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Here we report the novel bacteriostatic function of a five-domain Kunitz-type serine protease inhibitor (KPI)
from the tick Dermacentor variabilis. As ticks feed, they release anticoagulants, anti-inflammatory and immu-
nosuppressive molecules that mediate the formation of the feeding lesion on the mammalian host. A number
of KPIs have been isolated and characterized from tick salivary gland extracts. Interestingly, we observe little
D. variabilis KPI gene expression in the salivary gland and abundant expression in the midgut. However, our
demonstration of D. variabilis KPI’s anticoagulant properties indicates that D. variabilis KPI may be important
for blood meal digestion in the midgut. In addition to facilitating long-term attachment and blood meal
acquisition, gene expression studies of Drosophila, legumes, and ticks suggest that KPIs play some role in the
response to microbial infection. Similarly, in this study, we show that challenge of D. variabilis with the spotted
fever group rickettsia, Rickettsia montanensis, results in sustained D. variabilis KPI gene expression in the
midgut. Furthermore, our in vitro studies show that D. variabilis KPI limits rickettsial colonization of 1L.929
cells (mouse fibroblasts), implicating D. variabilis KPI as a bacteriostatic protein, a property that may be
related to D. variabilis KPI’s trypsin inhibitory capability. This work suggests that anticoagulants play some
role in the midgut during feeding and that D. variabilis KPI may be involved as part of the tick’s defense

response to rickettsiae.

The success of ticks as long-term arthropod hosts and vec-
tors to Rickettsia spp. is due, in part, to the defense response
elicited upon detection of the threat of rickettsial colonization.
As ticks feed, saliva rich with immunosuppressants and anti-
coagulants is released at the bite site (8). The pharmacologi-
cally active saliva creates a feeding lesion on the host and
promotes microbial transmission and acquisition by the tick
(16). Once imbibed, rickettsiae must first evade the immuno-
logically active tick midgut to establish themselves as endosym-
bionts. Irrespective of evasion and colonization, studies show
that Rickettsia montanensis elicits antimicrobial gene expres-
sion in the midgut and fat body of Dermacentor variabilis (2).
Related studies demonstrate that insect-derived antimicrobial
peptides effectively reduce the viability of Rickettsia peacockii
in vitro (1), alluding to the possibility that rickettsiae may be
sensitive to tick-derived antimicrobials.

Kunitz-type protease inhibitors (KPIs) are secreted with tick
saliva into the feeding lesion where they prevent blood coag-
ulation, helping to ensure acquisition of a blood meal (6, 7, 14).
In addition to their anticoagulant properties, several studies of
different model systems suggest that KPIs have a role as part of
the response to microbial challenge. Stimulation of Drosophila
melanogaster with bacteria or fungi results in an increase in
gene expression for two KPIs (3). Also, KPIs are expressed in
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plants as part of the hypersensitive response (HR) activated
toward both pathogenic and nonpathogenic endosymbionts
(10, 11, 21). Interestingly, the HR is shown to control the
growth and spread of nodulating endosymbionts (21). Re-
cently, expression of a KPI from the southern cattle tick,
Rhipicephalus (Boophilus) microplus, was found to be upregulated
in response to Babesia bovis infection (18).

Our studies reveal that Dermacentor variabilis KPI is highly
expressed in the midgut and is induced upon feeding. Addi-
tionally, rickettsial challenge elicits sustained gene expression
of D. variabilis KPI in the midgut. Results from our studies, as
well as others, suggest that D. variabilis KPI may have bacte-
riostatic as well as anticoagulant properties. We tested the
hypothesis that D. variabilis KPI is a bacteriostatic protease
inhibitor that limits rickettsial colonization of host cells. Upon
further experimentation, we observed that D. variabilis KPI
limits rickettsial colonization of host cells. These findings in-
dicate that rickettsiae must evade the rickettsiostatic effects of
D. variabilis KPI to colonize the tick.

MATERIALS AND METHODS

Ticks. Female D. variabilis ticks fed for 4 days were a generous gift from
Daniel E. Sonenshine (Department of Biological Sciences, Old Dominion Uni-
versity). Tick colony maintenance and animal husbandry were carried out ac-
cording to approved protocols of Old Dominion University’s Institutional Ani-
mal Care and Use Committee.

Tick challenge. Our method of tick challenge is described by Ceraul et al. (2).
Ticks fed for 4 days were used for all tick challenge experiments. Briefly, R.
montanensis-infected 1.929 cells or uninfected 1.929 cells (control) were resus-
pended in whole sheep’s blood and delivered to each tick using artificial capillary
feeding. Ticks were allowed to imbibe the blood meal and were incubated at 22°C
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TABLE 1. List of primers

Primer Sequence (5'-3")"
For-Dv-KPI .... ..ATGAAATCTCAGACATACATC
Rev-GeneRacer poly-T...........GCTGTCAACGATACGCTACGTA

ACGGCATGACAGTG(T),,
For-GeneRacer-..........cccccueueeee CGACTGGAGCACGAGGACA
CTGA
Rev-Dv-KPI.......cccccvinn TGGATTGAACCTGTAGCCCCTA
AATGCTGCGCGGCAAATTT
Dv-KPI-For pcDNA................. CACCATGGAATCTCAGACATAC
ATCGCAGTACTC

Dv-KPI-Rev pcDNA ...
qRT-PCR For-Dv-KPI....

..GTCGACTATATTTTGGCCCAAGT

..CGAAGAATCAGAGTGCTGGA
GAAC

..CCGAGGTGGTTTTTAGGTCCTG

qRT-PCR Rev-Dv-KPI...
qRT-PCR For-Actin
qRT-PCR Rev-Actin
qRT-PCR For-GAPDH
qRT-PCR Rev-GAPDH....
qRT-PCR For-16S rRNA
qRT-PCR Rev-16S rRNA ..

. AATTAAACCGCATGCTCCAC

“ The underlined bases on Dv-KPI-For pcDNA were incorporated to facilitate
directional Topo cloning as suggested by the manufacturer (Invitrogen). The
bold residue represents a switch from an adenine to a guanine to create a Kozak
sequence.

and 90% humidity for 24, 48, or 72 h postchallenge. The appropriate blood meal
(infected or uninfected) was supplied daily using artificial capillary feeding until
each group of ticks was collected for midgut dissection.

Cell culture and rickettsia. Murine fibroblasts (L929; ATCC CCL-1) were
used for routine propagation of R. montanensis and for transfection experiments.
Unless otherwise noted, 1.929 cells were grown in T-150 150-cm? flasks (Corning,
Corning, NY) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 5% fetal bovine serum (FBS) at 34°C and 5% CO,. For propagation,
rickettsia-infected 1.929 cells were grown to 80% infection, at which time the
rickettsiae were purified from host cells using a Renografin procedure. Infected
1929 cells were washed with fresh medium, scraped, and lysed by five passages
through a 3-ml syringe fitted with a 27-gauge needle. Large particulates of host
material were removed by low-speed centrifugation at 500 X g for 5 min at 4°C.
The clarified supernatant was layered onto a 25% Renografin solution (in 218
mM sucrose, 3.8 mM KH,PO,, 7.2 mM K,HPO,, 4.9 mM L-glutamate [pH 7.2])
at a ratio of 1:1 of supernatant to Renografin. Each sample was centrifuged at
17,000 X g for 10 min at 4°C. The supernatant-Renografin gradient was removed
from the pelleted rickettsiae. Rickettsiae were resuspended in fresh DMEM plus
5% FBS and counted using the BacLight Live/Dead assay (Molecular Probes,
Carlsbad, CA) on a hemocytometer at X400 magnification. Rickettsiaec were
stored at —80°C until use in aliquots containing 1 X 10° to 1 X 107 rickettsiae.

Sequence identification and analysis. D. variabilis KPI was discovered as part
of a serine protease inhibitor homology cloning project. The full-length sequence
was amplified from total tick RNA using a GeneRacer rapid amplification of
c¢DNA ends kit according to the manufacturer’s instructions (Invitrogen, Carls-
bad, CA). The primer combination For-D. variabilis KPI and Rev-GeneRacer
poly-T was used to obtain the 3’ end, and the combination For-GeneRacer and
Rev-D. variabilis KPI (Table 1) was used to obtain the 5’ end of the sequence.
The deduced amino acid sequence was submitted for BLAST analysis (http:
/www.expasy.org/) using the arthropod database. The following amino acid se-
quences were retrieved by their Swiss-Prot accession numbers (corresponding
organisms are in parentheses), aligned using Muscle (4), and edited using
GeneDoc (15) and Adobe Illustrator (Adobe Systems Incorporated): A9YPC4
(D. variabilis), Q4PMUS (Ixodes scapularis 1), Q8MVC4 (I. scapularis 2),
Q4PMLI (1. scapularis 3), Q4PMMS (I. scapularis 4), Q6B8C7 (Ixodes pacificus),
and Q3HYCY (Rhipicephalus [Boophilus] microplus). The Kunitz domains were
identified using the SMART database accessed through the InterProScan link on
the European Bioinformatics Institute website (http:/www.ebi.ac.uk/). The per-
cent similarities and identities were taken from the BLAST results.

Stable transfection and protein purification. The open reading frame for D.
variabilis KPI was amplified with primer combination D. variabilis KPI-For
pcDNA and D. variabilis KPI-Rev pcDNA (Table 1) and cloned into pcDNA
3.1D TOPO-V5-HIS (Invitrogen) to generate pcDNA 3.1D TOPO-DvKPI-V5-
HIS. Sequence integrity was confirmed by DNA sequencing. One day prior to
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transfection, 4 X 10° 1.929 cells were plated in six-well plates and allowed to
incubate at 34°C and 5% CO, for 24 h. Two micrograms of pcDNA 3.1D
TOPO-DvVKPI-V5-HIS or pcDNA 3.1D TOPO-LacZ-V5-HIS control plasmid
was transfected into 1929 cells using SuperFect transfection reagent (Qiagen,
Valencia, CA). Transfected 1.929 cells were grown in DMEM (5% FBS) sup-
plemented with 400 pg/ml Geneticin (Gibco, Carlsbad, CA) for growth selection
of transfected cells. Medium was harvested from D. variabilis KPI-transfected
cells and clarified by centrifugation at 3,200 X g for 25 min, and production of
recombinant D. variabilis KPI (r D. variabilis KPI) was confirmed by Western
blotting with mouse anti-V5 (Invitrogen) using standard conditions. Once ex-
pression was confirmed, the medium was exchanged for NPI-10 buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole [pH 8.0]) using Amicon Ultra 5000
nominal-molecular-weight filters (Millipore, Billerico, MA). r D. variabilis KPI
was purified using nickel-nitrilotriacetic acid (Ni-NTA)-charged agarose gravity
flow columns (Qiagen) under native conditions. Briefly, D. variabilis KPI in
NPI-10 was loaded onto the Ni-NTA column. The column was washed with 10 ml
each of NPI-10 and NPI-20 (50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole
[pH 8.0]). The protein was eluted with 3 ml of NPI-250 (50 mM NaH,PO,, 300
mM NaCl, 250 mM imidazole [pH 8.0]) and collected in 0.5-ml fractions. The
purity of each purification was assessed by sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis, followed by staining with Imperial protein stain
(Pierce). The presence of r D. variabilis KPI was confirmed by Western blotting
with anti-V5. r D. variabilis KPI-containing fractions was combined, and the
buffer was exchanged with 0.18% NaCl using Amicon Ultra 5000 nominal-
molecular-weight filters (Millipore) to a 1-ml volume, after which point the
sample was lyophilized. The r D. variabilis KPI sample was reconstituted with 0.2
ml of deionized water (a final NaCl concentration of 0.9%), the protein concen-
tration was estimated with the bicinchoninic acid assay (Pierce, Rockford, IL),
and the protein was stored at —20°C until use for functional assays.

aPTT. Activated partial thromboplastin time (aPTT) reagents are marketed
under Amax Alexin and were purchased from Fisher Scientific (A 1801/A).
Alexin and CaCl, were warmed to 37°C for 15 min. r D. variabilis KPI (2.8 pM
final concentration) was incubated with rabbit plasma (Sigma) and Alexin re-
agent at 37°C for 3 min. Calcium chloride was added to a final concentration of
6.67 mM, and the optical density at 405 nm (OD,ys) was measured for 3 min at
room temperature. A blank (0.9% NaCl) was run to serve as a buffer control for
1 D. variabilis KPI. OD was plotted against time in Excel (Microsoft Corpora-
tion). Time to initiation of coagulation was defined as the point of greatest initial
change in OD on the plotted sigmoidal curve. The mean time to initiation of
coagulation and the standard deviation of three separate experiments were
plotted using SigmaPlot 10.0 (Systat, San Jose, CA). Statistical significance was
tested using Student’s ¢ test.

Trypsin inhibitor assay. All reagents were purchased from Sigma Chemical
Company (St. Louis, MO). Trypsin (5 nM; Sigma T1426) was incubated with 2.8
M of r D. variabilis KPI in trypsin inhibitor assay buffer (106 mM triethanol-
amine, 10.6 mM CacCl,) for 15 min at room temperature. The trypsin substrate
N-p-tosyl-Gly-Pro-Arg p-nitroanilide acetate salt was added to a final concen-
tration of 125 pM. OD,5 readings were measured for 5 min at room tempera-
ture. Aprotinin (Sigma A1153) replaced r D. variabilis KPI at 0.012 U/ml to serve
as a positive control. A blank (no trypsin or inhibitor) and an uninhibited
reaction (no inhibitor) were also run as controls. Percent inhibition was calcu-
lated as follows: 1 — (inhibited/uninhibited) X 100. The mean and standard
deviation of three separate experiments were plotted using SigmaPlot 10.0.
One-way analysis of variance followed by the least significant difference multiple
comparison procedure was used to test for significance between groups at the 5%
level.

Protein quantification, SDS-polyacrylamide gel electrophoresis, and Western
blotting. Protein samples were quantified using the bicinchoninic acid protein
assay kit (Pierce). Samples were diluted with 1X SDS sample buffer and elec-
trophoresed on 4 to 20% Bis-Tris SDS gels according to the manufacturer’s
instructions (Invitrogen). Proteins were transferred to 0.45-um polyvinylidene
difluoride (Invitrogen) using standard conditions. r D. variabilis KPI was detected
using mouse anti-V5 monoclonal antibody (Invitrogen), and blots were devel-
oped using the Western Breeze chemiluminescent detection kit according to the
manufacturer’s instructions (Invitrogen).

qRT-PCR. For gene expression, one-step quantitative reverse transcription-
PCR (qRT-PCR) was performed using 0.5 to 1 g total RNA and the Brilliant
II Sybr green qRT-PCR 1-Step kit (Stratagene) on an Mx3000P real-time ther-
mal cycler (Stratagene). The following qRT-PCR primers were used: qRT-PCR
For-D. variabilis KPI and qRT-PCR Rev-D. variabilis KP1, qRT-PCR For-Actin
and qRT-PCR Rev-Actin, qRT-PCR For-GAPDH and qRT-PCR Rev-GAPDH,
and qRT-PCR For-16s rRNA and qRT-PCR Rev-16s rRNA. All primers are
listed in Table 1. Data were exported for estimation of the amplification effi-
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K1
¥
D.variabilis MKSQTYIAVLFCVALECVCAVNET SWHN-=----~--~~-~ ENBELEPDPGICRGMLKKWFYNSTSFRCETFYYGGCLG--NENKFDTIITE@NKK@RDPV -
I.scapularis 1 MLLNTISLLLAVAATASANCLSKSRR-=-==--=-=-=-~~ NV@STSPEVGRGRAHVRGWVYDNTVGKCSIFFFGSAQGAPGENRFNSESEMNKVE@RGEV -
I.scapularis 2 --MQRNILWISVVAAFGVFHFGECTYQDSGEDSSSMTEESR@DGPPHASRGLMNIPGWFYDGSRDQCRRYHFPDQQFDMAKNKFKTVTEMRKS@RSTV -
I.scapularis 3 ~-MQRNILWISVVAATIGVCYCDEGTYQDSGEDASSMAVESR@DGPPDTSRGWALTQGWFYDRNRDQRRVFHFPDPYFDHKKNKFQTVTEMRRI@RGTV -
I.scapularis 4 --MHKETVWALTIATALGICSGONSQ-~----=--=--~~ DENL®LDTPEFGRGREVVKGWSYNSKLDKCYVFDHAKRDDYNNENIFLEESASNKRERPOF -
I.pacificus ~-MQRNILWIFVVAAFGVFHCGQCTYQDSKEDSSLMSEESR@DGPPHASRGLMNIPGWFYDGSRDQCRHYHFPDPHFGTMENKFKTLKEMRKS@RGTV -
R.(Boophilus)microplus -MALLHSALAFLIAIICVQAAPQAT---~--—--=--~-~ PTFGREPTITKGRCQVVNETWYYDSGLRRCLOQRNAYCGG--GRNGFPTEQLE-MT@OONVG
K2 K3
¥
D.variabilis ---LGVE@ALPEPKQICRAAFRGYRFNPQKOR@ESYTYC---EKNANHFVRAED@EQQ®----- GKFAQEP@FLPKEPGLNETGRPOMONYWFNSKTRA]
I.scapularis 1 ---PSFFEQPQVRTRSTSAK-WTYNSSIAQ@VNFLWSGEIGKGVNIFSSKNE@ES T[@- ~-KVPDMGP@GKST--GSP@KESDRL-WYYYNHKNES
I.scapularis 2 ---PLOQ@FKKPPQTIRTMGLPVSTYNSTQGE TIAVRPG-QTGPNIFRREVE ET®- -RDPEYGK] PLH--IVD@MGGSTG---NHYNLDKQT
I.scapularis 3 ---PLE@FIEPPHINRTRGLPATTYNSTQGAMIDITVRAG-EHEPNI FKRKMK@TEK[@- - - - - RDPEYGO@APSA--SVN@GRSTG---YRYNVDTQT|
I.scapularis 4 ---PAK@YAQSPSSMGTLDLPVTTYDPSTGR@LE TRAPKE-DQGANVFNNKASEI TO@- - - -~ RDVDLRL@LKPT--EKD@EYIDGW-GYRYDSKDQT|
I.pacificus ---PLOQ@FEKPPQTIRTKGLPVSTYNSTQGE VIAVRPG-QTGPNIFKREVE KTH----- RDPEYGK| PSY--VVD@DGSTS---YRYNVDTQT
R. (Boophilus)microplus KKGPQV@PPAPVIGGCQPRVDNWYYDYGTKRGOLFK-PGECSSGRNHFPTEYKGRET[®FPGLIKPPE--RERNPLVRGL-@HPLQHF--WFYNYRKNE
K4
.
D.variabilis ELFDYEGE-GGNGNNFIEESE@WRTEGKYAESNCVYPIKSGY--T@PNGSKEVVFGYNTQTKREERFIYSGEGGYPNKFRSASEFWK TEGLKSGSK -~
I.scapularis 1 LKMSPYE®PSGODNAFLSFSDENQREGRFTONKCSMPIQNLT -~ S@HT--VTPRFGYNKRTERMEEFS - -G@DDGGNS FPTAKL@WE T@TKKS SHR -~
I.scapularis 2 EKTTKNK@----- GPFATLED®FKR| RYIQRKCNIPLLKSE--Y@DI--VDLRYWYNSESKQ@®EEIM--G@ADDVYNFPTAKE ET@SSKEESR--
I.scapularis 3 EKNPVNK@----- GPFTSLDAMYER| RYVQKKCNIPLLTSK--Y@DT--VEARYWYNAKSKK@EQIM--G@®SDDVTNFPTAKK ET@SSKEESR--
I.scapularis 4 KKATDGS@----- GGFQSAEDEFMREGVLYVDNKCTLPTIQTTP--T®EN--PQORYGYNNKTER@EEFL - -G8ADGGNS FQEAE T/@WKD@A - PATNR -~
I.pacificus EENTQNK@----- GPFATLED®YKR@GRY IQKKCHIPFLTSE--Y®DT --KEARYWYNPQSKK@EQF T~ -GESDDDTN FPTAKE@WE T8S SKEESR -~
R.(Boophilus)microplus TRYPAGL@-GAGPNMFLSKAE@STAGKRPFGKKPRTCLDKPRIGS@0S---RFAWFFDPITGRERMFRHGDEGTGSNYFASELKGKKEGLRIGDPYPY|
K5 % similarity % identity
.
D.variabilis MEPGPKNHL---GL-VKKYYYDIQSDTCKTSRYSPF---SSKKNRFDTLAEMEEN@K----GNYTYLGONIVD=-=---=-=-==-=-=— 100 100
I.scapularis 1 VQDPDYKYS---GL-VTRFYYDINSHSCVRKKMFRGYV-PGNSNIFRTKED@OT T@M- -~ ~ATYQHVKDWL-~==-=-=--=-=-~~~~ 49 30
I.scapularis 2 LQPPDLGKL---GIGRTRYYYNITSNRCLTTTHVAFWQNTEKKNNFKRRSD@ENT@®R ----PKHKDVKKL--------—-—-—-—-——————— 44 26
I.scapularis 3 LQPPDLGRL---GFGRRRYYYNITANEGQTTTQVAIWONTNNKNNFKWLKD@IKEA®M - - -~ SKHNDVKKL === ===-=-====-=~~~— 42 26
I.scapularis 4 NMKPDTGRNPNFGL-FKRYYYDIKKNLCGSARKVSRSV-PGNTNLFKTALQ@EE T 8K~~~ -PKYQGNLGH-~~-=-=-=--=-~-—-—~ 42 30
I.pacificus LOQPPDLGKL---RLGRRRYYYNITANACQRTTQFAIWQNTQKKNNFGSLTD@ENT e PR AR B E BB = o o o o o 0 s o o o s 46 29
R. (Boophilus)microplus SAKPISAYC--LGY-STNWYFDQSANNCF--RFNGGWC-GKNANGFVSHRA DY@SYPDPPNYSPPSKNDIPPMQQQQLLQQVKGTGK 38 25

FIG. 1. D. variabilis KPI shares highly conserved cysteine with other tick Kunitz domain-bearing proteins. To determine the conservation of
structure between D. variabilis KPI and other reported Kunitz-bearing protease inhibitors from ticks, we performed an alignment at the protein
sequence level. Even though D. variabilis KPI shares no greater than 49% similarity with the other Kunitz-type protease inhibitors, the cysteine
positions are conserved. This suggests that D. variabilis KPI has a similar disulfide-bonding pattern and therefore tertiary structure to that reported
for penthalaris from I. scapularis (6). Kunitz domains were predicted for D. variabilis KPI using the SMART database (accession number 00131).
The level of similarity between D. variabilis KPI and the other Kunitz-type serine protease inhibitors may suggest additional functions for D.
variabilis KPI as is presented in this study. Swiss-Prot accession numbers are as follows: AS9YPC4 (D. variabilis), Q4PMUS (I. scapularis 1),
Q8MVC4 (1. scapularis 2), Q4PMLO (I. scapularis 3), Q4PMMS (1. scapularis 4), Q6B8C7 (1. pacificus), and Q3HYC9 (Rhipicephalus [Boophilus)

microplus). Asterisks denote predicted N-linked glycosylation sites.

ciency for each primer set using LinRegPCR (19). The efficiencies and cycle
threshold (C;) values from the experiments were imported into Q-Gene for
calculation of normalized expression (12). To calculate normalized D. variabilis
KPI expression, the efficiency-corrected C; values for D. variabilis KPI were
divided by those for actin. To calculate burden, the efficiency-corrected Cvalues
for a rickettsial housekeeping gene (16S rRNA) were divided by that for a host
housekeeping gene (GAPDH). The difference (n-fold) between experimental
and control samples is reported for all normalized relative gene expression data.
The median values are reported for all experiments. A nonparametric random-
ized permutation test was performed to derive P values and 95% confidence
intervals as described by Ceraul et al. (2).

D. variabilis KPI inhibition of rickettsial burden. Six-well plates were plated
with 4 X 10° nontransfected, LacZ-transfected, or D. variabilis KPI-transfected
cells and incubated for 72 h at 34°C and 5% CO, without Geneticin (Gibco). To
confirm the presence of D. variabilis KP1 in the culture medium from D. variabilis
KPI-expressing cells and its absence in our two control cell lines (untransfected
1929 and LacZ-expressing cells), we harvested medium from each cell line,
clarified the medium by centrifugation at 3,200 X g for 25 min, and confirmed the
production of r D. variabilis KPI by Western blotting with mouse anti-V5 (In-
vitrogen) using standard conditions (see Fig. 5B). We began our experiments
after 72 h of cell growth because pilot studies demonstrated that increases in D.
variabilis KPI concentrations in the medium were negligible after 72 h of growth
as steady-state levels were reached. Each cell type was infected with a multiplicity
of infection of 10 and incubated at 34°C and 5% CO, for 24 h. After 24 h, the
cells were washed with 1X phosphate-buffered saline and lysed by resuspension
in 700 pl of RLT (with B-mercaptoethanol) for RNA isolation using the RNeasy
Micro kit (Qiagen). Rickettsial burden was measured by qRT-PCR using the
rickettsial 16S rRNA and the mouse housekeeping gene GAPDH. The median of
at least three separate experiments, run in duplicate, was plotted using SigmaPlot
10.0.

Sequence accession numbers. D. variabilis KPI has been deposited with
NCBI and ExPASY under accession numbers EU265775 and A9YPC4, re-
spectively.

RESULTS

D. variabilis KPI possesses five Kunitz domains with simi-
larity to other tick KPIs. Kunitz domains are prevalent across
tick species and well characterized as anticoagulants (Fig. 1).
We observe between 38 and 49% similarity between D. varia-
bilis KPI and other Kunitz domain-bearing protease inhibitors
from ticks. D. variabilis KPI shares conserved cysteine residues
with all of the analyzed protease inhibitors, most notably
penthalaris, for which the tertiary structure has been predicted.
NetNGlyc (http:/www.cbs.dtu.dk/services/NetNGlyc/) predicted
four N-linked glycosylation sites at amino acid residues 50, 154,
218, and 319, which are depicted in Fig. 1.

D. variabilis KPI inhibits trypsin activity and possesses an-
ticoagulant properties. KPIs are reported to inhibit coagula-
tion as tissue factor pathway inhibitors and thrombin inhibitors
(8). Using this precedent, we wanted to test the function of D.
variabilis KPI as both an anticoagulant and as a general trypsin
inhibitor. Using the aPTT test, we observe a twofold delay (P <
0.049) in coagulation (Fig. 2A). The predominant midgut gene
expression (see below) and the anticoagulant properties of D.
variabilis KPI suggest a role for anticoagulants in the midgut
during the feeding process. Additionally, D. variabilis KPI pos-
sessed robust antitrypsin activity (52%) very similar to the
inhibition observed for aprotinin (63%) (Fig. 2B). D. variabilis
KPT’s role as a trypsin inhibitor indicates its versatility that
could prove to be important to the inhibition of rickettsial
colonization (22).
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FIG. 2. D. variabilis KPI inhibits coagulation and trypsin activity. We tested D. variabilis KPI for its predicted activity as an anticoagulant and
its role as a general trypsin inhibitor. (A) We used the aPTT test to determine if D. variabilis KPI caused a delay in the initiation of clot formation,
indicating anticoagulant activity. Compared to the control, D. variabilis KPI delayed initiation of coagulation by 1.9-fold (P = 0.03). (B) r D.
variabilis KP1 inhibited trypsin activity similarly to that of aprotinin (canonical Kunitz-type protease inhibitor). Aprotinin inhibited trypsin activity
by 63%, whereas D. variabilis KPI inhibited activity by 52%. These observations demonstrate the potential in vivo significance of D. variabilis KPI
in relation to feeding or as a general trypsin inhibitor. Each experiment was repeated three times. The results are represented as the mean * the
standard deviation. Asterisks denote significant differences. Significance was determined by one-way analysis of variance followed by the least
significant difference multiple comparison procedure to test for significance between groups at the 5% level.

D. variabilis KPI is abundantly expressed in the tick midgut
and induced upon feeding. As most KPIs are secreted with the
saliva, we wanted to determine the tissue distribution for gene
expression. We found that D. variabilis KPI is abundantly ex-
pressed in the midgut with little expression in the salivary gland
from ticks fed for 4 days (Fig. 3A). As KPIs are involved with
feeding success, we tested for the effects of feeding on gene
expression in the midgut and salivary gland of fed and unfed
ticks. We observe a 10.8-fold (P < 0.001) increase in D. varia-
bilis KPI expression upon feeding, which is consistent with the
predominant midgut expression (Fig. 3B). In contrast to other
tick KPIs expressed from salivary glands that are vital as anti-
coagulants during feeding, D. variabilis KPI expression in D.
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variabilis salivary glands appears to be unaffected by feeding
(Fig. 3B). This finding suggests that anticoagulants, specifically
D. variabilis KPI, are important in the midgut, in addition to
the feeding lesion at the tick-host interface, during feeding.
D. variabilis KPI expression is sustained in the presence of
the spotted fever group rickettsia. Interestingly, bacterial and
fungal challenge of D. melanogaster induced gene expression
for two KPIs, suggesting an immunological function beyond
their commonly designated hemostatic properties (3). Recent
studies report an increase in transcription of a KPI in Rhipi-
cephalus (Boophilus) microplus ovaries in response to B. bovis
infection (18). These studies led us to examine the role that D.
variabilis KPI may play during the response to rickettsial in-
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FIG. 3. D. variabilis KPI is highly expressed in the midgut in response to feeding. We performed real-time qPCR to determine tissue
distribution and the effects of feeding on D. variabilis KPI expression. (A) Gene expression of D. variabilis KPI was greatest in the midguts from
ticks fed for 4 days. (B) Kunitz-type protease inhibitors are known anticoagulants that maintain the fluidity of blood at the feeding lesion. We tested
whether gene expression was induced in the midgut and the salivary gland as a result of imbibing a blood meal. Surprisingly, expression in the
salivary gland from fed ticks decreased 1.15-fold relative to that of the unfed controls (P > 0.111). Expression in the midgut from ticks fed for 4
days increased 10.8-fold compared to that of the unfed controls (P < 0.001). Results represent the median of four to six individual tick replicates.
Asterisk denotes significant difference.
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FIG. 4. R. montanensis induces D. variabilis KPI gene expression.
Midguts from R. montanensis-challenged D. variabilis ticks shows sus-
tained levels of D. variabilis KPI transcript over a 72-h time period.
Results are reported as the median. The following 95% confidence
intervals (in parentheses) were calculated as described previously (2,
17): 24 h (0.511, 0.553), 48 h (0.999, 1.08), 72 h (5.36, 5.80). The
measurements are the result of two independent trials and four to six
individual tick replicates. Asterisks indicate significant differences be-
tween groups.

fection. We performed qRT-PCR on midguts from ticks chal-
lenged with rickettsia to determine if D. variabilis KPI expres-
sion could be induced by R. montanensis infection (Fig. 4). It is
unclear why there is an initial 1.9-fold reduction in D. variabilis
KPI expression at 24 h postchallenge (P < 0.006). Similar
trends occur early in the time course for defensin and lysozyme
expression in R. montanensis-challenged tick midguts (2). D.
variabilis KPI gene expression in the control 72 h after rickett-
sial challenge is reduced to levels observed in ticks that have
fed for 4 days (compare Fig. 3 to 4). In contrast, D. variabilis
KPI transcript levels in rickettsia-challenged ticks are sixfold
greater (P < 0.001) than those of the controls 72 h postchal-
lenge.

Interestingly, transcript levels in the control ticks at 24 h
after rickettsial challenge are greater than those observed in
midguts from ticks fed for 4 days (compare Fig. 3A to 4). We
speculate that the increase in transcript abundance for D.
variabilis KPI shown in Fig. 4 results from the fresh blood that
is imbibed during artificial feeding. As mentioned above, tran-
script abundance for D. variabilis KPI in midguts from control
ticks 72 h postchallenge does return to levels comparable to
those observed for ticks fed for 4 days. Leveling off of D.
variabilis KPI transcription may represent what happens in the
tick during the later stages of feeding on the animal. Sustained
D. variabilis KPI expression in rickettsia-challenged ticks sug-
gests that D. variabilis KPI is involved in the response to rick-
ettsia challenge.

D. variabilis KPI limits rickettsial colonization of host cells.
KPIs are expressed as part of the HR mounted to Rhizobium
endosymbionts, which is hypothesized to limit growth and
spread of microbes throughout the host plant (10, 11). To
determine if D. variabilis KPI affected rickettsial growth, we
performed an in vitro antimicrobial assay using D. variabilis
KPI-expressing 1929 fibroblasts. D. variabilis KPI-expressing
L1929 cells were permitted to grow for 72 h postplating to allow
for the accumulation of D. variabilis KPI in the medium. We
challenged the D. variabilis KPI-expressing cells after 72 h of
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FIG. 5. D. variabilis KPI limits rickettsial colonization of host cells.
(A) Rickettsial burden is reduced in D. variabilis KPI-expressing cells
compared to that in nontransfected and LacZ-transfected cells. Re-
sults are reported as the median. (A) The 95% confidence intervals (in
parentheses) for each comparison are as follows: L929 versus LacZ
(0.043, 0.046), 1929 versus D. variabilis KPI (0.317, 1.24), and LacZ
versus D. variabilis KPI (0.318, 1.16). Asterisk indicates significant
differences between the groups. Each experiment was repeated at least
three times in duplicate. (B) D. variabilis KPI protein expression is not
detected in nontransfected L1929 or LacZ-transfected control cell lines
by Western blot assays. D. variabilis KPI was detected using mouse
anti-V5 monoclonal antibody.

growth because pilot experiments indicated negligible in-
creases in D. variabilis KPI concentrations after this time point.
Rickettsial burden was measured by qRT-PCR 24 h postinfec-
tion. The burden from the two control cell lines (nontrans-
fected and LacZ-expressing cells) was not different (P = 0.207)
(Fig. 5A); however, the burden from the D. variabilis KPI-
expressing cells was 62.5% (P = 0.0079) and 60.8% (P =
0.0082) less than those from the nontransfected and LacZ-
expressing cells, respectively (Fig. SA). The observation of
reduced burden at 24 h postinfection indicates that D. variabilis
KPI possesses some bacteriostatic function that limits rickett-
sial colonization either at the point of entry or during early
replication.

DISCUSSION

Here we report the bacteriostatic nature of a Kunitz-type
serine protease inhibitor, D. variabilis KPI, with the capacity to
limit R. montanensis colonization of host cells. Controlling the
growth of potentially harmful microbes that are ingested dur-
ing feeding is critical to the survival of any hematophagous
arthropod vector. To this end, the influx of rickettsiae experi-
enced during feeding may require detection and subsequent
action on the part of the tick’s immune response to control
rickettsial burden. We have previously shown that defensin and
lysozyme are activated in the midgut of D. variabilis as R.
montanensis is acquired through feeding (2). Our observation
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that D. variabilis KPI was induced in the midgut following R.
montanensis challenge was surprising given that KPIs are pre-
dominately found in the salivary gland and function as antico-
agulants. Interestingly, this is not the first report of KPI gene
induction in response to infection. An increase in gene expres-
sion for two KPIs in D. melanogaster following challenge with
the nonpathogenic bacteria Escherichia coli and Micrococcus
luteus or the pathogenic fungus Beauveria bassiana (3) further
implicates their roles as immune-responsive proteins. Strong
evidence for KPI involvement in the response to infection has
come from proteomic studies of tick ovaries. B. bovis infection
of Rhipicephalus (Boophilus) microplus resulted in an increase
in protein expression for the KPI BmTI-A (18) and offers the
possibility that KPIs play a role in the response to infection in
the ovary.

The correlation between feeding and immune activation is
well documented in arthropod vectors. Feeding alone causes
an increase in defensin expression in the midgut of the stable
fly Stomoxys calcitrans (9) and both defensin and lysozyme
expression in the midgut of D. variabilis (2). D. variabilis KPI
expression may be induced as a component of a genetic net-
work commonly regulated during transcription and translation
or posttranslationally in response to feeding and microbial
challenge. For example, Thor, encoding a member of the 4E-
binding protein family responsible for preventing the forma-
tion of the translation initiation complex, is induced for ex-
pression in response to both starvation and microbial challenge
(24). A recent report draws a connection between nutritional
stress and the immune response by demonstrating that the
serine/threonine kinase encoded by irdl, a Vpsl5 homologue
known for its role in starvation-induced autophagy, also mod-
ulates starvation-induced immune activation within the im-
mune deficiency pathway (imd) cascade in D. melanogaster
(23). It is also feasible that D. variabilis KPI was coadapted to
dual functionality as both an anticoagulant and an immuno-
logical effector. Coadaptation in hematophagy is well exempli-
fied in the hard ticks Rhipicephalus (Boophilus) microplus and
D. variabilis and the soft tick Ornithodoros moubata, where
B-hemoglobin fragments generated in the midgut as a by-
product of digestion were identified as being antimicrobial
(5, 13, 20).

Because D. variabilis KPI is identified as having antimicro-
bial properties and demonstrates trypsin inhibitory activity, our
data suggest that D. variabilis KPI functions as a rickettsiostatic
serine protease inhibitor. This finding is biologically relevant,
as trypsin inhibitors have been shown to reduce host cell col-
onization and growth by Rickettsia rickettsii. The synthetic ami-
dine-type trypsin inhibitor, bis(5-amidino-2-benzimidazolyl)-
methane, was shown to inhibit or reduce plaque formation by
R. rickettsii in vitro and delay the onset of fever and death in R.
rickettsii-infected guinea pigs (22). The exact mechanism of
bacteriostatic action of D. variabilis KP1 is still unclear. Mount-
ing evidence indicates that Kunitz domain-bearing proteins
limit bacterial metastases. This is nicely illustrated by studies of
the HR elicited in plants toward both compatible (endosym-
biont) and incompatible (pathogen) infections (10, 11, 21).
Rhizobium spp. invade root hairs and induce the formation of
infection threads that the bacteria follow on their way to the
root cortex (21). Not all infection threads are successful and
terminate before reaching the root cortex (21). Signs of an HR
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are observed at the terminated ends of the failed infection
threads (21) and are also associated with senescent nodules,
characterized by necrotic host tissue and dead bacteroids (11).
Ultrastructural and gene expression studies indicate that a
21-kDa KPI identified in senescent nodules may limit the
spread of Rhizobium spp. (bacteroids) to uninfected portions
of the plant (11). Even though the symbiosis between rhizobia
and legumes is mutualistic, the endosymbiont is not permitted
to spread unabated for risk of physiologic stress and disease to
the host (10, 11, 21).

Given the findings in Rhipicephalus (Boophilus) microplus, it
will be important to assess the effect that D. variabilis KPI has
on transovarial transmission of rickettsiae. Currently, we can-
not predict how D. variabilis KPI affects rickettsial acquisition
in the midgut of the tick. The evidence in the literature and the
data from the present study suggest that if D. variabilis KPI was
rendered inactive, an increase in rickettsial burden may be the
result. We are currently testing this idea in vivo using RNA in-
terference. The current study suggests that as a rickettsiostatic
serine protease inhibitor, D. variabilis KPI is one factor that
may control the growth of rickettsiae, thereby contributing to
the success of endosymbioses and the vector competency of
ticks.
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