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Yersinia pestis biovar Microtus strain 201,
an avirulent strain to humans, provides protection
against bubonic plague in rhesus macaques
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Yersinia pestis biovar Microtus is considered to be a virulent to larger mammals, including guinea pigs, rabbits and
humans. It may be used as live attenuated plague vaccine candidates in terms of its low virulence. However, the Microtus
strain’s protection against plague has yet to be demonstrated in larger mammals. In this study, we evaluated the protec-
tive efficacy of the Microtus strain 201 as a live attenuated plague vaccine candidate. Our results show that this strain
is highly attenuated by subcutaneous route, elicits an F1-specific antibody titer similar to the EV and provides a protec-
tive efficacy similar to the EV against bubonic plague in Chinese-origin rhesus macaques. The Microtus strain 201 could
induce elevated secretion of both Thi1-associated cytokines (IFN-y, IL-2 and TNF-a) and Th2-associated cytokines (IL-4,
IL-5, and IL-6), as well as chemokines MCP-1 and IL-8. However, the protected animals developed skin ulcer at challenge
site with different severity in most of the immunized and some of the EV-immunized monkeys. Generally, the Micro-
tus strain 201 represented a good plague vaccine candidate based on its ability to generate strong humoral and cell-
mediated immune responses as well as its good protection against high dose of subcutaneous virulent Y. pestis challenge.

Introduction

Plague is a zoonotic disease caused by Gram-negative bacte-
rium Yersinia pestis, which is usually transmitted to humans from
infected rodents via the bite of an infected flea.! Historically,
plague was a lethal infectious disease afflicting human popula-
tions, leading to millions of deaths. Plague has been classified as
a re-emerging infectious disease recently by the World Health
Organization® and has attracted a considerable attention because
of its potential misuse as an agent of biological warfare or bioter-
rorism.?> Although Y. pestis is the sole cause of plague, the disease
may present clinically 3 main forms, including the bubonic, sep-
ticemic and pneumonic plagues. Patients with bubonic plague
can develop secondary pneumonic or septic infection. Pneumonic
plague can then be spread from person to person via respiratory
droplets generated from the sneezing and coughing of patients.*
Without timely and proper treatment, mortality is very high for
plague.!

Currently, there is not an ideal plague vaccine for human use.
Y. pestis killed whole cell vaccines only have a short protection
against bubonic plague and are needed for frequent boosting

to maintain immunity.>® Live attenuated vaccine EV provides
the theoretical advantage of simultaneously priming immunity
against many antigens, and is able to elicit both humoral response
and cell-mediated immunity,”® and is effective against bubonic
and pneumonic plague in humans, but it shows side effects of
varying severity and has not been used in the Western world.>!°
Other types of live attenuated plague vaccines to induce protec-
tive immunity include the introduction of Y. pestis antigens in
live attenuated Salmonella and Y. pseudotuberculosis etc. These
live attenuated vectored vaccines could induce humoral, mucosal
and cellular immunity, and be developed for mass vaccination
against pneumonic plague via oral route.™"” However, these live
attenuated vectored vaccines express a limited number of Y. pestis
antigens. Recent studies are being focused on the development
of acellular vaccines (subunit vaccines and DNA vaccines) con-
taining F1 and LcrV antigens." Subunit vaccines based on F1
and/or LerV are efficacious against both bubonic and pneumonic
plagues in some experimental animals and had obvious advan-
tages over killed whole cell vaccines in terms of safety and/or
efficacy.”'® However, mice vaccinated with F1 antigen alone fail
to provide protection against the Fl-negative Y. pestis infection.”
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Figure 1. Development of IgG titers to F1 in Chinese-origin rhesus
macaques immunized with the Y. pestis strain 201 and the EV vaccine on
week 2, 4, 6, and 8 post immunization.

Thus, an Fl+LcrV subunit vaccine is preferred.?” In addition,
subunit vaccines based on F1 and LerV antigens failed to fully
protect African green monkeys, and the adequate evidence
about whether or not they will protect humans has yet to be
demonstrated.”** Our previous study” and several reports™***
have indicated that subunit vaccines in alhydrogel elicit robust
humoral immunity, and their potential to prime effective cellu-
lar immunity has yet to be demonstrated. Several studies sug-
gest that antibodies alone may not provide optimal protection
against plague, and that vaccines harnessing both humoral and
cellular defense mechanisms should provide superior defense.>*¢
The DNA vaccines based on Y. pestis F1 and LcrV genes alone or
in combination are efficacious against both bubonic and pneu-

151618 However, DNA vaccines usually elicit lower

monic plague.
and slower immune responses than conventional vaccines, and
gene gun immunization that delivers DNA-coated particles into
the dermis of the skin needs to be used for improving immune
responses.>?” Taken together, the future studies of new plague
vaccines should be focused on developing the subunit vaccines
priming cell-mediated immune responses, DNA vaccines elicit-
ing highly effective and quicker immune responses, the vectored
vaccines expressing more protective antigens of Y. pestis in live
attenuated Salmonella and Y. pseudotuberculosis etc or live attenu-
ated Y. pestis vaccines with both highly attenuated property and
protective efficacy in both animals and humans.

The major challenge in developing live attenuated Y. pes-
tis vaccines is to reduce their virulence while maintaining their
immunogenicity. A proper balance between attenuation and
immunogenicity is required for developing an ideal live attenu-
ated Y. pestis vaccine. To reduce the potential of reversion to viru-
lence, several live attenuated mutants have been constructed based
on conditionally virulent Y. pestis Pgm- strains.?®%* Constructing
double-mutant strains based on Y. pestis Pgm™ strains has an
advantage over developing single mutants from virulent strains
in terms of safety. Y. pestis biovar Microtus strains are thought
to be avirulent to larger mammals, such as guinea pigs, rabbits
and humans,? which may be used as a parental strain to develop
attenuated vaccines for humans because these strains have all
known protective antigens.** However, the Microtus strains’

www.landesbioscience.com

protective efficacy against plague has yet to be demonstrated in
larger mammals. In this study, we investigated the possibility of
using Microtus strain 201 as a live attenuated plague vaccine can-
didate. Our results show that the Microtus strain 201 is highly
attenuated in Chinese-origin rhesus macaque model of infection
and provides effective protection against subcutaneous Y. pestis
infection in this model.

Results

Antibody responses to F1 and V antigens

The titers of F1- or V-specific antibody in all immunized
animals were determined on week 2, 4, 6, and 8 after primary
immunization. The geometric mean of antibody titers and the
standard error of the mean from each group of the animals were
calculated from the data obtained by ELISA. The antibody
response to F1 in 2 immunized groups of animals was shown in
Figure 1. The statistical analysis showed that there was no sig-
nificant anti-F1 IgG titer difference between the immunized ani-
mals with the EV and those with the Y. pestis 201 (P > 0.05). In
contrast, anti-V IgG was undetectable in both groups of animals
(data not shown). These results indicated that the Y. pestis 201
elicited a humoral immune response similar to the live attenuated
vaccine EV.

The Y. pestis 201 induces cytokine or chemokine production

To assess immune correlates contributing to the significant
protection observed in the immunized animals with the Y. pestis
201, the release of cytokines and chemokines IFN-y, TNF-a,
IL-2, IL-4, IL-5, IL-6, IL-8, MCP-1, and RANTES was mea-
sured by Cytometric Bead Array between the 2- and 8-week
(w) point of immunization (POI). Elevated levels of six cyto-
kines IL-2 (Fig. 2A), IEN-y (Fig. 2B), TNF-« (Fig. 2C), IL-4
(Fig. 2D), IL-5 (Fig. 2E), and IL-6 (Fig. 2F), and 2 chemokines
IL-8 (Fig. 2G) and MCP-1 (Fig. 2H) were found in sera from
the animals immunized with the Y. pestis 201 or the EV. In con-
trast, there was no elevated level of the chemokine RANTES in
sera from the animals immunized with the Y. pestis 201 or the
EV. ANOVA analysis showed that there was no significant IL-2,
IFN-vy, TNF-a, IL-4, IL-5, IL-6, IL-8, or MCP-1 difference
between the Y. pestis 201 and the EV groups (P > 0.05). The
levels of IL-2, IFN-y, IL-4, and IL-5 were elevated by the Y. pestis
201 or the EV immunization at 4-w POI, and reduced rapidly.
Compared with above cytokines, significantly high level of IL-6,
TNEF-a, IL-8, and MCP-1 production was induced at early POI
by the Y. pestis 201 or the EV, and maintained for a longer time.

Protective efficacy

Three groups of the immunized animals with a single dose of
the Y. pestis 201, the EV or PBS were challenged with 1.74 x 10°
CFU of virulent Y. pestis strain 141 by the subcutaneous route
on week 9 post primary immunization, and followed by observa-
tion for 21 d. All (6/6) of the animals survived the challenge in
the group vaccinated with the EV, and 83.3% (5/6) protection
was observed in the group immunized with the Y. pestis 201 dur-
ing the 21-d’s post-challenge observation. In contrast, 3 control
animals all succumbed to a same dose of Y. pestis 141 challenge
within 2-3 d. Log-rank (Mantel-Cox) Test analysis showed no
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Figure 2. Production of cytokines IFN-y, TNF-q, IL-2, IL-4, IL-5, and IL-6 and chemokines IL-8, MCP-1 and RANTES in Chinese-origin rhesus macaques
immunized with the Y. pestis strain 201 and the EV on week 2, 4, 6, and 8 post immunization. Cytokine or chemokine production was calculated by sub-
tracting the cytokine or chemokine concentration in control animals from the concentration measured in the Y. pesti 201- or the EV-immunized animals.
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Bacteria could be visualized as those
expressing the F1 antigen (brown
and yellow stain). Numerous bacte-
ria were observed in the tissues of the
control animals (Fig. 3D, a—f) and
one dead animal from the Y. pestis
201 group (Fig. 3C, a—f), no bacte-
ria were found in the tissues of the
animals immunized with the EV or
survivors immunized with 201 strain
(Fig. 3A, a-fand B, a—f).

Clinical signs and histopathology

After immunization with the ¥,
pestis 201, no systemic symptoms
were observed, but there was a red
and swollen induration at the inocu-
lation site in the immunized animals.
After challenge with Y. pestis 141, all
animals, including vaccinated and
control animals, were observed to
assess clinical manifestations during
the 21-d’s post-challenge observa-
tion. Different degrees of pustules
or skin ulcerations were observed at
the site of the injection in majority of
the immunized animals with the Y
pestis 201 or the EV 5-8 d after chal-
lenge with Y. pestis 141, no other side
effects were observed and all the vac-
cinated animals are in good spirits.
By contrast, only a little red swelling
was observed at the injection sites of
the control animals because of their
rapid death, but the control animals

had lethargy after challenge with Y.

pestis 141. Photographs taken from

Figure 3. The F1 antigen of Y. pestis was identified by Inmunohistochemitry staining. Bacteria were visu-
alized as those expressing F1 antigen (brown and yellow stain). Numerous bacteria were observed in the
tissues of lungs (a), lymph node (b), liver (c), spleen (d), kidney (e), and heart (f) of one dead animal of the

some animals immunized with the
Y. pestis 201 (Fig. 4A and B) and the

Y. pestis 201 group (C) and control animals (D).

EV (Fig. 4C and D) exhibited skin

survival difference between the Y. pestis 201 and the EV groups
(P> 0.05).

Localization of Y. pestis within organs

Microbiological examination showed that Y. pestis were iso-
lated from lymph nodes, hearts, livers, spleens, and lungs of the
dead animals, including one from the Y. pestis 201 group and
control animals. The survivors were euthanized humanely and
autopsied for microbiological analysis on day 21 post challenge.
No Y. pestis were isolated from lymph nodes, hearts, livers, spleens,
and lungs of these animals. These results indicate that the death
of animals was caused by the systemic infection of Y. pestis, and Y.
pestis have been eliminated from the survival animals.

The F1 antigen of Y. pestis was identified by immunohisto-
chemistry staining in the formalin-fixed paraffin-embedded
lungs, lymph node, liver, spleen, kidney, and heart tissues.

www.landesbioscience.com

ulcerations at the injection sites after
challenge with Y. pestis 141. An ani-
mal with severe ulcer has an open sore in the skin that looks like
a crater (Fig. 4C), whereas another animal with severe skin ulcer
has extensive ulcerate at the injection sites (Fig. 4B). There was
no difference between the animals immunized with the EV and
those vaccinated with the 201 strain in the light of degree of skin
ulcer and mental state. These results indicated that although the
Y. pestis 201 or the EV could markedly elevate the survival rate,
they failed to protect the immunized animals from skin lesion
caused by Y. pestis infection.

The samples of heart, liver, spleen, lungs, kidneys and lym-
phoid nodes from the animals immunized with the Y. pestis
201, the EV and PBS were collected after challenge with Y. pes-
tis 141 and fixed in 10% neutral buffered formalin. The tissues
were trimmed, paraffin embedded, sectioned and stained with
hematoxylin and eosin (H and E). The slides prepared from
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Figure 4. Skin ulcerations at the site of the injection in the immunized animals after challenge with Y. pestis 141. (A) Photo taken from the animal of the Y.
pestis 201 group 8 d after challenge with virulent Y. pestis 141. (B) Photo taken from the animal of the Y. pestis 201 group 8 d after challenge with virulent
Y. pestis 141. (C) Photo taken from the animals of the EV group 8 d after challenge with virulent Y. pestis 141.

these organs were observed under light microscope for patho-
logical changes. No changes in histopathology were found in
all examined tissues from all survivors after challenge with Y.
pestis 141 (Fig. 5A, a—f and B, a—f), whereas the control ani-
mals (Fig. 5D, a—f) and one dead animal from the Y. pestis 201
group (Fig. 5C, a—f) showed evident alterations in these tissues.
Disappearance of recognizable lung tissue architecture and for-
mulation of inflammatory cell focus mainly composed of lym-
phocytes were observed in the lung tissues of one dead animal
from the Y. pestis 201 group (Fig. 5C, a), whereas edema, conges-
tion and inflammatory cell infiltration were found in the lung
tissues of the control animals (Fig. 5D, a). Lymph node tissues
showed architectural deterioration and low numbers of lympho-
cytes in both one dead animal from the Y. pestis 201 group and
the control animals, respectively (Fig. 5C, b and D, b). Slight
congestion within sinus hepaticus and hepatic cell degeneration
were observed in both one dead animal from the Y. pestis 201
group and the control animals, respectively (Fig. 5C, cand D, c).
The spleen tissues of one dead animal from the Y. pestis 201 group
and the control animals showed reduced amount of white pulp,
acinuslienalis and lymphocytes (Fig. 5C, d and D, d). Interstitial
lymphocyte infiltration and vascular engorgement were observed
in both one dead animal from the Y. pestis 201 group and the
control animals, respectively (Fig. 5C, e and D, ¢). Segmentation
of cardiac muscle fibers and vascular engorgement were found in
heart tissues of 1 dead animal from the Y. pestis 201 group and
the control animals, respectively (Fig. 5C, fand D, f).

Discussion

Historically, live attenuated strains were the most effective
type of plague vaccines, which were usually obtained from viru-
lent isolates by continuous multiple passages on routine growth
media at a temperature of 26-28 °C. Pigmentation (Pgm)-
deficient strains of Y. pestis arise spontaneously during in vitro
passage, which results in the attenuation of Y. pestis usually
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owing to deletion of a 102-kb region of the chromosome that
encodes proteins related to iron utilization.”” The EV strain, a
spontaneous Pgm mutant, was derived from the EV strain iso-
lated by Girard and Robic from a human case of bubonic plague
in Madagascar in 1926,°° and known as the most immunogenic
derivative used for animals and humans. However, it can cause
fatal plague in some non-human primates,” and retains virulence
when administered by the intranasal (i.n.) and intravenous (i.v.)
routes.?®*”%® Recently, a case of lethal septicemic plague caused
by an attenuated Pgm™ mutant of Y. pestis UC91309 was reported
in an U. S. laboratory, because the victim had hereditary hemo-
chromatosis with abnormally high levels of iron deposition in
liver tissue and antemortem serum samples.*” Pgm-deficient vac-
cines are highly virulent to people with hemochromatosis, which
ensures excess iron supply for vaccine strains with attenuated iron
uptake. It is important to explore novel rationally attenuated Y.
pestis strains with distinct functional roles as vaccine candidates
for use against plague.

Y. pestis biovar Microtus strains have been proved to be avir-
ulent to guinea pigs, rabbits and humans,® but their virulence
and protection in nonhuman primates has not been determined.
In this study, although the LD, of the Y. pestis strain 201 was
not determined in Chinese-origin rhesus macaques, its virulence
for Chinese-origin rhesus macaques was estimated to be more
than 10" CFU because all animals survived after immunization
with 1.4 x 10" CFU of the Y. pestis strain 201 by subcutaneous
route. When the animals immunized with the Y. pestis 201 were
challenged with high level of virulent Y. pestis strain 141 by the
subcutaneous route, the Y. pestis 201 provided an effective protec-
tive efficacy similar to the EV. This is the first report that shows
the biovar Microtus Y. pestis 201 strain is avirulent in Chinese-
origin rhesus macaques. More importantly, this study first dem-
onstrates the biovar Microtus Y. pestis 201 strain is able to provide
effective protection against bubonic plague. When the immu-
nized animals with the Y. pestis 201 or the EV were challenged
with virulent Y. pestis 141, different degrees of pustules or skin
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infection with virulent Y. pestis strain 141.

Figure 5. Histopathology of the tissues from the immunized animals and the control animals. Tissue sections were stained with hematoxylin and eosin
for pathological examination after infection with Y. pestis. (A) Tissue sections from the animals immunized with the EV and then infected with virulent
Y. pestis strain 141. (B) Tissue sections from the animal immunized with the Y. pestis 201 and then infected with virulent Y. pestis strain 141. (C) Tissue sec-
tions from one dead animal of the Y. pestis 201 group after challenge with virulent Y. pestis strain 141. (D) Tissue sections from the control animals after

ulcerations were observed at the site of the injection in majority
of the animals 5-8 d after infection. These results indicated that
although the Y. pestis 201 or the EV could markedly elevate the
survival rate, they failed to protect the immunized animals from
skin lesion caused by high dose of virulent Y. pestis.

Although antibody level induced in vaccinated primates and
rodents does not correlate with protective efficacy, it has long
been recognized that humoral immunity plays an important role
in protection against plague.?"** Furthermore, it is suggested that
vaccines effectively prime both humoral and cellular immunity
could provide superior defense against pneumonic plague.”*44>
To assess the nature of the immunological response caused by

www.landesbioscience.com

the Y. pestis 201, F1- or V-specific antibody titers representing
humoral immune response, and Thl- or Th2-associated cyto-
kines were determined in sera of the immunized animals. We
observed that the Y. pestis 201 elicited a humoral immune response
similar to the EV. However, both strains elicited higher anti-F1
IgG titer and undetectable anti-V IgG in both groups of animals.
LerV is a multifunctional protein secreted by the type III system,
which both forms the translocation pore at the tip of the surface-
exposed needle and provides protective immunity to Y. pestis
infections.”* Although V-antigen is a surface-exposed protein,
it is only localized at the tip of the needle and is not secreted as
much as Fl-antigen. This may explain why only a small amount
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of antibody to V-antigen is produced in animals immunized with
the EV and the Y. pestis strain 201. Therefore, we suggested that
V-antigen might not play an important role in humoral immu-
nity when animals were immunized with live attenuated vaccines
or KWC vaccines, compared with Fl-antigen. Several previous
studies have demonstrated that IFN-vy and TNF-a contribute to
protection against a lethal systemic Y. pestis challenge, and that
cytokine-mediated Thl-type cellular immunity is very important
to overcome the immunosuppression induced by Y. pestis infec-
tion.”?" 484 In this study, we observed that the Y. pestis 201 or the
EV induced not only the increase of IFN-y and TNF-a produc-
tion but also that of IL-2 secretion, revealing that the Y. pestis
201 or the EV could induce cytokine-mediated Thl-type cellu-
lar immune response in Chinese-origin rhesus macaque model.
Moreover, the secretion of IL-4, IL-5, or IL-6 was significantly
elevated in the immunized groups after immunization with the ¥.
pestis 201 or the EV. These results indicated that the Y. pestis 201
or the EV elicited a mixture of Thl and Th2 responses, which
could be particularly important in plague vaccines, because Thl
response is important for the clearance of intracellular pathogens,
and Th2 response plays a role in the clearance of extracellular
pathogens. >

Chemokines released from a variety of cells constitute a super-
family of small peptides that play a crucial role in trafficking
and recruiting effector leukocytes to primary sites of immune
responses and inflammations.” In addition, chemokines were
also found to mediate Thl or Th2 type immune responses.
The present study was undertaken to measure concentrations
of the chemokine RANTES, IL-8, and MCP-1 in sera from the
animals immunized with the Y. pestis 201 or the EV. Elevated
levels of two chemokines IL-8, a mediator of Thl type cellular
immune responses,” and MCP-1 predominantly chemotactic for
Th2 cells,” were observed in sera from the animals immunized
with the Y. pestis 201 or the EV. These observations revealed
that the protection provided by these 2 live attenuated vaccines
was at least attributed to both the chemoattraction of 1L-8 and
MCP-1, and the modulation of Th1/Th2 balance. However, no
elevated level of RANTES, a regulator for both Thl and Th2
cell types,*
mals. This result seems to be consistent with a previous report, in
which no elevated levels of MCP-1, MIP-1at, RANTES, MIP-1j3,
and IL-8 were found in sera of Indonesian-origin cynomolgus
macaques within 96 h after acrosol infection with Y. pestis CO92,
but the elevated concentration of MCP-1, MIP-1a or IL-8 was
observed in some lung tissue 72 h after aerosol infection with
Y. pestis CO92.5 No elevated levels of MCP-1 and IL-8 were
observed in sera of the animals infected with Y. pestis CO92,
which may be attributed to short-term of observation. However,

was observed in the two groups of immunized ani-

in some lung tissue, the elevated concentration of MCP-1 and
IL-8, not RANTES was observed, indicating that MCP-1 and
IL-8 secreted earlier than RANTES or Y. pestis CO92 does not
induce elevated level of RANTES in Indonesian-origin cynomol-
gus macaques.

To evaluate histopathologically the protective efficacy of the
Y. pestis 201 and the EV, the heart, liver, spleen, lung, kidney,
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and lymph node tissues from the survivors, one dead animal of
the Y. pestis 201 group and control animals were examined under
microscopy. The survival animals did not display histopathologi-
cal lesions in all the examined tissues, whereas the control animals
and one dead animal of the Y. pestis 201 group showed different
degrees of pathological alterations in the heart, liver, spleen, lung,
kidney and lymph node tissues. Immunohistochemical staining
and postmortem analysis also showed bacteria in all the exam-
ined organs of the control animals and one dead animal of the
Y. pestis 201 group, whereas no bacteria were observed in the sur-
vival animals. However, in our previous study, when Chinese-
origin rhesus macaques were challenged subcutaneously with
6 x 10° CFU of Y. pestis 141, no evident changes were observed
in the heart tissues.’® Evidence from the present and previous
studies suggests that high-dose challenge can cause histopatho-
logical lesions in heart tissues. In the present study, the tissues
were only examined at 21 d after the challenge. The possibility of
histopathological lesion and bacterial presence at eatlier stages of
infection should not be excluded. Postmortem analysis, immuno-
histochemical staining and histopathological examination dem-
onstrated that the Y. pestis 201 and the EV can effectively protect
Chinese-origin rhesus macaques from pathological changes in
the examined organs and eliminate Y. pestis. The control animals
died from the lesions of many organs caused specifically by Y.
pestis infection. However, after challenge with Y. pestis 141, the
majority of the vaccinated animals were shown different degrees
of pustules or skin ulcerations at the site of the injection. The Y.
pestis 201 or the EV seems to not protect the immunized animals
from skin lesion caused by Y. pestis infection, but the lesions were
healed within an observation of period of 21 d. This result per-
haps precisely demonstrated the potential of the Y. pestis 201 or
the EV.

The current study first demonstrates that the biovarMicro-
tus Y. pestis 201 strain is avirulent in non-human primates and
able to provide effective protection against bubonic plague. The
Microtus strain 201 represented a good plague vaccine candidate
based on its ability to generate strong humoral and cell-mediated
immune responses as well as its good protection against high dose
of subcutaneous virulent Y. pestis challenge. However, its poten-
tial to provide effective protection against pneumonic plague has
yet to be demonstrated. Pneumonic plague is the most danger-
ous and rapidly transmissible form of the disease,”® which can be
spread from person-to-person via respiratory droplets generated
from sneezing and coughing of the patients. Without timely and
proper treatment, mortality is very high for pneumonic plague.!
It is imperative to develop a vaccine that can provide effective
protection against pneumonic plague. It is suggested that vac-
cines effectively prime both humoral and cellular immunity
could provide superior defense against pneumonic plague.#44
The current study showed that immunization with the Y. pestis
strain 201 could induce both cytokine-mediated Thl-type cellu-
lar immune response and Th2-type humoral immune response.
Therefore, we speculate that the Y. pestis strain 201 might have
the potential to provide effective protection against pneumonic
plague. In the following studies, we will investigate whether the
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Y. pestis strain 201 can provide effective protection against pneu-
monic plague. In addition, we will further evaluate the virulence
of the Y. pestis strain 201 by comparing with EV strain.

Materials and Methods

Bacterial strains and animals

The Y. pestis strain 201 was isolated from Microtusbrandti in
Inner Mongolia, China and has LD, of 3 CFU for BALB/c mice
by the subcutaneous route, while the LD, in the iv.-infected
mice was 1.9 CFU.® Its major phenotypes are F1+ (able to pro-
duce fraction 1 capsule), LerV+ (presence of V antigen), Pst+
(able to produce pesticin), and Pgm+ (pigmentation on Congo-
red media). The genome contents of strain 201 were identical to
Y. pestis strain 91001 according to our previous DNA microarray
based comparative genomic analysis. Both strain 201 and strain
91001 belong to a newly established Y. pestis biovar, microtus,®
which is supposed to be avirulent to humans but highly lethal
to mice.”® The live attenuated strain EV was obtained from the
Lanzhou Institute of Biological Products (LIBP).

Chinese-origin rhesus macaques (2-y-old) were obtained
from Laboratory Animal Research Center, Academy of Military
Medical Science (licensed from the Ministry of Health in
General Logistics Department of Chinese People’s Liberation
Army, permit no. SCXK-2007-004). All protocols were approved
by Committee of the Welfare and Ethics of Laboratory Animals,
Beijing Institute of Microbiology and Epidemiology. Each ani-
mal was kept in a vertical dimension of stainless steel wire bot-
tom cage, which has a perch and adequate vertical space to keep
the whole body, including its tail, above the cage floor. All sin-
gle-caged animals were raised in the same room with windows
where they are social housing and see the outside world through
windows. All animals were raised in an air-conditioned labora-
tory with an ambient temperature of 21-25 °C and a relative
humidity of 40%—-60%. Each animal was provided with gnaw-
ing sticks, a restricted diet of approximately 150 g of standard
monkey keeping diet per day, and water was available ad libi-
tum during the entire course of this study. Fresh fruit was given
once daily to each of the animals who received their fresh fruit in
the puzzle feeder. To alleviate the suffering of rhesus macaques,
a minimum number of animals were used to ensure statistical
significance. All moribund animals after the challenge with Y.
pestis were euthanized by using pentobarbital sodium anesthesia.
All animal experiments were conducted strictly in compliance
with the Regulations of Good Laboratory Practice for nonclinical
laboratory studies of drug issued by the National Scientific and
Technologic Committee of People’s Republic of China.

Animal immunizations

Fifteen Chinese-origin rhesus macaques were randomly divided
into 3 groups, including 2 experimental groups and 1 control
group. Each one of 2 experimental groups contained 6 animals,
and the PBS-immunized control group had 3 animals. Two experi-
mental groups of animals were subcutaneously injected in the groin
area with the Y. pestis 201 (1.4 x 10" CFU) and the EV (1.57 x 10*
CFU), respectively. Each animal of the control group was subcuta-
neously given the same volume of PBS only.
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Antigen-specific antibody assays

Blood samples were collected from the forelimb veins of the
immunized animals on week 2, 4, 6, or 8 after primary immu-
nization. Sera were assayed for the presence of F1- or V-specific
IgG by a modified ELISA.*The titers of specific antibodies were
estimated as the maximum dilution of serum giving an OD read-
ing 0.2 units over background. Background values were obtained
from serum samples collected from the PBS-immunized animals.
Antibody endpoint titers per immunization group are presented
as the geometric mean endpoint titers to F1 and V antigens.

Measurement of cytokines and chemokines

Sera were collected from the two experimental groups of ani-
mals on week 2, 4, 6, and 8 after primary immunization and from
the control group of animals. The levels of cytokines and che-
mokines IFN-vy, TNF-a, 1L-2, IL-4, IL-5, IL-6, I1L-8, MCP-1,
and RANTES were measured by Cytometric Bead Array (CBA)
according to the manufacturer’s protocol (BD Biosciences). Data
were analyzed by using FCAP Array 0.1 and BD Cytometric
Bead Array 1.4 software assay. Cytokine production was calcu-
lated by subtracting the cytokine or chemokine concentration in
control animals from the concentration measured in the Y. pesti
201- or the EV-immunized animals. The results are presented as
the means of assays performed in each group at different time
points.

Challenge with Y. pestis

Both immunized and naive Chinese-origin rhesus macaques
were challenged with the virulent Y. pestis 141 strain, which was
isolated from Marmotahimalayana in Qinghai-Tibet plateau and
has a median lethal dose (MLD) of 5.6 CFU for BALB/c mice,
17.8 CFU for guinea pigs and New Zealand White rabbits by the
subcutaneous route. All the immunized Chinese-origin rhesus
macaques were challenged with 1.74 x 10° CFU by the subcuta-
neous route in another side of groin area on week 9 after the pri-
mary immunization, and then, closely observed for 21 d. All the
survival animals were euthanized humanely for a post-mortem
examination. Hearts, livers, spleens, lungs and lymph nodes of
the challenged animals were removed to confirm if ¥, pestis was
presented in these organs.

Histopathology

Tissues collected from dead animals were placed into 10%
neutral buffered formalin, dehydrated through a serial alcohol
gradient (70%, 80%, 90%, 95%, and 100%), cleared with
xylene, infiltrated with wax, and then embedded in paraffin.®The
surviving animals at Day 21 after the challenge were humanely
euthanized by intraperitoneal injection of barbital sodium. As
stated above, their tissues were removed and fixed in 10% neutral
buffered formalin for paraffin block preparation. Tissue sections
were stained with hematoxylin and eosin (HE) for histopatho-
logical examination.

Immunohistochemistry (IHC)

IHC staining was performed following the user’s manual
of the PV-9000 Kit (ZSGB-Bio).** Briefly, after the paraffin-
embedded tissue sections were deparaffinized and rehydrated,
the sections were subjected to antigen exposure in citrate buffer
solution (0.1 M, pH 6.0) by microwaving at 95 °C for 20 min,
and incubated with 3% H,O, in methanol for 10 min to block
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endogenous peroxidase activity. The sections were incubated for
12 h with the purified rabbit anti-F1 antigen of Y. pestis poly-
clonal antibody at 4 °C, whereas the control spleen tissues were

incubated in PBS. The sections were incubated with Polymer

Helper for 20 min at 37 °C, and then with polyperoxidaseanti-
rabbitlgG (ZSGB-Bio) for 10-20 min at 37 °C. The slides were

stained with 3, 3'-diaminobenzidinetetrahydrochloride (DAB).
Finally, the sections were rinsed, counterstained, dehydrated,

cleaned, mounted, and examined under light microscopy.

Statistical analysis
The differences of antibody titer, cytokines and chemokines
between the Y. pestis 201 and the EV groups were compared by

65

difference between the Y. pestis 201 and the EV groups was ana-
lyzed by Log-rank (Mantel-Cox) Test. Probability values of <0.05
were taken as significant.
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