after
the first 30 to 45 min of infection of macrophages (10). Immu-
noblotting may not be sensitive enough to detect the translo-
cation of biologically significant amounts of a Yop. Alterna-
tively, some Yops may be more efficiently translocated from an
intracellular location (e.g., YopJ) than other Yops (e.g.,
YopH).

In our studies, we activated macrophages using IFN-� only.
There is evidence that TNF-� cooperates with IFN-� to kill Y.
pestis in macrophages in the absence of anti-V (22). Perhaps
the addition of TNF-� is required along with anti-V and IFN-�
in macrophages to increase the killing of Y. pestis. While we did
not add exogenous TNF-� in our CFU assays, we note that
KIM5-infected macrophages secrete detectable levels of
TNF-� by 4 h p.i. (21) and that �2,500 pg/ml TNF-� was
detected in supernatants by 24 h p.i. (Fig. 4). Therefore, we can
conclude that Y. pestis can bypass protection mediated by

FIG. 6. Effect of MAbs on the intracellular survival of Y. pestis in
BMDMs. Naïve BMDMs (A) and IFN-�-stimulated BMDMs (B) were
infected with the indicated strains with or without preincubation with
MAbs, and intracellular bacterial survival was determined at 25 min,
1.5 h, and 5 h p.i. as indicated in the legend to Fig. 3. Results were
taken from three independent experiments and averaged. Error bars
show standard deviations.
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anti-V antibodies, preactivation with IFN-�, and autocrine ac-
tivation mediated by endogenous TNF-� produced during in-
fection with KIM5. An additional consideration is that the
experiments described here utilized the KIM5 pgm mutant,
which lacks the ripCBA genes needed for the long-term sur-

vival and growth of Y. pestis in IFN-�-activated macrophages
(33). Because of this, our intracellular survival assays were
restricted to a maximum of a 5-h time period. Use of a fully
virulent pgm� strain would have allowed for the use of longer
time points in CFU assays, and a role for anti-V in the killing
of Y. pestis in IFN-�-activated macrophages might be revealed
at later time periods.

These results have implications for understanding the mech-
anism of protective immunity to plague mediated by anti-V
and phagocyte-activating cytokines. As our results suggest that
opsonization with anti-V does not dramatically increase the
killing of Y. pestis by activated macrophages, it is possible that
neutrophils may be more critical for protection than macro-
phages (10, 29). Consistent with this idea is the demonstration
that macrophages are not essential for anti-V-mediated pro-
tection against Y. pestis in the spleens of infected mice (10, 29),
while neutrophils appear to be important for anti-V-mediated
protection in both the spleens and livers of mice challenged
with plague (10). It is possible that TNF-� cooperates with
IFN-� to upregulate microbicidal processes in neutrophils.
Anti-V increases the phagocytosis of Y. pestis by murine neu-
trophils (10). Y. pestis is unable to survive in rodent (8) or
human (40) neutrophils. It has been shown that Yop delivery
does not protect intracellular Y. pestis from neutrophil killing

FIG. 7. Effect of MAbs on YopJ-mediated cell death through determination of LDH release. Naïve BMDMs (A and B) or IFN-�-stimulated
BMDMs (C and D) were infected with the indicated strains of KIM5 with or without preincubation with MAbs or left uninfected. LDH levels in
the supernatants of the BMDMs at 5 h (A and C) and 24 h (B and D) p.i. were measured as indicated in the legend to Fig. 2. Results were taken
from three independent experiments and averaged. Error bars show standard deviations. *, P 
 0.05; **, P 
 0.01 compared to MAb YopD.

FIG. 8. Effect of bacterial growth, temperature, and serum opso-
nization on phagosome acidification within naïve J774A.1 cells.
J774A.1 cells were infected with fixed or live KIM5/GFP pregrown at
28°C or 37°C and left unopsonized or opsonized as indicated. Lyso-
Tracker Red DND 99 was used to label acidic compartments, and
colocalization with KIM5/GFP was determined at 1.25 h p.i. by fluo-
rescence microscopy. Results were taken from three independent ex-
periments and averaged. Error bars show standard deviations. ***,
P 
 0.001 compared to the unopsonized KIM5 28°C subculture.
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(40). However, whether anti-V opsonization accelerates the
killing of Y. pestis in neutrophils has not been examined.

The neutralization of apoptosis in Y. pestis-infected macro-
phages by anti-V is commonly used as an in vitro correlate of
protective immunity (3, 43–45). Although this assay has many
positive features, including ease of use, reproducibility, and a
quantifiable readout, we feel the following points should be
considered with respect to improving the in vitro correlate of
protective immunity assay. First, our results showing that
anti-V can promote the uptake of Y. pestis into macrophages
without killing the bacteria, and that anti-V may not inhibit the
translocation of YopJ by the intracellular population, indicate
that the time point at which apoptosis levels are quantified is
critically important. In addition, the activation status of the
macrophage is an important variable, as we found that IFN-�-
activated macrophages are less sensitive to apoptosis. Finally,
Y. pestis strains differ in their ability to induce apoptosis (KIM
has high activity [21]) and not all strains require apoptosis for
virulence (20, 47). Therefore, there continues to be a need to
develop an anti-LcrV neutralization assay that does not rely on
macrophage apoptosis as a readout.
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