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A delayed inflammatory response is a prominent feature of infection with Yersinia pestis, the agent of bubonic
and pneumonic plague. Using a rat model of bubonic plague, we examined lymph node histopathology,
transcriptome, and extracellular cytokine levels to broadly characterize the kinetics and extent of the host
response to Y. pestis and how it is influenced by the Yersinia virulence plasmid (pYV). Remarkably, dissemi-
nation and multiplication of wild-type Y. pestis during the bubonic stage of disease did not induce any detectable
gene expression or cytokine response by host lymph node cells in the developing bubo. Only after systemic
spread had led to terminal septicemic plague was a transcriptomic response detected, which included upregu-
lation of several cytokine, chemokine, and other immune response genes. Although an initial intracellular
phase of Y. pestis infection has been postulated, a Thl-type cytokine response associated with classical
activation of macrophages was not observed during the bubonic stage of disease. However, elevated levels of
interleukin-17 (IL-17) were present in infected lymph nodes. In the absence of pYV, sustained recruitment to
the lymph node of polymorphonuclear leukocytes (PMN, or neutrophils), the major IL-17 effector cells,
correlated with clearance of infection. Thus, the ability to counteract a PMN response in the lymph node

appears to be a major in vivo function of the Y. pestis virulence plasmid.

Three members of the genus Yersinia are human pathogens.
Yersinia pseudotuberculosis and Yersinia enterocolitica are en-
teric pathogens that cause mild self-limiting or chronic dis-
eases. Yersinia pestis is the etiological agent of bubonic plague,
an acute, often-fatal disease that is still of public health con-
cern in many parts of the world.

Bubonic plague is a zoonotic disease transmitted by fleas.
Two plasmids unique to Y. pestis, pFra and pPla, facilitate
flea-borne transmission by enabling bacterial survival in the
flea and dissemination from the flea bite site (11, 29, 58). While
attempting to obtain a blood meal, a Y. pestis-infected flea
regurgitates bacteria into the bite site, thus introducing the
bacteria into a new host. Once delivered into the dermis, the
bacteria migrate or are transported to the regional draining
lymph node. The disease initially presents as a sudden onset of
fever, chills, and weakness, which is followed by development
of the characteristic bubo, an enlarged, painful lymph node.
Failure to filter out and kill the bacteria in the lymph node
allows for hematogenous spread and invasion of peripheral
organs. Progression to this systemic stage of disease, termed
septicemic plague, is marked by a mortality rate of 90%. Col-
onization of the lungs via the bloodstream can result in sec-

* Corresponding author. Mailing address: Rocky Mountain Labora-
tories, 903 S. 4th St., Hamilton, MT 59840. Phone: (406) 363-9260. Fax:
(406) 375-9681. E-mail: jhinnebusch@niaid.nih.gov.

+ Supplemental material for this article may be found at http://iai
.asm.org/.

I Present address: Battelle Biomedical Research Center, Columbus,
OH 43201.

¥ Published ahead of print on 27 September 2010.

ondary pneumonic plague, a highly lethal and contagious air-
borne form of the disease (13).

Disease progression and pathology in the Brown Norway rat
closely mimic human bubonic plague (54). After intradermal
injection, Y. pestis reaches the proximal draining lymph node at
between 6 and 36 h and multiplies rapidly to produce the
bubonic stage of disease. By 48 to 72 h, the bacteria escape the
primary bubo and spread systemically to produce septicemic
plague, characterized by bacterial colonization of the blood,
spleen, liver, and distal lymph nodes. A relatively moderate
influx of neutrophils to the primary bubo can be detected at 36
to 72 h postinfection, but this does not stop disease progres-
sion. Moreover, tumor necrosis factor alpha (TNF-a) and
gamma interferon (IFN-v) are not detected in the blood until
advanced stages of septicemic plague (54). These findings are
consistent with current models that a major attribute of Y.
pestis pathogenesis is the ability to suppress or delay the innate
immune response (7, 12, 28, 38, 41, 54).

Mammals respond to bacterial infections by upregulating
proinflammatory cytokines that activate resident phagocytic
cells and induce the recruitment of circulating phagocytes to
the site of infection. Toll-like receptors (TLRs) and other
pattern recognition receptors (PRRs) on host cells recognize
pathogen-associated molecular patterns (PAMPs) such as bac-
terial lipopolysaccharide (LPS), peptidoglycan, or DNA. PRR
stimulation triggers the mitogen-activated protein kinase
(MAPK), NF-kB, and other innate immunity signaling cas-
cades to induce the production of cytokines and chemokines
that activate and mobilize other immune cells to the site of
infection (for a recent review, see reference 30). The three
pathogenic Yersinia species possess a closely related virulence
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plasmid (generically termed pYV and also referred to as pCD1
in Y. pestis), which encodes a type III secretion system (T3SS)
that functions to inject several Yersinia virulence factor pro-
teins, termed Yops, directly into host cells (18). A large body
of work indicates that the Yop effector proteins disrupt phago-
cytic activity and certain aspects of the inflammatory response
and induce apoptosis (63). LcrV (V antigen), another T3 se-
creted protein encoded by the virulence plasmid, may also
inhibit the proinflammatory response by inducing the anti-
inflammatory cytokine interleukin-10 (IL-10) (10, 20, 57). Y.
pestis strains that lack the virulence plasmid are essentially
avirulent. pYV-negative (pYV ™) Y. pestis is able to dissemi-
nate from the dermis to the regional lymph node at the same
rate as wild-type (WT) Y. pestis when a large inoculum is
injected, but the infection proceeds no further and is cleared
within a few days with no associated morbidity (31).

In addition to the T3SS, other major Y. pestis virulence
factors are directed to host innate immunity. At mammalian
host temperatures, Y. pestis produces a tetra-acylated LPS that
does not stimulate TLR4, the primary recognition receptor for
Gram-negative bacteria, thereby preventing the induction of
the normal proinflammatory response (33, 45, 52, 61). A cap-
sule composed of the F1 protein is also highly expressed in the
host and has antiphagocytic and perhaps immunomodulatory
properties (22, 42). Other non-T3SS virulence factors counter-
act complement, antibacterial peptide, and nitrosative stress
responses of the innate immune system (4, 14, 23, 50, 51, 55).

The mechanisms of action of the Y. pestis T3SS and other
virulence factors postulated to result in innate immunity resis-
tance in vivo have been inferred primarily from in vitro exper-
iments with Y. pseudotuberculosis, Y. enterocolitica, and atten-
uated Y. pestis strains and macrophages. To better understand
the host response to bubonic plague and the effects of pYV-
encoded virulence factors in vivo, we characterized the gene
expression and immunological response in the developing
bubo in Brown Norway rats at different times after infection
with WT or pYV™ Y. pestis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The fully virulent Y. pestis 195/P
wild-type strain, originally isolated from a patient with pneumonic plague in
India (15), and a pYV™ variant of this strain were used in this study. Starter
cultures were grown overnight in heart infusion broth (HIB) at 28°C. The bac-
teria were then subcultured in Luria broth (LB) for 18 h at 21°C to mimic the
temperature during passage through the flea. Bacteria were quantified by
Petroff-Hausser direct counting, and inocula that contained 5 X 10* WT bacte-
ria/ml or 5 X 10° pYV ™ bacteria/ml were prepared in sterile phosphate-buffered
saline (PBS), pH 7.4.

Animal infections. Six- to 8-week-old female Brown Norway rats (Rattus nor-
vegicus) were injected intradermally in the right lower lumbar region with 50 pl
of PBS containing 10° CFU of WT or 10° CFU of pYV™ Y. pestis 195/P.
Additional groups of rats were injected with 50 pl of sterile PBS or 10® CFU of
paraformaldehyde-killed WT Y. pestis 195/P or were coinfected with 10° CFU of
WT and 10% CFU of the pYV ™ variant. At 36 or 60 h after infection, the rats
were euthanized and the right inguinal lymph node, spleen, and blood samples
were collected.

Microarray analysis. Isolated right inguinal lymph nodes from groups of 5 to
10 rats were pressed through a 70-pum cell strainer into 10 ml of RNAprotect
(Qiagen, Valencia, CA). One milliliter of each sample was removed for bacterial
quantitation by PCR. The remaining sample was centrifuged at 4,000 X g for 10
min, the RNAprotect decanted, and the resulting pellet stored at —80°C. The
RNA was prepared for microarray analysis as described previously (65). Briefly,
the samples were homogenized using QIAshredder columns, and total RNA was
isolated using the RNeasy 96 kit (Qiagen). The RNA quality and quantity were
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measured on a Bioanalyzer 2100 using RNA LabChips (Agilent Technologies,
Santa Clara, CA) and spectrophotometry. One microgram of total RNA was
amplified and biotin-ddUTP labeled using the Enzo BioArray single-round RNA
amplification and biotin labeling system (ENZO Life Sciences Inc., Farmingdale,
NY). Five micrograms of the cRNA was then fragmented, hybridized to Rat 230
2.0 Affymetrix GeneChips (one chip per sample; 6 to 10 biological replicates per
sample type), and scanned according to manufacturer protocols (Affymetrix,
Santa Clara, CA).

All *.cel files, representing individual replicates, were scaled to a trimmed
mean of 500 to produce the * chp files. A pivot table with all samples was created,
including calls, call P value, and signal intensity for each gene. The pivot table
was then imported into GeneSpring GX 7.3 (Agilent Technologies), where
hierarchical clustering (condition tree) using a Pearson correlation similarity
measure with average linkage was used to produce a dendrogram indicating that
biological replicates grouped together. A separate principal-component analysis
(PCA) was prepared by directly importing the *.cel files into Partek Genomics
Suite software (v6.3, 6.07.0730; Partek Inc., St. Louis, MO) and performing
quantile normalization without background correction to produce a PCA plot.
An analysis of variance (ANOVA) was run from this quantile normalization to
calculate P values from the false discovery rate (FDR) report. The data were
combined into a single custom Excel worksheet and sorted to filter out all genes
not passing (i) the ANOVA-produced FDR P value cutoff, (ii) a 2-fold difference
in expression versus PBS controls, and (iii) a call consistency greater than 70%
to produce the final gene list. The gene lists and fold changes were uploaded into
the Ingenuity Pathway Analysis software (Ingenuity Systems Inc., Redwood City,
CA) to identify the biological functions that were most significant to the data
sets.

A subset of the RNA samples from the microarray experiment was used to
confirm expression levels of 12 genes by TaqgMan reverse transcription-PCR
(RT-PCR) using ABI primers and probes to each gene and an ABI 7700 Taq-
Man instrument (25, 64). The quantity of mRNA was determined relative to the
Fnta gene (farnesyltransferase, subunit A), which was constitutively expressed
equivalently in all infected and PBS control samples.

Determination of bacterial load in tissues used for microarray analysis. To
determine the bacterial load in the infected lymph node, DNA enriched for Y.
pestis plasmids was extracted from 1 ml of the same lymph node/RNA protect
suspensions used for microarray analysis, using the QIAprep Spin Miniprep kit
(Qiagen). Bacteria were quantified by quantitative PCR (Q-PCR) of the lymph
node DNA samples by use of a primer and probe set for the Y. pestis pla gene and
an ABI 7700 TagMan instrument as described previously (16). Numbers of Y.
pestis organisms in the lymph node samples were determined by extrapolation
from a standard curve generated from identical analysis of identically processed
uninfected lymph node samples to which known numbers of Y. pestis had been
added.

The spleen of each rat was also collected, triturated, and plated on blood agar
containing 1 wg/ml Irgasan to determine the CFU/gram. The results were used
to separate WT-infected rats into two groups based on disease stage: bubonic
(sterile spleen) and septicemic (viable bacteria detected in the spleen).

Cytokine, chemokine, and flow cytometry assays. Right inguinal lymph nodes
from five rats infected with WT or pYV ™ Y. pestis 195/P were isolated at 36 or
60 h postinfection. Five rats injected with PBS alone served as normal controls.
The lymph node was pressed though a 70-um cell strainer and the contents
released into 1 ml of PBS. Fifty microliters of the lymph node cell suspension
from each rat was used to determine the CFU per node by plate counts on blood
agar-Irgasan. The cell suspension samples were then centrifuged at 1,000 X g and
the supernatants collected, filter sterilized, and assayed for cytokine/chemokine
levels using the Lincoplex rat cytokine/chemokine immunoassay panel (Milli-
pore, St. Charles, MO).

For flow cytometry analyses, the cell pellets remaining from the lymph node
suspensions were resuspended in 800 pl of Pharmingen stain buffer (BSA; BD
Biosciences, San Jose, CA) and washed twice, and aliquots were placed into
different tubes and stained for neutrophils and macrophages, CD4" and CD8"
T cells, or B cells using 1:100 dilutions of monoclonal antibodies conjugated to
different fluorochromes and incubated at room temperature for 20 min in the
dark. Neutrophils and macrophages were stained with anti-rat granulocyte—
fluorescein isothiocyanate (FITC) (clone HIS48, BD Biosciences) and anti-rat
CD11b/c-allophycocyanin (APC) antibodies (Invitrogen, Carlsbad, CA). Gran-
ulocyte® CD11b/c" cells were classified as neutrophils, and granulocyte
CD11b/c™ cells were classified as macrophages. CD4™ and CD8™" T cells and B
cells were stained with anti-rat CD4-APC (clone OX-35), anti-rat CD8a-FITC
(clone OX-8), and anti-rat CD45R A—phycoerythrin-Cy5 (PE-Cy5) (clone OX-
33; BD Biosciences) antibodies, respectively. The stained lymph node cell sus-
pensions were then washed twice more, and the cells were fixed using BD
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Cytofix/Cytoperm solution (BD Biosciences) for 30 min and washed twice in
PBS. Data were acquired using either a FACSCalibur or an LSRII flow cytom-
eter (BD Biosciences) and were analyzed using FlowJo version 8.3 software
(Tree Star, Inc., Ashland, OR).

In addition to the lymph node samples described above, spleens were also
collected from all rats and plated to assess the disease stage of WT-infected rats:
bubonic (viable bacteria in the lymph node only; n = 4) or septicemic (viable
bacteria detected in the lymph node and the spleen; n = 6). One-way ANOVA
was performed with Dunnett’s posttest to compare infected samples to PBS
controls and with Tukey’s posttest to compare pYV ™ - and WT-infected samples,
using GraphPad Prism version 4.03 (GraphPad Software, San Diego, CA).

Differential blood cell counts and histology. Heart blood was collected from
euthanized rats at 36 and 60 h postinfection (three rats per group), and differ-
ential blood cell counts were determined using the Hemavet 950FS veterinary
multispecies hematology system (Drew Scientific Group, Oxford, CT). Three rats
injected with PBS alone represented normal controls. One-way ANOVA with
Dunnett’s posttest was performed to compare infected samples to PBS controls
using GraphPad Prism. The right inguinal lymph nodes and spleens were also
collected from these rats and placed in 4% paraformaldehyde. The fixed samples
were embedded in paraffin and processed, and 4-pm-thick sections were stained
with hematoxylin and eosin. Polymorphonuclear leukocytes (PMNs) and bacteria
in lymph node sections were differentially stained by immunohistochemistry
(IHC) on a Discovery XT automated stainer (Ventana Medical Systems, Inc.,
Tucson, AZ) using antimyeloperoxidase antibody AF3667 (R&D Systems, Min-
neapolis, MN) and the ChromoMap diaminobenzidine (DAB) detection kit
(Ventana Medical Systems) followed by anti-Y. pestis antibody (54) and the
RedMap detection kit (Ventana Medical Systems). Sections were counterstained
with hematoxylin. Species-specific nonimmune IgG was used for negative stain-
ing controls.

Microarray data accession number. The microarray data have been deposited
in the NCBI GEO public database under accession number GSE22299.

RESULTS

Comparative lymphadenopathy in rats infected with WT
(PYV™) or pYV™ Y. pestis. In this study we concentrated on the
host response to Y. pestis in the lymph node, the site where
bubonic plague is either successfully contained or proceeds to
life-threatening septicemic plague. Both wild-type (WT) and
pYV Y. pestis disseminate to the draining lymph node from a
subcutaneous inoculation site, but the pYV™ bacteria are
quickly eliminated and do not progress further (31). We com-
pared the histologic picture of the effective host response to
pYV™ Y. pestis to that of the ineffective response to fully
virulent WT Y. pestis in inguinal lymph nodes collected 36 or
60 h after infection. For WT-infected samples collected at 36 h,
the bubonic disease stage was confirmed by the presence of
bacteria in the lymph node but not in blood or spleen. At 60 h,
all WT-infected rats showed signs of septicemic plague, and
the lymph node, blood, and spleen were all heavily colonized.

Y. pestis disseminates via afferent lymphatic channels into
the marginal sinus of the proximal draining lymph node. From
this peripheral site, wild-type bacteria multiply extracellularly
and multifocally invade the cortex of the node (54). Initially,
limited numbers of neutrophils, minimal edema, and mild
hemorrhage are associated with the bacteria (Fig. 1B) (54). By
3 days after infection a mature bubo has developed, typified by
an enlarged node filled with Y. pestis, necrotic cells, fibrin, and
extensive areas of hemorrhage, and by this time the bacteria
have spread systemically to produce signs of terminal sepsis
(Fig. 1C) (54).

Infection with pYV™ Y. pestis also resulted in pronounced
lymphadenopathy, but the histological picture was different. At
36 h postinfection, the draining lymph node also showed focal
loss of lymphocytes, but with relatively mild edema, fibrin
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deposition, and hemorrhage. Unlike in bubonic plague, bacte-
ria were not detectable and numerous degenerate neutrophils
were present (Fig. 1D). The fibrinosuppurative and necrotizing
histological picture in pYV -infected rats was more pro-
nounced and extensive at 60 h after infection, with inflamma-
tion occasionally extending into the perinodal connective tis-
sue, but again no bacteria were observed. At 60 h, some areas
of the lymph node contained moderate numbers of macro-
phages and fibroblasts, which may reflect a resolving inflam-
matory process in these rats. Many eosinophils were also
present in these areas (Fig. 1E3). Despite this rather severe
lymphadenopathy, none of the rats infected with pYV™ Y.
pestis ever developed any signs of plague morbidity.

Innate immune cell recruitment to the lymph node following
infection with WT or pYV™ Y. pestis. We examined the flux of
immune cells in the draining lymph node during infection by
quantitative flow cytometry assays. Interestingly, the cell pop-
ulation profile of WT-infected rats in the bubonic stage was
virtually identical to that of uninfected control rats (Fig. 2). In
keeping with the histological picture, the proportion of PMNs
in lymph nodes infected with pYV™ Y. pestis was significantly
increased at both 36 and 60 h. In contrast, increased PMNs in
WT-infected lymph nodes were not evident until the later time
point. The percentage of PMNs correlated with bacterial load
in lymph nodes from pYV ™ -infected rats but not WT-infected
rats (Fig. 2F).

Compared to PMNS, significant recruitment of macrophages
to the lymph node was not detected in rats infected with either
pYV™ or WTY. pestis. The mean percentage of macrophages
was slightly higher in WT-infected, septicemic-stage rats than
in PBS-injected control rats, but this difference was not signif-
icant; two of the six infected samples contained 18 to 27%
macrophages, but the other four contained only 2 to 3%.

The percentages of other cell types in the lymph node was
also affected by infection. The percentage of CD4" T helper
cells was significantly lower late in infection with either pYV ™
or WT Y. pestis, whereas CD8" T cells and B cells increased
during infection with pYV™ but not WT Y. pestis. These dif-
ferences may be due to the relative increase in neutrophils in
pYV -infected lymph nodes and to the more extensive cellular
necrosis in WT-infected, septicemic-stage lymph nodes that
was observed histologically.

We also obtained differential white blood cell (WBC) counts
from heart blood of infected rats to compare the stimulation of
granulopoiesis and migration from the bone marrow. The per-
centage of circulating neutrophils in pYV™ Y. pestis-infected
rats was about 2.5-fold higher at both postinfection time points
than in the PBS-injected normal controls. In contrast, a neu-
trophilic response was not detected in WT-infected rats until
after bacteremia had developed (Fig. 3). The neutrophilic re-
sponse was accompanied by lymphocytopenia, so the total
WBC counts in the infected rats were unchanged compared to
those in the uninfected control rats. The percentage of circu-
lating monocytes was unchanged compared to that in PBS
controls, but thrombocytopenia was common to infection with
both Y. pestis strains, occurring in 50 to 60% of the rats (data
not shown).

Y. pestis does not induce a transcriptional response in the
rat during early stages of bubonic plague. In a further effort to
characterize a successful versus an unsuccessful host response
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FIG. 1. Progression of histopathology in the draining lymph nodes of rats after intradermal injection of WT or pYV ™ Y. pestis. Left and middle
columns, lymph node sections stained for PMNs (brown) and Y. pestis (red) by immunohistochemistry (IHC); right column, lymph node sections
stained by hematoxylin and eosin (H&E). (A) Uninfected lymph node showing normal B cell follicle (F) and T cell-rich paracortex (PC)
architecture. (B and C) Y. pestis WT-infected lymph nodes dissected at 36 h (bubonic stage) (B) or 60 h (septicemic stage) (C) after infection. (D
and E) Y. pestis pYV ™ -infected lymph nodes dissected at 36 h (D) or 60 h (E) after infection. In the H&E sections, yellow arrowheads indicate
areas of neutrophil infiltration, green arrowheads indicate fields of extracellular bacteria, the black arrowhead indicates hemorrhage, and red
arrowheads indicate eosinophils. Scale bars, 0.5 mm (left column), 50 pm (middle column, A3, and D3), or 10 um (B3, C3, and E3).

to bubonic plague and the extent of the effects of pYV-en-
coded factors on the host response in the bubo, we analyzed
the transcriptional response of rats infected with WT or pYV ™
Y. pestis. PBS-injected rats served as negative controls. Because
the lymph node is the key arena where the battle against
bubonic plague progression is either won or lost, transcrip-
tional profiles were determined with cell suspensions from

lymph nodes collected at early (36-h) and late (60-h) time
points after infection. For pYV ™ -infected rats at 36 h, four of
the six lymph node samples contained 6.1 X 10° to 8.8 X 10°
bacteria, with two samples having bacteria at below the detect-
able limit of 10°. At 60 h, the pYV ™~ Y. pestis infections were
nearly resolved; five of the six lymph node samples had levels
of bacteria below detectable limits (Fig. 4). WT-infected rats
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FIG. 2. Changes in immune cell populations in rat lymph nodes during infection with WT or pYV™ Y. pestis. (A to E) Percentages of T cells,
B cells, macrophages, and neutrophils in lymph node cell suspensions prepared from uninfected rats (PBS controls) or from rats at 36 or 60 h after
intradermal injection of 10® pYV ™~ or 10> WT Y. pestis organisms. Samples (n = 5 for each group) were labeled with antibodies against specific
immune cell markers and analyzed by fluorescence-activated cell sorting (FACS). The means and standard deviations (SD) are indicated. *, P <
0.05; #*, P < 0.001 (compared to PBS controls, as determined by one-way ANOVA with Dunnett’s posttest). P values for significant differences
between infected groups as determined by Tukey’s posttest are also shown. (F) The percentage of neutrophils correlated with the bacterial load
in the lymph nodes of rats infected with pYV™ Y. pestis (gray circles) (P = 0.0015; r* = (.7346 by Pearson correlation analysis) but not in rats
infected with WT Y. pestis (black circles) (P = 0.9943; r* = 0.000001). B, samples from rats in the bubonic stage of disease at 36 h; S, samples from

rats in the septicemic stage of disease at 60 h.

were grouped according to disease stage: bubonic (samples
collected at 36 h from rats with bacteria detectable in the
lymph node but not in the blood or spleen) and septicemic
(samples collected at 60 h, when the lymph node and spleen
were both heavily colonized and the rats were symptomatic).

Statistical representation of the overall gene expression pro-
files of the biological replicates by principal-component anal-
ysis (PCA) of the microarray data showed that the gene ex-
pression profiles of pYV™ Y. pestis-infected animals grouped
together regardless of time postinfection (Fig. 5A). WT-in-
fected lymph node transcriptomes from rats with septicemic
plague were distinct but did not group closely together, prob-
ably due to the varied stages of disease progression seen in this

group. Although all of these rats had septicemic plague as
evidenced by a positive Y. pestis culture from the spleen, the
gross pathology of the lymph nodes used for microarray anal-
ysis ranged from subclinical to enlarged with extensive edema
and hemorrhage.

Strikingly, the gene expression profiles in WT-infected
lymph nodes isolated from rats still in the bubonic stage
grouped most closely with those of uninfected PBS controls. In
fact, although positive signals were detected for 50 to 60% of
the ~31,000 probe sets on the microarray for all of the sample
types, not a single rat gene from the WT-bubonic stage rat
samples had a statistically significant difference in expression
compared to uninfected control rat samples. In contrast, 757



VoL. 78, 2010

r25

70_ | l
604 T 20

40 {
30 10

1 -5
10_ ’7--—‘
0 0
PBS 36h 60h 36h 60h

pYV- Wt

FIG. 3. Differential white blood cell (WBC) counts of peripheral
blood collected from uninfected rats (PBS controls) or from rats at 36
and 60 h after infection with WT or pYV™ Y. pestis. Bars indicate the
means and SD of the percentage of neutrophils (left axis), and black
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and 774 genes, respectively, were differentially expressed at
least =2-fold compared to control samples in rats at 36 and
60 h after infection with pYV ™ Y. pestis (Fig. 5C; see Tables S1
and S2 in the supplemental material). Results of quantitative
RT-PCR of the transcripts of 13 selected genes correlated well
with the microarray results (see Fig. S1 in the supplemental
material). Thus, WT Y. pestis appears to go undetected by the
host while bubonic plague is being established. A host tran-
scriptional response to WT infection was evident only in rats
with septicemic plague, when 570 genes were differentially
expressed compared to expression in control rats (Fig. 5B and
C; see Tables S3 and S4 in the supplemental material). In a
separate experiment, we determined the transcriptional profile
in the draining lymph node from rats injected with 108 killed Y.
pestis organisms. A proinflammatory transcriptional response
was not induced in these samples (Fig. 5B and data not shown),
suggesting that gene induction observed in pYV ™ -infected
lymph nodes at 36 h postinfection depended on viable bacteria
and was not instigated by peripheral injection of a large foreign
biomass.

Common aspects of the host transcriptional responses to
infection with WT and pYV™ Y. pestis. Although the transcrip-
tional response to WT Y. pestis was delayed until after systemic
dissemination from the bubo, many similarities were evident in
the host response to infection with either WT or pYV™ Y.
pestis (Fig. 5 and 6; see Tables S3 and S4 in the supplemental
material). Of the three major proinflammatory cytokines, IL-1
and IL-6, but not TNF-a, were significantly upregulated and
present at elevated levels in the infected lymph nodes (Fig. 6
and 7). Notably, however, the anti-inflammatory IL-1 receptor
antagonist (IL-1Ra) and decoy receptor (IL-1RII), both of
which bind IL-1a and IL-1B and inhibit their activity (21), were
also very highly expressed (Fig. 6), and IL-6 levels achieved
their maxima only in septicemic rats (Fig. 7). Expression of the
anti-inflammatory IL-18 binding protein, which inhibits the
IL-1 family cytokine IL-18 (21), was also upregulated in rats
infected with either WT or pYV™ Y. pestis. Furthermore, al-
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FIG. 4. Bacterial loads in inguinal lymph node samples used for
microarray analysis. The dashed line indicates the sensitivity level of
the Q-PCR method used.

though the genes encoding IL-1a and IL-18 were highly in-
duced in both pYV™- and WT-infected lymph node cells, ex-
tracellular IL-1a protein was not detected at elevated levels
except in the lymph nodes of WT-infected rats at the late stage
of disease (Fig. 6 and 7). The same was true for the neutrophil
chemoattractant CXCL1 (GRO/KC, GROuw). Interestingly,
two common mediators of inflammation, IFN-y and TNF-q,
were not induced by the pYV ™ strain at all and were detected
at increased levels only at the terminal stage of disease in
WT-infected septic rats. Genes for two suppressor-of-cytokine
signaling (SOCS) proteins, SOCS1 and SOCS3, were upregu-
lated during infection with both Y. pestis strains.

IL-17F, a proinflammatory cytokine produced by innate im-
mune cells as well as the Th17 subset of helper T cells and
involved in neutrophil recruitment (35, 36, 69), was induced
10- to 23-fold by infection with either WT or pYV™ Y. pestis
(Fig. 6; see Table S5 in the supplemental material). As with all
other genes, IL-17F induction in WT-infected lymph nodes did
not occur until after Y. pestis had disseminated systemically
(Fig. 6). The elevated levels of extracellular IL-17 present in
infected lymph nodes supported the microarray data (Fig. 7).
Unlike the case for TNF-a and IFN-y, elevated IL-17 levels
were not detected in the sera of rats with septicemic plague
(reference 54 and data not shown) but were detected only in
the lymph node. STAT3 and RORa, two transcription factors
involved in Th17 development (36), were also upregulated in
both pYV™- and WT-infected rat lymph nodes. The lack of
IFN-vy, TNF, and IL-12 induction early in infection with either
pYV™ or WT Y. pestis suggests that classical activation of
macrophages via LPS-mediated stimulation of TLR4 does not
occur. Classically activated macrophages produce microbicidal
nitrogen and oxygen species that kill intracellular bacteria and
proinflammatory cytokines that stimulate a Thl response to
infection (6, 44, 46). In the absence of IFN-y, nonclassical or
alternative activation can result from exposure to IL-4, IL-13,
and/or IL-10, leading to a macrophage that is less immuno-
stimulatory and less microbicidal (6, 44, 46). Elevated levels of
these cytokines were not detected in the infected lymph nodes,
but arginase 1, a competitive inhibitor of the inducible nitric
oxide synthetase (iNOS, NOS2A) and a key indicator of alter-
native activation (6, 9, 44, 46), was induced 15- to 114-fold by
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FIG. 5. (A) Principal-component analysis (PCA) representation of replicate rat gene expression profiles in the draining lymph node at 36 and
60 h after intradermal injection of sterile PBS, 10> WT Y. pestis organisms, or 10° pYV ™ Y. pestis organisms. WT-infected samples were separated
into two groups based on whether or not bacteria had disseminated from the lymph node to the blood: bubonic (sterile spleen) and septicemic
(viable bacteria in the spleen). (B) Molecular and cellular function classification of genes whose expression was altered by infection with WT or
pYV™ Y. pestis. The functions shown are the top three functional groups from the WT-infected samples. (C) Venn diagrams representing the
numbers of rat genes upregulated or downregulated =2-fold in the lymph nodes of infected rats compared to uninfected control rats.

infection with WT or pYV ™ Y. pestis (Fig. 6; see Table S5 in the
supplemental material). In addition, granulocyte-macrophage
colony-stimulating factor (GM-CSF), an inducer of classical
activation, was upregulated only in septicemic WT-infected
rats, whereas M-CSF, which is associated with alternative ac-
tivation, was upregulated in both septicemic and pYV ™ -in-
fected rats.

We reported previously that the inducible nitric oxide syn-

thetase (iNOS, NOS2A) gene is expressed by PMNG in infected
lymph nodes (55), and NOS2A expression was elevated 20- to
30-fold in pYV -infected lymph nodes at 36 h and in WT-
infected lymph nodes at 60 h during septicemic plague (Fig. 6).
Other host innate immune responses common to infection with
both Y. pestis strains included a 17- to 58-fold upregulation of
the two components of calprotectin (S100A8 and S100A9) and
a 3.5- to 11-fold downregulation of the gene for the antimicro-
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bial protein eosinophil-derived neurotoxin (EDN). Calprotec-
tin is a neutrophil-derived antimicrobial factor that acts by
chelating manganese (17). Large amounts of calprotectin in
the lymph node may explain why the Y. pestis manganese trans-
port systems yfeABCD, which is required for bubonic but not
septicemic plague pathogenesis, and mntH are highly induced
in the bubo (5, 55).

Differential aspects of the host transcriptional response to
infection with WT and pYV™ Y. pestis. The gene for the extra-
neural serotonin biosynthetic enzyme tryptophan hydroxylase
(TPH1) was upregulated about 160-fold in the lymph nodes of
septic rats with terminal plague, the greatest single difference
in gene transcription between rats infected with WT and pYV ™
Y. pestis. The significance of this is unclear, but it may be
related to platelet aggregation and thrombosis during the late
stages of plague (66). Additionally, serotonin can enhance T
cell activation, and elevated serotonin levels have been asso-
ciated with inflammation (40).

Other differential responses related to the presence or ab-
sence of the virulence plasmid included immune cell signaling
and ubiquitination pathway genes. Several natural killer (NK)
cell receptor, ligand, and effector genes were differentially reg-
ulated (Table 1). The T cell-inhibitory receptor CTLA-4 and
its ligand CD86 were upregulated only by WT Y. pestis. The
expression of 17 rat genes involved in ubiquitination pathways,
including those for two E1 ubiquitin-activating enzymes, three
E2 ubiquitin-conjugating enzymes, and five E3 ubiquitin-ligase
enzymes, was significantly affected by infection, and all 17 were
differentially regulated in either WT- or pYV ™ -infected ani-
mals but not in both (see Tables S1 to S4 in the supplemental
material). The virulence plasmid-encoded YopM and YopJ
have been shown to influence NK cells and eukaryotic ubig-
uitin signaling pathways, respectively (34, 48). YopJ also inac-
tivates NF-kB and MAPK signaling pathways in macrophages
(63). NFKBIA, the gene for IkBa, an inhibitor of NF-kB-
dependent transcription, was upregulated only in WT-infected
lymph nodes, but this may represent postinduction repression,
rather than prevention, of NF-«B signaling pathways (27).

Whereas IFN-y, TNF-a, and GM-CSF were induced only in
WrT-infected septic rats, the gene for the pleiotropic cytokine
osteopontin (67) was induced (>40-fold) only in pYV  -in-
fected rats (Fig. 6; see Table S1 in the supplemental material).
Thus, an osteopontin response may participate in the resolu-
tion of infection. In addition, IL-2 and IL-18 levels were sig-
nificantly increased only in the lymph nodes of pYV ™ -infected
rats (Fig. 6 and 7). The sulfiredoxin gene SRXNI1, which is
involved in protection against oxidative stress (59), was differ-
entially upregulated 10- to 27-fold in the lymph nodes of
pYV -infected rats.

Host transcriptional response to coinfection with WT and
pYV™ Y. pestis. Another group of rats was injected with a
mixture of 10° pYV ™ and 10> WT Y. pestis 195/P organisms to

FIG. 6. Common and differential transcriptional response patterns
of immune response genes in the lymph nodes of rats during infection
with WT or pYV™ Y. pestis. Complete expression data and descriptions
of the genes shown can be found in Tables S1 to S6 in the supplemental
material.
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TABLE 1. T3SS-dependent differential expression of genes related to NK cells

Category and gene Description

Fold change in rats infected with:

pYV™ Y. pestis WT Y. pestis

pYV™ and WT
36 h 60 h 36 h 60 h Y. pestis, 36 h
NK cell receptors
KLRA17 Inhibitory/activating receptor 2.7 4.0 — — —
KLRBIA Inhibitory receptor 4.6 42 — 3
KLRBI1 Inhibitory receptor 3.7 5.4 — 3.0 3.1
KLRC1 Inhibitory receptor 6.6 8.5 —
KLRC2 Activating receptor 32 4.5 — — —
KLRD1 Inhibitory/activating receptor — — — —-2.2 -2.9
KLREL1 Inhibitory/activating receptor 3.8 4.0 — — 2.1
KLRG1 Inhibitory receptor — 2.0 — 2.4 —
CD96 Activating receptor -2.8 -3.0 — —24 -23
CD244 Inhibitory/activating receptor 4.6 — — — 33
NCRI1 Activating receptor — 2.0 — — —
Feyllla Activating receptor 254 13.8 — 6.7 11.8
PILR« Inhibitory receptor 52 3.4 — 3.0 8.3
LILRAG6 Leukocyte Ig-like receptor 9.2 5.6 — 2.6 20.9
NK cell receptor ligands
HLA-G Atypical major histocompatibility complex —2.4 -23 — 2.2 -2.1
class I, immunosuppressive
HLA-E Atypical major histocompatibility complex — — — 2.7 —
class I
NK cell activation signaling
pathway
DAP12 Transmembrane signaling 3.0 2.8 — — 8.1
NK (cytotoxic T lymphocyte, NKT,
v, other) cell effectors
GZMM Granzyme M 5.0 7.5 — — 2.5
GZMK Granzyme K 4.4 4.8 — — 2.5
GZMF Granzyme F 7.0 — — 5.7 —
GZMA Granzyme A 19.8 8.5 — 9.3 —
GZMB Granzyme B 25.8 9.1 — 325 8.1
GZMF Granzyme F 7.0 — — 5.7 —

“ —, no significant difference in expression compared to that in PBS-injected control rats.

determine if WT bacteria could actively inhibit the immune
response induced by the avirulent strain. The transcriptional
profile of coinfected lymph nodes at 36 h largely overlapped
that for pYV™ Y. pestis alone (Table 1, Fig. 5B and 6, and data
not shown). There were some notable immune response-re-
lated exceptions, however. For example, genes for IL-17F,
IL-6, IL-1 receptor antagonist, the granulopoietic factors G-
CSF and CCL20 (MIP-3«), and the pattern recognition recep-
tor Dectin-1 were highly upregulated at 36 h in pYV ™ -infected,
but not coinfected, lymph nodes (Fig. 6).

DISCUSSION

Recent studies have noted a biphasic pattern to the mam-
malian immune response to plague: a noninflammatory phase
during the first 24 to 36 h after infection, in which there is no
detectable cytokine response despite rapid bacterial multipli-
cation and spread, and a later inflammatory or even hyperin-
flammatory phase characterized by high levels of proinflam-
matory cytokines and acute septic shock syndrome (7, 12, 28,
38, 41, 54). Our results reinforce and extend this model to the
host transcriptome level. Dissemination of Y. pestis and multi-
plication in the face of the mammalian immune system in the
draining lymph node did not induce any detectable transcrip-
tional response by the host, even at a time when the lymph

node contains 10° to 107 Y. pestis organisms and the bacteria
are already beginning to disseminate to the blood (Fig. 2F and
4) (54).

We compared a successful host response to an unsuccessful
host response by analyzing lymph nodes infected with either an
attenuated or a fully virulent Y. pestis strain. Since the genetic
basis of attenuation was the absence of the 70-kb virulence
plasmid, we also sought to identify in vivo effects attributable to
the Y. pestis T3SS encoded on this plasmid. A complicating
factor was that to achieve comparable bacterial numbers in the
lymph node, it was necessary to inject 10° CFU of the pYV ™~
strain, compared to 10°> CFU for the WT strain. In previous
studies, relatively few viable pYV ™ bacteria were ever recov-
ered from the lymph even after injection of 10* CFU (31), and
animals infected with pYV ™ Y. pestis never showed any signs of
illness, so the lymphadenopathy produced by the pYV ™ strain
at 36 h was unexpectedly severe (Fig. 1D). Therefore, the large
difference in transcriptional responses induced by the pYV "™
and WT strains at the 36-h time point cannot be considered to
be representative of comparable stages of infection, making it
difficult to determine to what extent the delayed transcriptomic
response to WT infection was attributable to the presence of
the virulence plasmid. Intradermal injection of 10® killed WT
Y. pestis organisms did not result in a transcriptional response
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in the lymph node, suggesting that the immune response was
prompted by the presence of viable bacteria and not the excess
of bacterial components introduced during the challenge. The
lack of a host transcriptomic response to WT Y. pestis during
the early stage of bubonic plague could be due to a dearth of
immune-stimulating signals, active immunosuppression by the
bacteria, or both. Coinfection with 10> WT and 10% pYV™ Y.
pestis organisms resulted in a large transcriptional response at
36 h, similar to that mounted against pYV ™ Y. pestis alone.
However, the induction of the IL-17F gene and certain other
immune response genes that followed infection with pYV™ Y.
pestis alone was negated when WT Y. pestis was coinjected.
These differences suggest that, although the presence of WT Y.
pestis did not prevent immune stimulation by 10° pYV™ Y.
pestis organisms, specific aspects of the immune response ap-
peared to be actively suppressed by pYV-dependent mecha-
nisms.

Based on both in vitro and in vivo studies, a somewhat ste-
reotyped host transcriptomic response to bacterial infection
has been reported (8, 32, 47). This common gene expression
response is consistent with stimulation of the innate immune
system to produce proinflammatory cytokines and chemokines,
interferon, and immune response activators. Notably, an in-
flammatory response characterized by TNF-a and IFN-y in-
duction and classical activation of macrophages is typical, fol-
lowed by a dampening of inflammation. Just the reverse
appears to occur during plague: an initial modulation of in-
flammation followed by a severe inflammatory response that
contributes to mortality. Only about 29% of the set of 511
mammalian genes previously implicated in the common mam-
malian transcriptomic response to bacterial infection (32) were
up- or downregulated during infection with either WT or
pYV™ Y. pestis. Induction of the anti-inflammatory cytokine
IL-10 by the pYV-encoded V antigen has been demonstrated
(10, 20, 57) and could account for the atypical transcriptional
response and corresponding evidence for alternative activation
of macrophages that we observed. For the most part, however,
these results were not dependent on the pYV virulence plas-
mid, and elevated IL-10 levels were not detected until late-
stage disease in this study or in previous studies (38, 54). In
addition to T3SS-mediated immunosuppression, the known
nonstimulatory form of LPS made by Y. pestis in the mamma-
lian host is also likely a major factor in the atypical innate
immune response to Y. pestis (33, 45, 52, 61).

Expression of the genes for the major proinflammatory cy-
tokines IL-la and IL-1B was upregulated 6- to 34-fold, but
extracellular IL-1a was present at elevated levels only in the
lymph nodes of septicemic rats. Expression of the gene for the
IL-1 receptor antagonist (IL-1Ra), which binds the IL-1 recep-
tor (IL-1R1) with specificity and affinity equal to those of IL-1a
or IL-1B but does not activate it to trigger downstream IL-1
signaling (21), was even higher (50- to 252-fold). In addition,
the decoy receptor IL-1R2, which binds IL-1a and IL-18 with-
out transducing any IL-1 signal (21), was upregulated 14- to
19-fold. Increased expression of IL-1Ra and IL-1R2 may serve
to quench the inflammatory effects of IL-1. The Y. pestis F1
capsule and usher proteins, which are highly expressed in vivo,
may also sequester or competitively inhibit IL-1 (42).

Histologically, the predominant innate immune response
seen in lymph nodes infected with both WT and attenuated Y.

INFECT. IMMUN.

pestis was neutrophil recruitment (54). The two genes for cal-
protectin, an antimicrobial defense protein of neutrophils (17),
were also very highly upregulated in infected lymph nodes. A
neutrophilic response to an extracellular pathogen has been
associated with IL-17 induction and the Th17 subset of CD4™"
T cells (19, 49). In keeping with this, we found that IL-17 levels
in the lymph node and the transcription of the gene for IL-17F,
the form of IL-17 particularly important for PMN recruitment
(69), were both significantly increased. IL-17 was identified
originally as the signature cytokine of the Th17 adaptive im-
mune response, but it is now recognized that IL-17 is also
secreted by many innate immune cells, including v& T cells,
lymphoid tissue inducer (LTi) cells, NK cells, and PMNs, and
that it promotes early PMN accumulation in peripheral tissues
(19). The cellular source of IL-17 in the Y. pestis-infected
lymph nodes is uncertain. Nevertheless, the early induction of
Th17-type cytokines (IL-17, IL-6, IL-9, and IL-1) compared to
Th1- or Th2-type cytokines (IFN-y and IL-4, respectively) sug-
gests that Y. pestis infection steers adaptive immunity primarily
to a Th17, as opposed to a Thl or Th2, response.

Compared to infection with WT Y. pestis, the most obvious
histopathologic difference with pYV™ Y. pestis infection was
the sustained recruitment of increasing numbers of neutrophils
to the lymph node and the successful elimination of bacteria.
Thus, reduced recruitment, and perhaps reduced activation or
function, of neutrophils appears to be a major in vivo virulence
effect of the T3SS during bubonic plague. Analogous findings
have been reported for septicemic and pneumonic plague
models in mice (12, 62). These findings are consistent with
previous evidence for in vivo and in vitro targeting of neutro-
phils by the T3SS (2, 43, 60, 68, 71). Thus, the ability to
counteract a neutrophil response in the draining lymph node
appears to be a major pathogenic function of the Y. pestis
virulence plasmid. Interestingly, the histopathology in second-
ary lymph tissue produced by wild-type Y. pseudotuberculosis
and Y. enterocolitica, which harbor a closely related virulence
plasmid, more closely resembles that of pYV™ than of WT Y.
pestis (3, 26, 62). Furthermore, in contrast to pYV ™ Y. pestis,
pYV ™ Y. pseudotuberculosis is able to replicate to WT levels in
the lymph node (3). Taken together, these results suggest that
the T3SS effectors of the enteric yersiniae and Y. pestis are not
functionally equivalent or that other Y. pestis-specific virulence
factors play a role.

Most of the Yersinia T3SS effectors act to prevent phagocy-
tosis by interfering with actin cytoskeleton pathways, but spe-
cific immune modulatory functions have been attributed to
LerV, YopH, and YopJ. LerV has been shown to interact with
TLR2/TLR6/CD14 to induce IL-10 in mice and in macro-
phages and dendritic cells in vitro, with concomitant repression
of the inflammatory cytokines TNF-a, IFN-y, and IL-12 (10,
20, 57). According to the most recent model, LcrV-mediated
induction of IL-10 prevents the induction of a protective Th1-
type inflammatory response (20). In the rat, IL-10 induction
was dependent on the presence of LerV but was not detected
until late in infection. On the other hand, failure to stimulate
a Thl-type protective response was not dependent on LcrV,
because the pYV ™ strain did not significantly induce produc-
tion of TNF-a, IFN-y, or IL-12p70 (Fig. 6 and 7).

YopH inhibits expression by macrophages of the monocyte
chemoattractant protein MCP-1 (53) and inhibits T and B cell
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activation (70). MCP-1 was present at significantly higher lev-
els in the lymph nodes of pYV ™ -infected rats (Fig. 7). There
was a pYV-dependent 3.3-fold induction of the gene for
CTLA-4, the major inhibitory receptor that negatively regu-
lates T cell activation (1, 37), an observation probably unre-
lated to the previously described mechanism of T cell inhibi-
tion by YopH (24). Conversely, upregulation of ICOS, the
inducible T cell costimulatory receptor (37), was detected only
during pYV ™ infection. PD-L2, a component of a different
negative regulatory system that inhibits T cell activation (37,
56), was upregulated 2- to 4.5-fold by both pYV™ and WT Y.
pestis (Fig. 6; see Table S5 in the supplemental material).

YoplJ inactivates NF-kB and MAPK signaling pathways and
induces apoptosis in macrophages (63). Molecular mechanisms
of action for YopJ and other T3SS effectors have been de-
duced mainly from ex vivo cell biology, biochemical, and mi-
croarray studies of macrophages. YopJ contributes to apopto-
sis and TNF-o induction in vivo but is not required for
virulence in the rat (39). Clearly interpretable coregulation
patterns for genes involved in YopJ-modulated cell-signaling
pathways did not emerge from our in vivo microarray data,
probably due to the complexity of the multicellular lymph node
samples, in which macrophages were not a predominant cell
type.

In vivo analysis of gene expression in infected tissue samples
has variables inherent to a heterogeneous sample containing a
mixture of cell types present in different relative abundances. It
has the advantage, however, of providing an overall view of the
host response to infection in the most biologically relevant
context. Comparison of in vivo gene expression profiles of both
bacteria (55) and host in the bubo, coupled with supporting
histopathology and immunological assays, provides new in-
sights and suggests new hypotheses about the host-parasite
interactions in bubonic plague.
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