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Abstract

Francisella tularensis causes the zoonosis tularemia in humans and is one of the most virulent
bacterial pathogens. We utilized a global proteomic approach to characterize protein changes in
bronchoalveolar lavage fluid from mice exposed to one of three organisms, F. tularensis ssp.
novicida, an avirulent mutant of £. tularensis ssp. novicida (F.t. novicida- AmglA); and
Pseudomonas aeruginosa. The composition of BALF proteins was altered following infection,
including proteins involved in neutrophil activation, oxidative stress and inflammatory responses.
Components of the innate immune response were induced including the acute phase response and
the complement system, however the timing of their induction varied. Francisella tularensis ssp.
novicida infected mice do not appear to have an effective innate immune response in the first
hours of infection, however within 24 hours they show an upregulation of innate immune response
proteins. This delayed response is in contrast to P. aeruginosa infected animals which show an
early innate immune response. Likewise, £~.t. novicida-AmglA infection initiates an early innate
immune response, however this response is dimished by 24 hours. Finally, this study identifies
several candidate biomarkers, including Chitinase 3-like-1 (CHI3L1 or YKL-40) and
peroxiredoxin 1, that are associated with F. tularensis ssp. novicidabut not P. aeruginosa infection.

Keywords
innate immunity; Francisella tularensis; proteomics; bronchoalveolar lavage fluid

Introduction

Francisella tularensis is an intracellular, gram-negative coccobacillus that causes tularemia.
F. tularensisis classified as a category A bioterrorism agent by the U.S. Centers for Disease
Control and Prevention due to its high infectivity, ability to spread via an airborne route, and
its capacity to cause significant morbidity and mortality. Inhalation of fewer than 10 bacteria
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can cause human diseasel-2. Humans can acquire tularemia through direct exposure to
infected animals or from the bite of a blood-feeding arthropod.

F. tularensis is divided into four subspecies. F. tularensis subsp. tularensis (type A) and F.
tularensis subsp. holarctica (type B) are typically associated with human disease. F.
tularensis subsp. mediasiatica is of relatively low virulence. Lastly, F. tularensis subsp.
novicida (F.t. novicida) is infectious only for immunocompromised humans and lethal to
mice at even small doses. A partially attenuated live vaccine strain (LVS) was developed
from a type B strain of £ fularensisand is attenuated in humans but virulent in mice. The
mouse, a natural host for F. tularensis, serves as an excellent experimental model for
tularemia. While all Francisella subspecies are virulent in mice, ~.£ novicida has proven
useful to investigate the host-pathogen interactions both because of its ease of genetic
manipulation and because the pathogenesis of infection in mice is largely similar to human
infection34,

F. tularensis infection initiates both specific and non-specific host responses. PMNSs are
recruited to the site of infection within hours, albeit not as vigorously as after infection with
other Gram negative bacilli®®, at least in part because £. tularensis lipopolysaccaride (LPS)
is poorly recognized by Toll-like receptor 4. Macrophages and dendritic cells appear to be
the major reservoir and site of replication of £, tularensisin the host®°. Following the
infection of macrophage or dendritic cells, virulent strains of F. tularensis actively suppress
the ability of these cells to secrete proinflammatory cytokines10-12,

Macrophage receptors mediate phagocytosis and initiate a wide range of responses,
including inflammatory and signaling cascades. The specific macrophage receptors
responsible for the uptake and survival of £. tu/arensis are poorly characterized. Recent
work demonstrated that the bacterium enters human macrophages by a process of
engulfment within asymmetric pseudopod loops. Adherence and uptake by the macrophages
is dependent upon complement C3, complement receptors and actin microfilaments13,
Further studies indicated a role for complement receptor 3, mannose receptor and surfactant
protein A in fostering the association of £, tularensis and human macrophages'4. Following
bacterium uptake into the macrophage, F.t. novicidaand LVS both occupy a membrane-
bound compartment within the macrophage that is not fused with lysosomes*. Additionally,
growth of LVS in mouse macrophages requires an acidified compartment that facilitates the
availability of iron essential for bacterial growth15,

Several virulence factors are required for growth of £. fularensis within macrophages,
including macrophage growth locus A (mglA). Disruption of mglA inhibits phagosome
escape and decreases virulence in mice6-18_ MglA and a related regulator, SspA, positively
regulate the expression of genes encoded by the Francisella pathogenicity island (FPI) and
additional genes. Previous proteomic studies indicated that MglA influences the expression
of £.t. novicida proteins involved in responding to stress, including oxidative stress!®.

In this work, a comparative proteomic study of lung lavage fluid was undertaken using a
mouse model of inhalation tularemia, induced by Francisella tularensis subspecies novicida.
To better understand the initial pulmonary host response to virulent F. tularensis, mice were
also exposed to ~.t novicida AmglA, an attenuated mutant of ~.t. novicida defective for
intracellular replication. To place these studies in a broader context of acute Gram negative
bacterial infection, mice also were challenged with Pseudomonas aeruginosa, an
extracellular pathogen that elicits a rapid and vigorous host response®20. This work expands
on our previous report illustrating that small protein and peptide profiles detected by matrix
assisted laser desorption/ionization mass spectrometry (MALDI-MS) could be used to
differentiate lavage fluid samples from different exposures. The detected immune cells

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Varnum et al.

Page 3

counts were used to supplement the conclusions from the MALDI-MS analysis. While the
MALDI-MS analysis illustrated the potential for using a limited subset of detected proteins
for differentiation, the detected masses provided no protein identification and therefore no
insights into the different host response pathways involved. To better understand the host
response pathways involved, samples from the same study were used in a bottom-up
proteomic analysis to compare the protein identities and relative abundance changes
between sample treatments. This type of analysis provides more insight into the collection of
proteins and indications of host response pathways that are impacted across the proteome of
the lung surface.

Materials and Methods

Bacterial strains and growth conditions

Animals

Francisella tularensis subspecies novicida U112 (F.t. novicida) and the F. novicida AmglA
mutant (£.£ novicida A mglA) were provided by Dr. Francis Nano (University of Victoria,
Canada). Pseudomonas aeruginosa PAK (P. aeruginosa) was obtained from Dr. Steve Lory
(Harvard University). Glycerol stocks were inoculated 1:1000 into nutrient broth (TSB-0.1%
L-cysteine for F. t. novicida strains and LB for P. aeruginosa) and incubated for 16h at 37°C
in a rotating platform incubator at 200 rpm. Bacteria were pelleted by centrifugation at 4° C,
washed twice with PBS and resuspended in cold PBS to a concentration of 5 x 10° CFU/ml
as estimated by ODsyg.

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The
Institutional Animal Care and Use Committee of the University of Washington approved all
experimental procedures under protocols 2671-06 and 2671-07. Specific-pathogen-free male
C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME) and were 8
weeks old at the time of study. All animals were housed in laminar flow cages and were
permitted “ad libitum” access to sterile food and water. Euthanasia was accomplished with
intraperitoneal pentobarbital followed by exsanguination from cardiac puncture and all
efforts were made to minimize suffering.

Infection of animals

Mice were exposed to aerosolized bacteria or PBS using a snout-only inhalation system (In-
Tox products, Moriarty, NM). Aerosols were generated from MiniHEART hi-flo nebulizers
(Westmed, Tucson, AZ) driven at 40 psi. Airflow through the system was maintained at 20
L/min for a 10 minute aerosol exposure, followed by a 5 minute purge with air. Aerosol
exposure was conducted over two days following a schedule as outlined in Wunschel et al®.
Bacterial deposition in each experiment was determined from quantitative culture of the left
lungs harvested from three mice sacrificed immediately after exposure. Measured bacterial
depositions (CFU/lung) are as follows (mean + SEM, n=3): F. t. novicida experiment 1:
4248 + 1215; F. t novicida experiment 2: 3030 £ 214; F. t. novicida AmglA experiment 1:
3827 £ 815; F. t. novicida AmglA experiment 2: 1262 + 408; and P. aeruginosa 126127 +
14239. Animals were examined daily for signs of illness, and body surface temperatures
were monitored with an infrared thermometer (Raytek, Santa Cruz, CA). No animals
developed severe hypothermia (<25°C) or other signs of morbidity warranting euthanasia
(ruffled fur, eye crusting, hunched posture, and lack of resistance to handling) during the 48
hour period of observation. Previous studies have shown that the infecting doses of ~.z.
novicida used in these experiments results in exponential bacterial replication, widespread
dissemination of infection, and uniform lethality within 96 hour 8. In contrast, airborne
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infection with F.z. novicida AmglA or P. aeruginosa under the conditions tested results in
limited bacterial replication and no mortality 18:20,

BALF collection

Mice were euthanized to harvest bronchoalveolar lavage fluid (BALF) immediately, 4h,
24h, and 48h after inhalation of PBS; 4h, 24h, and 48h after inhalation of ~. noviciaaand F.
novicida AmglA; and 4h and 24h after inhalation of P. aeruginosa. The trachea was
cannulated with a 229 catheter and both lungs were lavaged by instilling 1.0 mL of pre-
warmed 0.9% sodium chloride containing 0.6 mM EDTA, which was retrieved after a 30
second dwell time. This procedure was repeated with three more 0.8 ml volumes of saline/
EDTA. All four volumes of BALF from each mouse were pooled and centrifuged at 300 x g
for 10 minutes at room temperature. The supernatants were harvested, phenylmethylsulfonyl
fluoride (PMSF, Sigma-Aldrich, St. Louis, MO) added to give a final concentration of 1
mM, and stored at -80°C.

Precipitation and trypsin digestion of BALF proteins

To concentrate BALF sample proteins prior to trypsin digestion, ice-cold trichloroacetic acid
(TCA) was added to the samples to a final concentration of 10%. All samples were
incubated at 4°C overnight followed by centrifugation at 14K RCF for 5 minutes. The pellet
was washed one time with cold acetone and allowed to dry at room temperature for 5
minutes. The protein pellet was resuspended in 25 uL of denaturing buffer (100 mM
ammonium bicarbonate, 8M urea, 2 M thiourea and 5 mM dithiothreitol (DTT) and heated
to 60°C for 30 min. The sample was then diluted 4-fold with 100 mM ammonium
bicarbonate and CaCl, was added to 1 mM. Methylated, sequencing-grade trypsin
(Promega, Madison, WI) was added at a substrate-to-enzyme ratio of 50:1 (mass:mass) and
incubated at 37°C for 15 hours. Sample cleanup was achieved using a 1-mL SPE Cq7
column (Supelco, Bellefonte, PA). The peptides were eluted from each column with 1 mL of
methanol and concentrated via SpeedVac. The samples were reconstituted to 1 ug/uL with
25 mM ammonium bicarbonate and frozen at —20°C until analyzed.

LC-MS/MS and LC-MS Analysis

Peptide samples were analyzed using a custom-built automated high pressure nanocapillary
LC system?! coupled on-line to a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific). The reversed-phase capillary column was prepared by slurry packing 3-pum
Jupiter C18 bonded particles (Phenomenex, Torrence, CA) into a 65-cm-long, 75-um-inner
diameter fused silica capillary (Polymicron Technologies, Phoenix, AZ). The mobile phase
consisted of 0.2% acetic acid and 0.05% TFA in water (A) and 0.1% TFA in 90%
acetonitrile, 10% water (B). After loading 5 UL of peptides onto the column, the mobile
phase was held at 100% A for 50 min. Exponential gradient elution was performed by
increasing the mobile phase composition from 0 to 55% B over 115 min. The HPLC column
was coupled to the mass spectrometer by an in-house manufactured electrospray ionization
interface 22. The heated capillary temperature and spray voltage were 200°C and 2.2kV,
respectively. Data were acquired for 100 min, beginning 65 min after sample injection (15
min into gradient). Orbitrap spectra (AGC 5x10°) were collected from 400-2000 m/z at a
resolution of 100K followed by data dependent ion trap MS/MS spectra (AGC 1x10%) of the
three or six most abundant ions using a collision energy of 35%. A dynamic exclusion time
of 60 sec was used to discriminate against previously analyzed ions.

The MS/MS spectra were analyzed using the peptide identification software SEQUEST 22 to
independently search all MS/MS spectra against two organism protein FASTA data files: the
mouse International Protein Index (IP1) database (version 3.51, released November 5™,
2008) and Francisella tularensis novicida U112 (obtained from NCBI, NC_008601). For
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each SEQUEST analysis of an MS/MS spectrum (at a given parent ion charge state), only
the peptide identification with the highest XCorr value (i.e., the “top ranked hit”) was
retained. In addition, the SEQUEST peptide identifications were required to satisfy
Washburn-Yates criteria24. Specifically, ACn > 0.1 was required and, for each parent ion
charge state, XCorr was required to be = 1.9 (+1), 2.2 (+2), 3.75 (= +3). The Proteomics
Research Information Storage and Management system was used to run SEQUEST, to run
software that calculated predicted and observed normalized elution time (NET) values, and
to manage the proteomics data in general?>.

The high resolution mass spectral datasets were analyzed using the accurate mass and
elution time (AMT) tag approach26. The peak lists for each analysis were matched against a
mass tag database constructed from the LC-MS/MS analyses of the BALF samples from this
study, combined with LC-MS/MS analyses from our previous proteomic BALF studies?/+28,
The estimated false-positive rate of the peptide identifications included in the AMT tag
database was <5% and was obtained by searching a decoy database of the reversed IPI
database.?°.

Features from the LC-MS analyses (i.e., m/z peaks deconvolved of isotopic and charge state
effects and then correlated by mass and NET) were matched to the AMT tag database to
identify peptides. The mass deisotoping and alignment process was performed using
Decon2L.S39, and the matching process was performed using VIPER3!
(http://ncrr.pnl.gov/software;). The data were examined in a 2-D fashion to identify groups
of features from adjacent spectra comprising a peptide peak, computing a corresponding
median monoisotopic mass, central NET, and abundance estimate by summing the
intensities of the MS peaks that comprise the entire LC-Orbitrap MS feature. Peptide
abundance data were further processed to remove peptides identified with low confidence,
using a uniqueness filter that required that the peptide have a SLiC value of 0.5 or greater
and a DelSLiC of 0.2 or greater32,

Statistical Analysis

The identification of significant peptides was evaluated on the Log4g abundance. Given the
small sample sizes, a non-parametric version of ANOVA called Kruskal-Wallis was used to
assess if there is a significant difference between the measured abundance across groups;
peptides with no measured abundance value for a sample are treated as a missing value and
ignored for the purpose of quantitative statistical data analysis (Kruskal-Wallis). However,
missing peptide abundance data can also indicate differential expression, for example when
a peptide is completely missing from a treatment it may demonstrate the suppression of the
expression of a specific protein. This type of qualitative change in peptide/protein
expression will not be identified by an ANOVA-type analysis. To address this issue, a
modified Chi-square test, called a G-test, was used to determine if the amount of missing
data in any group is less than expected by chance33. Using either the Kruskal-Wallis or the
G-test, 1480 peptides were identified with a g-value of 0.05 or less.

A peptide occurrence filter based upon the minimum number of observations required for
statistical analysis was employed to remove peptides with little information content33,
Following the occurrence filter the number of peptides evaluated was 2175. An additional
filter requiring at least two unique peptides per protein further reduced the peptide list to
2009 peptides. The 2009 peptides were used for protein inference; the peptide abundance
measurements were rolled up to the corresponding protein abundances using RRollup within
DANTE (http:/ncer.pnl.gov/software/ 34, Peptide redundancy, mapping to more than one
protein, was reduced either with Protein Prophet3® or manually by selecting known proteins
over similar but less completely annotated entries appearing as predicted proteins or
hypothetical proteins.
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Ingenuity Pathway Analysis

Results

Differentially regulated proteins identified were further analyzed using Ingenuity Pathway
Analysis (IPA; Ingenuity Systems, Mountain View, CA,

http://www.ingenuity.com webcite). IPA was used to interpret the differentially expressed
proteins in terms of predominant canonical pathways. The Ingenuity Pathways Knowledge
Base (IKB) is a regularly updated curated database consisting of interactions between
different proteins collected from the scientific literature. IPA uses this database to construct
protein interaction clusters that involve direct and indirect interactions, physical binding
interactions, enzyme-substrate relationships, and cis-trans relationships in transcriptional
control. To infer significant signaling pathways from our global proteomic results, the whole
dataset containing protein identifiers and corresponding ratiometric values
(TreatmentGroup: Control Group) were uploaded to IPA. A fold change of 2.0 was required
to identify focus proteins whose expression was significantly regulated. These focus proteins
were overlaid onto a global molecular network developed from information contained in the
Ingenuity Pathways Knowledge Base. The significance values for canonical pathways were
determined by using the right-tailed Fisher’s Exact Test to calculate a p-value determining
the probability that the association between the proteins in the dataset and the canonical
pathway was explained by chance alone. This analysis was done by comparing the number
of focus proteins that participate in a given function or pathway relative to the total number
of occurrences of these proteins in all functional/pathway annotations stored in the ingenuity
pathway knowledge base (IPKB).

Mice (young male C57BL/6) were exposed to either PBS (control mice) or one of three
organisms: virulent strains of F. ¢ novicidaand P. aeruginosa, and an avirulent £. novicida
mutant for the transcriptional regulator mglA (~.t. novicida AmglA). BALF was collected
from control animals at 0, 4-, 24- and 48-hours following exposure to PBS. Likewise, BALF
was collected 4-, 24- and 48-hours following infection with the attenuated (Mgla) and the
F.t. novicida strains and at 4- and -24 hours for the P. aeruginosa treated mice, resulting in
eight treatment groups and four control groups (Table 1). In previous work, aliquots of these
BALF samples were used in MALDI MS studies to identify patterns of peptides and small
proteins that could differentiate between samples®. In this work, we have extended these
studies to identify protein alterations in the BALF samples in response to bacterial
exposures. To achieve this, BALF proteins were precipitated and digested with trypsin, and
analyzed by high resolution MS. The resultant peptide list was filtered (see methods)
resulting in a list of 2009 peptides, corresponding to 239 proteins. This number of identified
proteins is lower than is typically identified in either plasma or lung tissue and likely reflects
the decreased protein complexity in BALF compared with lung tissue or plasma27-36-38_ The
averaged relative abundances for these peptides and proteins along with the ratiometric data
against the control samples are listed in Supplemental Tables 1 and 2, respectively. Bacterial
proteins were not detected in any of the control or infected samples, possibly because they
are present at too low of a concentration to be detected by ESI-MS or they are removed in
the BALF preparation steps.

To evaluate the variability between biological replicates, we analyzed the correlation
coefficients of the log1? peptide abundance across the biological replicates within each of
the nine treatment/time group combinations (Table 1). The median correlation values ranged
from 0.75 to 0.89 for the control, ~.t. novicida- and the MGLA-exposed treatment groups/
time groups. The correlation coefficients for the two P. aeruginosa treatment groups were
higher, 0.90 and 0.95 for the 4- and the 24-hour times respectively. Based on the correlation
analysis across biological replicates all analyzed samples were retained for analysis.
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BALF protein changes in F.t. novicida-exposed mice

Overall, at the earliest time studied following £.£ novicida infection, a small number of
proteins in the BALF are upregulated, however this number increases dramatically as the
infection progresses (Supplemental Table 2). At four hours only 11% (27/239) of proteins
from F.t. novicida-exposed animals are upregulated two-fold or more versus PBS-control
animals. Of the 27 proteins upregulated at four hours following £.t. novicida inhalation, 12
are oxidative stress response proteins, including aldehyde dehydrogenase (ALDH1a7),
retinal dehydrogenase 1 (ALDH1al), peroxiredoxin-1 (PRDX1), Llactate dehydrogenase A
chain (LDHA), L-lactate dehydrogenase B chain (LDHB), superoxide dismutase (SOD1),
glutathione S-transferase P1 (GSTP1), glutathione S-transferase A3 (GSTS3), glutathione S-
transferase Mul (GSTM1), glutathione S-transferase Mu2 (GSTM2), and glutathione S-
transferase A4 (GSTAA4).

By 24 and 48 hours, 37% (89/241) and 54% (131/241) of BALF proteins are upregulated in
F.t. novicida-exposed mice. Proteins with the largest increases in abundance at 24 hours
post-exposure include myeloperoxidase (MPO; 78 fold), S100a9 (23 fold), Lactotransferrin
(LTF; 18 fold), and neutrophil gelatinase-associated protein (LCNZ2; 8 fold). Proteins
showing the greatest increases at 48 hour post-exposure include S100-A9 (193 fold), MPO
(166 fold), Histone H4 (107 fold), LTF (76 fold), Transketolase (45 fold), SERPINDL1 (44
fold), LCN2 (37 fold), SI00A8 (17 fold) and Chitinase-3-like protein 3 (CHI3L3, also
referred to as Ym1; 13 fold).

A subset of proteins (29/241) were decreased greater than two-fold at the earliest times
following F~.t. novicida-infection, however many of these proteins were transiently decreased
and by 48 hours post infection only 11 proteins continue to be downregulated by more than
two-fold compared with proteins from PBS-control animals. Transiently decreased proteins
included Lcn2, Histidine-rich glycoprotein (HRG), galectin-3 (LGALS3) and alpha-enolase
(ENOZ1). Persistently downregulated proteins throughout ~.¢ novicida-infection include
carbonic anhydrase2 (CAR2), annexin A4 (ANXA4), and uteroglobin (SCGB1al).

Infection enriched IPA pathways

To identify canonical pathways that were significantly altered in infected animals compared
with PBS-control animals, Ingenuity Pathway Analysis (IPA) was performed. IPA contains
lists of canonical pathways and associated proteins. The relative abundance data of BALF
proteins statistically altered during infection, was uploaded into IPA and the protein list
filtered to identify proteins that were up- or down-regulated relative to PBS exposed controls
by at least two-fold. The filtered proteins, referred to as the focus proteins, were overlaid
onto a global molecular network developed from information contained in the Ingenuity
Pathways Knowledge Base. Additionally, IPA determines a ratio of the number of focus
molecules to overall molecules in each pathway. The results from this pathway analysis are
summarized in Table 2 and Figure 1.

In general, BALF proteins associated with innate immunity pathways were highly
represented in the list of significantly altered canonical pathways. Innate immunity provides
immediate defense against infection utilizing major mechanisms such as the recognition of
pathogens by pattern recognition receptors, the recruitment of immune cells, activation of
the complement cascade, activation of the acute phase proteins, induction of cytokine
production and the activation of the adaptive immune system. Several of these pathways are
represented in IPA as the acute phase response signaling pathway, the complement system,
and an oxidative stress response pathway, NRF2-mediated Oxidative Stress Response
pathway. These pathways were significantly altered in all three infections, however there
were important differences in the kinetics of activation of the pathways. Figure 1
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summarizes the overall trends of the identified innate immunity pathways. These differences
are discussed further below and the proteins associated with these pathways identified both
by IPA and references in the literature are listed in Table 3 (acute phase proteins and the
subset of complement proteins), Table 4 (oxidative stress response proteins), and Table 5
(additional innate immune response proteins). To identify trends, the protein abundance ratio
(treatment group/ control group) from all the identified proteins from each pathway was
averaged. The averages ranged from less than a one-fold change to greater than three-fold
changes between the treatment group and the control PBS group.

Acute phase proteins

The acute phase proteins are plasma proteins produced in the liver with plasma
concentrations that either increase (positive acute phase protein) or decrease (negative acute
phase protein) in response to inflammation3°. Animals exposed to P. aeruginosa develop an
early and robust acute phase response (Table 2 and 3). The most significantly altered
canonical pathway in P. aeruginosa -exposed animals was the acute phase response signaling
pathway at 4 hours (p-value = 2.5x10724) and at 24 hours (p-value = 5.0x10-28) following
infection. Additionally, at the earliest time, 22 proteins were upregulated out of a total of
169 proteins documented in the IPA acute phase response pathway (Table 2). At 24 hours,
25 proteins were associated with this pathway and 23 of these proteins were upregulated
while Serum amyloid p-component and Complement factor b were downregulated.

Similarly, F.t. novicida AmglA exposed mice produced an initial acute phase response (p-
value = 2.0x10722) within the first four hours of infection with 21 proteins altered, 19 of
which are upregulated and 2 downregulated (Complement component 9 and factor b)
(Figure 1 and Table 2 and 3). However, in F.t. noviciaga AmglA exposed mice this early
response is dampened by 24-hours post-infection, with only one acute phase response
protein (Itih4) continuing to show a 1.5-fold increased expression and 7 acute phase
response proteins showing a 2-fold decrease in expression. Furthermore, by 48 hours post-
F.t. novicida- AmglA exposure the acute phase response signaling pathway, while still
significantly altered (p-value 8.7x1074), has only four proteins altered by two-fold or
greater, with only one protein upregulated (SERPINA3n).

In contrast, F.t. novicida-exposed animals show little initial acute phase response at the four
hour time point. However, by 24 hours post-exposure the acute phase response pathway is
significantly altered (p-value=3.2x10716) with 13 proteins upregulated and three proteins
down-regulated (Fibrinogen, a isoform 2, Inter B-trypsin inhibitor H4 and SERPINBG). This
robust response continues through the 48 hour time point (p-value = 1.6x1072%) with 25
proteins demonstrating an upregulation of at least two-fold.

One acute phase protein, murinoglobulin-1 (MUG-1), a mouse alpha-macroglobulin, is
increased in abundance in £t novicida- and especially P. aeruginosa-exposed mice.
Murinoglobulin 1 increased in P. aeruginosa -exposed animals as early as four hours
following infection. The level of MUG-1 continued to increase in P. geruginosa-exposed
animals, reaching a 40-fold increase over MUG-1 levels in control animals at 48 hours after
infection (Table 3). ~.z. novicida exposed animals did not show an increase in MUG-1
expression until 24 hours but this increase continued till at least 48 hours after exposure. The
other alpha-macroglobulin identified in this study, PZP, demonstrated a modest increase,
compared to MUG-1, with the largest increase being a ten-fold increase in abundance at the
48-hour time point in mice infected with P. aeruginosa.
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Complement system

The complement proteins are primarily synthesized in the liver and utilized by the innate
immune response to trigger inflammation, the recruitment of inflammatory cells, and the
opsonization of pathogens for subsequent destruction. A number of complement proteins are
increased in abundance in mice infected with either ~.t. novicida or P. aeruginosa, including
C3, C4b, C5, C8a, C9, Cfb, Cfd and Cfi (Table 2 and 3). The complement system pathway
(IPA) is significantly altered in most of the treatment groups, however the timing of this
alteration follows a pattern similar to the acute phase protein pathway (Figure 1 and Table
2). Again, in the P. aeruginosa-exposed animals this pathway is increased at both 4 (p-value
=2.8x1078) and 24 hours (p-value = 2.0x10~11) with 6 and 8 proteins increased by two-fold
or more, respectively. Similarly, the F.t. noviciada- AmglA exposed mice demonstrate an
altered complement system (p-value = 1.3x107%) at four hours with 5 proteins from this
pathway upregulated. However, by 24 hours post-infection the pathway is significantly
downregulated (p-value = 4.3x1073). By 48 hours, the complement pathway continues to be
downregulated, however it is no longer downregulated to a significant extent (p-value =
0.081).

Again, similar to acute phase response pathway, the complement system is delayed in its
activation in F.t. novicida- relative to P. aeruginosa - infected animals. While the pathway is
significantly altered at 4 hours, (p-value = 1.6x10-%) only two proteins are up regulated
(C8b 16.1, Cfd 12.6) and one is downregulated (Cfb 14.7) in the mice infected with £z
novicida (Table 3). However, by the 24 hours the complement system is more strongly
altered in £.t. novicida infected animals (p-value = 7.4x10-") and continues to be altered at
48 hours after infection (p-value = 1.7x1077) with 5 proteins (C3 15, C8b *, C8g12.4,
C914.8, Cfhl2.6) and 6 proteins (C3114.3, C8b16.4, C8g13.9, C914.2, Cfd13.4, C4bl2)
affected respectively. One of the complement proteins, C3, is increased more sharply in the
F.t novicida-exposed mice compared with the other complement proteins (714.3 at 48 hour
time point).

The oxidative stress response

The innate immune system utilizes reactive oxygen and nitrogen to damage pathogens.
Neutrophils, along with macrophages, activate a respiratory burst, responsible for the
generation of hydrogen peroxide, free radicals and hypochlorite. The production of
respiratory burst compounds activates the oxidative stress responses in the surrounding
tissue including the cellular antioxidants superoxide dismutase, glutathione peroxidase,
paraoxonase, aldehyde dehydrogenases and glutathione-S transferases. IPA includes the
canonical pathway, NRF2-mediated Oxidative Stress Response, a pathway composed of
proteins induced by the promoter nuclear factor-erythroid 2-related factor 2 (NRF2), which
binds to the antioxidant response elements (ARE) within the promoter of a number of
antioxidant enzymes and activates their transcription.

Mice infected with £.£ novicida- AmglA show a strong early response to oxidative stress as
indicated by the significantly altered NRF2-mediated Oxidative Stress Response (p-value =
2.5x10711) and the number of oxidative response proteins upregulated (Figure 1 and Table
2) at just four hours following infection. Indeed at this early time 13 proteins are upregulated
in the .t novicida- AmglA mice as compared to the 8 proteins in F.Z. novicida-exposed and
just 5 proteins in P. aeruginosa -exposed animals. This strong oxidative stress response in
mice exposed to £t novicida-AmglA is still affected by 24 hours following exposure, albeit
to a lesser extent (p-value = 1.7x1073) and is no longer significantly affected by 48 hours
post-infection (p-values = 0.36).
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The NRF2-mediated Oxidative Stress Response pathway is also significantly altered four
hours following F.t. novicida- and P. aeruginosa - infection (p-values = 6.9x1078 and
3.1x1073, respectively) however with fewer proteins affected compared with the £.£.
novicida- AmglA mice, as discussed above. In contrast to ~.t. novicida- AmglA exposed
mice, the majority of the oxidative stress response proteins in ~.Z. novicida- and P.
aeruginosa -exposed mice continue to be upregulated 24- and 48- hours following exposure.
Results from IPA support this conclusion and show that F.z. novicida- and P. aeruginosa -
exposed mice significantly alter the NRF2-mediated Oxidative Stress Response pathway at
24 hrs (p-value: 2.9x1077 and 2.3x1072, respectively) (Figure 1 and Table 2). The NRF2-
mediated Oxidative Stress Response pathway is elevated only in the ~.t. novicida-exposed
mice at 48 hrs (p-value: 3.7x1074).

A number of oxidative stress response proteins are not represented in the NRF2-mediated
Oxidative Stress Response pathway including, MPO, lysozyme c-2 (LYZ2), peroxiredoxin-5
(PRDXS5), and peroxiredoxin-6 (PRDX6) (Table 4). These proteins by and large follow the
trends outlined above (i.e. increased at early times with modulation of the response as the
infection progresses), however the abundance level of MPO does not modulate over the
early course of the infection, rather this protein continues to increase throughout the course
of the ~.t. novicidaand P. aeruginosa infections, perhaps reflecting the degree of neutrophil
infiltration.

Additional innate immune proteins including neutrophil granule proteins

Neutrophils are the most abundant polymorphonuclear leukocytes (PMN) in the blood and
function as the first line of defense in the innate immune response. Indeed, measurement of
PMNs in these samples showed that BALF from P. aeruginosa-infected animals had
increased recovery of PMNs as early as 4 hours after exposure whereas BALF from F.t.
novicida-infected animals did not show measurable numbers of PMNs until 24 hours after
infection and BALF from £.¢ novicidaAmglA-infected mice contained no PMNs through
48h after infection®. PMN carry high concentrations of proteins, including both proteases
and antibacterial compounds, within several different neutrophil granules. The contents of
the neutrophil granules are released, following the mobilization and extravasation of PMN to
the site of infection. A number of neutrophil-associated and additional proteins important in
innate immunity were detected in the BALF samples (Table 5). The results from some of
these proteins such as the alpha-macroglobulins, the surfactant proteins, LTF, MPO, CD14,
S100A8 and -A9, and galactin-3 are highlighted in the following paragraphs. Alpha-
macroglobulins are proteinase inhibitors and have roles in modulating inflammatory
responses?0. In mice there are two main alpha-macroglobulins, alpha-2-macroglobulin (PZP
or A2M) and MUG-1, both of which act as proteinase inhibitors and carriers of cytokines
and growth factors®!. MUG-1 expression was increased in both £.¢. novicidaand P.
aeruginosa infected animals, although with differing kinetics (Table 3). The other alpha-
macroglobulin identified in this study, PZP, binds to and removes the active forms of the
gelatinase proteins, MMP2 and MMP942. PZP demonstrated a modest increase, compared to
MUG-1, with the largest increase being a ten-fold increase in abundance at the 48-hour time
point in mice infected with P. aeruginosa (Table 3). The delayed expression of MUG-1 and
relative lack of PZP in £.t. novicidainfection relative to P. aeruginosa indicates a possible
increase in MMP activity. This finding mirrors a previous study that showed that an increase
in expression of MMP-9 is important for £, tularensis pathogenesis?.

There is a sharp increase in the expression of LTF following both £~.¢ novicidaand P.
aeruginosa infections, although the increase is delayed following £.¢ novicida infection
(Table 5). LTF is an iron-binding glycoprotein important to the innate immune response
with unique bacteriocidal effects both because of its ability to bind and sequester iron and to
bind lipopolysaccaride. LTF is a component of the secondary granules of neutrophils and is
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released in infected tissue and blood during the immune response®3. There is recent evidence
indicating that LTF may also contribute to acquired immunity*4:4°.

Myeloperoxidase (MPO) is highly abundant in neutrophil granulocytes and stored in the
neutrophil’s azurophilic granules. It catalyses the formation of oxidants such as
hypochlorous acid as part of the neutrophil’s respiratory burst6. MPO is sharply
upregulated twenty-four hours following ~.t. novicidaand P. aeruginosa infection (Table 5)
in good agreement with neutrophil recruitment occurring at these time points®. By twenty
four hours following infection the protein abundance for this protein has increased 78-fold in
F.t. novicida-infected mice and 48-fold in P. aeruginosa -infected mice. The peptide data at
four hours following infection is incomplete (only one peptide identified) making it difficult
to determine MPO protein levels early in .t novicida infection. Interestingly, MPO is not
detected in ~.t. noviciaa- AmglA infected mice, consistent with the absent neutrophil
response to this organism 6.

Neutrophil gelatinase-associated lipocalin showed an increase in the samples from mice
twenty four hours after exposure to F.t novicida, and P. aeruginosa relative to control
samples (Table 5). Neutrophilic granule protein (Ngp) was detected only in the ~.,
novicida- and P, aeruginosa exposed samples and not in ~.t. novicida- AmglA-exposed or
control samples. Likewise, the leukocyte elastase inhibitor protein (SERPINB1a) was
detected only in BALF collected from F£.t. novicida and P. aeruginosa- exposed animals.

Neutrophils carry a high concentration of specific serine proteases within their granules
including Neutrophil elastase (ELA2), cathepsin G and proteinase-3. Only one peptide of
ELA2 was detected in the BALF samples (data not shown). The ELA2 peptide is detected in
mice exposed to £.£ novicida at the 24- (2 of 4 samples), and 48-hour time points (4 of 4
samples) and P. geruginosa at the 24-hour time point (1 of 4 samples). No other serine
proteases (cathepsin G and proteinase-3) were detected in the mouse BALF samples.

However, a number of serine protease inhibitors were identified including the Leukocyte
elastase inhibitor A (SERPINB1a). Leukocyte inhibitors have been described to have
pleiotropic functions including activation of innate immunity and antimicrobial activity4’.
Twelve SERPINB1a peptides were detected in BALF from F.Z. novicida- and P. aeruginosa
-infected animals, however these peptides were not detected in a single PBS-control or ~.¢
novicida- AmglA sample (Supplemental Table 1). All twelve SERPINB1a peptides were
detected in BALF samples isolated 48 hours following F.t. novicida-exposure indicating a
high expression level of this protein relative to the other samples.

CD14 is constitutively expressed primarily on the surface of monocytes, macrophages and
neutrophils as membrane CD14. The membrane CD14 is important in the recognition of
LPS by macrophages and appears to play an early role in £, tularensis infection®®. In
addition to the membrane form, a soluble form of CD14 is abundant in plasma and other
fluids either from macrophage shedding of the membrane form, or by secretion from the
liver. CD14 is not observed in BALF from control mice, likely reflecting a low abundance
of the protein in normal lung lining fluid. However, CD14 is observed in samples from £.¢
novicidaand P. aeruginosa infected mice and is upregulated in ~.z. novicida mice relative to
P. aeruginosa mice by more than 2-fold (Table 5 and Supplemental Table 1 and 2). This
increased expression is continued through the 48 hour time point. Indeed the protein is
detected in all four samples from the 48 hour time point, whereas, in the earlier time point
and both the P. aeruginosatime points, CD14 is detected in only one of the four samples
from these treatment groups. The CD14 increase in BALF from F.t. novicidainfected
animals could be due to an influx into the lung of the soluble serum form of CD14 or it is
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shed from leukocytes or macrophages in the lung#20. Previous work indicated a decrease in
the CD14 mRNA level in F.t. novicida-infected monocytes®L.

There are four surfactant-associated proteins (SP) found in the lung, SP-A, -B, -C and -D.
Two of the surfactant-associated proteins, SP-A and SP-D, are important mediators of the
innate immunity response including opsonization of bacteria and the regulation of
inflammatory proteins®2°3, SP-B and SP-C are required for proper biophysical function of
the lung and are important in spreading surfactant over the lung surface. SP-A, -B, and -D
were all detected in BALF samples from all treatment groups of infected mice (Table 5 and
Supplemental Tables). SP-A and —D are upregulated four hours following infection with ~.z.
novicida- AmglA, however the level of these proteins is decreased by 24 hours and remains
decreased through the 48 hour time point. The SP-A protein concentration is largely
unchanged during the course of a ~.t. noviciaa infection. However, SP-A levels decrease 2-
fold at the 24 hour time point during P. aeruginosa infection in agreement with previous
work®4, SP-D levels are increased throughout the course of an £.t. novicida infection,
however they remain largely unchanged during P. aeruginosa infection. SP-B was also
detected in the BALF samples and found to decrease in abundance during the course of all
three infections, .t novicida-AmglA, F.t. novicida, and P. aeruginosa, compared with PBS-
controls. Whether the increased expression of SP-D indicates an immunomodulatory role for
this protein following F.t. noviciaa infection or some other role during its infection is
unknown at this time. The final surfactant-associated protein, SP-C, is not detectable in any
of the BALF samples.

Galectin-3 (LGALS3) is a lectin-binding protein that is secreted by several cell types
including monocytes, macrophages and epithelial cells®®. Galectin-3 is implicated in several
innate immune responses including neutrophil activation and adhesion, pro-inflammatory
activity, chemoattraction of monocytes/macrophages, and neutrophil apoptosis (for review
see Henderson et al°6). Additionally, Sato et al>” demonstrated that LGALS3 levels
increased in mouse lung following Streptococcal pneumoniae infection. In this study, two
peptides corresponding to galactin-3 were identified (Supplemental Table 1). The LGALS3
peptides were identified at a low frequency in samples from control (1/16 samples), ~.¢
novicida- AmglA- (2/4 samples at 4 hour time point), and certain time points of ~.¢
novicida- (1/4 samples at 4- and 24- hour time points) infected animals. However, by 48
hours following F.t. noviciga-infection, the LGALS3 peptides are seen in all 4 of the BALF
samples analyzed and the protein demonstrates a 3.5 fold increase in abundance relative to
control samples (Table 5). Interesting, LGALS3 peptides were not identified in BALF
samples from animals infected with P, aeruginosa.

S100A8 and S100A9 are small calcium-binding proteins, possessing pro-inflammatory
properties including the ability to increase the expression of pro-inflammatory
chemokines®8. They are the most abundant proteins in neutrophils, comprising 40% of the
cytosolic protein content®9. Additionally they are involved in the chemotaxis and
accumulation of neutrophils and macrophages®%:61, S100A8 and S100A9 proteins are both
significantly upregulated during P. aeruginosaand F.t. novicida infections, however the
proteins are not detectable in F.z novicidaAmglA infected BALF samples (Table 5).
S100A9 is significantly upregulated, increasing by 23-fold and 62-fold in ~.t. novicida- and
P. aeruginosa -infected samples compared to control samples, respectively, at 24 hours post-
exposure. By 48 hours post-exposure this protein has increased almost 200-fold in F.£
novicida infected animals compared with control animals. S100A8 is increased more
moderately showing a 6-fold increase in P. aeruginosa -infected animals (24-hour time
point) and a 17-fold increase in F.£. novicida-infected animals (48-hour time point). These
results are in good agreement with previous findings showing the upregulation of SI00A9
during ~.t. novicidainfection in mice2-64 and S100A8 in humans®®.

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Varnum et al.

Page 13

Studies have identified a number of reliable markers expressed by alternatively activated
macrophages including FIZZ1 (Retnla) and YM1 (also known as Chitinase 3-like-3)%6. In
this study, 21 peptides corresponding to YM1 were identified with a majority of the peptides
identified across all samples and treatment groups (Supplemental Table 1). The protein
abundance level is not altered to a large extent early in infection (4 hour time point).
However, 24- and 48-hours following F. t. novicida infection, YM1 is increased
significantly, 3.5- and 12.7-fold respectively (Table 5). YM1 levels increase 2.6-fold
twenty-four hours following P. aeruginosa exposure. Only two peptides corresponding to
F1Z2Z1 were identified, however these peptides were both increased 24- and 48-hours
following F~.t. novicida infection only (Table 5).

An analysis of the MS data reveals a trend in the BALF protein abundance data collected
from F.t. novicida-exposed and P. aeruginosa -exposed mice, namely that many detectable
proteins increase in abundance beginning shortly after exposure, continuing through the last
time that samples were collected. The mice exposed to the attenuated strain of ~.t. novicida
do not share this increase in mass-spectrometric identified peptide abundance. It is important
to note that for each sample, the same amount of peptide was loaded onto the mass
spectrometer. Mass spectrometry predominantly identifies medium and high abundance
proteins and lacks sufficient sensitivity to identify low abundance proteins. Therefore, a
possible explanation for the observed trend is that during F.Z. novicida and P. aeruginosa
infection there is an influx into the lung of moderate and highly abundant proteins (i.e.
plasma proteins such as albumin and acute phase proteins) from the surrounding tissue
resulting in an overrepresentation of these proteins in BALF from these animals.

Biomarker assessment

To identify potential protein biomarkers specific to £.¢. novicida infection the Biomarker
filter in IPA was utilized. Proteins that were 2-fold up- or downregulated in samples
collected 24 hours following F.t. novicida- and P. aeruginosa -infection were included in this
analysis. An additional filter was used that required two or more peptides from a protein to
be observed in at least 75% of the samples from either ~.t novicidaor P. aeruginosa
treatment groups. Thirteen candidate biomarkers were identified that were common between
the two treatment groups: APOAL, B2M, CLU, CP, FTL, GSN, LCN2, MPO, PLG,
S100A9, SERPINA, TTR, and VIM. Four candidate biomarkers were identified that were
unique to the ~.t. novicidatreatment group: ALDH1al, CHI3L1, FGA, and PRDX1.

Discussion

Understanding the host response to aerosol pathogen exposure and infection is an important
first step to determining markers useful for early diagnoses. In this work, a mouse model for
F. tularensis novicida, was used to examine the early responses to infection. Aerosol
exposure of a mouse to Francisella tularensis novicida was used to study the protein profile
variations from 4 up to 48 hours post exposure. These variations were compared to infection
with an attenuated F. novicida strain as well as to infection with P. auriginosa, a pathogen
known to elicit an intense inflammatory response.

Previous work illustrated that patterns of protein or metabolites could be used to
differentiate exposures®. By contrast, the current study identifies a broad profile of host
proteins detected in the lavage fluid. Protein identification and quantitation provide insight
into different pathways involved in response to each infection that is not possible to obtain
through pattern comparison alone. A number of innate immunity pathways were altered in
the three infections including the acute phase proteins, the complement and coagulation
systems and the oxidative stress response, however the kinetics of these alterations varied
across the three infections. £.t. novicida infected mice do not appear to efficiently activate
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an innate immune response in the first hours of infection. However, within 24 hours and
continuing at least until 48 hours after infection, the BALF of ~.t. novicida-infected mice
show a sharp upregulation of the innate immune response proteins. A number of these
responses, including the upregulation of complement proteins, coagulation proteins and
S100A9 protein have been cited as contributing to severe sepsis in the late phase of lethal
murine infection with £.¢. novicidd3:6467,

Francisella novicida’s delayed activation of the innate immune response is in contrast to
mice infected with £.£ novicida- AmglA, which demonstrate an innate immune response
within the first four hours of infection despite the fact that it replicates much more slowly /n
vivothan F. t. novicida™®. This early innate immune response becomes attenuated by 24
hours and 48 hours following infection. This observation is consistent with the possibility
that MglA mediates the active early suppression of the host innate immune response in mice
infected with wild type F.t. novicida. Pseudomonas aeruginosa also demonstrate an innate
immune response within the first four hours of infection. The pathology of P. aeruginosa
infection is well known to be an inflammatory response in contrast to the necrosis induced
by F.t. noviciada%®. The contrasting pathologies make the comparison between the two
exposures important for full analysis of response pathways involved from their associated
protein markers.

Activated macrophages secrete inflammatory mediators and kill intracellular pathogens.
However, there are multiple pathways to macrophage activation resulting in classically
activated macrophages and alternatively activated macrophages®®. Recent evidence indicates
that Francisella tularensis infection may be capable of inducing alternative activation of
macrophages in mouse lungs’%7. It has been further proposed that the accumulation of
necrotic cell debris during Francisella infection is responsible for the induction of alternative
macrophage differentiation. Studies have identified a number of reliable markers expressed
by alternatively activated macrophages including FI1ZZ1 (resistin-like alpha) and YM1 (also
known as Chitinase 3-like-3)%. It was found that YM1 levels increased significantly
following both F.z. novicida and P.aeruginosa exposure while F1ZZ1 levels increased only in
F.t. novicida exposed animals. These results are in good agreement with studies
demonstrating increased YM1 and FIZZ1 mRNA levels during Francisella macrophage
infection’%71 providing further evidence of alternatively activated macrophages during
Francisella infection in vivo.

Several BALF candidate protein biomarkers specific to early F.z. novicida infection were
identified including Chi3L1 and Prdx1. These markers showed a greater than 2-fold increase
in F.t. novicida-infected animals but not P. aeruginosa -infected animals and may provide
useful diagnostic biomarkers of early Francisella aerosol exposure. CHI3L1, also known as
YKL-40 (humans) or BRP-39 (mouse), binds chitin however it lacks actual chitinase
activity. CHI3L1 is expressed by a range of cell types including macrophages, neutrophils
and epithelial cells (reviewed in’2). Its exact function remains unclear however it appears to
play a role in inflammation and is elevated in a number of inflammatory conditions
including asthma, idiopathic pulmonary fibrosis, and inflammatory bowel disease’3:74,
YKL-40 mRNA expression is strongly induced during the maturation of monocytes to
macrophages. Additionally, YKL-40 is stored in neutrophil granules and released during
neutrophil activation. In this study, compared to control samples CHI3L1 shows an
upregulation of 3.6 fold in ~.t. novicida samples at 24 hours after infection whereas it is
increased only 1.8 fold in P. aeruginosa infected samples.

Another potential protein biomarker to early F.t. noviciaa infection, Peroxiredoxin 1
(PRDX1), functions as a regulator of hydrogen peroxide signaling and as a protein
chaperone’®. PRDX1 is elevated in various cancers and is secreted by non-small cell lung
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cancer cells. Recent work indicates that PRDX1 may act as a danger signal interacting with
TLR4 and stimulating the release of proinflammatory cytokines’®. The level of PRDX1 is
increased 2.3 fold in BALF from mice infected with £.£ novicida 24 hours post-infection
whereas it is decreased 1.7 fold at the same time point in £. aeruginosa infected samples.
Furthermore, this protein may serve as a candidate biomarker even at 4 hours post-infection
as itis increased 5.7 fold in £.£ novicida infected samples and only 1.5 fold in P. aeruginosa
infected samples.

In conclusion, it is clear that numerous mouse host protein levels are altered in response to
pulmonary infection with F.z. novicida and that an innate immune response is initially
delayed followed by a sharp upregulation of many of the innate immune response proteins.
Several BALF candidate protein biomarkers specific to early F.Z. novicida infection were
identified including Chi3L1 and Prdx1. These markers showed a greater than 2-fold increase
in £.t. novicida-infected animals but not P. aeruginosa -infected animals and may provide
useful diagnostic biomarkers of early Francisella aerosol exposure. Broad differences in the
host pathways involved during response provide a clearer understanding of the
immunopathogenesis of this infection. This combination of highly sensitive mass
spectrometric measurements and methods for interpreting large proteomic datasets is
essential for host response pathway elucidation. A comprehensive view of
immunopathogenesis pathways is necessary if protein biomarkers are going to be useful in a
clinical setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Canonical pathway analysis of infected mice. Proteins that were found to be significantly
different in infected versus control animals were analyzed by Ingenuity Pathway Analysis
(IPA). The top canonical pathways are shown. The y-axis indicates the negative log of p-
values while the number above each bar corresponds to the number of proteins identified by
IPA in each pathway. IPA includes 169, 178, 38, and 33 proteins in the Acute Phase
Response Signaling, the NRF2-mediated Oxidative Stress Response, Coagulation System,
and the Complement System pathways respectively.
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Experimental design and correlation score analysis within treatment groups

Treatment | Median Correlation Number of
Group r) animals/group
cTL? 0.83 16
MGLA4 0.82 4
MGLA24 0.79 4
MGLA48 0.76 4
FTN 4 0.74 4
FTN24 0.80 4
FTN48 0.89 4
PA4 0.90 4
PA24 0.95 4

a . .
Control animals were exposed to phosphate buffered saline
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Top four and selected Ingenuity canonical pathways assigned to >2 fold up/down-regulated abundance

changes relative to controls

Table 2

#proteing/
Treatment total in IPA
Group Pathway Name p-value pathway Proteins
Mgla04
TTR, HPX, FTL, C3, APOH, APOA2, AHSG, CP,
Acute Phase Response SERPINA3, C5, ORM1, HRG, F2, PLG, HP, TF, C4A,
Signaling 2.0E-22 21/169 SERPINAL, FGB, FGA, A2M
GSTA3, GSTML, FTL, GSTP1, SOD1, GSTM5,
NRF2-mediated Oxidative PRDX1, ACTB, GSTO1, GSTA4, ACTA1, CBR1,
Stress Response 2.5E-11 13/178 FTH1
Coagulation System 1.4E-09 7/38 PLG, SERPINCL1, SERPINAL, FGB, FGA, A2M, F2
Aryl Hydrocarbon Receptor TGM2, GSTA3, GSTM1, GSTP1, ALDH1A1,
Signaling 1.5E-07 9/150 GSTM5, GSTA4, HSP90OAAL, GSTO1
Complement System 1.3E-06 5/33 CFD, C3, C4A, C8B, C5
Mgla24
Acute Phase Response
Signaling 2.9E-08 8/169 TTR, HPX, ITIH4, AHSG, C4A, C5, A2M, ORM1
Glutathione Metabolism 1.5E-03 3/91 GSTP1,GSTM5,PRDX6
NRF2-mediated Oxidative
Stress Resp. 1.7E-03 4/178 GSTP1, GSTM5, PRDX1, CBR1
Stilbene, Coumarine and
Lignin Biosynthesis 4.0E-03 2077 PRDX1,PRDX6
Complement System 4.3E-03 2/33 C4A, C5
Coagulation System 5.1E-03 2/38 SERPINC1,A2M
Mgla48
Acute Phase Response 8.7E-04 4/169 APOAL, SERPINA3, A2M, HRG
Hepatic Fibrosis/Hepatic
Stellate Cell Act. 4.3E-03 3/128 MYH6, MYH9, A2M
Germ Cell-Sertoli Cell
Junction Signaling 7.4E-03 3/156 TUBAI1A, TUBB2C, A2M
Tight Junction Signaling 7.4E-03 3/156 MYHS6, MYH9, SPTAN1
Ftn04
GSTA3, GSTM1, GSTP1, PGD, GSTM5, GSTA4,
Glutathione Metabolism 4.4E-09 7/91 PRDX6
NRF2-mediated Oxidative GSTA3, GSTM1, GSTP1, SOD1, GSTM5, GSTA4,
Stress Resp. 6.9E-08 8/178 PRDX1,CBR1
GPI, ALDH1A1, ALDH1A7, PGAM1, TPI1, LDHA,
Glycolysis/Gluconeogen. 8.5E-08 7/132 LDHB
Aryl Hydrocarbon Receptor TGM2, GSTA3, GSTM1, GSTP1, ALDH1A1,
Signaling 3.2E-07 7/150 GSTM5, GSTA4
Acute Phase Response 1.0E-06 7/169 APOH, APCS, ITIH4, CFB, FGA, A2M, HRG
Complement System 1.6E-04 3/33 CFD, CFB, C8B
Ftn24
Acute Phase Response TTR, HPX, FTL, C3, APOAL, APOA2, AHSG, C9,
Signaling 3.2E-16 16/169 CP, SERPINAS, PLG, TF, ITIH4, CFB, SERPINA1,
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#proteing/
Treatment total in IPA
Group Pathway Name p-value pathway Proteins
FGA
NRF2-mediated Oxidative GSTML1, FTL, GSTP1, SOD1, GSTMS5, PRDX1,
Stress Resp. 2.9E-07 9/178 ACTB,ACTAL1,FTH1
Complement System 7.4E-07 5/33 C3, C9, CFB, C8B, C8G
MYH10, MYHS6, PFN1, MYL12B, ACTB, MYH11,
Actin Cytoskeleton Signaling | 1.8E-06 9/223 GSN, KNG1,ACTAl
Ftn48
RAC2, FTL, APOH, APOA1, APOAZ2, C9, CP,
SERPINA3,0RM1, HRG, F2, FGG, SERPIND1,
Acute Phase Response ITIH4, SERPINAL, FGB, HPX, TTR, C3, AHSG,
Signaling 1.6E-25 25/169 SERPINF2, PLG, HP, TF, A2M
PLG, SERPINC1, SERPINAL, FGB, A2M,
Coagulation System 5.0E-12 9/39 SERPINF2, FGG, F2,SERPIND1
MYH10, RAC2, ACTR2, PFN1, CFL1, ACTB,
MYH11, GSN, F2,MYH9, VCL, KNG1, ACTAL,
Actin Cytoskeleton Signaling | 1.0E-09 14/223 MSN
Complement System 1.7E-07 6/33 CFD, C3, C9, C8B, C6, C8G
Regulation of Actin-based
Motility by Rho . 3.5E-06 7/83 RAC2, ACTR2, PFN1, CFL1, ACTB, GSN, ACTA1
NRF2-mediated Oxidative
Stress Resp 3.7E-04 7/178 GSTML1, FTL, GSTP1, ACTB, TXN, ACTAL, FTH1
PA04
TTR, HPX, C3, APOH, APOAL1, APOA2, C9, AHSG,
CP, SERPINAS3, SERPINF2, ORM1, HRG, F2,
Acute Phase Response SERPIND1, PLG, ALB, TF, SERPINAL, FGB, FGA,
Signaling 2.5E-24 22/169 A2M
PLG, SERPINC1, SERPINAL, FGB, FGA, A2M,
Coagulation System 3.2E-13 9/38 SERPINF2, F2, SERPIND1
Complement System 2.8E-08 6/33 CFD, C3, C9, C7, C8B, C8G
MYH10, MYHS6, PFEN1, CFL1, ACTB, MYH9,
Actin Cytoskeleton Signaling | 3.7E-08 11/223 MYH11, GSN, KNG1, ACTAL, F2
NRF2-mediated Oxidative
Stress Resp. 3.1E-03 5/178 GSTP1, SOD1, ACTB, ACTA1, CBR1
PA24
FTL, APOH, APOA1, APOA2, C9, CP, SERPINA3,
ORML1, HRG, F2, FGG, SERPIND1, APCS,
Acute Phase Response SERPINAL, FGB, HPX, TTR, C3, AHSG, C5,
Signaling 5.0E-28 25/169 SERPINF2, PLG, ALB, TF, A2M
PLG, SERPINC1, SERPINAL, FGB, A2M,
Coagulation System 7.9E-13 9/38 SERPINF2, FGG, F2, SERPIND1
Complement System 2.0E-11 8/33 CFD, C3, C9, C7, C8B, C5, C6, C8G
MYH10, ACTR2, MYHS6, PFN1, ACTB, MYH11,
Actin Cytoskeleton Signaling | 7.6E-10 13/223 GSN, F2, MYL12B, MYH9, VCL, KNG1, ACTA1
NRF2-mediated Oxidative
Stress Resp. 2.3E-02 4/178 FTL, ACTB, ACTAL, FTH1

J Proteome Res. Author manuscript; available in PMC 2013 July 06.

Page 23



Page 24

Varnum et al.

+ + + + 2y ZH Jonquyut uisdAn-eydpe-saul
+ Ty TH Jonqiyur uisdAn-eydpe-iau|
sup10.d J0lIqIyul 8sesloid
V'L Lgl 9el 9T| TT) et 9T| Zyuidiss ulwse|dnue-g-eyd)y
8'8¢y [ 22 Tpuidiag 2 40308409 ulredaH
¢l S€) A 0¢l T L'Tr 6'¢t el Tourdias l-ulquoiypiuy
LT) 8| LG} el ST T ILEN Bid usBourwseld
+ + + TP uraiI|[ex ewse|d
664 ureyd ewweb usbouriqiy
78| Lzl 0Ll 02} 8¢z 06 urey eyaq usBouiqid
4% g'er an oTt Gt STt eyt ebd | ¢ wuoyosi spndedAjod eydje ‘usbounigiq
9'¢) o€l el €Tl 4% e [ cd ulquoJylold
+ + + 214 11X 10108} UoIEINGEROD
sup1o.d uoire|nbeod
+ + + + 3o | J0joe} JusWS|dwo)D
79 A Vel STy 9¢| €er 0'¢t vl PO P 10398} JUBLUBIAWIO JO T WI0JOS]
91| A% TT gt 0'gt 0¢t STt 6'TH [o1%e) (quawbely) g J101oe) WBW dwoD
Sl €8] A 8 an L'Th 8Tt 60 6 usuodwod uswa|dwo)
4N 8| 6°€} el 680 ureyd
ewweb gD wauodwod Juswaldwod
el (A=) 79l evl 79 €9) q80 ureyo e18g 80 Jusuodwiod Juswsjdwod
+ + + gt egd | ureyd eydfe 8o usuodwod Juswa|dwo)
9¢l 9T Tl ST Tl 7an et T€) <10] GO Wawsa|dwod
Tt T 4 an 0T (U4 8¢l ardo g-¥2 waws|dwo)
ozl zol eVl 0's) TTH ar 9Tt g6y %) € 1usuodwiod Juswia|dwo)
supio.d Juswe |dwod
wrzvd | upvd | augrud | awzua [y g [ usvedw | urzedw | wwepn [ ey sondhiosg
[013U0D Sgd 01 PaoIfe -0l IBWoleY |ueo

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript

suisy04d aseyd a1noy

NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



Page 25

Varnum et al.

+ + + + + WA “UI9BUOINA
S€) S€l L'¢) [ 0T A% Tt A nl unalAyisuel |
09} 9€l S€l §¢l T an 9Tt L'el HL uLisjsuenolss
(g oA A €Tl T2 gt L'yt 21 dzd utngo|Bouvew-z-eyd|y
S¢) 97| Vel ST A% LTt §¢r 8¢l Zwio 2 u18104dodA|6 proe-T-eyd|y
r'el (A 67! AN T LTt Tt Lz Twio T u18104do2A|6 p1oe-T-eyd|y
Tl 98] Ll 9| TT) £er Lk 8T 6N T-utingojBoutiniy
SEl SZl oA 8Tl 4 g1 A BiH u19104dooA|6 you-auIpnsiH
€T 8y 0T) Lz €Tl A% 4 €el xdH urxadowaH
9T 9T| 8l 6'T) 7T LTt LTt @)\, dH uigojfoideH
664 6°€l TL oA T e et 6T 29 utsjoud Buipulg-g ulweuA
06} €€l L9} Lel zT LT TTh Sz do ulse|dojniad
6% 9l eT! 6T! AN 0T TT1 ST veody AI-V ugloidodijody
A €9! A 0l €Tl LT TSl zeody 11-v uisloidodijody
x4 €T Tt €Tt §¢r Tl €Tl €Tl sody jusuodwod-d projAwe wnies
67 8¢ 81! LT T 1A% 9Tt LT av urungly
z8l g€l 62! vel TT) an et Lzl Bsyv uter01doaA|6-SH-z-eydiv

su1o.1d aseyd ainoe snosue|RsI N

Tt % ger Gz 0t St €er egquidies 9g uidiss
Szl 82l kA zel €Tt 72! A% ) ugeudias ugv Joyqiyul esesjold suLes
(A 0€l 6'T) Tel Tt €1t € 8T yeeuldias eV JoNgiyu ssesjoud auLes
evl [ €L S'€l TTl 7T 9Tt 6T/ jeeuidias J€V Jonqiyur aseajoud autes
6°6) €El oA A €¢l €Tt Tl A% el ogeuldies gV JoHqiyui ssesjold sulies
g9 r'el 62| el TT) A% 8Tt &) aTeuIdiss §-T wisdAnnue-T-eyd|y
L'9] g€l 6'¢Cl CxA TT [ STr Sl oTeuldIas OT Jaquiaw ‘e apejd
‘1031q1yui aseutaloud (su18sAd 10) auLIes
99y 9'¢) 62! ¥4 TTY s LTt Sie qreuldiss -1 uisdAnnue-T-eydyy
TTL 4 (oA 4 4 an Tl wuni ¥H Jongiyur utsdAn-eydye Jajul
+ + eun| €H Jonqryur uisdAn-eydye-sspuj

g vd | Uy vd | dugyuid | dupzwid | dupuid | dugrelBiN | JupzeBIN | upeiBN auweN
aloS uondiiosaq

[0.1U0D Sgd 01 peoiie ) -OLIBWO ey

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

available in PMC 2013 July 06.

J Proteome Res. Author manuscript



Page 26

Varnum et al.

dnouf yuawiresas [04U02 3y} U1 Jou Ing ‘dnoib JuswIess) SIY) Ul Paalap si uteloid ayi seyedipul Y

"abueyd pjoj-0T< e seledipul Buipeys 1saxep pue ‘abueyd pjos-0T 01 -G e saledipul Buipeys wnipaw
‘abueyo pjoy-G 01 -z e sejealpul Buipeys 1sa1ybi "uoissaidxa pasealoul sayedipul yuld pue uoissaidxa pasealdsp seredlpul an|g "|0JIU0d 0] dAITR|a) dduepunge Bulsealdap 1o Buisealoul ayedipul m>>o:<w

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



Page 27

Varnum et al.

"abueyd pjoy-0T< © Saledlpul Buipeys 1saxJep pue abueyd pjoy-OT 01 -G e Sayedlpul Buipeys wnipaw
‘abueyd pJoy-g 03 -z e sarealpul Buipeys 1s81ybiT "uoISsaIdxa pasessaul sa1edlpul yuid pue uoissaidxa pasealdsp sajedlpul anjg ‘|0JU09 0} dAIR|a) aduepunge Buiseasdsp Jo Buisesloul ayedipul m>>o:<m

4 8'T! o€l Tt €T €Tt €T TuxL urxopaioly L
T €¢l VT T¢ 9! A% A 8| TpOS aselnwisip apixoladng
AN 6'T) A oA el 0T x4 €El 9Xpid 9-UIXopalixolad
9T Le) 89] 6T ST 8T Szl GXpid G-UIXOPaJIX0J4ad
L'Th STl 6°T| oA LG} Tl 8¢l VL TXpid T-UIxopalixolad

+ + Tuod T 9seJ9)s8]Aly//aSeuoX0RIRd WNJAS
A% A% Tt €T Tt 4 L'Th 6T 2zA 2-0 dWAzZosAT]

STl 0cl 08} [ Tl 6'9) ayp ureyo g aseusbolpAysp sreioe-1
6'€l '€l I 6¢) 6'€) 4 6'T| 6'S) eyp ureyd v aseusbolpAysp sreioe1-
o) 9¢l 9¢! 0¢) @) 9| 62 Tdiso T d @selajsuel}-S auolyiein|o

4 4% L'Tr L'T) LT L'Th A 'S T01S9 T-efawQ aseJaysuel) suolyreIN|O
T Tl el oA L'e) Tl L'T) 12 [AE) ¢ NIA 8selajsuel)-S suolyren|o
T TT 6'T [yl gel Tt a4 6'S) TwIsH TN 8SeJajsuell-S auolylen|o

T ASY [ Tl 29l VeISO YV 8selsjsuel)-S suolyren|o

4 TT 7’1t 9Ty 0! 9Ty 9T| 'S £e1S9 €V 9SeJajsuell-S auolylen|o
Ll [AX L'e) 7'y 9'T| Tt A STy exdo ¢ asepixoJad auoiyyein|h
14 4% 6€) vel Tl ar LTh ST hd T ureyo b1 untued
L¢) €1t 69} A 8'T| A% €1t cl Tyd ureyo Aneay uniiie4
T Ay [N Tl Scl 4 4> L [Alte} Z aseyonpai JAuogred
9Tl Ty T 62! gel Tt 6Tl €9l LeTyplv | T 211050340 ‘aseusBiospAysp spAysply
ST 0T [N 6°¢Cl €vl 0T €cl S8l TeTUpIv T sseuafioipAysp Jeunay
08! 62! 0'€l €Tl 14 071 €el v T 9lwse|doifo ‘unoy
L1 82l 8¢l an an T e?'€l TRV a[osnw [e19]axs eyde ‘unoy

Uz vd | urvd | dusyuld | Jupguid | dupuid | JugyelBIN | JupzelBIN | JurelBN aweN
[043U0D SHd 01 PaoileJ-01iPWoley 9o vondiioeq

NIH-PA Author Manuscript

v alqel

NIH-PA Author Manuscript

SUIR10.d SS8I1S BANEBPIXO

NIH-PA Author Manuscript

available in PMC 2013 July 06.

J Proteome Res. Author manuscript



Page 28

Varnum et al.

"abueyo pjoy -0T< © Sarealpul Buipeys 1saxep pue abueyd pjoj-0T 01 -G e saledlpul Buipeys wnipaw
‘abueyod p|oj-G 01 -z e sajealpul Buipeys 1sa1ybi "uoissaidxa pasealoul sayedlpul yuld pue uoissaidxa pasealdap Saredlpul anjg “|04U0d 0} dAIIR|a) dduepunge Buisesloap Jo Buisealoul ayedipul m>>o:<m

9¢ 9T I S'€) €Tt A% LTt 6'T) EIEND / TWA | (TWA) € utsroud ax1|-g-aseuntyd
Ty LT 9'€l Vel TT 9Tt 4 TEl pdys Q utsoud
payeloosse-Jueldepns Areuow|nd

4 an T €T TT) 9Tt A% Yl Tedys v uisjoid
paye1o0sse-JueldepNS Aleuow|nd

+ + + 1huidias J1o)iqiyui 1o asesrold ewse|d
+ + + eTquidias © JONQIYul 3SeISe[d 83420%NaT
9Tl el €¢ T (%) Tl aunid ounid urelold

+ + + + dbN uiajoud ajnuesd a1jiydoainaN
+ + + + sdw aseune|ab

- 6 aseulaloldoj[elaw XLyelN

A A TTH €Tl Tt 14 LTt 6Tl 2zk7 2-0 awAzosAq
(14 zel Ley 0T TTL 0l Tound T utsjoud

Pale100SSe-BWOUIDIED WNIjaylda
leseu pue Bun| ‘arered Buo

ni UlIajsueI)03oe]

9'€t 9T| €sfed €-unoses

4 6Tl 2o (7vON) utjesod|

pareldosse-aseunie|ab jiydotinaN

87Ty pC'Sy 17714 (T2214) eydie a1j-unsisay

+ + + BT0I0D BT-UIU0IOD
+ + LLTPD usbnue £/1Ad

+ + + + 1415} ¥1Ad

uabijue uoirenUaIaLIpP 31A00UOIN

+ + + g+ dwe) apndad
[e1gOJOILLIUE Pajejal-UlfaLyeD)

Uz vd | Jup vd | dugyuid | dupzuld | dupuld | JugyelBIN | JupzelBIN | dupelBIN

aweN
B0

uondiiosaqg
|013U0D 01 pROITe ) OlIPWoleY

suisy04d AJlunwiwi aJeUUI [RUORIPPY

G 9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



Page 29

Varnum et al.

dnouB Juswieasd 1013u0 8y Ul Jou Ing ‘dnouf Juswireasd SIY} Ul Pa3dsIap Si ulsloid sy} seredlpul +

q
NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Proteome Res. Author manuscript; available in PMC 2013 July 06.



