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Mediterranean spotted fever is a reemerging acute tick-borne infection produced by the a-proteobacterium, Rickettsia conorii. Rickettsia conorii infects vascular endothelial cells producing disseminated
plasma leakage, manifesting as nonspeciﬁc fever, headache, and maculopapular rash. Because there are
no available tests of early infection, Mediterranean spotted fever is often undiagnosed and untreated,
resulting in signiﬁcant mortality. To address this critical need, we have applied a quantitative proteomics pipeline for analyzing the secretome of primary human umbilical vein endothelial cells. Of the
104 proteins whose abundance changed signiﬁcantly in the R. conoriieinfected human umbilical vein
endothelial cells’ secretome, 46 proteins were up-regulated: 45 were host secreted proteins (including
cytokines), and 1 was a rickettsial protein, the putative N-acetylmuramoyl-L-alanine amidase RC0497.
Proteins with sequence highly homologous to RC0497 were found to be shared by many species of the
spotted fever group rickettsiae, but not typhus group rickettsiae. Quantitative targeted proteomics
studies of plasma from a mouse model of sublethal and lethal R. conorii identiﬁed RC0497 in the blood,
and its circulating levels were proportionally associated with infection outcome. Finally, the presence of
RC0497 in the serum samples from a cohort of humans presenting with acute rickettsioses was
conﬁrmed. The detection of RC0497 has the potential to be a sensitive and speciﬁc marker for acute
rickettsial spotted rickettsioses. (Am J Pathol 2020, 190: 306e322; https://doi.org/10.1016/
j.ajpath.2019.10.007)

The genus Rickettsia, a group of nonmotile, Gram-negative,
intracellular a-proteobacteria, has been increasing in global
medical and veterinary health importance because of their
endemicity and reemergence. From the clinical and antigenic perspective, rickettsial diseases are classiﬁed into two
groups, spotted fever and typhus. Rickettsia conorii, the
agent of Mediterranean spotted fever (MSF; boutonneuse
fever), is one of the most virulent strains. MSF is prevalent
throughout the Mediterranean basin, Africa, the Middle
East, and India.1 In humans, the MSF presents as an eschar,
acute fever, headache, maculopapular rash, and vascular
leakage; and the patients may eventually develop pulmonary
and cerebral edema without proper treatment.
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Biomarker of Mediterranean Spotted Fever
The clinical manifestations of acute MSF are a consequence of the tropism of rickettsiae for endothelial cells.2,3
Rickettsial organisms bind Ku70 on cholesterol-rich
microdomains and enter endothelial cells through a
calcium-dependent zipper-like entry mechanism.4e8 Viable
organisms subsequently lyse intracellular phagosomes via
phospholipase D and hemolysin activities,9,10 and they
replicate in the cytoplasm. A characteristic of the spotted
fever group is that R. conorii organisms spread intercellularly as a consequence of directional actin polymerization
without producing early cellular injury.11e13 Oxidative
stress produced by replication of R. conorii results in peroxidation of endothelial membranes and disruption of the
endothelial barrier function, producing vascular leakage.2,14
The pulmonary and cerebral edema in patients infected
with rickettsiales can cause signiﬁcant morbidity and mortality if there are delays in diagnosis and treatment.2 The
reference standard for diagnosis of rickettsial diseases is a
fourfold increase in antibody titer by the indirect immunoﬂuorescence antibody assay using paired serum samples 2 to
4 weeks after onset of illness.15 Patients usually do not have
diagnostic serum antibody titers during the ﬁrst week of
illness, and a negative result by immunoﬂuorescence antibody does not exclude the diagnosis. Therefore, many cases
are initially misdiagnosed, accounting for adverse outcomes,16 and consequently, the epidemiology of the disease
is underreported. A highly speciﬁc and sensitive biomarker
for early diagnosis of rickettsia infection is greatly needed.
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A major challenge in the development of rickettsial diagnostics is that the infection is localized to the vascular
endothelium, and bacteremia is not typically present.2 To
circumvent this limitation, we described herein a pipeline
for identifying the markers for early R. conorii infection
(Figure 1). First, the dynamic changes in the endothelial
secretome in response to R. conorii infection were analyzed.
The secretome of primary human umbilical vein endothelial
cells (HUVECs) infected with R. conorii was proﬁled. With
this approach, the putative N-acetylmuramoyl-L-alanine
amidase RC0497 was identiﬁed as the most abundant
rickettsial protein in R. conoriieinfected HUVECconditioned medium and a highly speciﬁc candidate for a
diagnosis of rickettsial infection. Next, proteomics studies
of plasma from mice infected with either sublethal or lethal
doses of R. conorii were conducted, and a cluster of
increased amounts of acute phase reactants and coagulation
factors was identiﬁed. As expected, no rickettsial proteins
were detected in this discovery study, conﬁrming the low
abundance of bacterial proteins in the circulation. To increase the sensitivity of detection, a stable isotope dilution
(SID)eparallel reaction monitoring (PRM) assay was
developed to detect RC0497 in plasma of infected animals,
and its circulating levels were found to be proportional to
the bacterial burden. Finally, an immunoprecipitation (IP)
enrichmenteselected reaction monitoring (SRM) assay was
developed to detect the low abundance of circulating
RC0497, and this assay was validated as a diagnostic
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Figure 1 Workﬂow of identiﬁcation of the biomarkers
for rickettsial infection and the severity of infection. The
biomarker development workﬂow has three steps, each
indicated in the arrows. In step 1, the potential protein
markers for Rickettsia conorii infection were identiﬁed via
proteomics proﬁling of the secretome of human umbilical
vein endothelial cells (HUVECs) infected with R. conorii.
In step 2, the presence of the secretome markers in the
plasma was veriﬁed using a mouse model of rickettsial
infection, and the potential markers for the severity of
rickettsia infection were identiﬁed via proteomics
proﬁling of the plasma from the animals with different
doses of R. conorii. In step 3, the protein markers identiﬁed in steps 1 and 2 were veriﬁed using the plasma from
patients with rickettsia infection. LD, lethal dose; SLD,
sublethal dose. RC0497, putative N-acetylmuramoyl-Lalanine amidase RC0497.
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approach in a cohort of humans presenting with acute
rickettsial infections. Because RC0497 is conserved in >10
species of the rickettsial spotted fever group, we propose
that its detection is a speciﬁc marker for diagnosis of acute
infection. This assay will also advance the epidemiologic
studies of this infection.

Materials and Methods
Ethical Approval
Animal experiments were performed according to the NIH
Guide for Care and Use of Laboratory Animals17 and
approved by the University of Texas Medical Branch
(UTMB) Institutional Animal Care and Use Committee
(number 90-07082). This study of human subjects was
conducted under approval from the UTMB Institutional
Review Board (numbers 08 to 258) and was compliant with
all applicable federal regulations governing the protection of
human subjects.

Materials
All reagents and solvents in liquid chromatographyetandem
mass spectrometry (LC-MS/MS) analyses were at least
high-performance LC grade (Fisher Scientiﬁc, Fair Lawn,
NJ). Ammonium bicarbonate and acetic acid were purchased from Sigma-Aldrich (St. Louis, MO). Iodoacetamide, acetonitrile, dithiothreitol, methanol, and formic acid
were purchased from Thermo Scientiﬁc (Waltham, MA).
Urea ultra was from MP Biomedicals (Santa Ana, CA).
Sequencing-grade modiﬁed trypsin and endoproteinase
Lys-C were from Promega (Madison, WI). Recombinant
rickettsial putative N-acetylmuramoyl-L-alanine amidase
RC0497 was purchased from MyBiosource (San Diego,
CA).

Rickettsia
Rickettsia conorii (Israeli spotted fever strain) was obtained
from ATCC (Manassas, VA). For in vitro cell infection, R.
conorii Israeli spotted fever strain was cultivated in Vero
cells. To purify rickettsiae, cells were homogenized and
rickettsiae were diluted in a 10% suspension of sucrosephosphate-glutamate buffer (0.218 mmol/L sucrose, 3.8
mmol/L KH2PO4, 7.2 mmol/L K2HPO4, 4.9 mmol/L monosodium glutamic acid, pH 7.0) and stored at 80 C. For
mouse inoculation, R. conorii (Malish 7 strain) was obtained
from ATCC (catalog number VR-613). Rickettsiae were
propagated in the yolk sacs of speciﬁc pathogen-free
embryonated chicken eggs, as described previously.18 The
concentrations of stock rickettsiae cultured in both yolk sacs
and cell culture were determined by plaque assay, as
described previously.19 The rickettsial stock was stored at
80 C until used, and all of the experiments described in
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this study were performed in a certiﬁed biosafety level 3
laboratory at UTMB.

Cell Cultures and Infection with R. conorii
The culture of HUVECs and R. conorii infection were
conducted, as described previously.20 The culture medium
was supplemented EGM-Plus endothelial cell growth medium (Lonza, Walkersville, MD; catalog number CC-5035)
without the addition of gentamicin sulfate and amphotericinB or fetal bovine serum. For infection, 15  106 primary
HUVECs were infected with R. conorii in biosafety level 3
containment, and subsequently the conditioned medium was
collected 24 hours after infection. The conditioned medium
was ﬁltered through a 0.22-mm membrane ﬁlter to remove
infectious rickettsiae in accordance with University of Texas
Medical Branch Institutional Biosafety Committeee
approved protocols.

Trypsin Digestion of the Secretome of HUVECs Infected
with R. conorii
The secretome was isolated, as described previously.21
Brieﬂy, the conditioned medium was collected and centrifuged at 2000  g at 4 C for 20 minutes to remove any dead
cells. The supernatant was centrifuged at 10,000  g at 4 C
for 10 minutes to remove cell debris. The supernatant was
further concentrated using Amicon ultra-4 centrifugal ﬁlters3K (Millipore, Billerica, MA). Then, 200 mL of 8 mol/L
urea was added into centrifugal ﬁlters to denature the proteins. Next, the proteins were reduced with 10 mmol/L
dithiothreitol for 30 minutes, followed by alkylation with 30
mmol/L iodoacetamide for 60 minutes at room temperature
in the dark. The centrifugal ﬁlters were centrifuged at
14,000 X g at 4 C for 15 minutes, and 200 mL of 50 mmol/L
of ammonium bicarbonate (pH 8.0) was added into the
sample. The centrifugal ﬁlters were centrifuged at
14,000  g at 4 C for 15 minutes again. The sample that
remained in the ﬁlter was transferred into a 0.5-mL microcentrifugation tube. The proteins were digested ﬁrst with 1.0
mg endoproteinase Lys-Cetrypsin (Promega) for 12 hours at
37 C, then diluted two times with 50 mmol/L of ammonium
bicarbonate, and further digested with 1.0 mg trypsin
(Promega) for 16 hours at 37 C. The digestion was terminated with 0.5% triﬂuoroacetic acid. The peptides were
desalted on a reversed-phase SepPak C18 cartridge (Waters,
Milford, MA) before LC-MS/MS analysis.

Label-Free Quantiﬁcation of Protein Expression
The desalted peptides were reconstituted in 30 mL 4%
acetonitrile/0.1% formic acid and analyzed on an Easy
nLC1000 UHPLC-Q Exactive Orbitrap LC-MS system
(Thermo Scientiﬁc, San Jose, CA), as previously
described.22 A 2-hour linear gradient from 2% solvent A
(0.1% formic acid in water) to 35% solvent B (0.1% formic
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acid in acetonitrile) was used for each LC-MS/MS run.
Data-dependent acquisition in positive ion mode was used.
The spray voltage was 2.1 kV. The resolution of full scan
range from 400 to 1400 m/z is 70,000, the maximum injection time is 80 milliseconds, and the automatic gain
control was set to 1  106. The top 15 ions in each survey
scan were selected for MS2 with a resolution of 17,500. The
collision energy for higher-energy collisional dissociation
was set to 30, the maximum injection time was 60 milliseconds, and the automatic gain control was 1  105. Ions
selected for MS/MS were dynamically excluded for 30
seconds after fragmentation.
All data were analyzed with the MaxQuant software
version 1.5.2.823,24 with the Andromeda search engine.25 The
false discovery rate (FDR) was set to 1% for both proteins and
peptides, and a minimum length of seven amino acids was
speciﬁed. The Andromeda search engine was used for the
MS/MS spectra search against a combined SwissProt human
and rickettsial database (downloaded on December 2015,
containing 20,193 human protein entries, 4476 rickettsial
protein entries, and 247 contaminants). Carbamidomethylation of cysteine was set as ﬁxed modiﬁcation, and methionine
oxidation was set as variable modiﬁcation. A maximum of
two missed cleavages had enzyme speciﬁcity as C-terminal to
Arg and Lys. The match between runs feature of MaxQuant
was used to transfer identiﬁcations to other LC-MS/MS runs
based on their masses and retention time (maximum deviation, 0.7 minutes) in quantiﬁcation experiments. Quantiﬁcations were performed with the label-free algorithms in
MaxQuant.23 At least one razor peptide was required for
quantiﬁcation. Perseus version 1.5.5.326 was used to analyze
the MaxQuant output, including statistics, hierarchical clustering, and principal component analysis (PCA). Reversed
identiﬁcations and proteins identiﬁed only by site modiﬁcation were strictly excluded from further analysis. After
ﬁltering (two valid values in at least one group), remaining
missing values were imputed from a normal distribution
(width, 0.3 of SD; down shift, 1.8 of SD). The t-test was
performed to identify the signiﬁcantly differentially
expressed proteins with a permutation-based FDR <0.01.
The log2 label-free quantiﬁcation intensity of protein
expression was z-score normalized for each row. Hierarchical
clustering of the z-normalized log2 label-free quantiﬁcation
intensity was performed using euclidean distances between
means. The number of clusters was set as 300. Genome
ontology enrichment analysis of molecular functions and
biological function in differentially expressed proteins was
performed using Panther version 13.0 (http://pantherdb.org,
last accessed March 30, 2018).27 This classiﬁcation uses an
evolutionary framework to infer protein functions in a
species-independent manner.27 The phylogenomics analysis
of RC04975 was employing PhyML 3.128 (http://www.atgcmontpellier.fr/phyml, last accessed June 5, 2019). The
alignment of the protein sequences of RC0497
from different rickettsial strains was done using T-COFFE
11.00.829 (http://tcoffee.crg.cat, last accessed June 16, 2019).
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SIDeSRM-MS Validation of Differentially Expressed
Secreted Proteins
The SIDeSRM-MS assays of selected proteins were
developed, as described previously.30 For each peptide,
three to ﬁve SRM transitions were monitored. The signature
peptides and SRM parameters are listed in Supplemental
Table S1. The proteins were trypsin digested, as described
above. An aliquot of 10 mL of 50 fmol/mL diluted stable
isotope-labeled (SIS) peptides (Thermo Scientiﬁc, San Jose,
CA) was added to each tryptic digest. These samples were
desalted with a ZipTip C18 cartridge (Millipore, Burlington,
MA). LC-SRM-MS analysis was performed, as described
previously,30,31 with a TSQ Vantage triple quadrupole
coupled with Eksigent NanoLC-2D HPLC system (AB
SCIEX, Dublin, CA). The peak areas in the extract ion
chromatography of the native and SIS version of each
signature peptide were integrated using Xcalibur 2.1
(Thermo Scientiﬁc). The SRM data were manually inspected to ensure peak detection and accurate integration.

In Vivo Challenge with R. conorii
Age- and sex-matched C3H/HeN mice were purchased from
Charles River Laboratories (Wilmington, MA). Mice were
inoculated intravenously through the tail vein with R. conorii
Malish 7 strain with either a sublethal dose (SLD) 0.1 LD50
(5  103 plaque-forming units) or a lethal dose (LD) 3 LD50
(1.5  105 plaque-forming units) of rickettsiae. Negative
controls were inoculated with 300 mL of sucrose-phosphateglutamate buffer alone. Mice were monitored daily for signs
of illness, including rufﬂed fur, hunched posture, and
decreased activity. Mice were sacriﬁced on day 4 after
infection. Mice were anesthetized by inhalational isoﬂurane
(Isoﬂurane USP; Piramal Healthcare Limited, Digwal, India)
and euthanized by carbon dioxide inhalation, followed by
cervical dislocation. Whole mouse blood was recovered by
cardiac puncture immediately after euthanasia. All animal
experiments were conducted in a certiﬁed animal biosafety
level 3 laboratory at the UTMB. The UTMB Animal Care and
Use Committee approved all experiments and procedures,
and experiments in mice were performed according to NIH’s
Guide for the Care and Use of Laboratory Animals.17

Trypsin Digestion of Mouse Plasma or Human Serum
and Label-Free Quantiﬁcation
Plasma (10 mL) was aliquoted from each sample, and 50 mL
of 9 mol/L urea was added. The protein concentration was
measured by bicinchoninic acid assay. Approximately 200
mg of proteins from each sample were used for protein
digestion. The proteins were digested ﬁrst with endoproteinase Lys-C/Trypsin (Promega) and then trypsin, as
described above. The tryptic peptides were desalted, as
described above.
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PRM Analysis of Rickettsia Protein RC0497
An aliquot of SIS peptides of rickettsia protein RC0497
[LLLSLDSTGEK(13C615N2)] was added into each sample. For PRM analyses, the peptides were analyzed with
Easy nLC1000 UHPLC-Q Exactive Orbitrap LC-MS system (Thermo Scientiﬁc, San Jose, CA). The resolution of
full scan was 70,000 (@m/z 200), the target automatic gain
control value was set to 3  106, and maximum ﬁll time was
200 milliseconds for full scan; and 17,500 (@m/z 200), a
target automatic gain control value of 2  105, and
maximum ﬁll times of 100 milliseconds for MS2 scan. PRM
targeted the pair of peptides of rickettsia protein RC0497
(native and SIS peptides). The assessment of the detection
of peptides was performed after acquisition using Skyline
version 3.6.0.9321.32,33 For each peptide evaluated, the
signals of the ﬁve most intense fragment ions (as deﬁned in
spectra of SIS peptides of RC0497) were extracted from
each corresponding MS/MS spectrum. The MS/MS spectra
with ﬁve fragment ions detected were submitted to spectral
matching. The comparison of the relative intensities of these
fragments with those deﬁned in the reference composite
MS/MS spectrum was performed on the basis of the dot
product (dotp) value. In addition, the retention time of the
native and SIS peptides was used as an additional acceptance criterion. The variation of the retention time between
the analyte peptides and their SIS counterparts should be
within 0.05 minutes.

Generation of Anti-RC0497 Antibody
Protein RC0497 was expressed in Escherichia coli using the
recombinant plasmid gifted by Dr. Sanjeev Sahni (University of Texas Medical Branch, Galveston, TX). After
expression, the protein was puriﬁed using Ni-resin and
dialyzed to remove imidazole and benzamidine to optimize
thrombin activity, followed by removal of His-tag. Rabbit
polyclonal antibodies against RC0497 were generated at
Rockland Immunochemicals, Inc. (Limerick, PA). The antibodies then underwent either protein A or afﬁnity puriﬁcation. The reactivity of polyclonal antibody against
RC0497 was conﬁrmed with immunoblotting and IP-SRM.

IP of RC0497 and Trypsin Digestion
Approximately 100 mL of serum was suspended in 1 mL of
low ionic strength immunoprecipitation buffer (50 mmol/L
NaCl; 25 mmol/L HEPES, pH 7.4; 1% IGEPAL CA-630;
10% glycerol; 1 mmol/L fresh dithiothreitol; and protease
inhibitor cocktail). An aliquot of 4 mg of anti-RC0497
antibody or control IgG (rabbit polyclonal; Santa Cruz
Biotechnology, Dallas, TX) was used in each IP. The
mixture was incubated overnight at 4 C; then, 30 mL of
protein A magnetic beads (Dynabeads; Invitrogen, Carlsbad, CA) was added. After incubation at 4 C for 4 hours,
the beads were separated from the supernatant with a
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magnetic stand. The beads were washed with phosphatebuffered saline ﬁve times before trypsin digestion. The
trypsin digestion was performed as previously described.34

Results
Quantitative Proteomics Analysis of Secretome of
HUVECs Infected with R. conorii
HUVECs are a standardized model for early responses to
rickettsial vascular infection.35 To understand the spectrum
of proteins secreted/released by endothelial cells in response
to R. conorii infection, a quantitative proteomics analysis of
the proteins in the conditioned medium of HUVECs with
and without R. conorii infection was conducted (Figure 1).
The mass spectrometry raw data and proteomics have been
deposited in the ProteomeXchange Consortium via the
PRIDE36 partner repository (https://www.ebi.ac.uk/pride/
archive; data set identiﬁer PXD013548). In this study,
2655 proteins were identiﬁed with 1% FDR. Among
them, 2620 proteins were quantiﬁed in all the replicates
(Supplemental Table S2). The intensity of each protein in
biological and technical replicates had an excellent agreement (Pearson correlation r > 0.95) (Supplemental
Figure S1), conﬁrming that the MS quantiﬁcation of proteins was robust and reproducible. Proteins satisfying two
criteria (t-test with permutation-based FDR <0.01 and a
twofold change in the abundance) were considered to be
signiﬁcantly changed by rickettsial infection. With this
approach, 104 proteins were identiﬁed whose abundance in
the conditioned medium was signiﬁcantly changed by R.
conorii infection, including 45 up-regulated and 59 downregulated proteins. The volcano plot of the logarithmtransformed fold changes in the secretome of HUVECs
plotted versus the t-test P values is shown in Figure 2A.
Some most signiﬁcantly up-regulated or down-regulated
proteins were highlighted in red (up-regulated by R. conorii infection) and green (down-regulated). A PCA of the
104 signiﬁcant proteins conﬁrmed the successful quantitative separation between the rickettsia-infected versus control
HUVECs (Figure 2B), indicating that the protein abundances in the conditioned medium were sufﬁciently informative to discriminate the two groups. Next, the proteins
driving the separation (the loadings of the multidimensional
PCA) were examined, and the proteins with the highest
power to separate the rickettsia-infected HUVECs from the
control HUVECs were identiﬁed. These proteins are highlighted in red and green in Figure 2C and tabulated in
Table 1. The proteins on the far right of Figure 2C include
the rickettsial proteindputative N-acetylmuramoyl-Lalanine amidase RC0497, human inﬂammatory cytokines
and chemokines [IL-6, CXCL1, CXCL2, CXCL3, CXLC8,
and granulocyte colony-stimulating factor 3 (CSF3)], and
the autophagy protein sequestosome-1 (SQSTM1/p62), a
protein that has been reported to be potentially involved in
interactions of rickettsiae with mammalian host cells.37,38
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Figure 2 Quantitative proteomics analysis of the secretome of primary human umbilical vein endothelial cells (HUVECs) infected with Rickettsia conorii.
The HUVECs were infected with R. conorii for 24 hours. The cell culture media were collected, and the secretory proteins from HUVECs were analyzed by
label-free liquid chromatographyetandem mass spectrometry. A: Volcano plot of protein expression in the secretome of HUVECs infected with R. conorii.
The dots above the horizontal line are proteins whose levels in the secretome of HUVECs were signiﬁcantly changed in response to R. conorii infection
(t-test; permutation-based FDR, 1%). Vertical lines indicate the twofold change cutoff. Some most signiﬁcantly up-regulated or down-regulated proteins
are labeled. B: Projection of principal component analysis of 104 proteins whose levels in the secretome of HUVECs were signiﬁcantly changed in response
to R. conorii infection (t-test with permutation-based FDR of 1% and twofold change cutoff). The ﬁrst two components of data variability of 104 proteins,
from four replicates of control HUVECs (green squares) and four replicates of R. conoriieinfected HUVECs, are shown. C: Scatter plot depicts the protein
feature loadings of component 1 and component 2 of the PCA in Figure 2B. Protein features showing signiﬁcant importance in dividing control and
rickettsial groups were labeled. D: Stable isotope dilutioneselected reaction monitoring (SID-SRM)eMS validation of differentially expressed proteins. Five
proteins that were up-regulated in the HUVEC secretome by R. conorii were selected for further validation with quantitative SID-SRM-MS. RC0497 was
measured with two signature peptides. Error bars are the SEM of SRM measurements. ***P < 0.001 versus control (t-test). ADAM10, disintegrin and
metalloproteinase domain-containing protein 10; AKR1C3, aldo-keto reductase family 1 member C3; BABAM1, BRISC and BRCA1-A complex member 1; CCL2,
C-C motif chemokine 2; CHCHD2, coiled-coil-helix-coiled-coil-helix domain-containing protein 2; CSF, granulocyte colony-stimulating factor; CXCL1, growthregulated alpha protein; CXCL2, C-X-C motif chemokine 2; CXCL3, C-X-C motif chemokine 3; CXCL8, interleukin-8; FAM107B, protein FAM107B; HIST1H1B,
histone H1.5; HIST1H1C, histone H1.2; HMGB1, high mobility group protein B1; HMGN2, non-histone chromosomal protein HMG-17; HP1BP3, heterochromatin protein 1-binding protein 3; ICAM1, intercellular adhesion molecule 1; IL6, interleukin-6; INS, insulin; KIAA0319L, dyslexia-associated protein
KIAA0319-like protein; KRT16, keratin, type I cytoskeletal 16; KRT8, keratin, type II cytoskeletal 8; KRT85, keratin, type II cuticular Hb5; LGALS7, galectin7; MAPT, microtubule-associated protein tau; MBP, myelin basic protein; PHF5A, PHD ﬁnger-like domain-containing protein 5A; PIN1, peptidyl-prolyl cistrans isomerase NIMA-interacting 1; RC0497, Putative N-acetylmuramoyl-L-alanine amidase RC0497; RPS28, 40S ribosomal protein S28; SEC61B, protein
transport protein Sec61 subunit beta; SIS, stable isotope labeled; SQSTM1, sequestosome-1; SQSTM1, sequestosome-1; TBC1D31, TBC1 domain family
member 31; TMSB15B, thymosin beta-15B.
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Table 1

The Proteins with the Highest Discrimination Power between Rickettsia conoriieInfected HUVECs and Control HUVECs
Log2 FC (R. conorii
versus Ctrl)

log10
P value

Protein names

Accession no.

Genes

Organism

Putative N-acetylmuramoyl-L-alanine
amidase RC0497
Aldo-keto reductase family 1 member C3
C-X-C motif chemokine 3
Keratin, type I cytoskeletal 16
IL-6
Granulocyte colony-stimulating factor
Galectin-7
Keratin, type II cuticular Hb5
Keratin, type II cytoskeletal 8
Growth-regulated a protein
C-C motif chemokine 2
BRISC and BRCA1-A complex member 1
TBC1 domain family member 31
Intercellular adhesion molecule 1
C-X-C motif chemokine 2
IL-8
Sequestosome-1
PHD ﬁnger-like domain-containing
protein 5A
Caspase-6
Myelin basic protein
Protein FAM107B
Insulin
Thymosin b-15B
Nonhistone chromosomal protein HMG-17
Protein transport protein Sec61 subunit b
Coiled-coil-helix-coiled-coil-helix
domain-containing protein 2, mitochondrial
Peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1

Q92IC3

RC0497

R. conorii

6.54

5.51

P42330
P19876
P08779
P05231
P09919
P47929
P78386
P05787
P09341
P13500
Q9NWV8
Q96DN5
P05362
P19875
P10145
Q13501
Q7RTV0

AKR1C3
CXCL3
KRT16
IL6
CSF3
LGALS7
KRT85
KRT8
CXCL1
CCL2
BABAM1
TBC1D31
ICAM1
CXCL2
CXCL8
SQSTM1
PHF5A

Homo sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens

5.69
5.34
4.99
4.99
4.47
4.38
4.33
4.33
4.26
4.15
3.65
3.60
3.54
3.31
3.26
2.72
2.47

5.14
4.30
4.05
7.61
5.29
4.76
6.68
6.33
4.06
6.38
2.97
4.52
3.58
2.67
5.68
2.48
3.84

P55212
P02686
Q9H098
P01308
P0CG35
P05204
P60468
Q9Y6H1

CASP6
MBP
FAM107B
INS
TMSB15B
HMGN2
SEC61B
CHCHD2

H.
H.
H.
H.
H.
H.
H.
H.

sapiens
sapiens
sapiens
sapiens
sapiens
sapiens
sapiens
sapiens

2.40
2.65
2.70
2.81
3.27
3.29
3.34
3.36

3.47
2.44
2.88
2.58
2.65
2.25
4.85
3.65

Q13526

PIN1

H. sapiens

3.89

2.60

Accession numbers of the proteins in the table are from the Uniprot protein database (http://www.uniprot.org).
Ctrl, control; FC, fold change; HUVEC, human umbilical vein endothelial cell.

The changes in the abundance of these proteins in the
secretome of HUVECs were further validated with independent quantitative SID-SRM-MS, a targeted MS approach for
the detection and accurate quantiﬁcation of proteins in a
complex background.30,39 SID-SRM-MS provides structural
speciﬁcity and, therefore, is the most accurate approach
available for direct quantiﬁcation of target proteins in a complex mixture. SRM assays were developed for the measurement of ﬁve proteins: RC0497, CSF3, CXCL1, CXCL3, and
SQSTM1. Using two proteotypic peptides (SDFPAEQIGK
and LLLSLDSTGEK), a marked increase of RC0497 abundance was observed in the conditioned medium of R. conoriieinfected HUVECs (Figure 2D). Similarly, SID-SRM-MS
assays conﬁrmed the elevated secretion of CSF3, CXCL1/3,
and SQSTM1 in response to R. conorii infection (Figure 2D).

Host Responses to R. conorii Infection
The Genome Ontology (GO) biological process enrichment
analysis of the 45 up-regulated human proteins found that these
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proteins are involved in positive regulation of neutrophil
chemotaxis, chemokine-mediated signaling pathways, and
inﬂammation response (Figure 3A). Within this group, the
secretion of IL-6, CXCL1/2/3/8, chemokine (C-C motif)
ligand 2, CSF1/3, and intercellular adhesion molecule 1 was
dramatically induced by R. conorii infection (Figure 3B). The
GO cellular component analysis of these 45 proteins showed
that the extracellular space proteins were highly enriched,
suggesting that these proteins were within the secretory
pathway (Figure 3C). More than half of the 45 proteins were
identiﬁed as extracellular space proteins. Most cytokines and
chemokines have NH2-terminal signal peptides and are
secreted through classic secretory pathways. By contrast, some
proteins, such as SQSTM1 and aldo-keto reductase family 1
member C3, lack signal peptides and are known to be secreted
via exosomes, a typical cellular response to stressautophagy.40e42 In contrast, the GO biological process
enrichment analysis of the 59 down-regulated proteins found
that these proteins were highly enriched for negative regulation
of respiratory burst involved in inﬂammatory response,
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Figure 3 Gene Ontology (GO) annotation
enrichment analysis of differentially expressed
secretory proteins. A: GO biological process
enrichment analysis of 45 up-regulated secretory
proteins. Bars represent fold enrichment of GO
annotation; scatter-line plot represents the P
value of enrichment analysis. B: Expression of
proteins that are involved in the inﬂammatory
response. C: GO cellular component enrichment
analysis of 45 up-regulated secretory proteins. D:
GO biological function enrichment analysis of 59
down-regulated secretory proteins. E: GO cellular
component enrichment analysis of 59 downregulated secretory proteins. CSF3, granulocyte
colony-stimulating factor 3; CCL, chemokine (C-C
motif) ligand; ICAM1, intercellular adhesion
molecule 1; LFQ, label-free quantiﬁcation; SSUrRNA, small subunit ribosomal ribonucleic acid;
TOR, target of rapamycin.
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apoptotic DNA fragmentation, and ribosomal small subunit
assembly (Figure 3D). Most down-regulated proteins (50 of
59) are organelle proteins. GO cellular component analysis of
these 59 proteins showed that Sec61 translocon complex,
perinuclear endoplasmic reticulum, and target of rapamycin
complex were highly enriched (Figure 3E). According to
ExoCarte,43 a web-based database of exosomal proteins, 19 of
the 59 proteins are extracellular exosome proteins.

Quantitative Proteomics Analysis of the Plasma from
Mice Infected with R. conorii
To identify proteins induced in a small animal model of
rickettsial infection, mice were infected with an SLD
(n Z 6) or LD (n Z 3) of R. conorii; uninfected animals
were used as controls (Ctrls; n Z 5). Label-free LC-MS/MS
analysis of the mouse plasma identiﬁed 608 proteins with
1% FDR. Of these, 534 proteins were quantiﬁed in all the
samples (Supplemental Table S3). The mass spectrometry
raw data have been deposited in the ProteomeXchange
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Consortium via the PRIDE36 partner repository (https://
www.ebi.ac.uk/pride/archive;
data
set
identiﬁer
PXD013548). Comparing the intensity of each protein in
biological and technical replicates showed excellent
agreement (Pearson correlation r Z 0.90 to 0.96)
(Supplemental Figure S2A), conﬁrming that the reproducibility of the quantiﬁcation was excellent and robust. To
identify the plasma proteins that indicate rickettsial infection
or the severity of the disease, three pairwise comparisons
were performed: SLD versus Ctrl, LD versus Ctrl, and SLD
versus LD. Two criteria, t-test with permutation-based FDR
0.01 and twofold change in the abundance, were used to
determine the signiﬁcant hits in each pairwise comparison
(Supplemental Figure S2, BeD). The experiments identiﬁed
206, 368, and 191 proteins that met both criteria from each
pairwise comparison, respectively. The overlaps of the
signiﬁcant proteins identiﬁed from three pairwise comparisons are shown in the Venn diagram (Figure 4A). Overall, a
total of 397 signiﬁcant proteins were identiﬁed in the three
pairwise comparisons.
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Figure 4 Differentially expressed serum proteins in response to Rickettsia conorii infection. A: Venn diagram of the overlap of the differentially expressed
serum proteins from three pairwise comparisons. Data are given for sublethal dose (SLD), lethal dose (LD), and control (Ctrl). B: Heat map of the expression of
proteins that are differentially expressed in at least one pairwise comparison. Brown cluster, the proteins were down-regulated after R. conorii infection; blue
cluster, the proteins were up-regulated by R. conorii and more so in mice with lethal dose; purple cluster, the proteins were up-regulated by sublethal dose of
R. conorii. C and D: The expression of proteins involved in blood coagulation. E and F: The expression of proteins involved in the acute response. G: The
expression of proteins involved in the removal of reactive oxygen species. H and I: The expression of proteins involved in the defense response. J: The
abundance of intercellular adhesion molecule 1 in the plasma. n Z 6 SLD (A); n Z LD 3 (A); n Z 5 Ctrl (A). **P < 0.01 versus control (t-test with
permutation-based false discovery rate of <0.01 in the pairwise comparison). C2, complement C2; C9, complement component C9; C1QA, complement C1q
subcomponent subunit A; C1QB, complement C1q subcomponent subunit B; C1QC, complement C1q subcomponent subunit C; CELA1, chymotrypsin-like
elastase family member 1; HP, haptoglobin; ITIH4, inter-a-trypsin inhibitor heavy chain H4; KLKB1, plasma kallikrein; LBP, lipopolysaccharide-binding
protein; LFQ, label-free quantiﬁcation; MARCO, macrophage receptor MARCO; ORM, a-1-acid glycoprotein; PLG, plasminogen; PRDX, peroxiredoxin; PROS1,
vitamin K-dependent protein S; PROZ, vitamin K-dependent protein Z; SAA, serum amyloid A; SERPINA3N, serine protease inhibitor A3N; SERPINC1, antithrombin-III; SERPIND1, heparin cofactor 2; SOD1, superoxide dismutase; VWF, von Willebrand factor.

Unsupervised hierarchical clustering of these 397 proteins
identiﬁed three clusters (Figure 4B). The ﬁrst cluster
(Figure 4B) represents proteins whose abundance in plasma
was reduced by the rickettsial infection. The GO biological
process enrichment analysis of the proteins in this cluster
over the reference human proteome found that the proteins
are involved in the removal of high-density lipoprotein
particle, alternative complement pathway, ﬁbrinolysis, and
blood coagulation (Supplemental Table S4). Figure 4, C and
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D, show the abundances of the proteins that regulate blood
coagulation, including plasminogen, coagulation factors
(F7, F9, F10, F13A1, and F13B), and von Willebrand factor. These proteins were depleted from the plasma in
response to the R. conorii infection, and the magnitude of
depletion correlated with infection severity. The second
cluster (Figure 4B) identiﬁed plasma proteins up-regulated
by R. conorii infection, more signiﬁcantly in the animals
treated with an LD of R. conorii. The GO biological process
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Figure 5 Identiﬁcation of plasma protein markers for Rickettsia conorii infection. A: Principal component analysis of plasma proteins that were signiﬁcantly changed by sublethal dose (SLD) and lethal dose (LD) of R. conorii infection. Blue open squares are control animals (Ctrl), red solid circles are individual
animals with SLD R. conorii infection, and green solid squares are animals with lethal dose R. conorii infection. BeH: Stable isotope dilutioneselected reaction
monitoringemass spectrometry validation of plasma protein markers for R. conorii infection and the severity of the infection. n Z 6 SLD (A); n Z 3 LD (A);
n Z 5 Ctrl (A). *P < 0.05, ***P < 0.001 (t-test). A1BG, alpha-1B-glycoprotein; CKM, creatine kinase M-type; LCN2, neutrophil gelatinase-associated lipocalin;
MUP8, major urinary protein 8; SAA, serum amyloid A; SIS, stable isotope labeled.

enrichment analysis of the proteins in this cluster determined that proteins involved in the removal of superoxide
radicals, gluconeogenesis, and acute-phase response were
highly enriched. Figure 4, E and F, show the abundances of
the proteins that mediate the acute-phase response. Many of
these acute-phase proteins, such as haptoglobin, serum
amyloid A-1,2,3 (SAA1/2/3), a-1-acid glycoprotein 1 and 2,
and inter-a-trypsin inhibitor heavy chain H4, are expressed
by the liver and secreted into plasma,44 suggesting that R.
conorii infection induced a robust hepatic acute-phase
response. Superoxide dismutase (Cu-Zn) and peroxiredoxin 1 and 2 were up-regulated in the plasma of infected
animals, indicating that the host response to R. conorii
infection involved antioxidant pathways (Figure 4G). The
third cluster (Figure 4B) has plasma proteins that were upregulated more signiﬁcantly by the SLD of R. conorii in
comparison to the LD infection. The GO biological function
enrichment analysis showed that host defense proteins were
highly enriched in this cluster. The proteins belong to this
category, including macrophage receptor Marco,
chymotrypsin-like elastase family member 1 (Figure 4H),
and components of the classic pathway of complement
systems (Figure 4I). Intercellular adhesion molecule 1, a
marker identiﬁed in the secretome of R. conoriieinfected
HUVECs, was elevated in the plasma of R. conoriieinfected mice (Figure 4J), indicating the activation of
endothelial cells in response to R. conorii infection.45 Other
cytokines identiﬁed in the secretome of R. conoriieinfected
HUVECs were undetected in the label-free mass spectrometric analysis of mouse plasma, probably because the
presence of high abundance of classic plasma proteins, such
as albumin and hepatic acute-phase proteins, hindered the
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detection of low-abundance cytokines by mass
spectrometry.
A PCA of the 397 signiﬁcantly changed proteins yielded
quantitative separation among the animals in the SLD, LD,
and uninfected control groups (Figure 5A), indicating that
the protein abundances in plasma were sufﬁciently informative to discriminate between these groups. To identify the
proteins with the highest power to separate the SLD group
from the control group, a PCA analysis of the 206 signiﬁcant proteins in the pairwise comparison between SLD and
Ctrl was performed. The SLD group was separated entirely
from the control group (Supplemental Figure S3A). Next,
the proteins driving the separation (the loadings of the
multidimensional PCA) were examined to identify the
proteins with the highest power to separate these two groups
(Supplemental Figure S3B and Table 2). The proteins that
have the highest discriminating power between LD and Ctrl
groups were also identiﬁed by PCA analysis (Supplemental
Figure S3, C and D, and Table 2). Many proteins that
differentiated LD from controls overlapped with the proteins
that separated SLD group from the control group. PCA
analysis identiﬁed 17 proteins that can differentiate the LD
group from SLD group, including uteroglobin, creatine kinase M-type, and plasminogen activator inhibitor 1
(Supplemental Figure S3, E and F, and Table 2).
Several protein markers, including SAA1/2/3, neutrophil
gelatinase-associated lipocalin (LCN2), creatine kinase
M-type, alpha-1B-glycoprotein (A1BG), and major urinary
protein 8 (MUP8), were selected for further validation with
quantitative SID-SRM-MS assays. SID-SRM-MS analysis
conﬁrmed the result from the label-free proteomics analysis
(Figure 5, BeH). For example, the abundance of SAA1/2/3,
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Table 2

The Host Proteins with the Highest Discrimination Power between Controls and SLD and LD Rickettsia conorii Infection

Protein names
SLD versus control
Serum amyloid A-2 protein
Serum amyloid A-1 protein
Proteoglycan 4
Haptoglobin
Neutrophil gelatinase-associated lipocalin
Band 3 anion transport protein
Serum amyloid A-3 protein
Monocyte differentiation antigen CD14
a-1-Acid glycoprotein 2
Chymotrypsinogen B
Glycosylation-dependent cell adhesion molecule 1
Major urinary protein 2
Thrombospondin-1
a-1B-glycoprotein
Receptor-type tyrosine-protein phosphatase N2
Major urinary protein 4
Major urinary proteins 11 and 8
LD versus control
Serum amyloid A-2 protein
Serum amyloid A-1 protein
Serum amyloid A-3 protein
Neutrophil gelatinase-associated lipocalin
Proteoglycan 4
Argininosuccinate synthase
Band 3 anion transport protein
Heat shock protein HSP 90-a
Triosephosphate isomerase
Major urinary proteins 11 and 8
a-1B-glycoprotein
Major urinary protein 2
Insulin-like growth factorebinding protein
complex acid labile subunit
LD versus SLD
Uteroglobin
Creatine kinase M-type
Plasminogen activator inhibitor 1
Cytosolic 10-formyltetrahydrofolate dehydrogenase
Histone H4
Argininosuccinate lyase
Inorganic pyrophosphatase
Adenylyl cyclase-associated protein 1
Estradiol 17 b-dehydrogenase 5
Nicotinate-nucleotide pyrophosphorylase (carboxylating)
Ribonuclease UK114
Tubulin b-4B chain
Chymotrypsin-like elastase family member 3B
Anionic trypsin-2
Insulin-like growth factorebinding protein
complex acid labile subunit
Carboxypeptidase A1
BPI fold-containing family A member 2

Accession no.

Genes

Log2 FC

log10 P value

P05367
P05366
Q9JM99
Q61646
P11672
P04919
P04918
P10810
P07361
Q9CR35
Q02596
P11589
P35441
Q19LI2
P80560
P11590
P04938

SAA2
SAA1
PRG4
HP
LCN2
SLC4A1
SAA3
CD14
ORM2
CTRB1
GLYCAM1
MUP2
THBS1
A1BG
PTPRN2
MUP4
MUP8

11.26
10.02
9.35
8.97
8.70
8.42
8.22
8.04
7.75
7.05
3.97
4.33
4.41
4.43
4.77
5.20
6.70

13.76
9.34
9.77
10.12
7.38
6.59
7.00
8.00
11.05
4.76
3.31
7.12
2.99
6.46
5.47
4.17
4.49

P05367
P05366
P04918
P11672
Q9JM99
P16460
P04919
P07901
P17751
P04938
Q19LI2
P11589
P70389

SAA2
SAA1
SAA3
LCN2
PRG4
ASS1
SLC4A1
HSP90AA1
TPI1
MUP8
A1BG
MUP2
IGFALS

13.28
11.79
10.91
10.56
9.29
9.29
9.25
9.15
8.60
6.42
6.63
7.00
7.12

9.65
6.29
5.15
5.05
6.11
5.88
5.40
5.51
3.71
3.93
5.65
5.52
3.47

Q06318
P07310
P22777
Q8R0Y6
P62806
Q91YI0
Q9D819
P40124
P70694
Q91X91
P52760
P68372
Q9CQ52
P07146
P70389

SCGB1A1
CKM
SERPINE1
ALDH1L1
HIST1H4A
ASL
PPA1
CAP1
AKR1C6
QPRT
HRSP12
TUBB4B
CELA3B
PRSS2
IGFALS

7.19
5.91
5.43
5.37
5.26
5.22
5.18
5.17
5.03
5.01
5.01
4.93
4.30
4.55
4.68

3.38
3.43
4.84
4.03
3.80
3.28
4.12
2.56
2.23
3.24
2.10
4.91
3.67
2.33
2.96

Q7TPZ8
P07743

CPA1
BPIFA2

5.38
5.67

3.35
6.69

There were three experimental groups: SLD (n Z 6), LD (n Z 3), and control (n Z 5). Accession numbers of the proteins in the table are from the Uniprot
protein database (http://www.uniprot.org).
FC, fold change; LD, lethal dose; SLD, sublethal dose.
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Figure 6

Stable isotope dilutioneparallel reaction monitoringemass spectrometry (SID-PRM-MS) validation of rickettsial protein RC0497. A: Annotated
MS/MS spectrum of stable isotope-labeled RC0497 peptide LLLSLDSTGE[K(13C6,15N2)]. B: Liquid chromatography (LC) chromatogram for transitions of stable
isotope-labeled standard peptide LLLSLDSTGE[K(13C6,15N2)]. C: LC chromatogram for transitions of native peptide LLLSLDSTGEK from the serum of mice with
lethal dose (LD) rickettsial infection. D: SID-PRM-MS quantiﬁcation of RC0497 peptide LLLSLDSTGEK in the mouse serum. The y axis uses a log10 scale. Dotproduct (dotp) values show the expected similarity in peak shape of native peptides to the library spectra. ***P < 0.001 (t-test). Ctrl, control mice; SIS, stable
isotope labeled; SLD, sublethal dose.

LCN2, and creatine kinase M-type was signiﬁcantly
elevated during R. conorii infection (Figure 5, BeF); and
the magnitude of up-regulation increased with the severity
of infection. Meanwhile, SID-SRM-MS conﬁrmed the
down-regulation of A1BG and MUP8 during R. conorii
infection (Figure 5, G and H).

SID-PRM-MS Analysis of Rickettsial RC0497 Protein in
Mouse Plasma
In the analysis of the plasma proteome of the animals
infected with R. conorii, no rickettsial protein was identiﬁed, including RC0497, probably because of their low
abundance in the mouse plasma. To increase the sensitivity of detection, a targeted SID-PRM assay was developed for RC0497. The stable isotope-labeled RC0497
signature peptide LLLSLDSTGE[K(13C6,15N2)] of
RC0497 was used to determine the best PRM transitions
(Figure 6A). Extracted ion chromatograms for transitions
of LLLSLDSTGE[K(13C6,15N2)] and their unlabeled
counterparts, yielded by tryptic digest from the plasma of
mice infected with LD of R. conorii, are shown in
Figure 6, B and C. The similarity in peak shape and
retention time of native RC0497 peptide and the stable
isotope-labeled standard peptides was examined. The
extracted ion chromatogram of the native RC0497 peptide in the plasma of the animal with lethal R. conorii
infection (Figure 6C) was remarkably similar to that of
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the standard peptide (Figure 6B). The dotp value was
used to quantitatively measure the degree of the match
between spectral library MS/MS and the extracted ion
chromatogram of the corresponding transitions of peptide LLLSLDSTGEK.46 A high dotp value (ranging from
a value of 0 to 1) indicates a better match and the
absence of interfering signals.47 The PRM measurement
of RC0497 peptides from LD samples had superior dotp
values (>0.95), indicating the unambiguous identiﬁcation of RC0497 peptide; ﬁve of six SLD samples had
dotp values >0.8; dotp values of uninfected samples
were 0.3 to 0.63, which indicates the absence of the
peptides in the sample (Figure 6D). Together, the PRM
data conﬁrmed the presence of RC0497 in the plasma of
R. conoriieinfected animals. Moreover, RC0497 abundance was positively correlated with the load of R.
conorii and severity of the infection. Because RC0497 is
unique to Rickettsia, and the most highly abundant
rickettsial protein in the endothelial secretome, it is an
ideal biomarker candidate for the diagnosis of
acute rickettsial infections.

Conservation of RC0497 in Major Spotted Fever Group
Rickettsiae
In this study, RC0497 was identiﬁed in the conditioned
medium of HUVECs infected with R. conorii with 10
peptides. To determine whether this protein was conserved
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Veriﬁcation of RC0497 and Host Proteins in the Sera of
Patients with Acute Rickettsiosis
The presence of RC0497 in the serum of patients with
rickettsial infection was ﬁrst veriﬁed with targeted MS
analysis, but the level of RC0497 in the serum of patients
with rickettsial infection was found to be much lower than
in the in vivo model, and the sensitivity of PRM or SRM
was not enough for detecting RC0497 in patients’ sera. To
increase the sensitivity of the assay, an IP-SRM assay was
developed in which the RC0497 protein was captured from
serum with an RC0497-speciﬁc antibody and followed by
SRM analysis of the enriched protein. Because there is no
commercial RC0497 antibody, a polyclonal antibody
directed against RC0497 was developed. The reactivity and
speciﬁcity of the antibody was ﬁrst examined against
RC0497 using immunoblotting. The culture medium and
cell lysate of HUVECs infected with R. conorii were
collected. The presence of RC0497 in the medium and cell
lysate was probed with the anti-RC0497 antibody. The
culture medium and cell lysate collected from uninfected
cells were used as controls. RC0497 was detected in the
culture medium and cell lysate of HUVECs infected with R.
conorii; there was no signiﬁcant detection signal in the
negative controls, suggesting that the anti-RC0497 antibody
has excellent reactivity and speciﬁcity against RC0497
(Supplemental Figure S5A). Next, it was tested whether this
antibody was feasible for immunoprecipitation. Recombinant RC0497 was spiked into human serum at the concentrations of 10 and 100 ng/mL. Then, RC0497 protein was
exposed to the anti-RC0497 antibody or control IgG,
respectively, and pulled down with protein A/G beads. The
proteins captured on the beads were digested with trypsin,
as described previously.34 The abundance of RC0497 pull
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in other rickettsial strains, a Blast and sequence alignment
analysis of RC0497 protein was conducted against the
UniProt protein database. This analysis identiﬁed 29 rickettsial sequences that resemble RC0497. Proteins with sequences highly homologous to RC0497 are present in
Rickettsia rickettsii, Rickettsia monacensis, Rickettsia
amblyommaties, Rickettsia parkeri, Rickettsia sibirica,
Rickettsia africae, Rickettsia philipii, Rickettsia japonica,
and others (Supplemental Table S5). The phylogenomic
analysis of protein RC0497 suggests that this protein is
highly conserved across diverse rickettsial strains, including
R. rickettsii, the causative agent of Rocky Mountain spotted
fever (Supplemental Figure S4). Notably, no typhus group
rickettsiae were identiﬁed. Detection of RC0497 has potential for diagnosis of a wide variety of rickettsial spotted
fever infections, and our targeted SRM-MS or PRM-MS
assays could be directly transferrable to studies in these
other infections. This hypothesis will require direct conﬁrmation measuring RC0497 in the bioﬂuids of mice or
humans infected with different spotted fever group rickettsial species.

Acute Convalescent

SAA1
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SAA2
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Figure 7

Quantiﬁcation of RC0497 and host proteins in serum from
patients infected with Rickettsia conorii. A: Stable isotope
dilutioneselected reaction monitoringemass spectrometry (SID-SRM-MS)
analysis of RC0497. B: SID-SRM-MS analysis of serum amyloid A-1 protein
(SAA1) and serum amyloid A-2 protein (SAA2). SIS, stable isotope labeled.

down was measured by anti-RC0497 antibody or IgG with
SID-SRM-MS. The RC0497 was signiﬁcantly enriched by
anti-RC0497 antibody relative to negative control IgG
(Supplemental Figure S5B). These data suggest that antiRC0497 antibody efﬁciently pulls down RC0497 and can
be used for IP-SRM-MS analysis.
Next, 13 deidentiﬁed paired serum samples (acute and
convalescent) from conﬁrmed cases of Mediterranean
spotted fever collected from discarded diagnostic material
were used. Acute serum samples were taken when the patients presented in the hospital during the acute phase of the
disease. The convalescent samples were taken 10 to 126
days after the acute samples were taken (Supplemental
Table S6). MSF infection was diagnosed by immunoﬂuorescence antibody. The demographic information of participants and the diagnosis of rickettsial infection are tabulated
in Supplemental Table S6. Serum samples from six healthy
individuals free of rickettsial infection were used as controls
(Supplemental Table S7). The IP-SRM-MS assay described
above was used to measure the abundance of RC0497 in
these samples. The level of RC0497 was elevated in the
serum samples from patients with acute MSF relative to
healthy controls (Figure 7A). However, a cohort with
samples collected at different stages of the acute phase of
infection will be needed to determine how soon after onset
RC0497 can be detected in the blood. The level of RC0497
in the serum samples from convalescent patients was also
elevated relative to healthy controls; and in some cases, the
level of RC0497 was even higher than that in the patients’
acute samples. The convalescent RC0497 levels were binned into early (10 to 30 days) and late (70 to 126 days) after
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the acute samples were taken. There is a trend, not statistically signiﬁcant, for lower levels in the later samples
(Supplemental Figure S6). Further experimentation will
determine the time course for clearing the antigen after
resolution of the infection, which is now enabled by the
ﬁndings and assays developed by this study.
Also, SRM assays were developed for human host
proteins SAA1 and SAA2. Both proteins were signiﬁcantly up-regulated in the serum of mice infected with R.
conorii. The levels of these two proteins in the paired
human serum collected during the acute phase of R.
conorii infection and convalescence were measured.
Compared with convalescence, the levels of SAA1 and
SAA2 were markedly elevated, suggesting that the acutephase response reactants were activated during the early
stage of infection and were cleared during convalescence
(Figure 7B).

Discussion
Rickettsia conorii is the arthropod-transmitted etiological
agent of MSF. After entry, rickettsiae replicate intracellularly, triggering an innate response, resulting in the secretion
of cytokines, interferons, cell surface adhesion molecules
(including E-selectin, vascular cell adhesion molecule 1,
intercellular adhesion molecule 1,48e50 and aVb3 integrin51), and procoagulants (tissue factor and von Willebrand
factor).52e54 These endothelial cellular responses mediate
essential aspects of the pathobiology of natural human infections, including microvascular hemorrhage, endothelial
leakage, and multiorgan failure.2,55 The absence of sensitive
clinical assays for accurate diagnosis during the initial
clinical presentation at a time when antibiotic treatment
would be efﬁcacious has been a major problem.56
Rickettsia conorii replicates primarily in the human
endothelium and spreads via intercellular transfer without
producing rapid endothelial lysis, resulting in a low abundance of extracellular bacterial proteins in the blood during
acute infection. The detection of these markers in the blood
with mass spectrometry is hindered by the high abundance
of host plasma proteins, such as albumin and hepatic acutephase response proteins. Therefore, despite signiﬁcant advances in the development of quantitative proteomics,
identiﬁcation of diagnostic rickettsial antigens in human
infections has been a considerable challenge. In addition,
because the endothelial infection induces limited cell lysis,
PCR-based approaches lack sufﬁcient sensitivity for early
detection of disease. To circumvent these limitations, a
quantitative proteomics pipeline was applied for analysis of
the secretome of primary HUVECs infected with R. conorii
to identify 45 host-derived proteins and 1 rickettsia protein,
RC0497. RC0497 was identiﬁed with 11 peptides and is the
only rickettsial protein that was found in the conditioned
medium supernatant. In an established mouse model of
R. conorii infection, 206 differentially expressed host
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acute-phase reactants and coagulation factors were identiﬁed, but no rickettsial proteins were identiﬁed. Therefore, a
SID-PRM-MS assay was developed to detect RC0497 present in low abundance in plasma, and it was demonstrated
that its circulating levels are proportional to the bacterial
burden. Finally, using an IP-enrichment-SRM assay,
RC0497 was validated as a diagnostic target in a cohort of
humans presenting with acute rickettsial infections versus
healthy controls. RC0497 was detectable in convalescence,
which is consistent with the previous ﬁnding that R. conorii
RNA is detectable in the mouse liver and lungs on day 13
after infection.57 Informatics analysis showed that RC0497
is shared with >10 species of the spotted fever group,
including R. rickettsii, the causative agent of Rocky
Mountain spotted fever. We propose that detection of
RC0497 is a sensitive and speciﬁc marker for acute spotted
fever rickettsial infections.
Our proteomics proﬁling takes advantage of the fact that all
species of rickettsiae infect endothelial cells as a primary
target3 and that the secretome is dynamically changed in
response to intracellular replication of pathogens.22 This
approach provides deep insight into the dynamic changes in
the secreted proteins induced by intracellular rickettsial
replication. Despite the large numbers of innate cytokines and
adhesion factors produced by endothelial cells, surprisingly
few rickettsial proteins are found in the conditioned medium,
consistent with its nonlytic behavior. Using this approach, it
was determined that putative N-acetylmuramoyl-L-alanine
amidase, RC0497, is secreted from infected endothelial cells.
Another advantage of focusing on the endothelial secretome
is that it lends itself to transparent transition to diagnostic
assays using blood. Although blood is a complex bioﬂuid
populated with highly abundant carrier proteins,58 that does
not lend itself to straightforward biomarker discovery approaches, targeted proteomics in blood yield clinically useful
diagnostics because this ﬂuid is readily accessible.15,59
Herein, we demonstrate translating discovery proteins to
targeted proteomics using parallel reaction monitoring techniques. Although PRMs improve the sensitivity of protein
detection, signiﬁcant increases in sensitivity of detection can
be achieved using a preenrichment step. The preenrichment
using afﬁnity puriﬁcation signiﬁcantly enhances the signal/
noise ratio of SRM by reducing background noise.30,31
Rickettsia conorii infection activates the Janus
kinaseeSTAT1eubiquitin-like protein ISG15 pathway and
induces the reprogramming of plasma membrane integrin/
cadherin signaling.20 Analysis of the endothelial secretome
identiﬁed enhanced secretion of cytokines and chemokines,
IL-6, CXCL8, CXCL1, and CXCL3 in a manner consistent
with previous studies.60 In vivo, CXCL8 secretion is
responsible for neutrophil recruitment, and IL-6 is involved
in monocyte activation and stimulation of the hepatic acutephase response.44,60 The earlier ﬁnding that rickettsiae upregulate the intercellular adhesion molecule 1 adhesion
factor responsible for promoting the transmigration of activated neutrophils was reproduced.61 The studies herein
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identify the release of SQSTM1, suggesting the potential
involvement of autophagy pathway in the interactions of
rickettsiae with human endothelial cells.
In this study, we extended our previously characterized
mouse model that has been useful for investigating the
immune response to spotted fever group rickettsial infections.62,63 The label-free proteomics studies enabled
identiﬁcation of pathways involved in sublethal versus lethal infections. Of interest, the complement cascade and the
macrophage protein Marco were uniquely expressed in
sublethal disease (Figure 4H). Activation of complement C3
and the terminal complex has been observed in human
plasma during R. conorii infection.64 The complement
pathway may play an important role in bacterial lysis and
inﬂammation. Marco is a member of the class A macrophage scavenger receptor family that binds to bacteria,65
playing a role in the antimicrobial innate response. The
elevation of these factors may be related to mechanisms
involved in the resolution of infection.
The R. conorii genome is predicted to contain approximately 1374 proteins. Of these proteins, our study uniquely
identiﬁed RC0497 as the most highly abundant protein
secreted during rickettsial endovascular infection. RC0497 is
a putative N-acetylmuramoyl-L-alanine amidase, an enzymatic activity important in peptidoglycan catabolism. As a
protein involved in cell wall metabolism and biogenesis,
RC0497 may be secreted during endothelial replication, accounting for its high abundance. In informatics comparisons,
10 proteotypic peptides of RC0497 were identiﬁed that are
conserved with other members of the spotted fever group
rickettsiae. Although this protein has not yet been measured in
other spotted fever rickettsial infections, RC0497 is likely to
be a diagnostic marker of acute spotted fever infections not
only in MSF but also in Rocky Mountain spotted fever in the
United States and Latin America. The epidemiology of the
spotted fever group of rickettsial infections is muddled by
misdiagnosis, underdiagnosis, and underreporting. Our
identiﬁcation of RC0497 and development of an assay that
detects the antigen in acute infections will enable early
diagnosis, treatment, and accurate public health notiﬁcation
of spotted fever rickettsial infections.

Conclusions
Using an integrated secretome-animal model for diagnostic
and biomarker identiﬁcation, we identiﬁed a putative
N-acetylmuramoyl-L-alanine amidase, RC0497, as a speciﬁc
marker of acute R. conorii infections. This study will
advance the detection, treatment, and epidemiologic study
of spotted fever rickettsial infections.
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