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Abstract
Anthrax is a frequently fatal infection of many animal species and men. The causative agent

Bacillus anthracis propagates through the lymphatic system of the infected host; however,

the specific interactions of the host and microbe within the lymphatics are incompletely

understood. We report the first description of the phosphoprotein signaling in the lymph

nodes of DBA/2 mice using a novel technique combining the reverse-phase microarray with

the laser capture microdissesction. Mice were challenged into foot pads with spores of toxi-

nogenic, unencapsulated Sterne strain. The spores quickly migrated to the regional popli-

teal lymph nodes and spread to the bloodstream as early as 3 h post challenge. All mice

died before 72 h post challenge from the systemic disease accompanied by a widespread

LN tissue damage by bacteria, including the hemorrhagic necrotizing lymphadenitis, infiltra-

tion of CD11b+ and CD3+ cells, and massive proliferation of bacteria in lymph nodes. A

macrophage scavenger receptor CD68/macrosialin was upregulated and found in associa-

tion with vegetative bacteria likely as a marker of their prior interaction with macrophages.

The major signaling findings among the 65 tested proteins included the reduced MAPK sig-

naling, upregulation of STAT transcriptional factors, and altered abundance of a number of

pro- and anti-apoptotic proteins with signaling properties opposing each other. Downregula-

tion of ERK1/2 was associated with the response of CD11b+ macrophages/dendritic cells,

while upregulation of the pro-apoptotic Puma indicated a targeting of CD3+ T-cells. A robust

upregulation of the anti-apoptotic survivin was unexpected because generally it is not

observed in adult tissues. Taken together with the activation of STATs it may reflect a new

pathogenic mechanism aimed to delay the onset of apoptosis. Our data emphasize a notion

that the net biological outcome of disease is determined by a cumulative impact of factors

representing the microbial insult and the protective capacity of the host.

PLOS ONE | DOI:10.1371/journal.pone.0129860 June 19, 2015 1 / 23

a11111

OPEN ACCESS

Citation: Popova TG, Espina V, Liotta LA, Popov SG
(2015) Reverse-Phase Microarray Analysis Reveals
Novel Targets in Lymph Nodes of Bacillus anthracis
Spore-Challenged Mice. PLoS ONE 10(6):
e0129860. doi:10.1371/journal.pone.0129860

Academic Editor: Nupur Gangopadhyay, University
of Pittsburgh, UNITED STATES

Received: March 30, 2015

Accepted: May 12, 2015

Published: June 19, 2015

Copyright: © 2015 Popova et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the National
Institutes of Health, USA, grant 5R21AI099851-2.
Publication of this article was funded in part by the
George Mason University Libraries Open Access
Publishing Fund.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0129860&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Anthrax is a lethal disease of many animal species and men. It is caused by the Gram-positive
bacterium Bacillus anthracis first discovered by Davaine and Rayer in 1850. The microbe is
endemic to different geographic regions all over the world and can be found in soil in the form
of the infectious spores highly resistant to environmental conditions [1]. The exposure to the
spores can occur through the cutaneous abrasions or wounds, inhalation, and alimentary
route. Due to the effective veterinary and public- health measures the incidence of human cuta-
neous and inhalation anthrax in developed countries is low. However, anthrax remains a major
concern because of the potential intentional release of biological weapons containing B. anthra-
cis spores [1].

Historically, anthrax research has been focused mainly on the inhalation form due to its
high mortality. It is likely that patients unaware of the exposure to infectious aerosol would
start seeking help only after the initial prodromal period, when the initial flu-like symptoms
aggravate due to the onset of the systemic stage of disease. At this stage, even the most
advanced antibiotic therapies provide only about 50% survival [1,2]. Although the potency of
the spores to establish infection is substantially different between the entry routes, humans and
experimental animals almost invariably demonstrate the onset of a generalized disease before
death associated with the toxemia and the presence of bacilli in blood and other organs. Inde-
pendently of the spore entry route, B. anthracis first spreads via lymphatics before appearing in
the bloodstream. Recent studies have supported these observations using the light-producing
B. anthracis which allowed direct detection using sensitive camera of bacteria in regional drain-
ing lymph nodes before their appearance in the bloodstream [3,4].

Although it has been firmly established that the lymphatic system can serves as the conduit
by which germinating B. anthracis spores are delivered to the sentinel LNs within hours after
inhalation exposure, there is disagreement regarding the specific mechanisms involved [4].
The Trojan horse model of infection assumes that upon inhalation exposure to the aerosolized
spores the alveolar macrophages (MFs) play role in transporting the engulfed spores to the
LNs with little or no damage to the lung. On the other hand, the jailbreak model suggests that
the intracellular transport of spores to the draining LNs is not required. Instead, it assumes
that B. anthracis spores first germinate and multiply at favorable sites of entry into the host
(such as an airway lumen, nasal or gut-associated lymphoid tissues). During this process, viru-
lence factors produced by bacteria dampen the immune response and damage tissues, allowing
bacterial dissemination into the regional LN. While both models recognize the important role
of LNs which can act as holding reservoirs from where the proliferating bacteria can spread to
other organs of the body, the specific protein environment of LN making it a niche for survival
and fast bacterial multiplication has not been characterized. There is a paucity of data regarding
which bacterial pathogenic factors beyond the lethal toxin (LeTx) and edema toxin (EdTx)
considered to be the major culprits can promote survival of bacteria during anthrax lymphade-
nitis and which host mediators are involved in hindering it. From a clinical prospective, the
Trojan horse model predicts that interaction of bacteria with the immune system in the LNs
represents a critical point at which intervention could prevent transition to a lethal systemic
disease. However, no specific treatment or prophylaxis of anthrax lymphadenitis is available to
support this conclusion. It has to be emphasized that commonly administered antibiotics
poorly penetrate into LNs. Viable bacilli were found in patient's LNs after death, while the
blood stream was sterile after antibiotic therapy [5]. Therefore, better understanding of how
the disease becomes initiated and disseminated through the lymphatics is necessary for the
improvement of medical protection and treatment means against anthrax [2].
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To address these knowledge gaps we proposed to reveal aberrations caused by anthrax infec-
tion in the LNs using a cutaneous infection murine model in which the spores can be quickly
delivered to the popliteal LNs by a foot pad injection for the assessment of subsequent host
responses. Previously, we used this model to carry out the whole proteome analysis of the
intra-nodal lymph from the infected mice and revealed a large number of proteins induced by
the disease. Among those we detected the presence of soluble phosphoproteins participating in
the intracellular signaling pathways and suggested that they may reflect the host cell damage by
the pathogenic factors of B. anthracis. The phosphoprotein signaling plays central role in cellu-
lar biology and host response to infection. Therefore, we anticipated that elucidation of the
phosphorylation-driven signaling pathways in LN tissues during anthrax infection would pro-
vide important information about the disease. For this purpose we used the reverse-phase pro-
tein microarray (RPMA) combined with the laser capture microdissection (LCM) previously
developed in our laboratory for multiplexed analysis of phosphorylation-driven cell signaling
cascades in tissues of cancer patients [6–8].

RPMA is a novel protein microarray approach that can quantify proteins and post-transla-
tionally modified proteins with femtomolar sensitivity using specific antibodies, from nanoliter
volumes of samples printed on the slides by a robotic device [6,7]. Our current and continu-
ously expanding repertoire includes more than 300 validated antibodies to proteins and post-
translationally modified epitopes relevant to multiple signaling pathways including apoptosis,
inflammation, and immune response. The method is able to generate large amount of data in a
very short time frame when compared to conventional immunological methods such as West-
ern blots and ELISAs. The RPMA technique is highly sensitive and therefore allows investiga-
tion of the in situmicroenvironment in specific anatomical locations such as draining LNs
using small amounts of tissue harvested by LCM.

The LCM is a technique for dissecting heterogeneous tissue sections, cytological prepara-
tions, or even live cells for isolation of tissue fragments or cell populations via direct visualiza-
tion of the cells [8]. The instrument generates laser pulses to activate a thermoplastic polymer
film that expands and surrounds the cells of interest. This polymer-cell composite can be lifted
from the slide, effectively microdissecting the cells of interest. In the past, molecular signaling
studies of the murine LN tissues met a number of experimental complications relevant to a
small sample size and low sensitivity of the analytical methods, restricting access to the in vivo
proteome of the infected tissue. The combination of RPMA and LCM allowed us to overcome
these barriers and provided means to directly study the molecular fluctuations within the in
situmicroenvironment that incorporate the full complexity of bacteria-host interactions.

In this report we described the progression of anthrax infection in the regional popliteal
LNs and characterized the phosphoproteomic signaling by 65 host proteins reflecting interac-
tion of the lymphatic system with B. anthracis. In order to correlate the responses with the his-
topathological features of infection, we immunostained the LN tissue sections and obtained
additional information regarding the cell types involved in the observed signaling.

Materials and Methods

Reagents and antibodies
The rabbit antibodies against total and phosphorylated forms of the following human cross-
reacting with corresponding mouse proteins used for reverse phase protein microarrays were
from Cell Signaling Technology (Beverly, MA) unless otherwise noted and used at the dilutions
indicated: 1:50 for STAT5 (Tyr694), Caspase-7 cleaved (Asp198), p38 MAP Kinase (Thr180/
Tyr182), Caspase-3 cleaved (Asp175), e-NOS (Ser113), e-NOS (Ser1177), NF-kappaB p65
(Ser536), p70 S6 kinase (Ser371), p70 S6 kinase (Thr389), Ship1 (Tyr1020); 1:100 for Bad, Bim,
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CD68, Chk2 (Ser33/Ser35), LC3B, Lck (Tyr505) (Life Technologies, NY, USA), myeloperoxi-
dase (Abcam, MA, USA), HSP27 (Ser82), STAT1, STAT3 (Tyr705), STAT3 (Ser727), CREB
(Ser133), AKT, AKT (Ser473), Bad, p53 (Ser15), Caspase-9 cleaved (Asp330), STAT6
(Tyr641), XIAP, Puma, FLIP; 1:200 for ERK1/2, p38 MAP kinase, PTEN (Ser380), STAT5
(Tyr694), PARP cleaved (D214), ERK1/2 (Thr202/Tyr204), Beclin 1, FADD (Ser194), Sumo1,
S6 Ribosomal protein (Ser235/Ser236), STAT6; 1:250 for Src (Tyr416), Src (Tyr527), GSK-3α/
β (Ser21/9); 1:500 for SAPK/JNK, PTEN, Bcl-xL, Survivin, SAPK/JNK (Thr183/Tyr185),
HSP90, ATF2 (Thr69/Thr71), pIKBα; 1:1000 for Caspase 8 (EMDMillipore, Billerica, MA,
USA), TLR9, STAT1 (Tyr701), STAT3, Bax, Bim, S6 Ribosomal protein (Ser240/Ser244),
Ship1 (Tyr1020); 1:2000 for IL-10 (Abcam, MA, USA), Sumo2/3, Proteosome 20S. Other
reagents were from Sigma-Aldrich (St Louis, MO).

Synthesis of tracer fluorescent nanoparticles
The nanoparticles (NPs) we synthesized are based on N-isopropylacrylamide (pNIPAm) and
methylenebisacrylamide (BIS) as a cross-linker co-polymerized with allylamine (AA) for incor-
poration of fluorescent label. The synthesis was carried out via precipitation polymerization
essentially as described [9–11]. NIPAm (9.0 g) and BIS (0.28 g) were dissolved in 250 ml of
water, and the solution was then partially degassed by vacuum filtration through a 0.45 μm
nylon filter. The filtered solution was purged with nitrogen at room temperature and a medium
rate of stirring for 15 min, before AA (670 μl, 12 μmoles) was added to the reaction. Following
the addition of AA, the solution was purged with nitrogen for another 15 min and then heated
to 75°C. Once the reaction mixture had attained a stable temperature of 75°C, polymerization
was initiated with the addition of potassium persulfate (0.1 g) in 1.0 ml of water. The reaction
was maintained at a constant temperature of 75°C with stirring under nitrogen for 3 h. After
this time, the reaction was allowed to cool to room temperature overnight with stirring under
nitrogen. The particles were then harvested and washed by centrifugation for 20 min at 23°C
and 16,000 g with the supernatant subsequently discarded. The pelleted particles were then re-
suspended in 300 ml of water, and the suspended particles pelleted by centrifugation. This cen-
trifugation-redispersion process was repeated for a total of 5 times. Particles were stored as a
suspension in water with a few drops of chloroform as an antimicrobial. The succinimidyl ester
of Alexa Fluor 555 was used for conjugating the dye to primary amines on pNIPAm-co-AA
NPs. For this purpose 100 μl of NPs were washed 2x1 ml of 50 mM bicarbonate buffer, pH 8.3,
re-suspended in 500 μl of the buffer, and mixed with 50 μl of the dye solution (1 mg in 100 μl
of DMF). After 1 h at room temperature the particles were washed 3x1 ml of PBS (pH 7.4) and
finally re-suspended in 500 μl of PBS. The particles were observed at 555/570 nm using Olym-
pus BX51 microscope with a TRITC filter set. The number of labeled NPs was counted after
appropriate dilution and was found to be about 7x105 per 1 μl of original suspension. For
injection into the hind leg footpads of mice the NP suspension was mixed with equal volume of
2% tracer dye Evans Blue in PBS. This dye allowed location of the LNs during surgery and did
not quench the fluorescence of Alexa Fluor 555.

Animal challenge and extraction of proteins from LNs
All animal procedures were approved by the George Mason University Institutional Animal
Care and Use Committee. All surgery was performed after carbon dioxide asphyxiation, and all
efforts were made to minimize suffering. Female 6- to 8-week-old DBA/2J mice (Jackson Labs)
received food and water ad libitum and were challenged with B. anthracis Sterne 34F2 or delta-
Sterne (dSterne) spores (4x106 spores in 20 μL of PBS, intradermally into both hind footpads, 3
animals per challenge group) on day 0. The spores were prepared as described [12]. The Sterne
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strain is fully toxinogenic but strongly attenuated due to the lack of a polypeptide capsule. The
dSterne strain is an isogenic derivative of 34F2 strain. It contains no plasmid and is non-
virulent. The Sterne strain was obtained from Colorado Serum Co., and the dSterne strain
from the collection of the George Mason University National Center for Biodefense and
infectious Diseases. Survival of animals was monitored for 4 days. Thirty min before
euthanasia the animals were anesthetized with isoflurane and 20 μl of a mixture containing 1%
tracer dye Evans Blue in PBS were injected into foot pads. In some experiments the dye
solution contained the Alexa Fluor 555-labelled NPs. The LNs were surgically removed into
10% neutral buffered formalin solution for a histological evaluation and LCM. Control non-
infected animals received equal volume of PBS. To determine a bacterial load the spleens and
LNs were homogenized on ice using frosted glass slides. The tissues were re-suspended in ice-
cold PBS and plated in different dilutions onto LB agar plates. The plates were incubated at
37°C overnight. The number of colonies grown reflected the number of plaque-forming units
(PFUs) representing viable spores and vegetative bacterial cells. To determine the number of
heat-resistant ungerminated spores the tissue homogenates were transferred from ice to 65°C
and incubated for 30 min before plating.

Immunohistochemical analysis
After fixing in formalin, the tissues were embedded in paraffin, the paraffin blocks were sliced
into 5 μm sections, and mounted onto glass slides for standard hematoxylin/eosine (H&E)
staining and further immunohistochemical evaluation. The slides were subjected to the proce-
dure of antigen retrieval by incubating them for 20 min in citrate buffer (15 mM citric acid, pH
6.0) at 95°C. Sections after antigen retrieval were incubated in 3% hydrogen peroxide in metha-
nol for 5 min to inhibit peroxidase activity, blocked with Dako Protein Block (Dako) for 5 min,
and then incubated with an appropriate primary antibody for 30 min, followed by Dako anti-
rabbit EnVision+ HRP-Labeled Polymer (Dako). All precedures were carried out using an
automatic slide stainer (Autostainer, Dako Cytomation, Carpinteria, CA) and the manufac-
turer-supplied reagents. Colorimetric detection was completed with diaminobenzidine for 7
min, and slides were counterstained with hematoxylin.

To analyze the presence of bacteria within the LNs, the slides were then stained with rabbit
anti-B. anthracis immune serum (dilution 1:100). The anti-B.anthracis serum was obtained
from rabbits immunized with spores of the Sterne strain and was shown by us to recognize a
vegetative form of the bacterium.

LCM and RPMA analysis
To prepare samples for RPMA analysis the paraffin blocks of formalin-fixed LNs were cut into
5 μm slices, mounted onto the polyethylene naphthalate (PEN) membrane slides, stained with
hematoxylin and used the Arcturus XT LCM system with CapSure Macro Caps (Applied Bio-
systems) to cut out pieces of tissue corresponding to the whole content of LNs below the cap-
sule layer. The cutout material from LCM Caps was lysed in the protein lysis buffer: 4.5
volumes of T-PER Tissue Protein extraction reagent (Pierce) and Novex Tris-glycine 2X SDS
loading buffer (Invitrogen), and 1 volume of TCEP (Tris-2-carboxyethylphosphine) Bond
Breaker, 10% v/v (Pierce). The Arcturus XT-system combines IR capture microdissection and
UV laser cutting in one instrument, which allows the “cut and capture” of cells of interest by
first ablating unwanted cells, thus preventing contamination during cell capturing. The cutout
material from 3 LNs (30 slices from each LN) was combined and finally boiled for 10 min
before printing onto nitrocellulose RPMA slides (Whatman, MA). Three nl of each sample
were arrayed by direct contact printing using a high-resolution 2470 arrayer (Aushon
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Biosystems, Billerica, MA). Samples were printed as duplicates of the four-point serial dilution
curves to ensure a linear detection range for the antibody concentrations used. Slides were
stored with desiccant (Drierite, W. A. Hammond, Xenia, OH, USA) at -20°C before analysis
with antibodies. To estimate the total protein amount, selected slides were stained with Sypro
Ruby Protein Blot Stain (Molecular Probes, Eugene, OR) and visualized on a Fluorchem imag-
ing system (Alpha Innotech, San Leandro, CA) equipped with a Cy3 filter. Slides were stained
with specific antibodies on an automated slide stainer (Dako, Carpinteria, CA) using a biotin-
linked peroxidase-catalyzed signal amplification. The arrayed slides were placed into 1x Re-
Blot solution (Chemicon, Temecula, CA) for 15 min, washed two times for 5 min each in PBS,
placed into I-Block solution (Applied Biosystems, Foster City, CA) in PBS/0.1% Tween-20 for
at least 2 h, and then immunostained using an automatic slide stainer (Autostainer, Dako Cyto-
mation, Carpinteria, CA) and the manufacturer-supplied reagents. Briefly, the slides were incu-
bated for 5 min with hydrogen peroxide, rinsed with high-salt Tris-buffered saline (CSA
Buffer, Dako) supplemented with 0.1% Tween-20, blocked with avidin block solution for 10
min, rinsed with CSA buffer, and then incubated with biotin block solution for 10 min. After
another CSA buffer rinse, 5 min incubation with Protein Block solution was followed by air-
drying. The slides were then incubated with either a specific primary antibody diluted in Dako
Antibody Diluent or, as a control, with only Dako Antibody Diluent for 30 min. Prior to using
in the RPMA, every antibody underwent extensive validation for specificity [13]. The slides
were then washed with CSA buffer and incubated with a secondary biotinylated goat anti-rab-
bit IgG H+L antibody (1:10,000) (Vector Labs, Burlingame, CA) for 15 min. For amplification
purposes, the slides were washed with CSA buffer and incubated with streptavidin-horseradish
peroxidase for 15 min, followed by a CSA buffer rinse. Slides were then incubated for 5 min in
diaminobenzidine chromogen diluted in Dako DAB diluent, washed in deionized water and
imaged using UMAX 2100XL flatbed scanner (UMAX, Dallas, TX) using the following set-
tings: white balance 255, black 0, middle tone 1.37, 600 dpi, 14 bit.

Spot intensity was analyzed by Image Quant v5.2 software (Molecular Dynamics). Data
reduction was performed with RPMA Analysis Suite (http://capmm.gmu.edu/rpma-analysis-
suite). To normalize data, the relative intensity value for each endpoint for each spot was
divided by the relative intensity value for the total cellular protein. The 95% confidence interval
(CI) for each protein was calculated using the Student’s t-test for 3 independent samples at
each time point. An average CI for all protein data as a characteristic of its variability between
different proteins was 8.4 +/- 5.7% (p = 0.95). Based on this, changes in the protein levels above
14% were considered statistically reliable.

Results

Propagation of infection through lymphatics
Footpad inoculation provides a combination of intradermal and subcutaneous routes for
administration of vaccines, drugs and infectious agents in the mouse models. The path of
draining lymph from footpad is well characterized and allows direct delivery to three locations
for analyses of lymph node responses: popliteal, inguinal, and sub-iliac [14].

In naïve mice the process of the lymph flow through the lymphatics in the absence of
inflammatory responses, which may influence the passage of the lymph fluid through the chan-
nels in the sinuses [15], appears to be rather fast. Control experiments showed that detectable
amounts of a tracer dye Evans Blue reached the popliteal and inguinal LNs in less than 30 min
after injection. We also used the fluorescent hydrogel NPs of an average size of 600–700 nm to
mimic the anthrax spores of similar size and detect the LN areas accessible to the spores. The
fluorescence was found distributed in the subcapsular regions in agreement with the NP flow
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with the afferent lymph [16] (S1 Fig). However the majority of the NPs migrated further
through the LN sinuses and became retained in the medullary and paracortex locations, consis-
tent with their role in the particle filtration by the LNs [15,17].

In our challenge experiments a suspension of spores in 20 μl of PBS was injected into each
of the hind footpads and the time course of dissemination of infectious material to draining
popliteal LN and spleen was tested by seeding the organ homogenates onto Luria broth agar
plates. Fig 1 shows the mortality curves and the results of the bacterial load analysis. At 3 h
post challenge a large number of plaque-forming units (PFUs) representing viable spores and
vegetative cells were detected in the LNs for both the virulent Sterne and non-virulent dSterne
strains (Fig 1B). The amount of infectious material continued to increase steadily during infec-
tion with Sterne spores until all mice succumbed to the disease at 72 h (at this time point no
survived animals could be tested). In the case of non-virulent dSterne strain the upward trend
detectable during the initial phase of infection was replaced with a slow decline indicating grad-
ual elimination of bacteria.

Remarkably, the infectious material was detected in the spleen in the amount and with the
dynamics comparable to those in the LNs (Fig 1C and 1E). It demonstrated that the lymphatic
system had insufficient filtering capacity allowing dissemination of infection to the blood-
stream (however, in the amount of less than 0.002% of the initial footpad inoculum). The com-
parison of the bacterial load in the LN and the spleen clearly showed that while at 24 h post
inoculation the infectious material was found predominantly in the LNs, the majority of prolif-
erating bacteria at 48 h post infection were present in the spleen indicating the progression of
disease to the systemic stage. The numbers of non-germinated, heat-resistant spores in the LNs
continued to grow during the first day of infection (Fig 1D). It can be explained by an incom-
plete germination at the site of inoculation which served as a reservoir feeding the lymphatics
with spores. A similar trend of lower magnitude was detected in the spleen (Fig 1E).

Histopathological assessments of infected LNs
Analysis of the H&E-stained LN tissue slides confirmed massive proliferation of the Sterne bac-
teria. At day 2 post challenge the bacteria were found spreading over large zones in LN paren-
chyma from the subcapsular and medullar regions (where they were initially delivered by the
afferent lymph flow) as well as the cortical areas (Fig 2). The bacterial zones demonstrated a
strong depletion of the hematoxylin nuclear staining characteristic of karyolysis and tissue
necrosis. Intense tissue damage was further evidenced by large hemorrhages stained pink with
eosin.

The bacterial proliferation was accompanied by massive infiltration of CD11b+ and CD3
+ cells. The CD11b is a cell activation-dependent, pan-myeloid marker expressed mainly on
monocytes, MFs, and microglia. To a lower extent it can be found on granulocytes, NK cells,
and subsets of dendritic cells (DCs). In our experiments the neutrophils stained negative, while
the CD11b+ cells demonstrated the monocyte/ MF/DC morphology (S2 Fig). In the naïve
mice the CD11b antigen was detected in the well-defined areas in the subcapsular and medul-
lary regions (Fig 3A). In the Sterne-infected, pre-mortal mice at day 2 post challenge, the
amount of CD11b antigen in LNs was increased all over the LN parenchyma including the cor-
tical and paracortical areas (Fig 3B). Overall, the histopathological picture demonstrated a
widespread tissue necrosis and massive destruction of the CD11b+ cells infiltrating in large
numbers in response to the proliferating bacteria. It reflected inability of the host to control the
virulent Sterne infection. In contrast, the non-virulent dSterne bacteria induced appearance of
CD11b+ cells which was not accompanied by detectable tissue damage (Fig 3C). The bacterial
cells identified in the tissue section by immunostaining with anti-B. anthracis serum co-
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Fig 1. Mortality curves (A) and bacterial load in LNs and the spleen of spore-challenged DBA/2J mice (B-E). Animals were challenged with the
toxinogenic, non-encapsulated B. anthracis Sterne 34F2 or non-toxinogenic, non-encapsulated delta-Sterne (dSterne) spores (4x106 spores in 20 μL of
PBS, intradermally into both hind footpads, 3 animals per challenge group. In (B) at the indicated times the animals were anesthetized with isoflurane and
20 μl of a mixture containing 1% tracer dye Evans Blue in PBS were injected into foot pads. The LNs were surgically removed and homogenized for the PFU
determination on agar plates before and after heat inactivation of the vegetative bacteria.

doi:10.1371/journal.pone.0129860.g001
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localized with the CD11b+ cells consistent with the expected phagocytic interaction of these
cells with bacteria (S3 Fig).

The CD3 marker is highly specific to T-lymphocytes different numbers of which were
clearly visible in the cortical as well as the subcapsular and medullary regions of the LNs in
naïve mice (Fig 4A). The infection caused a strong increase of the CD3+ cells demonstrating
their participation in the immune response to infection. However, zones occupied by bacteria
were almost free from the T cells which might be associated with their damage by B. anthracis
pathogenic factors.

To demonstrate an influx of neutrophils, the tissue sections were stained for a myeloperoxi-
dase (MP) which is a marker of the bactericidal activity of mature neutrophils. Only occasion-
ally the MP+ staining was detected in naïve and infected mice (Fig 5). Many of the infiltrating
cells demonstrated pyknotic nuclei indicating their death by apoptosis. The migrating neutro-
phils were visible inside and outside of the blood vessels suggesting their appearance from the
blood.

RPMA of infected LNs reveals changes in the phosphoprotein levels
The LNs from infected and control mice were surgically removed from the euthanized mice
and fixed in formalin for the subsequent preparation of paraffin blocks, which were sliced and

Fig 2. Staining with H&E (A) and anti-B. anthracis serum (B, C) of the popliteal LNs from control (left panels) andB. anthracis-challengedmice at
day 2 post infection (middle and right panels). (A) Subcapsular hemorrhage (black arrows), massive amount of Sterne bacteria in a cortical region
(dashed area in the middle panel), almost complete depletion of lymphocytes and necrosis in the sites of bacterial multiplication. Squared area in the middle
panel is magnified in the right panel demonstrating numerous bacterial chains (gray/blue shadows) along with hemorrhage (black arrows). (B, C) Numerous
bacteria (brown) are tightly packed in the subcapsular region and spread partially to the cortical zone (B). Medullary sinuses allow distinguish protruding
bacterial chains (red arrows) with terminal “caps”(C).

doi:10.1371/journal.pone.0129860.g002
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mounted onto slides for the LCM. The slides were stained using standard hematoxylin tech-
nique for visual identification of the LNs under LCMmicroscope. The whole area of the LNs
was cut out and transferred onto a polymer film for further lysis of the cellular content. For
each LN, 30 slices were processed. The cell lysates were printed onto nitrocellulose membrane
slides and probed with each of 65 different antibodies specific against phosphorylated forms of
signaling proteins selected to monitor the molecular networks likely affected by bacterial expo-
sure, namely survival, apoptosis, inflammation, growth, and immune response.

Of the tested signaling proteins, the levels of 60 proteins showed statistically significant
(p<0.05) difference from those in the LN cells of control uninfected mice (Table 1). One of the
most remarkable features of the LN responses was the impact of B. anthracis infection on the
mitogen-activated signaling cascades and transcription. We detected a decreased phosphoryla-
tion of the pro-survival stress-activated protein kinase ERK1/2, p38, and SAPK/Jun amino-ter-
minal kinases (JNK). The total levels of ERK1/2 and JNK also decreased, while the p38 showed
some increase. However, the un-phosphorylated forms of these kinases were not expected to
participate in signaling.

The MAPKs are regulated by upstream MAPKKs which are well-known specific targets of
the LeTx proteolytic activity [18,19]. The inhibition ERK and p38 by LeTx leads to a reduction

Fig 3. Immunohistochemical analysis of CD11b in formalin-fixed sections of popliteal LNs of naïve and B. anthracis-challengedmice. (A) In naïve
mice the CD11b+ cells with monocyte/macrophagemorphology were localized to subcapsular and medullar regions. (B) In the Sterne strain-infected mice at
day 2 post infection the amount of CD11b antigen (stained brown) was increased and associated mainly with the areas of bacterial growth (circled in the
middle panel). The LNs demonstrated a widespread cell death and tissue necrosis. Numerous bacterial chains are visible as gray shadows (arrows, right
panel). (C) The LN tissue of the dSterne-infected mice demonstrated no gross pathology and the isolated CD11b+ cells scattered through LN parenchyma
(arrows).

doi:10.1371/journal.pone.0129860.g003
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in pro-inflammatory responses and the induction of apoptosis in MFs and endothelial cells
[12,20]. Consistent with the inactivation of p38 is the reduced phosphorylation of the heat-
shock protein Hsp27, which is a target of the p38 pathways [21]. The inhibition of JNK is
expected to blunt the response to a variety of environmental stresses delivered to the JNK cas-
cade by small GTPases of the Rho family, inflammatory cytokines, growth factors, and G-pro-
tein-coupled receptor agonists [22]. JNK translocates to the nucleus where it regulates activity
of multiple transcription factors.

The increased phosphorylation of S6 ribosomal protein (at S235/S236, S240/S244) indicated
activation of the P70 S6 kinase (at T389) by growth factors and mitogens leading to the subse-
quent phosphorylation of the S6 ribosomal protein as one of its targets. The activated S6 is
expected to increase the translation of proteins involved in cell cycle progression as well as
ribosomal proteins and elongation factors necessary for translation [23].

The activation of transcription factors was evident in the overall increased phosphorylation
of STAT 1 (Y701), STAT 3 (Y705 and S727), STAT5 (Y694), NF-κB p65 (S536), and ATF2

Fig 4. Immunohistochemical analysis of CD3 in formalin-fixed sections of popliteal LNs of naïve (top row) andB. anthracis-challengedmice
(bottom row). Influx of CD3+ cells (stained brown) is visible in the subcapsular, cortical, and medullary regions of LNs at day 2 post infection with Sterne
spores. A zone of bacterial growth is indicated by arrow. Slides were counterstained with hematoxylin (blue).

doi:10.1371/journal.pone.0129860.g004

Fig 5. Immunohistochemical staining for neutrophil myeloperoxidase (MP) (brown) with hematoxylin counterstain (blue) in formalin-fixed sections
of popliteal LNs of naïve andB. anthracis Sterne-challengedmice.Occasional MP-positive cells were detectable (red arrows) but the majority of
infiltrating cells with PMNmorphology were MP-negative. Many of the cells demonstrated pyknotic nuclei and were dead (black arrows). The migrating PMNs
visible inside and outside of the blood vessels were mainly MP-negative (right panel).

doi:10.1371/journal.pone.0129860.g005
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Table 1. Levels of phosphorylated signaling proteins and related proteins in LNs ofB.anthrasis (Sterne)-infected mice relative to naïvemice.

Up-regulated* Down-regulated*

Protein Day 1 Day 2 Day 3 Average per day Protein Day 1 Day 2 Day 3 Average per day

Transcriptional response

Stat1 1.81 2.57 4.99 3.12 Stat6 (Y641) 0.86 0.87 0.54 0.76

Stat3 (Y705) 3.26 2.22 2.12 2.53 CREB (S133) 1.21 0.74 0.90 0.95

Stat5 (Y694) 1.47 1.61 1.54 1.54

Stat1 (Y701) 1.21 1.46 1.73 1.47

Stat6 1.51 1.04 1.55 1.37

Stat3 (S727) 1.43 1.19 1.32 1.32

IκB α 1.20 1.02 1.54 1.25

NF-κB p65 (S536) 1.11 1.02 1.38 1.17

ATF2 (T69/T71) 1.26 0.77 1.46 1.16

Stat5 1.21 1.05 1.08 1.12

Mitogen-activated protein kinases

S6 (S235/S236) 1.61 1.49 3.77 2.29 ERK 1/2 0.43 0.35 0.23 0.33

S6 (S240/S244) 1.94 1.01 3.41 2.12 P38 MAPK (T180/Y182) 0.30 0.47 0.37 0.38

P38 MAPK 1.48 0.76 1.12 1.12 ERK1/2 (T202/Y204) 0.60 0.36 0.39 0.45

P70 S6 Kinase (T389) 1.09 1.04 1.18 1.10 SAPK/JNK 0.58 0.77 0.18 0.51

SAPK/JNK (T183/Y185) 0.44 0.46 0.69 0.62

P70 S6 Kinase(S371) 0.78 0.84 1.20 0.94

Apoptosis, autophagy

Bim 3.82 4.93 5.73 4.83 HSP27(S82) 0.33 0.36 0.13 0.27

Survivin 1.52 2.01 4.37 2.63 FLIP 0.39 0.45 0.39 0.41

Puma 3.24 2.18 1.68 2.37 p53 (S15) 0.97 0.91 0.64 0.84

FADD (S191) 2.14 1.46 1.95 1.85 Bax 0.99 0.98 0.88 0.95

PARP cleaved (D214) 1.67 1.38 2.35 1.80 Bad 1.06 0.94 0.88 0.96

Caspase 3 cleaved (D175) 2.09 1.59 1.41 1.70

XIAP 1.28 1.92 1.20 1.47

Bcl-xL 1.25 1.27 1.24 1.26

Caspase 9 cleaved (D330) 1.39 1.22 1.09 1.24

Caspase 7 cleaved (D198) 1.30 1.39 0.91 1.20

Beclin1 1.20 1.11 1.16 1.15

LC3B 1.12 1.17 1.13 1.14

Caspase 8 1.31 1.28 0.71 1.10

Lipid signaling/PI3K/AKT

SHIP1 (Y1020) 1.39 1.92 1.63 1.65 Akt (S473) 1.04 0.92 0.93 0.96

PTEN 1.71 1.22 1.45 1.46

GSK 3α/β (S21/S9) 1.38 0.99 1.37 1.25

AKT 1.44 0.90 1.34 1.23

PTEN (S380) 1.40 0.94 1.26 1.20

Other protein kinases

Src (Y416) (+) 1.94 1.35 1.97 1.75 Lck (Y505) (-) 0.92 0.72 0.81 0.81

Src (Y517) (-) 1.94 1.35 1.98 1.75

Other

IL 10 1.18 4.62 0.98 2.26 Proteosome 20S 0.84 0.97 0.91 0.91

TLR9 3.18 1.67 1.40 2.08 Chk2 (S33/S35) 1.19 0.90 0.67 0.92

Myeloperoxidase 2.25 1.84 1.81 1.99 Sumo1 1.26 1.18 0.50 0.98

CD68 2.32 2.13 1.46 1.97

(Continued)
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(T69/T71). The total forms of STATs 1, 5 and 6 were also increased. However, the levels of sev-
eral factors fluctuated or even decreased in the case of STAT 6 (Y641). This behavior likely
reflected the presence of multiple competing stimuli controlling the transcription factor regula-
tion. For example, CREB phosphorylation is expected to be sensitive to signals from several
pathways including MEK1, 2, 5, and ERK3, in addition to the bacterial factors such as LeTx
and EdTx [24,25].

Among the pro-apoptotic proteins there was an increase in caspase 3 cleaved (D175); cas-
pase 7 cleaved (D198); PARP cleaved (D214); FADD (S194) adapter coupled to death signaling;
caspase-8; and Puma promoting mitochondrial apoptosis through p53 pathway. A robust
increase was also detected in the case of Bim antagonizing anti-apoptotic members of the Bcl-2
family, perhaps in response to the elevated levels of anti-apoptotic Bcl-xL and XIAP. Marginal
responses (exceeding the statistical estimate of 95% reliability of ca. ±14% only at one time
point) were detected for p53 (S15) activating apoptosis in response to myriad of stressors, Bax
and Bad. No considerable autophagic activation was indicated by the levels of LC3B and
Beclin1. The typical markers of apoptosis FLIP was found decreased by the infection which can
be rationalized as a response aimed to increase the amount of activated caspase 8 by reducing
the inhibiting effect of FLIP on its processing.

Surprisingly, the level of anti-apoptotic survivin was increased steadily up to more than
4-fold at day 3. This observation contrasted with the above results on the upregulation of cas-
pases because this protein was expected to bind and inhibit caspase-3, controlling the check-
point in the G2/M-phase of the cell cycle by inhibiting apoptosis and promoting cell division.
It was also reported to inhibit mitochondrial apoptosis through caspase 9 [26]. Survivin is
expressed highly in most human tumors and fetal tissue, but is normally reported absent in ter-
minally differentiated cells [27]. Therefore, the upregulation of survivin may indicate the
induction of the pro-survival signal which, reduced the pro-apoptotic effect of bacterial patho-
genic factors, but was unable to overcome it.

Abrogation of the PI3K/AKT pro-survival signaling activation to the background level in
response to the toxinogenic anthrax infection, as well as Rift Valley fever virus, was discovered
by us previously in cell culture and circulating blood cells [25,28]. In agreement with these
observations the phosphorylation of the global regulator of survival pathways serine/threonine
kinase AKT at its major activating site S473 was not induced. Consistent with this, the levels of
phosphorylation-activated phosphatases PTEN and SHIP1, the negative regulators of the
PI3K/Akt signaling pathway, were increased. However, the phosphorylation of the downstream
AKT target, the proapoptotic glycogen synthase kinase 3 (GSK-3) at the sites S21/S9 (for α/β
isoforms, correspondingly), was increased. It suggests that in the absence of the AKT activity
other pathways contributed the level of GSK-3 phosphorylation [29].

The non-receptor tyrosine protein kinase Src with a broad-spectrum activity promotes sur-
vival, angiogenesis, proliferation and invasion pathways [30]. Its phosphorylation at the acti-
vating and inactivating sites (Y416 and Y517, respectively) was almost equally increased.

Table 1. (Continued)

Up-regulated* Down-regulated*

Protein Day 1 Day 2 Day 3 Average per day Protein Day 1 Day 2 Day 3 Average per day

eNOS (S1177) 1.49 1.40 1.29 1.39

eNOS (S113) 1.48 1.00 1.30 1.26

HSP90 1.00 1.04 1.37 1.14

Sumo 2/3 0.88 0.75 1.70 1.11

doi:10.1371/journal.pone.0129860.t001
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Judging by the elevated level of SHIP1 (Y1020) phosphatase which is a substrate of Src kinase,
the latter was activated in the infected LNs. Another Src family tyrosine kinase Lck essential for
T-lymphocyte activation and differentiation showed a decreased phosphorylation at the inhib-
iting site Y505. In line with the activation by Src was the increased phosphorylation of eNOS at
the stimulating site Ser1177 in response to oxidative stress [31] implicated in anthrax pathol-
ogy [32]. However, the inhibiting site Ser113 [33] also displayed an increased phosphorylation
thus precluding a conclusion on the functional status of this enzyme.

The protective responses of the host were evident in the up-regulation of innate receptor
TLR-9. The increased level of neutrophil myeloperoxidase supported our histopathological
assessment of neutrophils transmigration to LNs from blood (Fig 5). The heat-shock protein
HSP-90 was increased only at day 3 with no discernable effect on its target the 20S proteasome
subunit. The response to the DNA damage during infection through sensing checkpoint kinase
Chk2 was decreased. Changes in the levels of the small ubiquitin-related modifiers Sumo 1/2/3
indicated a pathogen-mediated interference with sumoylation of host proteins. This type of
post-translational modifications similar to ubiquitination may represent a novel anthrax path-
ogenic mechanism potentially relevant to stress response and other biological processes [34].

The RPMA analysis demonstrated an increased level of CD68 (macrocialin) [35]. This
transmembrane glycoprotein is highly expressed by human monocytes and tissue MFs where
it can be found in lysosomes and endosomes with a smaller fraction circulating to the cell sur-
face. It binds to tissue- and organ-specific lectins or selectins. The protein is also a member of
the scavenger receptor family clearing cellular debris, promoting phagocytosis, and mediating
the recruitment and activation of MFs. Macrosialin was not previously reported in association
with anthrax infection.

Immunohistochemical analysis of ERK, Puma, survivin, and macrosialin
To substantiate the RPMA findings presented above we carried out the immunohistochemical
analysis of LN tissue sections for selected proteins. The ERK+ cells were clearly visible in LNs
of naïve mice and showed a characteristic morphology of the DC11b+ MFs/DCs (Fig 6A). In
agreement with the RPMA results, the staining was strongly reduced in the LNs from infected
animals (Fig 6B). The bulk of the tissue did not stain for ERK indicating that neither T nor B
cells were involved in the ERK response. However, the increased level of Puma which is pro-
apoptotic for activated T-and B-cells [36–38] suggested that in pre-mortal animals the lympho-
cytes in the infected LNs were in the process of apoptosis. Fig 7 confirmed the up-regulation of
Puma and demonstrated a staining pattern in the cortical region consistent with the response
of CD3+ T-cells.

The increased expression of survivin in the infected LNs was unexpected because generally
it is not observed in adult tissues [27]. However, a low background level of survivin staining
was detectable in the uninfected LNs. The Sterne-infected mice showed an increased amount
of survivin detectable all over the LN tissue, especially intense in the cortical areas overlapping
with the zones of bacterial proliferation (Fig 8).

Immunostaining of macrosialin/CD68 typically expressed by monocytes/MFs [39] revealed
a punctate pattern in the areas occupied by bacteria (Fig 9). CD68 plays a role in phagocytic
activities of tissue MFs, both in intracellular lysosomal metabolism and extracellular cell-cell
and cell-pathogen interactions [40]. CD68 rapidly recirculates from endosomes, lysosomes to
the plasma membrane [35,39]. Closer examination showed that the CD68 protein was associ-
ated with the polar regions of the bacterial chains (Fig 9E–9G). The phagocytic cells (presum-
ably MFs) observed in the LNs contained a large number of bacteria with CD68 caps. Fig 9F
and 9G shows such a MF in the process of releasing the intracellular bacteria containing the

Lymph Node Targets of Murine Anthrax

PLOS ONE | DOI:10.1371/journal.pone.0129860 June 19, 2015 14 / 23



CD68 caps. However, the non-phagocytosed bacteria next to the MF appear to be unstained
(Fig 9F, arrows) suggesting that phagocytosis was required for the staining.

Discussion
We previously used the RPMA to characterize the interaction of cultured lung epithelial cells
with secreted pathogenic factors of B. anthracis using cell lysates and to analyze signaling pro-
teins in the intra-nodal lymph of spore-challenged mice [41]. In this study we for the first time
applied the RPMA technique for the analyses of signaling proteins in the LN tissue to capture
the phosphoprotein signaling in situ. We used the intradermal/subcutaneous challenge model
in which the infectious spores of the toxinogenic Sterne strain were injected into the foot pads
of mice for a direct delivery into the draining popliteal LNs. Although this and a similar model
of cutaneous ear infection [42,43] are useful to characterize the progression of the disease in

Fig 6. Immunohistochemical staining of formalin-fixed sections of popliteal LNs for phosphorylated ERK1/2 (brown) in naïve (A) andB. anthracis
Sterne-challengedmice (B) with hematoxylin counterstain (blue) at different magnifications. The morphology of a typical CD11b staining is shown for
comparison with the ERK1/2 one (right panels).

doi:10.1371/journal.pone.0129860.g006

Fig 7. Immunohistochemical staining of formalin-fixed sections of popliteal LNs for Puma (brown) in
control (left panel) and B. anthracis Sterne-challenged (right panel) mice. Hematoxylin counterstain
(blue) was used. The dSterne-challenged mice demonstrated to Puma stain (not shown).

doi:10.1371/journal.pone.0129860.g007
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Fig 8. Immunohistochemical staining of formalin-fixed sections of popliteal LNs for survivin (brown)
in naïve (A) and B. anthracis Sterne-challengedmice (B-D) at different magnifications.Hematoxylin
counterstain (blue) was used. The majority of survinin+ cells (immunostained brown) localize to the cortical
zones morphologically similar to B-cell lymphoid follicles (dotted lines in A and C) overlapping with bacteria in
infected mice (bottom panels C, D). The boxed region in the left bottom panel C is magnified on the right.

doi:10.1371/journal.pone.0129860.g008

Fig 9. Immunohistochemical staining of formalin-fixed sections of popliteal LNs for macrosialin/CD68 (brown) in naïve (A) and B. anthracis
Sterne-challengedmice (B) with hematoxylin counterstain (blue) at different magnifications. CD68 expression is induced in the Sterne-infected LNs
(B,C,E). The staining demonstrates a punctate pattern mainly in subcapsular (B) and medullary (C) regions overlapping with bacteria (B, E). Control
uninfected LNs and dSterne-infected LNs stain negative for CD68 (A, D, respectively). Phagocytic cells contain ingested bacteria with CD68 “caps” (F,G).
The phagocytic uptake seems to be required for the staining of bacteria because the un-phagocytosed cells do not demonstrate the staining (F, arrows).

doi:10.1371/journal.pone.0129860.g009
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the lymphatics, which is believed to be one of the earliest targets of anthrax infection [1,44], the
information on it available in the literature is rather limited.

One of the important LN functions is the filtration of microbes from the lymph by the retic-
ular meshwork traversing the cortical and medullary sinuses. This process is aided by the
phagocytic uptake and inactivation of infectious agents by macrophages (MFs) and reticular
cells. We found that the injected spores quickly disseminated from the site of challenge to the
draining LNs and further to the bloodstream. The un-germinated, heat-resistant spores as well
as the vegetative bacteria were detected in the spleen as early as 3 h post challenge (the earliest
time point tested). This finding demonstrated that the systemic dissemination of the spores in
our model did not require the onset of the hemorrhagic lymphadenitis as it’s currently accepted
based on the autopsies of anthrax patients and experimental animals [1,4]. While the extensive
hemorrhages were obvious in the pre-mortal animals, we detected no tissue damage at the 3-h
time point (not shown).

Our results indicated that the filtration capacity of the LNs and the bactericidal activity of
the innate immune response (including the activity of the phagocytic cells such as MFs) were
insufficient to limit the spread of the infectious material and ultimately eliminate infection.
This conclusion is consistent with the observations that the lymphatic system remains rather
permeable to the injected spores (which therefore may migrate all the way through the lym-
phatics and reach the bloodstream at the thoracic duct). The hydraulic radius of the sinus is
likely very large and allows not only soluble molecules but also particles and cells to float
through the meshwork of resident cells [16], until the infectious process triggers the inflamma-
tory response leading to the increased retention of bacteria in medullary LN sinuses [15]. How-
ever, it has to be taken into account that much lower doses of administered spores will likely be
within the capacity of the host to stop the progression of disease. This consideration explains
the results of Weiner et al. [43] who reported that after the debridement of the inoculation site
as a major site of infection the early delivery of spores into LNs (at the level of thousand PFUs)
is not sufficient to establish a disseminated infection. In our experiments, the site of injection
continued to supply spores to the LNs and spleen for at least 24 h.

In addition to the bacterial dissemination discussed above, another remarkable feature of
the infection in our model was a high level of bacterial proliferation in the LNs. Bacteria occu-
pied large areas of LNs demonstrating massive death of CD11b+ MFs and CD3+ lymphocytes.
The intense karyolysis (disappearance of the nuclear staining) indicated the onset of the tissue
necrosis following cell death. The neutrophils infiltrating the LN from blood vessels in response
to infection demonstrated low bactericidal capacity judged by the low frequency of MP+ cells,
consistent with the incapacitation of neutrophils by anthrax toxins [24,45–47]. We conclude
that the pre-mortal animals (tested at day 2 post challenge) could not control the virulent
Sterne infection in the LNs which overwhelmed the protective capacity of immune system. In
agreement with this, our previous proteomic analysis of the intra-nodal lymph during Sterne
infection in the same animal model revealed a broad-spectrum shutdown of main cellular func-
tions belonging to glycolysis, citrate cycle, metabolism of pyruvate, fatty acids, amino acids,
and purines [41]. In contrast to our data the authors of [43] reported no heat-sensitive bacteria
even at 72 h post injection but did not support their observation by histopathological analysis.
This discrepancy might reflect bacterial lysis by distilled water used in [43] during the LN
homogenization procedure.

The LNs are traditionally difficult to analyze, especially in rodent models due to the limited
amount of material in the LN samples and sensitivity of the analytical procedures. These limi-
tations are especially important in the host response signaling studies requiring analysis of a
large variety of proteins in a small number of cells obtained from a local tissue microenviron-
ment. In this report we demonstrated an experimental procedure combining the power of
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RPMA and LCM which allowed a reliable quantitative detection of a small amount of signaling
phosphoproteins from the formaldehyde-fixed tissue slices. The phosphoproteins bear a wealth
of information on the health status of the tissues and have a potential to be used as sensitive
biomarkers. However, limited data are available regarding their role in LNs during anthrax
infection. The specific antibodies we used in the RPMA assay served a double purpose of quan-
tifying the material extracted from LNs and identifying the cells responding with the particular
antigen after the immunostaining of the tissue.

In our characterization of the LN signaling we chose to detect the proteins belonging to
diverse groups representing critical cellular signal transduction pathways. Among those the
mitogen-activated stress response through MEK kinases is the established target of the proteo-
lytic activity of the anthrax LeTx [24]. MFs and DCs typically express the CD11b marker
implicated in various adhesive interactions of monocytes, MFs and granulocytes as well as in
mediating the uptake of complement coated particles. MFs and DCs have long been implicated
as the cell types uniquely sensitive to the LeTx [24,44]. As seen in Fig 6, the ERK+ cells in con-
trol and infected mice represented a small fraction of LN cells and demonstrated the staining
pattern similar to that of CD11b+ cells. While the infectious process reduced the ERK response,
the amount of CD11b increased substantially (Fig 3). The majority of the staining was associ-
ated with a large amount of cellular debris consistent with the massive influx of phagocytes and
their destruction by bacteria at the sites of infection, which may take place through different
mechanisms. One possibility consists in the direct lysis of MFs by the secreted bacterial phos-
pholipases, the pore-forming toxin anthrolysin O, or the LeTx [44,48]. Alternatively, these
pathogenic factors could also be responsible for the “inside-out”MF lysis by the intracellular
spores or vegetative bacteria after their engulfment by the MFs. This suggestion is consistent
with our novel finding demonstrating the interaction of CD68/macrosialin with B. anthracis
vegetative bacteria.

CD68 is a heavily glycosylated transmembrane protein of 87–115 kDa which is restricted
mainly to cells of monocyte—macrophage lineage) [39]. This protein participates in the phago-
cytic uptake of microbial antigens, their intracellular delivery to the phagolysosome and anti-
gen presentation. In MFs, macrosialin is mainly localized in lysosomes and endosomes and
rapidly exchanges with a smaller subtraction of macrosialin on the cell surface [35]. Exchange
with intracellular pools occurs at an extremely high rate. The exact function of macrosialin is
not known. It has been described as a member of the lysosomal/endosomal associated mem-
brane glycoprotein (LAMP) family [39] and a member of the scavenger receptor family which
recognizes a wide range of anionic macromolecules including oxidized low density lipoprotein,
damaged apoptotic cells and surface antigens of microorganisms [35,40]. Information on
CD68/macrosialin role in microbial infections is almost inexistent, although it was shown as
the receptor on the macrophage surface for intercellular adhesive molecule from Leishmania
species (ICAM-L) [49]. We present the first observation of CD68 participation in anthrax
infection.

We suggest that the presence of CD68-stained bacteria in the Sterne-infected LNs reflects
their prior direct interaction with the MFs, perhaps during the germination of engulfed spores
followed by intracellular multiplication of vegetative bacteria or after engagement of the patho-
gen with the CD68 exposed on the MF surface. An alternative mechanism when CD68 (or its
fragment) interacted with bacteria after its release fromMFs into the LN environment seems
unlikely because CD68 is a transmembrane protein. Supporting this conclusion, the amount of
CD68 associated with bacteria was higher in the subcapsular regions where the majority of
MFs were expected to reside, in comparison with the deeper cortical areas (Fig 9B and 9E). It
also explains a large amount of CD11b+ debris in the infected LNs (Fig 3) presumably reflect-
ing a massive influx of MFs and their consequent lysis after ingestion of the spores. It remains
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to be determined if the association of CD68 with bacteria took place post-delivery of the spores
to the LNs in agreement with the jailbreak model or on the way of the spores to the LNs within
the migrating MFs according to the Trojan horse model. In any case, our data unequivocally
demonstrate the elimination of MFs in the LNs as a part of the pathogen’s immunosuppressive
strategy.

One of the most remarkable features of the LN infection by the Sterne strain is the upregula-
tion of transcriptional factors STATs (especially strong for phosphorylated STAT3). To our
knowledge, this topic is novel to anthrax research. It was first noticed in our previous analysis
of the soluble phosphoproteome [41]. The STAT family transcriptional factors participate in
the JAK-STAT pleiotropic cascades allowing the cells to transduce signals for a large number
of hormones, growth factors, and cytokines. STAT1 and STAT3 genes are specifically activated
by phosphorylated forms of these proteins, respectively, resulting in large and prolonged
increases in the levels of unphosphorylated STATs [50].

Depending upon the particular stimulus or cell type, STATs can mediate either pro-apopto-
tic or anti-apoptotic signals. STAT1 is important for transducing pro-apoptotic signals whereas
STAT3 and STAT5 have been implicated in promoting cell survival. The pathogenic effects of
STATs have been reported for some viral infections and cancer [51–54]. The bacterial peri-
odontal pathogen Porphyromonas gingivalis invasion transiently inhibited Pseudomonas aeru-
ginosa-induced apoptosis in respiratory epithelial cells via the STAT3 signaling pathway
[55,56]. The activated STAT3 up-regulated the downstream anti-apoptotic survivin and Bcl-2
while down-regulating the pro-apoptotic death promoter Bad and caspase-3, thus aiding the
survival of P. gingivalis within epithelial cells.

Consistent with the activation of STATs, in our experiments the apoptosis-related changes
during infection were also accompanied by the up-regulation of survivin which plays a physio-
logically important role in response to tissue damage and homeostatic imbalance. Its expres-
sion is generally limited to pathological states, such as cancer, and is not observed in adult
tissues [26]. Although recent data suggest roles for survivin in normal cells including T-cells,
hematopoietic progenitor cells, vascular endothelial cells, liver cells, gastrointestinal tract
mucosa, erythroid cells, and polymorphonuclear cells, survivin expression is significantly
higher in transformed cells suggesting a pathological role for the protein [27].

Reports on the role of survivin in the infectious disease are limited. In addition to the men-
tioned above P. gingivalis infection, Varicella-zoster virus induces survivin to promote replica-
tion and skin pathogenesis. Survivin was also found induced in response to the GSK3β
inhibitor during Venezuelan equine encephalomyelitis infection in astrocytes [57]. H. pylori
infection leads to loss of survivin, presumably as a consequence of the changes in interactions
with chaperones, such as Hsp90, which is essential for the stability of survivin [58]. The pro-
survival activities of STATs and survivin in our experiments may reflect the response of the
pathogen or the host aimed to delay the onset of apoptosis. The pathogenic consequence of
such a delay requires further analysis.

In summary, this study presents the first description of the murine footpad B. anthracis
challenge model and LN phosphoprotein responses associated with anthrax infection. We ana-
lyzed changes in the levels of 65 proteins many of which are directly relevant to the immune
response, cell death and survival. Our RPMA analysis revealed a complex picture of the host
cell signaling in response to the pathogenic insult. The remarkable feature of the host-pathogen
interaction was the presence of signaling tendencies opposing each other, such as the concomi-
tant activation of the pro- and anti-apoptotic proteins, emphasizing the notion [27] that the
net biological outcome of the disease is determined by the relative impact of the microbial
insult and the protective capacity of the host. The responses we detected reflect cumulative sig-
nals from different cells types and locations within the complex structure of the LN tissue. It

Lymph Node Targets of Murine Anthrax

PLOS ONE | DOI:10.1371/journal.pone.0129860 June 19, 2015 19 / 23



may result in the “dilution” of the signal by the non-responders if the latter are present at high
numbers. In the future studies we plan to address the spatial distribution and frequencies of the
responding cells in order to delineate their relative contributions.

The experimental technique we used in this report for the analysis of cell signaling in situ
after challenge with the attenuated Sterne strain involves inactivation of the infectious material
by the formaldehyde. It offers a possibility to carry out comparative signaling studies with fully
virulent strains at the biological safety level 2 (BSL-2) using tissue sections prepared in BSL-3
experiments. Such analysis is much needed in the field to avoid a potential controversy associ-
ated with the use of different strains in experiments addressing the contribution of pathogenic
factors to B. anthracis virulence.

Supporting Information
S1 Fig. Fluorescent pNIPAm NPs labelled with Alexa Fluor 555 (yellow) quickly migrate to
sub-capsular (white arrows) and medullar regions of popliteal LNs of mice (red arrows)
after injection of suspension (20 μl in PBS) into mouse hind foot pads for 30 min. The pop-
liteal LNs were surgically removed for histologic evaluation. The LNs were paraffin-embedded
after fixation with paraformaldehyde, and the 5 μm tissue slices were mounted onto glass slide.
The particles were observed at 555/570 nm using Olympus BX51 microscope with a TRITC fil-
ter set.
(TIF)

S2 Fig. Immunohistochemical analysis of CD11b in formalin-fixed sections of popliteal
LNs from B. anthracis-challenged mice.Macrophages but not neutophils are highly CD11b-
positive. Macrophages (brown stain) are black arrows, neuthrophils (blue stain, fragmented
nuclei) are red arrows. Bacteria (no stain) are shown by green arrows. Numerous neutrophils
with condensed nuclei are also present.
(TIF)

S3 Fig. The CD11b+ cells co-localize with bacteria in dSterne-infected LNs. Two consecutive
slices of formalin-fixed LNs from dSterne-infected mice were immunostained for CD11b (left
panels) and B. anthracis (middle panels). The images of two different areas from each section
(top and bottom rows) were taken and electronically separated into layers of RBG colors. The
layers corresponding to the diaminobenzidine stain were assigned the green and red colors for
CD11b and bacteria, correspondingly. The right panels demonstrate the overlays where the over-
lapping green and red colors indicate a co-localization of CD11b+ cells with bacteria (arrows).
(TIF)
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