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The causative agent of plague, Yersinia pestis, is regarded as being noninvasive for epithelial cells and lacks
the major adhesins and invasins of its enteropathogenic relatives Yersinia enterocolitica and Yersinia pseudotu-
berculosis. However, there are studies indicating that Y. pestis invades and causes systemic infection from
ingestive and aerogenic routes of infection. Accordingly, we developed a gentamicin protection assay and
reexamined invasiveness of Y. pestis for HeLa cells. By optimizing this assay, we discovered that Y. pestis is
highly invasive. Several factors, including the presence of fetal bovine serum, the configuration of the tissue
culture plate, the temperature at which the bacteria are grown, and the presence of the plasminogen activator
protease Pla-encoding plasmid pPCP1, were found to influence invasiveness strongly. Suboptimal combina-
tions of these factors may have contributed to negative findings by previous studies attempting to demonstrate
invasion by Y. pestis. Invasion of HeLa cells was strongly inhibited by cytochalasin D and modestly inhibited
by colchicine, indicating strong and modest respective requirements for microfilaments and microtubules. We
found no significant effect of the iron status of yersiniae or of the pigmentation locus on invasion and likewise
no significant effect of the Yops regulon. However, an unidentified thermally induced property (possibly the Y.
pestis-specific capsular protein Cafl) did inhibit invasiveness significantly, and the plasmid pPCP1, unique to
Y. pestis, was essential for highly efficient invasion. pPCP1 encodes an invasion-promoting factor and not just
an adhesin, because Y. pestis lacking this plasmid still adhered to HeLa cells. These studies have enlarged our

picture of Y. pestis biology and revealed the importance of properties that are unique to Y. pestis.

The causative agent of plague, Yersinia pestis, is regarded as
being unable to invade epithelial cells, because it does not
express the established invasins of the enteropathogenic
yersiniae (41, 58) and because three studies testing for invasion
of HeLa cells failed to detect significant invasion by Y. pestis
(26, 45, 47). However, a recent study of pneumonic plague in
monkeys suggested that Y. pestis may invade the lung-associ-
ated lymphoid tissue and cause systemic disease (12). A study
of mice and other rodents intragastrically inoculated with Y.
pestis or infected via drinking water found rapid dissemination
to liver and spleen and the development of fatal systemic
disease without involvement of the lungs, enteric pathology, or
excretion of yersiniae in feces (6). This suggests that there was
negligible surface colonization and that invasion was highly
efficient, leading to rapid systemic dissemination. When carni-
vores contract plague by eating infected animals (reference 46
and references therein), the yersiniae must invade to cause
lethal systemic disease. In one study of oral infection of rats
with Y. pestis, the necropsy findings were more consistent with
tonsillar invasion than with infection by the gastric or pulmo-
nary route (46). Hence, this study also suggested that Y. pestis
is able to efficiently invade an epithelial layer over lymphoid
tissue.

Virulence properties that might potentially affect invasive-
ness include the surface plasminogen activator protease Pla,
which can activate plasminogen and promote adherence to
components of basement membranes (36). The pH 6 antigen
PsaA forms fibrils on the bacterial surface and has been shown
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to promote adherence and hemagglutination in the related
enteropathogenic species Yersinia pseudotuberculosis (29, 61).
At ambient temperature, the hemin storage hms genes of
Y. pestis mediate the accretion of heme or Fe*" in the outer
membrane (37), creating a modified surface that might affect
interactions of the bacteria with host cells. Y. pestis also re-
sponds to the iron status of the environment by altering ex-
pression of many genes encoding surface proteins, and these
may potentially modulate bacterium-host cell interactions (30).
The capsular protein Cafl is antiphagocytic for phagocytes,
especially polymorphonuclear leukocytes (PMNs) (8). The
Yops regulon (low-Ca** response phenotype [Lcr ™)), encoded
by a 70-kb virulence plasmid, includes the expression and con-
tact-dependent (type III) secretion of six protein toxins called
Yops. Among the effects mediated by Yops is the inhibition of
phagocytosis, including entry into epithelioid cells (10, 58). Of
these Y. pestis properties, Pla and Cafl are unique to Y. pestis
and are encoded by virulence plasmids not present in the
enteropathogenic yersiniae Y. pseudotuberculosis and Yersinia
enterocolitica. The enteropathogenic yersiniae have versions of
the other properties except for Hms, which is active only in
some isolates of Y. pseudotuberculosis (21, 36, 58).

Y. pestis is a highly disseminative organism (see, e.g., refer-
ence 53) capable of surviving and replicating within nonacti-
vated macrophages (56). However, like the enteropathogenic
yersiniae, Y. pestis is thought to be predominantly extracellu-
larly located during infection, due to the action of Yops (10)
and Cafl (see, e.g., references 8, 12, and 18). Y. pestis has lost
by frameshift mutation or transposon insertion the major ad-
hesins and invasins (Inv, Ail, and YadA) identified for the
enteropathogenic yersiniae (41, 58). However, Y. pestis must
have some adhesins in order for the contact-mediated delivery
of Yops to occur (55), and Y. pestis does indeed adhere strongly
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TABLE 1. Bacterial strains and plasmids used in this study

Reference or

Strain or plasmid Relevant genotype or description

source
Strains
E. coli
HB101 pro leu thi lacY hsdR endA recA rpsL20 ara-14 galK2 xyl-5 mtl-1 supE44 4
DH5« F~ endAl hsdR17 (ry~ my ") supE44 thi-1 recAI gyrA96 (Nal") relAl GIBCO-BRL

A(laclZYA-argF)U169 deoR[$80dlacA(lacZ)M15]

Y. pestis medievalis biotype*

KIM5-3001 Sm"; Pgm~; pCD1 (Ler™), pPCP1 (Pla™), pMT1 27
KIMS-3002 Sm"; Pgm~; pCD1 (Ler™), pPCP1~ (Pla™), pMTI 33
KIM6™ Pgm™; pCD1~ (Ler ™), pPCP1 (Pla™), pMT1 R. R. Brubaker
KIM6 Pgm™; pCD1~ (Ler ™), pPCP1 (Pla™), pMT1; two versions used in this study R. R. Brubaker
were made by screening Y. pestis KIM5 (Pgm™; pCD1 [Ler ], pPCP1 [Pla*],
pMT1) for spontaneous loss of pCD1 and by screening Y. pestis KIM6+ for
spontaneous Hms™ colonies (having deleted the pgm locus [15])
KIM10 Pgm™; pCD1™ (Ler™), pPCP1™ (Pla™), pMT1 R. R. Brubaker
KIM5-3001.1 Pgm™; psaA3:mTn3Cm (Psa™), pCD1 (Ler™), pPCP1 (Pla*), pMT1 27
KIM6-2008 Km'"; hmsH-2008::mini-kan (Hms™); pCD1~ (Lecr™), pPCP1, pMT1 34

Orientalis biotype EV76°

Y. enterocolitica®
WA 0:8; pYVWA (Ler™)
WA-LOX 0:8; pYVWA™ (Ler)

Plasmid p7rc99A
cloning sequence

Pgm~; pYV76 (Ler™), pPCP2 (Pla™), pMT2

Expression vector; Ap"; ColE1 replicon; P

R. R. Brubaker

7
35

Pharmacia

tre

promoter upstream of multiple

“ Native plasmids of Y. pestis KIM are the 70-kb pCD1 encoding the Ysc type 111 secretion-targeting apparatus and LerV and Yops (Ler™ phenotype) (38), the 9.6-kb
pPCP1 encoding the surface protease Pla and the bacteriocin pesticin and its immunity protein (44, 50), and the 100-kb pMT1 encoding the capsular Cafl protein and

the “murine toxin” Ymt (28).

b Native plasmids in Y. pestis EV76 confer the same phenotypes as in Y. pestis KIM (14, 43).
¢ The single virulence plasmid in Y. enterocolitica WA confers the Ler™ phenotype (35).

to epithelial cells and deliver Yops into those cells (see, e.g.,
references 17 and 48). Y. pestis expresses PsaA (27, 29), but this
fibril is not the major adhesin in Y. pseudotuberculosis and may
not have a large adhesive role in Y. pestis (55, 61). The surface
protease Pla recently has been found to act as an adhesin to
extracellular matrix components, especially laminin, and to
several cell lines (24, 25), and it appears to have lectin-like
activity, with specificity for the globo series of glycolipids (24).
It could be an important adhesin for Y. pestis.

In the present study, we reexamined the invasiveness of Y.
pestis for epithelial cells and found that in fact Y. pestis is highly
invasive. In the course of optimizing our assay conditions, we
discovered several factors that likely contributed to the nega-
tive findings of the earlier studies that tested for invasiveness of
Y. pestis. We characterized Y. pestis invasion for some bacterial
and host cell requirements. One of our findings was a signifi-
cant invasive role for a product of the Pla-encoding plasmid.

MATERIALS AND METHODS

Bacteria and growth conditions. The bacterial strains used in this study are
listed in Table 1. Bacteria were inoculated from storage onto agar slants or plates
and kept at 4°C (for up to 1 week for Y. pestis on tryptose blood agar [Difco
Laboratories, Detroit, Mich.] and 2 weeks for Escherichia coli on Luria-Bertani
agar [13]). E. coli DH5a was grown in Luria-Bertani broth or on Luria-Bertani
agar at 37°C. For invasion experiments, growth of E. coli HB101 at 37°C in
Luria-Bertani broth or of Y. pestis and Y. enterocolitica at 26°C in heart infusion
broth was initiated for ca. 6 h using a culture/flask ratio of up to 1:10 and shaking
at 200 rpm. Cultures were diluted so as to maintain exponential growth for at
least seven generations and a final optical density at 620 nm (ODg,,) not ex-
ceeding 2.0 (where an ODg,, of 1.0 = 6 X 10® cells/ml). Heart infusion broth was
supplemented with 0.5% yeast extract, 0.2% xylose, and 2.5 mM CaCl, and
adjusted to pH 6.0 or 8.0 in tests for the roles of pH and PsaA (pH 6 antigen) in
invasion (27). The pH of the medium during growth of the yersiniae otherwise

was in the range of 7 to 7.4. For invasion experiments where the iron status of
yersiniae was modulated, Y. pestis was grown in the iron-deficient medium PMH
(54) unsupplemented or supplemented with 10 wuM iron as FeCl; dissolved in 10
mM HCI or 50 uM hemin dissolved in 10 mM NaOH.

Invasion assay. HeLa human epithelioid cells were grown at 37°C with 5%
CO, in 6-well cluster dishes containing 2 ml of medium per well or in 24-well
cluster dishes with 1 ml of medium per well. The medium for most experiments
was RPMI 1640 plus 10% (vol/vol) heat-inactivated fetal bovine serum (FBS)
(Life Technologies, Grand Island, N.Y.). In several tests, Eagle’s minimal essen-
tial medium (Life Technologies) plus 10% FBS was used. HeLa cells were
seeded at 2 X 10° cells per well for 6-well dishes and at 2 X 10* cells per well for
24-well dishes and incubated for 2 days to obtain ca. 80% confluent monolayers
in 24-well dishes and approximately confluent monolayers in 6-well dishes. On
the day of the experiment, cells in one well were detached with trypsin (Sigma
Chemical Company, St. Louis, Mo.) and counted using a hemacytometer. The
remaining wells were washed twice with warm medium lacking FBS and returned
to 37°C plus 5% CO,, covered with medium, until infection. Bacteria were
pelleted in a microcentrifuge, washed once with room temperature (RT) phos-
phate-buffered saline (PBS) (135 mM NaCl, 2.68 mM KCI, 10 mM NaHPO,, 1.76
mM KH,PO, [pH 7.4]), and resuspended in PBS. They were diluted (based on
their ODy,, and the number of HeLa cells per well) into warm medium, the
medium was removed from the HeLa cells, and 2 or 1 ml (for 6- or 24-well dishes,
respectively) of bacterial suspension was added, giving a multiplicity of infection
(MOI) of 10. The infecting dose was verified by CFU determination. Infection
was initiated by centrifugation at 200 X g for 5 min at RT. The dishes were
incubated for 1 h at 37°C with 5% CO,, at which time one set of triplicate wells
received 7.5 pg (Y. pestis) or 20 wg (Y. enterocolitica or E. coli) of gentamicin
(GM) per ml. At the time of GM addition, a second set of triplicate wells was
harvested by cold-water lysis as follows. The medium was removed to a tube on
ice, the cells were washed once with 1 ml of PBS/well, and the wash was added
to the harvest tube. One milliliter or 0.5 ml of ice-cold water was added per well
(for 6- or 24-well dishes, respectively), and the dish was set on ice for 10 min. The
cells were then disrupted by vigorous pipetting across the well, and the lysate was
added to the tube on ice and vortexed. The wells receiving GM treatment were
incubated for 1 h, and then the medium was removed and discarded, the cells
were washed once with 1 ml of RT PBS per well, and the wash was discarded.
The cells were lysed as described above. Serial dilutions of the lysate (GM wells)
or of the total well contents (no-GM wells) were made into PBS and plated in
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duplicate to determine the number of CFU per well (corresponding to total
yersiniae for no-GM wells and intracellular yersiniaec for GM wells). Percent
invasion was determined as CFU of GM wells + CFU of no-GM wells X 100%.
Experiments were repeated at least once (and many were done at least in
duplicate in both the 24-well and 6-well formats). In experiments testing for
sensitivity of invasion to cytochalasin D or colchicine (Sigma), these drugs were
present at 5 or 0.5 wg/ml (cytochalasin D) or at 10 or 5 pg/ml (colchicine) in the
HeLa cell cultures for 30 min prior to infection and throughout the 1-h infection
prior to GM treatment.

Microscopy. For electron microscopy, duplicate wells of HeLa cells were
infected for 1 h in six-well dishes (Falcon; Becton Dickinson Labware, Franklin
Lake, N.J.), washed once with 0.1 M Sorenson’s phosphate buffer (pH 7.4) (23)
to remove medium, and then fixed for 45 min on ice in 3.5% (vol/vol) glutaral-
dehyde in 0.1 M Sorenson’s buffer. The wells were then washed four times (5 min
per change) with Sorenson’s buffer, held overnight under Sorenson’s buffer at
4°C, postfixed for 45 min at 4°C with 1% OsO, in 0.1 M Sorenson’s buffer, and
washed two times with Sorenson’s buffer. They were then dehydrated through a
series of increasing ethanol concentrations from 50 to 100% (5 min per change)
and infiltrated at RT for 6 to 8 h or overnight, uncovered, under a 60-W lamp
with Eponate 12 (Ted Pella, Inc., Redding, Calif.) resin mixture diluted 2:1 with
100% ethanol. Polymerization agents were dodecenyl succinic anhydride (Ernest
F. Fullam, Inc., Latham, N.Y.), nadic methyl anhydride (Electron Microscopy
Sciences, Fort Washington, Pa.), and tris-dimethylaminomethyl phenol (Fullam).
The next day, the wells were infiltrated twice with Eponate 12 mixture (1 h per
change), and then several Beem capsules containing Eponate were inverted onto
each monolayer, and the blocks were polymerized for 36 to 48 h at 60°C. The
blocks with their surface layer of HeLa cells were snapped off the dishes, and 60-
to 80-nm sections were cut with a Reichert O’Lang Ultracut E microtome and
collected on 300-mesh Thin Bar grids. Sections were poststained with uranyl
acetate and lead citrate and viewed with a Hitachi model 7000 transmission
electron microscope, using an accelerating voltage of 75 kV.

RESULTS

Optimizing the assay. Three previous studies tested for in-
vasion of HeLa cells by Y. pestis and reached the conclusion
that Y. pestis does not invade epithelial cells (26, 45, 47). We
reexamined this question, because we felt that Y. pestis likely is
invasive for epithelial cells, given its ability to cause systemic
disease following ingestion and during pneumonic plague. We
used a GM protection assay, in which yersiniae were centri-
fuged onto monolayers of HeLa cells seeded in cluster dishes
and allowed 1 h to invade. To optimize the parameters of this
system, we made a series of tests, always at least in duplicate
experiments run on different days. The concentrations of GM
(7.5 wg/ml for Y. pestis and 20 pwg/ml for Y. enterocolitica WA)
were determined so as to have a 10*- to 10°-fold kill after a 1-h
treatment to yersiniae incubating in tissue culture medium in a
cluster dish at 37°C and 5% CO,. This was tested for both Ler™
and Ler™ strains for Y. enterocolitica and Y. pestis and for Pla™*
and Pla™ strains for Y. pestis. Two tissue culture media (RPMI
1640 and Eagle’s minimal essential medium) gave similar per-
cent invasion; RPMI was used in all other experiments. The
presence of 5% FBS during the assay decreased invasion by
7.9- = 4.0-fold (eight tests in four experiments). We omitted
FBS in other experiments, because its relevance to epithelial
invasion that might occur in vivo was not clear. MOIs of 10 and
50 gave the same percent invasion, so we used an MOI of 10
for other experiments, to lessen the possibility of receptor
saturation on the eucaryotic cells. Yersiniae grown to station-
ary phase invaded as well as mid- and late-exponential-phase
bacteria. The degree of confluency of HeLa cells (ca. 80%
confluent versus essentially confluent) did not significantly af-
fect invasion, so we used approximately confluent monolayers
for a more meaningful MOI. Curiously, it made a difference if
the cluster dish contained 6 or 24 wells (8.5- = 2.0-fold greater
invasion for 6-well dishes in two experiments directly compar-
ing the two configurations and many experiments with only one
or the other kind of plate). We do not fully understand this
effect but think that it may relate in part to an edge effect on
the monolayer (where the smaller wells would have a propor-
tionately larger area dominated by the wall of the well). We
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FIG. 1. Time course for invasion of HeLa cells by Y. pestis. Pla* Pgm™ Y.
pestis KIM6 was grown at 26°C, washed, and used at an MOI of 10 to infect
confluent HeLa cell monolayers in six-well cluster dishes. At various times,
replicate infected cultures were analyzed for intracellular and total bacteria by
the GM protection technique.

used 6-well dishes for data subsequent to this discovery and
confirmed conclusions from experiments done with the 24-well
format at least once. In all such cases, confirmation has verified
the same relative effects of the treatments under investigation.

General features of Y. pestis invasion. Figure 1 shows a
typical time course for invasion of HeLa cells by Y. pestis,
illustrating the maximal invasion efficiency that we have ob-
tained. Invasion was rapid, with 30 to 50% invasion occurring
after 60 min. The high invasion that we saw for Y. pestis actually
did reflect an intracellular location of the bacteria and not any
peculiar surface inaccessibility to GM, based on electron mi-
croscopy (right panel in Fig. 2) and confocal microscopy with a
strain that constitutively expresses green fluorescent protein
(C. Cowan and S. C. Straley, unpublished data). There was
nothing unique about our strain of Y. pestis; the EV76 strain
used by Rosqyvist et al. (45) was as invasive as Y. pestis KIM.
Likewise, there was nothing unique about our HeLa cells. We
tested invasiveness for the human type I pneumocyte cell line
WI-26 and found strong invasiveness: e.g., in one experiment
using both HeLa and WI-26 cells, Ler™ Y. pestis KIM5-3001
showed 65% invasion for WI-26 cells compared to 45% for
HeLa cells; our Ler™ Y. pestis KIM6 strain showed 75% inva-
sion for WI-26 cells and 61% for HeLa cells. The significance
of the low-Ca?" response will be addressed below. For com-
parison, we made a few tests with the wild-type O:8 Y. entero-
colitica strain WA (7), a highly mouse-virulent strain not stud-
ied previously for its invasiveness. It was 5- to 10-fold less
invasive than Y. pestis both in tests where the bacteria had been
grown at 26°C and in ones where bacteria that had been grown
at 26°C were incubated for 3 h at 37°C before infection of
HeLa cells. E. coli HB101 was noninvasive (less than 0.01%
invasion), as expected (49). Several tests found that invasion by
Y. pestis was strongly inhibited by treatment of the HeLa cells
with cytochalasin D. When the cytochalasin D concentration
was 5 pg/ml, there was a toxic effect of the drug, manifested as
a greatly diminished plating efficiency (however, this was seen
only when undiluted harvested yersiniae were plated). In two
tests with 0.5 pg of cytochalasin D per ml, there was no toxic
effect, and the drug caused a 45- + 28-fold inhibition of inva-
sion. Similar treatment with colchicine (which had no toxic
effect at either tested concentration) had a smaller but consis-
tent inhibitory effect on invasion (5.4- + 2.7-fold for 10 pg/ml,
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FIG. 2. Typical electron microscopic images of Pla* and Pla™ Y. pestis interactions with HeLa cells at the time of harvest in a 60-min invasion assay. Prior to addition
of the glutaraldehyde prefixative, the cultures for electron microscopy were handled exactly as in our optimized invasion assay. In parallel, replicate cultures were
assayed for invasion by the GM protection assay. For the experiment depicted, the Pla™ Y. pestis showed 33% invasion, whereas the Pla™ strain showed 3.2% invasion.
(Left panel) Pla~. Five adjacent frames are combined into one montage. (Right panel) Pla*. Five nonadjacent frames are presented. Bars, 5 wm.

done in four tests in three experiments using 24-well plates;
4.1-fold in one test using 6-well dishes). These results indicate
that Y. pestis invasion strongly depends upon actin cytoskeletal
function but also may involve some participation of microtu-
bules. Once within HeLa cells, the yersiniae reside within a
tightly fitting membrane-bound compartment (Fig. 2, right
panel, and higher-magnification micrographs not shown). We
have not tested whether Y. pestis can grow within epithelioid
cells.

Iron status and invasion. A previous study had found that
surface coatings of iron or hemin on Hms™" Y. pestis did not
enhance the total numbers of yersiniae that associated with
HeLa cells (26) under conditions that did not promote inva-
sion. However, with better control over invasion, we wanted to
revisit this question, as it is relevant to early events following
injection of the yersiniae into skin by fleabite. Accordingly, we
made this test for the Pgm™ (Hms™") Ler™ Y. pestis KIM6+
strain grown at 26°C in the iron-deficient defined medium
PMH unsupplemented or supplemented with 10 uM FeCl; or
50 uM hemin. The data showed that the iron status of Y. pestis
prior to infection of HeLa cells had no effect on invasion
(Table 2). Accordingly, it is not essential that Y. pestis be

coated with Fe or hemin for it to be highly invasive for epithe-
lial cells, and the iron status of the bacteria does not appear to
affect invasion.

In addition to ims genes, the 102-kb Y. pestis pgm locus also
contains two additional potentially virulence-related loci:
genes encoding homologs of the BvgAS two-component regu-
latory system and a fimbrial-like gene cluster (5). As these
might potentially affect invasion, we compared the invasiveness
of the Pgm™ Ler™ strain Y. pestis KIM6+ to that of a sponta-
neous deletant derivative lacking the entire pgm region, KIM6
(16). These strains were grown at 26°C in defined medium
unsupplemented or supplemented with Fe or hemin and were
tested for invasiveness (Table 2). Loss of the pgm locus had
little effect on invasiveness. No one has yet studied either the
fimbrial locus or the BvgAS homologs for their regulation of
expression and function, and we do not know if in fact they are
functional at 26°C (our simulated flea temperature). However,
we speculate that they would not have a large impact on the
earliest interactions of Y. pestis with epithelial cells following
introduction of Y. pestis into skin by fleabite.

Yops regulon and invasion. We carried out a series of tests
for the effect of expression of the Yops regulon on invasion,
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initially comparing Ler™ Y. pestis having the plasmid pCD1
(which encodes the Yops regulon) and a pCD1 ™ strain, grown
at 26°C in heart infusion broth (to simulate yersiniae having
just been injected into a mammal by fleabite) (Table 2). There
was no significant effect of pCD1-encoded gene products on
invasion. To test further for a role of the Yops regulon, we
gave the yersiniae a 3-h thermal induction prior to infection
(done in heart infusion broth, which we know is calcium defi-
cient [42] and permits strong induction). This would simulate
the condition of yersiniae after several hours following an
infection via flea delivery or inhalation of an ambient-temper-
ature aerosol. In some experiments there was less invasion by
the Ler™ strain, but in others there was no effect or a small
opposite effect of the presence of pCD1 on invasion. These
findings suggest that the Yops regulon has a relatively small
antiphagocytic effect in Y. pestis.

Temperature and invasion. In the tests for effects of the
Yops regulon, the actual percent invasion was lower by about
threefold when the yersiniae had been given the thermal in-
duction compared to experiments on different days in which
the bacteria had been grown only at 26°C. This clearly was
independent of the presence of pCD1 and the Yops regulon, as
it occurred with pCD1™~ as well as pCD1* strains. To demon-
strate this effect within the same experiment, we gave the
pCD1™ strain a thermal induction and compared its invasion
to that by the same strain incubated only at 26°C, and we found
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a ca. threefold inhibition of invasion due to thermal induction
(Table 2). To eliminate any potential contribution to inhibition
of invasion from the Yops regulon, we compared pCD1™
yersiniae grown at 26 or 37°C for a longer induction period to
allow any thermal effect to manifest itself strongly. In this case,
there was a ca. 20-fold inhibition of invasion.

pH 6 antigen and pH. We tested for a potential role for the
pH 6 antigen PsaA in invasion. This surface fibril is expressed
at 37°C and acidic pH (27) and also when Y. pestis is within
macrophages and perhaps other acidic environments such as
abscesses (29). However, this fibril apparently is not an invasin
for Y. pestis, because PsaA™ yersiniae with an insertional in-
activation of psaA (Table 1) invaded as well as did the parent
PsaA™ strain (Table 2) when the bacteria were grown so as to
permit strong expression of pH 6 antigen. The pH at which
PsaA™ yersiniae were grown at 37°C did not have a large effect
on invasion (Table 2).

pPCP1 (Pla*) and invasion. Presence of the plasmid
pPCP1, which encodes the surface protease Pla, enhanced
invasion of HeLa cells significantly (11- to 30-fold) (Table 2).
Our assays did not distinguish adherence effects from invasion
per se; however, pPCP1~ (Pla™) Y. pestis did still adhere to
HeLa cells, based on electron microscopy (Fig. 2) and on
confocal microscopy of HeLa monolayers infected with
pPCP1" and pPCP1~ Y. pestis expressing green fluorescent
protein (Cowan and Straley, unpublished data). To assess only
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TABLE 2. Effect of treatment of bacteria or expression of virulence
properties on invasion of HeLa cells by Y. pestis”

Conditions No. ?;f Fold effect®
expt” (mean * SD)
Pgm™; hemin (50 wM) vs. none; 26°C 6 0.96 = 0.21
Pgm™; Fe (10 uM) vs none; 26°C 4 1.2 +0.34
Pgm™ vs Pgm™; 26°C, Fe starved 2 23+12
Pgm™ vs Pgm™; 26°C, +10 pM Fe 2 1.8 £0.58
Pgm™ vs Pgm™; 26°C, +50 pM hemin 2 41*26
pCD1* (Ler™) vs pCD17; growth at 26°C 8 0.73 £ 0.46
pCD1™ (Ler™) vs pCD17; 26°C growth, then 4 0.73 +0.19
3 hat 37°C
pCD17 (Ler™); 26°C growth, then 3 h at 2 0.32 % 0.039
37 vs 26°C
pCD17; 37 vs 26°C for ca. 7 generations 2 0.057 = 0.026
PsaA™ vs PsaA™; pH 6, 37°C, 7 generations 2 1.3 + 0.20¢
PsaA™ pCD17; pH 6 vs pH 7, 37°C, 7 generations 2 35*1.0
PsaA* pCD17; pH 8 vs pH 7, 37°C, 7 generations 2 2.5+0.53
pPCP1" vs pPCP17; 26°C 4 18 8.1

“ Mid-exponential-phase bacteria were used for studies of the effect of iron
status and of the Pgm™ locus on invasion; the other studies used late-exponen-
tial-phase yersiniae.

b Experiments were done on different days.

¢ Fold effect is percent invasion by yersiniae treated or expressing a virulence
property divided by percent invasion by yersiniae lacking treatment or the viru-
lence property (e.g., for hemin versus none, percent invasion for yersiniae grown
in the presence of hemin divided by percent invasion for iron-starved yersiniae).
Fold effects on invasion differing from 1.0 by more than two standard deviations
or more than twice the half-range are indicated in boldface.

4 Done only in the 24-well configuration.

the adherence effect of Pla, we infected HeLa cells for 15 min
with the Pla™ Y. pestis KIM6 or the Pla™ Y. pestis KIM10 and
determined the numbers of cell-associated yersiniae after
washing the infected HeLa cells three times. In two tests, the
Pla™ strain showed 88% = 1% of the number of cell-associated
bacteria seen with the Pla™ Y. pestis (with absolute adherence
values being 56 and 80% for Pla* and 50 and 69% for Pla™ in
the respective tests).

DISCUSSION

In this study we have found that Y. pestis is in fact at least as
invasive for epithelioid cells as the enteropathogenic yersiniae.
We believe that the conditions we developed for the assay were
critical for revealing high invasiveness. In the previous studies,
several of the parameters we optimized and strain character-
istics would have decreased invasion, with large cumulative
effects. For example, in the study by Rosqvist et al. (45), inva-
sion was tested in the presence of 5% FBS, and the Y. pestis
strain used was Pla™. In the other two studies (26, 47), FBS was
present, and the experimental configuration was different (24-
well dishes or roller bottles). In addition, a significant effect in
those studies could have come from the use of a 10-fold-higher
concentration (75 wg/ml) of GM (26) or kanamycin (47). In the
present study, we used the lowest concentration of GM that
would give an adequate killing of extracellular bacteria in 1 h
and did not explore this variable further.

Our preliminary tests for the cytochalasin D sensitivity of
invasion indicated that invasion of HeLa cells by Y. pestis is
mediated by actin microfilaments, as has been found previously
for Y. enterocolitica and Y. pseudotuberculosis (19, 32). How-
ever, we also found a modest inhibition of invasion by colchi-
cine. This could indicate some microtubule involvement for
uptake of Y. pestis, in contrast to uptake of Y. enterocolitica
(19). This is intriguing and likely reflects the use of different
eucaryotic receptors for binding and entry of Y. pestis, which
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does not express the invasin, YadA, and Ail adhesins that
dominate invasion of the enteropathogenic yersiniae (41, 55).

The Y. pestis pgm locus potentially could have contributed to
invasiveness in at least three ways. Binding of iron or hemin to
the bacterial surface via hims-encoded proteins might influence
bacterial uptake by epithelial cells, as in the case of Shigella
(11). However, our experiments did not support this idea, in
agreement with a previous study (26). Absence of the pgm
locus altogether had no effect on Y. pestis invasiveness, indi-
cating that at least under our experimental conditions, none of
the other products of this 102-kb region has a significant inva-
sive role. A pathogenicity island within the region encodes the
siderophore-dependent yersiniabactin iron transport system
(5, 20). However, neither deletion of the system nor the iron
status of the bacterial cells affected invasion. This is in contrast
to the case for Listeria monocytogenes, where an iron surplus
enhanced transcription of inlAB and invasion of Caco-2 cells
).

We were surprised to find no significant antiphagocytic ef-
fect of expression of the Yops regulon on invasion of HeLa or
WI-26 cells. This could reflect in part that invasion by Y. pestis
occurs through a mechanism that has some dependence on
microtubules and not solely on actin microfilaments (at
present, no effects of Yops on microtubules have been docu-
mented). However, even in Y. pseudotuberculosis, significant
invasion has been reported to occur despite the functioning of
the Yops regulon. As many as 25% of YadA™ Y. pseudotuber-
culosis cells were intracellular in HeLa cells (39, 40) or J774
macrophage-like cells (1) when assayed only 30 min after ini-
tiation of infection by centrifugation. This is for yersiniae given
a 1- to 2-h incubation at 37°C prior to infection to thermally
induce expression of the Yops regulon (10). We agree with the
opinion (2) that inhibition of phagocytosis (at least by epithe-
lial cells) is not the major virulence outcome of the Yops
regulon—rather, rapid immunosuppression to prevent effec-
tive cytokine expression and to cripple downstream killing
mechanisms is the most potent virulence outcome of the Yops
system.

Our experiments revealed a thermally induced property that
decreases invasion efficiency independent of the expression of
Yops. We speculate that this property is the capsular protein
Cafl, which is expressed at 37 but not 26°C (57). Our findings
mirrored the results of an old but excellent study, where Y.
pestis grown below 28°C was phagocytosis sensitive for human
monocytes and PMNs and expressed little capsule on its sur-
face (8). After 3 h of incubation at 37°C, Y. pestis was resistant
to phagocytosis by PMNs but not monocytes and expressed
significantly more capsule. After overnight culture at 37°C,
intracellular growth in monocytes, or growth for 3 to 5 h in
mice, the yersiniae were strongly resistant to phagocytosis by
both PMNs and monocytes and heavily encapsulated (8). In
nature, yersiniae infecting via the fleaborne route would ini-
tially be highly sensitive to phagocytosis (this was shown in the
laboratory for Y. pestis grown in fleas [8]), and the bacteria
would find a safe niche within tissue macrophages and perhaps
also epithelial cells, where they would gain phagocytosis resis-
tance upon expression of thermally induced properties such as
the capsule Cafl. Subsequently, they would be protected from
phagocytosis and killing by PMNs through the action of the
combination of Cafl and Yops. In the situation of aerogenic or
ingestive exposure to Y. pestis, the yersiniae would be coming
directly from a 37°C environment and would likely be relatively
phagocytosis resistant. However, our study has shown that Y.
pestis retains some invasiveness for epithelial cells and macro-
phages even after growth at 37°C, as evidenced by 1 to 2%
invasion in our 1-h experiments. At that efficiency, the actual
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numbers of Y. pestis that invade epithelial cells in pneumonic
or ingestive plague still could amount to hundreds of lethal
doses.

We tested two putative Y. pestis adhesins for their impor-
tance as invasins for epithelioid cells. The pH 6 antigen fibril
did not contribute significantly to invasiveness. In contrast, we
found that the presence of the Y. pestis-specific plasmid pPCP1
is responsible for 90 to 95% of the invasiveness by Y. pestis for
HeLa cells. The 9.6-kb pPCP1 encodes the outer membrane
serine protease Pla (22, 51) as well as a copy of IS100 (22), a
bacteriocin (pesticin) that attacks peptidoglycan (via N-acetyl-
muramidase activity [59]), and the small pesticin immunity
protein (22, 50). A pesticin mutant retains full virulence,
whereas a mutant lacking Pla is avirulent (53, 60). Pla has been
found by two research groups to have activity as an adhesin
(24, 25). Consequently, Pla is the most likely pPCP1-encoded
factor contributing to invasion. However, Pla is not the sole
significant adhesin in Y. pestis, because Pla™ Y. pestis still ad-
hered to HeLa cells (Fig. 2). This indicates that there is an
additional adhesin(s) in Y. pestis encoded by the chromosome
or the 100-kb virulence plasmid. Pla had not been tested pre-
viously for its ability to sponsor invasion. Pla is expressed at
37°C as well as at 26°C (31) and elicits an antibody response in
mice challenged aerogenically and then cured of infection by
antibiotic treatment (3). It potentially could help promote in-
vasion of 37°C-grown yersiniae such as those infecting from
natural aerogenic and ingestive routes as well as yersiniae
injected into skin by fleabite.

Pla is an outer membrane serine protease that is essential for
virulence from the subcutaneous (but not intravenous) route of
infection (53, 60). It is necessary for the intense disseminative
character of Y. pestis and hence indirectly for infection of fleas
(by ensuring a strong bacteremia) (53). Pla also has been
proposed to contribute to a limited neutrophil response seen in
mice infected subcutaneously (53); however, a different Pla™
strain of Y. pestis elicited a strong neutrophil response in a
second study (60). It has not been determined how Pla specif-
ically enhances dissemination through tissues, but Pla does
activate plasminogen, which could prevent walling off of the
bacteria in fibrin matrices. Alternatively, plasmin or Pla could
have other substrates, degradation of which could promote
dissemination in the body (53). Pla also degrades some Yops in
vitro (52), but the relevance of this is unclear, as Yops are
thought to be targeted directly into host cells and not to be
accessible to degradation by Pla (and indeed, Pla™ and Pla™ Y.
pestis target Yops equally well [48]).

pPCP1 is unique to Y. pestis, and its mechanism for promot-
ing invasion is not known. Future studies will be required to
prove that Pla is the pPCPl-encoded invasin and, if so, to
discover how it may induce engulfment by epithelioid cells. We
do not know if the serine protease activity of Pla has any direct
role, e.g., in unmasking surface ligands on the bacteria or
receptors on the mammalian cells.

A practical consequence of our findings in this study applies
to studies of Yop targeting and function. In such experiments
it is important that the Yop-expressing bacteria all have a
surface location, to avoid an erroneous conclusion that Yops
within intracellular bacteria have been delivered by the pCD1-
encoded type III secretion mechanism. Accordingly, we use
pPCP1™ Y. pestis in such experiments (see, e.g., references 17,
33, and 48), because pPCP1 ™ strains still adhere to epithelioid
cells and target Yops but themselves enter the cells poorly.

In summary, this study has been the first to demonstrate the
ability of Y. pestis to invade epithelioid cells and to identify an
invasion-promoting element that is unique to Y. pestis: the
Pla-encoding plasmid pPCP1. These findings fill an important
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gap in our understanding of Y. pestis biology. It is likely that
invasion is a critical step in ingestive plague in natural foci (6,
46) and perhaps also in the infection of lymphoid tissue and
systemic dissemination that occur in pneumonic plague (12).
We do not know if invasion by Y. pestis is restricted to epithe-
lioid cells and macrophages (56). It will be important for future
work to establish whether Y. pestis has an intracellular niche
beyond the hypothesized residence within tissue macrophages
early after delivery by fleabite (see, e.g., reference 57).
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