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ABSTRACT Rickettsia parkeri Luckman (Rickettsiales: Rickettsiaceae), a member of the spotted
fever group of Rickettsia, is the tick-borne causative agent of a newly recognized, eschar-associated
rickettsiosis. Because of its relatively recent designation as a pathogen, few studies have examined the
pathogenesis of transmission of R. parkeri to the vertebrate host. To further elucidate the role of tick
feeding in rickettsial infection of vertebrates, nymphal Amblyomma maculatum Koch (Acari: Ixodi-
dae) were fed on C3H/HeJ mice intradermally inoculated with R. parkeri (Portsmouth strain). The
ticks were allowed to feed to repletion, at which time samples were taken for histopathology,
immunohistochemistry (IHC), quantitative polymerase chain reaction (qPCR) for rickettsial quan-
tiÞcation, andreverse transcriptasepolymerasechain reaction(RT-PCR) forexpressionof Itgax,Mcp1,
and Il1�. The group of mice that received intradermal inoculation of R. parkeri with tick feeding
displayed signiÞcant increases in rickettsial load and IHC staining, but not in cytokine expression,
when compared with the group of mice that received intradermal inoculation of R. parkeri without
tick feeding. Tick feeding alone was associated with histopathologic changes in the skin, but these
changes, and particularly vascular pathology, were more pronounced in the skin of mice inoculated
previously with R. parkeri and followed by tick feeding. The marked differences in IHC staining and
qPCR for the R. parkeri with tick feeding group strongly suggest an important role for tick feeding
in the early establishment of rickettsial infection in the skin.
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The dramatic increase in recognition of tick-borne
rickettsial diseases (TBRDs) over the past decade is
punctuated by the emergence of a rickettsiosis caused
by Rickettsia parkeri Luckman (Rickettsiales: Rickett-
siaceae) in the southeastern United States and South
America. Although originally described �70 yr ago, R.
parkeri was Þrst determined to be pathogenic to hu-
mans within the past decade (Parker et al. 1939, Pad-
dock et al. 2004). The resulting rickettsiosis has since
been diagnosed at least 20 times and demonstrates
similarities toRockyMountain spotted fever (RMSF);
however, R. parkeri rickettsiosis is typically a milder
infection (Whitman et al. 2007; Paddock et al. 2008,
2010; Cragun et al. 2010; Romer et al. 2011). Although

the geographic distributions of these rickettsiae are
vastly different, the range of R. parkeri and its tick
vector, Amblyomma maculatum Koch (Acari: Ixodi-
dae), overlap greatly with the range of Rickettsia rick-
ettsiiBrumpt (Rickettsiales: Rickettsiaceae), the caus-
ative agent of RMSF, in the United States (Sumner et
al. 2007, Paddock et al. 2008, Cragun et al. 2010, Trout
et al., 2010, Jiang et al. 2012). The paucity of informa-
tion and sympatry with other spotted fever group
(SFG) Rickettsia for this eschar-associated disease ne-
cessitate comprehensive exploration of the mecha-
nisms vital to infection establishment.

As a result of a prolonged feeding period, ticks have
developed mechanisms to modify the host microen-
vironment to allow bloodmeal acquisition. Typical
mechanisms include modulation of complement acti-
vation, natural killer cell function, antibody produc-
tion, T-lymphocyte proliferative responses, and cyto-
kine elaboration by antigen-presenting cells and
T-lymphocytes (Wikel 1996). The inßuence of tick
feeding on bacterial transmission to and infection of
vertebrate hosts has been described for other sys-
tems. For example, the supplementation of cyto-
kines normally down-regulated by tick feeding re-
sulted in decreased infection rates in mice exposed
to ticks infected with Borrelia burgdorferi Johnson
(Spirochaetales: Spirochaetaceae) (Zeidner et al.
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1996). Animals with acquired resistance to ticks
have been shown to be more resistant to infection
with pathogens transmitted by those ticks (Bell et al.
1979,Wikel et al. 1997,Nazario et al. 1998,Narasimhan
et al. 2007, Dai et al. 2009). Some pathogens also
undergo developmental transitions within the tick
vector, which result in a form of the pathogen that is
more infectious for thevertebratehost (Mastronunzio
et al. 2012).

A murine model has recently been proposed for R.
parkeri rickettsiosis, in which the C3H/HeJ strain of
inbred mouse was determined to be the most suscep-
tible (Grasperge et al. 2012). These mice lack com-
petentTLR4 signalingdue to amutation,whichcauses
an amino acid switch in the cytoplasmic domain of the
TLR4protein (Poltorak et al. 1998,Hoshinoet al. 1999,
Qureshi et al. 1999). These mice developed eschars
upon intradermal inoculation of the tail and transient
hypothermia with no other overt clinical signs. Inter-
estingly, the eschars associated with R. parkeri rick-
ettsiosis were inducible by intradermal inoculation of
R. parkeri into the tail, but the same did not hold true
for the skin over the nape of the neck (Grasperge et
al. 2012). The reason for this difference is unclear but
may relate to temperature differences at the inocula-
tion sites or differences in immunological response of
the tissues. Explanation of themechanisms preventing
infection at the inoculation site at thenapeof theneck
is central for understanding the pathogenesis of
TBRDs, as this is a common site for tick feeding (Teel
et al. 2010), and therefore a probable site for intro-
duction of pathogenic rickettsiae. In this context, cu-
taneous inoculation of SFG Rickettsia represents the
best route of infection to understand the pathology of
eschar-associated rickettsioses suchas thosecausedby
R. parkeri.

Intuitively, thewell-recognized effects of tick saliva
on the regional immunology of themicroenvironment
at the feeding site should play a critical role in the
inception of infection with tick-borne pathogens, but
surprisingly little is known with respect to the inßu-
ence of tick feeding on rickettsial infection. Here, the
recently described model for R. parkeri rickettsiosis
was used to evaluate the role of the tick in rickettsial
infection of the vertebrate host. It was hypothesized
that tick feeding enhances rickettsial infection of the
cutaneous feeding site before dissemination of the
infection. The results indicate that tick feeding at
the site of rickettsial inoculation signiÞcantly en-
hances local rickettsial proliferation.

Materials and Methods

Mice. C3H/HeJ mice were selected based on pre-
vious susceptibility studies (Grasperge et al. 2012).
Seven-week-old male mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). All mice ap-
peared healthy with no overt abnormalities and were
ear punched for identiÞcation purposes. The animals
were monitored daily during the course of the exper-
iment for overt clinical signs of disease (i.e., unkempt
fur, decreased activity, subcutaneous edema, ery-

thema) and body temperature ßuctuations. The re-
search was performed under the approval of the
IACUC at Louisiana State University.

Tick Preparation. A colony of A. maculatum was
developed from wild-caught adults and maintained as
previously described (Troughton and Levin 2007).
Brießy, nymphal and adult ticks were fed on adult
Sprague-Dawley rats (Division of Laboratory Animal
Medicine, Louisiana State University) within capsules
fashioned from 50-ml plastic conical tubes and at-
tached with a 3:1 rosin to beeswax mixture. Engorged
females were kept in vials at 27�C and �90% RH.
Larvae were fed on adult BALB/c mice (Louisiana
State University Division of Laboratory Animal Med-
icine) housed on wire grates over fresh water, and
engorged larvae were collected twice daily as the
water was changed. For this experiment, 120 nymphs,
which originated from the same egg clutch were used.
This colony of ticks is constitutively infected with
rickettsiae, and sequence analysis using standard PCR
for rompA (Rickettsia outer membrane protein A)
identiÞed this organism as the nonpathogenic Candi-
datus “Rickettsia andeanae” (Paddock et al. 2010).

Rickettsia Preparation. SemipuriÞed rickettsiae
were recovered from R. parkeri Portsmouth strain
(Paddock et al. 2004), passage 4 infected Vero cells (5
d postinoculation; dpi) via needle (27 gauge) lysis of
host cells and low- and high-speed centrifugation
(Simser et al. 2001, Sunyakumthorn et al. 2008). Ab-
solute concentration of rickettsiae was determined
using the LIVE/DEAD BacLight Bacterial Viability
Kit (Invitrogen, Carlsbad, CA), a bacterial counting
chamber, and a ßuorescent microscope (Kurtti et al.
2005). The rickettsiae were resuspended in sucrose-
phosphate-glutamic acid buffer (Feng et al. 2004) to
a desired inoculation dose of 5.5 � 106 rickettsiae/200
�l. Uninfected Vero cell culture was prepared using
the same techniques as above with the exception of
the bacterial counting. The Þnal lysed Vero cell sus-
pension was diluted with the same volume of buffer as
the rickettsial suspension.

Inoculation and Tick Infestation. Mice were di-
vided into Þve groups containing six animals each:
age-matched controls, buffer injected control, R.
parkeri injected, buffer injected � tick feeding, and R.
parkeri injected � tick feeding. Thehair over thenape
of the neck was clipped for all mice except the age-
matched controls. For each injection group, 200 �l of
the appropriate inoculum was injected intradermally
in the clipped area of skin over the nape of the neck.
The bleb formed by the injection was marked with
felt-tip pen immediately after inoculation, and the
mark was retraced daily in the groups without tick
feeding to overcome fading due to grooming and hair
regrowth. The tick feeding groups were Þtted with
capsules fashioned from plastic 15-ml conical tubes
directly over the inoculation site within 20 min of the
injection. After allowing �30 min for the rosin/wax
mixture to harden, 10 nymphal A. maculatum were
added to each capsule. Ticks were allowed to feed to
repletion and removed from the capsules at the time
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of detachment. The study was concluded as the Þnal
tick(s) detached at 8 d postinfestation.

Sample Collection. Mice were sacriÞced at 8 dpi.
Samples of skin from the inoculation site were snap
frozen in liquid nitrogen for nucleic acid extraction,
while additional samples of the skin were placed in
RNAlater (Ambion, Austin, TX) until RNA extraction
couldbeperformed. Samples of the skinwereÞxed for
histopathology.

Histopathology and Immunohistochemistry (IHC).
Tissues for histopathologywereÞxedovernight in 10%
neutral buffered formalin. All sampled tissues were
routinely processed and embedded in parafÞn, and
3Ð4-�m sections were cut for hematoxylin and eosin
(H&E) staining. The sections were examined in a
randomized manner by a veterinary pathologist. In-
ßammation, edema, and necrosis were scored as fol-
lows: 0 � absence of the speciÞed parameter, 1 � mild
histologic change (rare to infrequent presence as ob-
servedbyhigh-poweredmagniÞcation), 2�moderate
histologic change (change is commonly observed in
multiple high-powered Þelds or larger foci are present
in selected areas), 3 � marked histologic change
(changes frequently observed in multiple high-pow-
eredÞelds or severe change in focal areas).Disruption
of vessel continuity, Þbrinoid change, myodegenera-
tion/regeneration, endothelial cell necrosis, and en-
dothelial cell swelling were scored as either present
(�) or absent (�). Tissues were examined by IHC for
evidence of infection with R. parkeri using an immu-
noalkaline phosphate technique with a polyclonal an-
ti-R. rickettsii antibody, diluted at 1/500, as described
previously (Paddock et al. 2008).

Real-time PCR Quantitation of Rickettsial Load.
Frozen tissue samples for genomic DNA extraction
were processed using the DNeasy Blood and Tissue
Kit (Qiagen, Limburg, The Netherlands)with some
modiÞcations as previously described (Grasperge et
al. 2012). Approximately 10 mg of tissue was placed in
a 2-ml Safe-Lock microcentrifuge tube (Eppendorf,
Hamburg, Germany) to which two sterile 5-mm stain-
less steel beads (Qiagen) were added. Twenty micro-
liters of proteinase K (Qiagen) and 180 �l of buffer
ATL (Qiagen) were then added to each tube, and
samples were then placed in a TissueLyser (Qiagen)
for two cycles of 30 s at 30 cycles per second. Tubes
were centrifuged at 7,500 � g for 5 min and then
incubated for �16 h in a 56�C water bath. After in-
cubation, extraction was completed according to the
manufacturerÕs instructions. Extracted DNA was
stored at �20�C until used for qPCR. Rickettsia prim-
ers and probe for the 17 kDa antigen gene and mouse
primers and probe for mouse cfd were used as previ-
ously described (Grasperge et al. 2012). The 17 kDa
antigen gene encodes a common rickettsial surface
antigen protein, while the mouse cfd encodes the
complement factor D protein common to most mam-
mals. To quantify a portion of the R. parkeri 17 kDa
gene in mouse tissues, serial dilutions of a plasmid
containing single-copy portions of the R. parkeri 17
kDa and mouse cfd genes were ampliÞed along with
the sample unknowns. Brießy, qPCR components and

the template that included 2 � LightCycler 480 Probe
Master (Roche, Basel, Switzerland); 75 nM of each
primer; 200 nM of each probe; DNase/RNase-free
water; and 5 �l of gDNA template (samples), water
(negative control), or serial 10-fold dilutions (3.5 �
108 to 3.5 � 103 copies) of pCR4-TOPO- Rp17 kDa
�MmCfd were premixed in 35-�l volumes in 96-well
plates and aliquoted in triplicate 10-�l reactions on
384-well plates (Reif et al. 2011). Quantitative PCR
was then performed using a LightCycler 480 system II
(Roche). Analysis of ampliÞcation was conducted
with LightCycler 480 software. To ensure that our
qPCR assay did not identify C. “Rickettsia andeanae,”
we attempted to perform the assay on genomic DNA
from C. “Rickettsia andeanae.” While the primers do
amplify a similarly sized portion of the 17 kDa gene,
the probe fails to label this amplicon.

RNA Extraction and Reverse Transcriptase PCR
Quantitation. RNA was puriÞed from the samples
stored inRNAlater using theQuick-RNAMiniPrep kit
(Zymo Research, Irvine, CA) according to manufac-
turerÕs instructions. Extracted samples were stored at
�80�C. RNA was treated with DNaseI for 30 min and
repuriÞed using an RNA clean-up kit (Zymo Re-
search). cDNA was generated from RNA samples us-
ing an iScript reverse transcription kit (Bio-Rad, Her-
cules, CA) following manufacturerÕs instructions.
cDNAwas dilutedÞvefold inRNase-freewater before
use in real-time PCR. All primers used for real-time
PCR analysis were designed using Primer3 software
(Butchi et al. 2011). Primer sequences were blasted
against the National Center for Biotechnology Infor-
mation (NCBI) database to conÞrm that all primer
pairs were speciÞc for the gene of interest and that no
homology to other genes was present. PCR reactions
were prepared using SYBR green mix with Rox (Bio-
Rad) in a 10-�l volume with �10 ng of cDNA and 1.8
�M forward and reverse primers. Samples were run in
triplicate on an ABI PRISM 7900 Sequence Detection
System (Applied Biosystems). Analysis of dissociation
curveswasused toconÞrmtheampliÞcationof a single
product for eachprimerpair per sample.ConÞrmation
of a lack of DNA contamination was achieved by
analyzing samples that had not undergone reverse
transcription. Untranscribed controls had at least a
1,000-fold lower expression level than analyzed sam-
ples or were negative for all genes after 40 cycles.
Gene expression was quantiÞed by the cycle number
at which each sample reached a Þxed ßuorescence
threshold (CT). To control for variations in RNA
amounts among samples, data were calculated as the
difference in CT values (log2) between the house-
keeping gene,Gapdh, and the geneof interest for each
sample (	CT � CT Gapdh � CT gene of interest).
Data were calculated as a percentage of Gapdh ex-
pression for each gene of interest per sample. These
datawere thencalculated as fold expression relative to
the average of mock samples for each gene and each
group.

PCRofTicks Fed on Infected andUninfectedMice.
All of the engorged nymphal ticks from both tick
feeding groups were maintained in separate vials at
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27�C and 90% RH. After molt, the adult ticks were
processed for DNA extraction and standard PCR.
Brießy, ticks were halved and pooled into groups of
two ticks, which were always from the same mouse.
The sampleswere processed forDNAextractionusing
theQiagenDNeasyBlood andTissueKit as previously
described with a few modiÞcations. Initially, 180 �l of
buffer ATL and 20 �l of proteinase K were added to
each sample. The samples were then incubated over-
night in a 56�C water bath. Extractions were then
completed according to manufacturerÕs instructions
with a Þnal elution volume of 100 �l. Standard PCR
wasperformedusing190.70pand190.602nand190.70p
and 190.701 primer pairs for rompA as previously de-
scribed (Regnery et al. 1991, Fournier et al. 1998).

Statistics. Mouse temperature data were evaluated
using the mixed procedure in SAS. Real-time quanti-
tativePCRandRT-PCRdatawereevaluatedbypaired
t-tests using Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA). P values of 
0.05 were considered signif-
icant.

Results

Tick Feeding Results in Enhanced Rickettsial Pro-
liferation at the Site of Intradermal Inoculation.
QuantiÞcation of the genus-speciÞc 17 kDa antigen
gene revealed a signiÞcant increase in rickettsial pro-
liferation when nymphal A. maculatum were allowed
to feed at the site of R. parkeri inoculation. While no
ampliÞcation was observed in the Rickettsia-inocu-
lated group that did not include tick feeding, the skin
of the mice from the Rickettsia inoculated with tick
feeding all had detectable levels of rickettsial DNA,
totaling larger numbers of rickettsiae than were orig-
inally inoculated into the skin (average of 640,500
copies per 5 �l of extracted DNA), indicating en-
hancement of rickettsial infection (Fig. 1). Rickettsial
DNA was not recovered from the skin of any of the
mice from the remaining groups, buffer inoculated
control; R. parkeri inoculated without tick feeding;
and buffer inoculated with tick feeding.

IHC revealed a marked increase in cells staining
positive for SFG Rickettsia in the R. parkeri inoculated
with tick feeding group when compared with the R.
parkeri inoculatedwithout tick feeding group (Fig. 2).
Rare SFG Rickettsia-positive cells could also be found
in theR. parkeri inoculatedwithout tick feeding group
and the buffer inoculated with tick feeding group, but
not in the buffer inoculated without tick feeding
group.

TickFeedingLeads to InflammationandNecrosis at
theFeeding Site.Histological examination of both tick
feeding groups displayed mixed lymphoplasmacytic/
histiocytic inßammation and necrosis; however, theR.
parkeri inoculated with tick feeding group presented
with more extensive necrosis and more abundant in-
ßammatory cell inÞltrates (Table 1). In contrast, only
one mouse displayed mild inßammation from the R.
parkeri without tick feeding group, while the remain-
ing mice failed to present any signs of inßammation or
tissue damage, paralleling the minimal rickettsial pro-
liferation observed by qPCR and IHC.

R. parkeri Infection During Tick Feeding Fails to
Induce a Demonstrable Systemic Response as Moni-
tored by Body Temperature. As measured by rectal
temperature changes, no difference was demon-
strated among groups at any time point during the
study, indicating minimal systemic response to the
early localized rickettsial infection. Mean rectal tem-
peratures in degrees Fahrenheit were 97.6 (SEM �
0.327), 96.3 (SEM � 0.674), 95.6 (SEM � 0.158), 96.9
(SEM � 0.252), and 97 (SEM � 0.397) at day 0 for the
control, buffer inoculated, R. parkeri inoculated, buf-
fer with tick feeding, and R. parkeri with tick feeding,
respectively, while day 8 rectal temperatures were
100.2 (SEM � 0.174), 99.9 (SEM � 0.101), 99.2
(SEM � 0.204), 97.1 (SEM � 0.980), and 96.2 (SEM �
0.578). No signiÞcant differences in rectal tempera-
ture were found between treatments and day of the
experiment (data not shown).

Ticks Acquire R. parkeri From Feeding on Skin
Intradermally Inoculated With R. parkeri. All pooled
tick samples from the R. parkeri inoculated with tick
feeding group showed appropriately sized amplicons
using the rompA 190.70p and 190.602n primers, while
all ticks from the buffer inoculated with tick feeding
group failed to amplify with these primers. This dem-
onstrates that the nymphal ticks acquired R. parkeri
during the blood feeding over the R. parkeri inocula-
tion site. Because the A. maculatum ticks used in this
study are persistently infected with C. “Rickettsia an-
deanae,” these Þndings also indicate that the 190.70p
and 190.602n primer pair fails to amplify C. “Rickettsia
andeanae.” The 190.70p and 190.701 primer pair suc-
cessfully ampliÞed rickettsial DNA from all ticks, in-
dicating this primer pair can be used to amplify C.
“Rickettsia andeanae.”

Interestingly, only 11 of 60 ticks from the R. parkeri
inoculated with tick feeding group successfully
molted, and all of these were dead by the time of
collection for DNA extraction. In contrast, all of the
nymphs from the buffer inoculated with tick feeding
group successfully molted and were still alive and

Fig. 1. qPCR for R. parkeri 17 kDa antigen gene relative
to mouse cfd in the skin at 8 dpi. Relative quantiÞcation was
used to account for variation in weight of tissues at the time
of nucleic acid extraction. The mean R. parkeri numbers �
SEM as detected in mice that either (A) had no nymphal A.
maculatum infestation or (B) had nymphal A. maculatum
feeding at the inoculation site (* denotes signiÞcance be-
tween groups of P � 0.05).
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mobile at the time of collection for DNA extraction.
This suggests a possible Þtness loss associated with R.
parkeri infection in A. maculatum in the current
model, which may be due to the much higher number
of rickettsiae at the feeding site than a naṏve tickmight
be expected to encounter feeding on a systemically
infected host.

C. “Rickettsia Andeanae” Is Not Efficiently Trans-
mitted to the Skin During Nymphal Tick Feeding.
PCR for rompA using the 190.70p and 190.701 primer
pair ampliÞed rickettsial DNA in the R. parkeri inoc-
ulated with tick feeding group of mice but failed to
amplify in the buffer inoculated with tick feeding

group. The 190.70p and 190.602n primer pair also suc-
cessfully ampliÞed rickettsial DNA within the skin
samples from the R. parkeri inoculated with tick feed-
ing group but again failed to amplify from the buffer
inoculated with tick feeding group. The failure of the
more general primer pair to amplify rickettsial DNA
from the buffer inoculated with tick feeding group
suggests that C. “Rickettsia andeanae” is poorly, if at
all, transmitted to the mouse during feeding.

No Obvious Immunological Alterations Presented
as Differential RNA Expression. RT-PCR for Itgax
(CD11c), Il1�, andMcp1 (monocyte chemotactic pro-
tein-1 or CCL2) showed no signiÞcant difference

Fig. 2. Immunohistochemical detection of SFG Rickettsia at tick feeding sites. A and B represent cutaneous tissues of the
buffer-inoculated mice with tick feeding group. Arrows indicate rare positive cells (red) for SFG Rickettsia. Frame C displays
ßorid staining of SFG Rickettsia in the cytoplasm of histiocytic cells and endothelial cells in the skin of R. parkeri inoculated
mice with tick feeding at 8 dpi. Immunoalkaline phosphatase technique with naphthol-fast red and hematoxylin counterstain.
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among the groups (Fig. 3). CD11c is a marker for
dendritic cells, while IL1� is a cytokine produced by
activated macrophages. MCP1 is a chemokine se-
creted by monocytes, macrophages, and dendritic
cells, and it primarily recruits monocytes, memory
T-cells, and dendritic cells to sites of tissue injury.
CD207, which is a marker for Langerhans cells in the
skin, also failed to show differential expression among
the groups (data not shown).

Discussion

The results of this work suggest that the ability of R.
parkeri to establish infection at the intradermal inoc-
ulation site is greatly enhanced by the process of tick
feeding. The proliferation of R. parkeri at the site of
tick feeding provides compelling evidence that the
tick vector doesmore than simply depositR. parkeri at
thebite site.The inßuenceof tick feedingonR.parkeri
infection, speciÞcally the cellular architecture in the
cutaneous microenvironment, should be examined
further.

The localization of R. parkeri primarily to histiocytic-
typecellswithin thecutaneous tissues is intriguing.Den-
dritic cells serve as the initial line of defense against
rickettsial infection and produce IL-12p40 upon stimu-
lationofTLR4byRickettsia(Fangetal.2009).Asamodel
for Rickettsia conorii, the TLR4 deÞciency of C3H/HeJ
mice failed to cause the normal lag phase of growth
observed early in rickettsial infection and, instead, al-
lowedexponentialgrowthduringearly infection(Jordan
et al. 2009).OurÞndings suggest that defectivedendritic
cells fail to induce protective immune mechanisms and
may also serve as the primary target cell for R. parkeri
during the initiation of infection of the vertebrate host,
which is similar to studies evaluating infection with Ori-
entia tsutsugamushi (Paris et al. 2012). This is an inter-
esting possibilitywhen considering that rickettsial infec-
tion of endothelial cells is often described for the
systemic infection, but enhanced resistance to rickettsial
infection in TLR4-competent mice is independent of
nitric oxide production or rickettsial growth within en-
dothelial cells(Jordanetal. 2009). Itmustberecognized,
however, that the infected cells present in the current

Table 1. Histopathology associated with R. parkeri infection at 8 dpi

Group
Vessel continuity

disrupted
Inßammation Edema Necrosis

Fibrinoid
change

Myodegeneration/
regeneration

Endothelial
necrosis

Endothelial
swelling

Control � 0 0 0 � � � �
Buffer � 0 0 0 � � � �
R. parkeri � 0 0 0 � � � �
Buffer � tick feeding � 2 1 1 � � � �
R. parkeri � tick feeding � 3 2 2 � � � �

0, absence of the speciÞed parameter; 1, mild histologic change (rare to infrequent presence as observed by high-powered magniÞcation);
2, moderate histologic change (change is commonly observed in multiple high-powered Þelds or larger foci are present in selected areas); 3,
marked histologic change (changes frequently observed in multiple high-powered Þelds or severe change in focal areas).

Fig. 3. Cytokine proÞle from the R. parkeri intradermal inoculation site as determined by reverse transcriptase qPCR.
Itgax (CD11c, a histiocytic cell marker), Mcp1 (monocyte chemotactic protein 1, a chemokine for histiocytic cells), and Il1�
(producedby activatedmacrophages)were assessed todeterminehistiocytic cell activation, and results showedno signiÞcant
difference among groups. Data presented as mean � SEM.
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work appear morphologically similar to histiocytic cells,
but this has not been conÞrmed by other means.

We believe that the very rare SFG Rickettsia-posi-
tive cells identiÞed by IHC of the skin of the buffer
with tick feeding group could represent an abortive
infection with C. “Rickettsia andeanae,” an SFG Rick-
ettsia. Recent isolation of C. “Rickettsia andeanae”
showed tick cells to be permissive while a mammalian
cell line was unable to sustain infection, suggesting
that replication of this organism is host cell dependent
(Ferrari et al. 2013). This inability to sustainably infect
mammaliancells provides further support for the limited
transmission of C. “Rickettsia andeanae” to the verte-
brate host observed in the current study. The observa-
tion of IHC-positive cells despite no detectable rickett-
sial DNA in the R. parkeri inoculated group without tick
feeding is unexpected, as it is conventional that the PCR
assay would be of greater sensitivity than the IHC tech-
nique. It is also possible that the Rickettsia had spread
beyond the initial inoculation area and was therefore
missed during sampling. Subsequent analysis using this
model should examine the dissemination patterns in a
temporal manner to better understand rickettsial infec-
tion kinetics.

The inßuence of rickettsial infection on tick Þtness
has been examined for a number of tickÐRickettsia
pairings. For example, R. rickettsii infection of Der-
macentor variabilis resulted in decreased Þtness as
measured by engorgement, survival throughmolt, and
fecundity (Niebylski et al. 1999). Consistent with
other rickettsial pathogens of humans, thedeathof the
ticks feeding on R. parkeri inoculation sites may rep-
resent pathogenicity toward A. maculatum nymphs.
While the inoculum a tick receives during feeding on
a rickettsemic host is not known, the inoculum intro-
duced into the skin in this study representsmuchmore
rickettsiae than encountered naturally. Because of
the nature of the PCR for detection ofRickettsia in the
ticks, it is not possible to determine if the ticks were
truly infected with R. parkeri versus harboring an
infected bloodmeal; however, the probability of R.
parkeri being pathogenic within the tick is worthy of
further investigation.

Studies with hematophagous arthropods have re-
vealed speciÞcmolecules present in the saliva of these
blood feeders as promoting local infection of an in-
fectious agent in the skin of a murine model (Volfova
et al. 2008). This provides a framework for future
studies into the mechanisms involved in the increased
proliferation of Rickettsia secondary to tick feeding
and emphasizes the importance and redundancy of
these processes, as many hematophagous arthropods
share similar salivary protein proÞles. SpeciÞcally in
ticks, the role of cystatins is intriguing. Cystatins are a
family of cysteine protease inhibitors, and they have
been described in tick saliva, including that of A.
maculatum(Karimet al. 2012). Interestingly, the saliva
of Ixodes ricinus has been shown to alter the immune
response to lipotechoic acid, an activator of toll-like
receptor 2, and Borrelia afzelii. The saliva suppressed
the downstream signaling of toll-like receptors pres-
ent on dendritic cells while enhancing the production

of the immunosuppressive cytokine interleukin 10
(Lieskovska and Kopecky 2012). In regards to SFG
rickettsiae, these alterations may result in impairment
of the inßux and efßux of inßammatory cells at the site
of tick feeding, thereby limiting rickettsial recognition
and clearance by the vertebrate host.

The lack of differential transcript of skin-associated
immune factors was not entirely unexpected because
the mice lack functional TLR4, and TLR4 is known to
be an important component of the mouse innate im-
mune response toRickettsia (Jordan et al. 2009).How-
ever, other pattern recognition receptors may recog-
nize Rickettsia and induce a level of immune cell
activation that was undetected in this study. Tick sal-
ivary components can suppress inßammatory re-
sponses (Zeidner et al. 1996) and may disrupt the
immune stimulation associated with rickettsial infec-
tion. Further studies are required to determine if tick
immunomodulation of the host immune response at
the inoculation site facilitates the changes in rickett-
sial infection observed in the current study. SpeciÞ-
cally, the kinetics of antibody response to rickettsial
infection with and without tick feeding requires fur-
ther investigation.

With the emergence of new rickettsioses, and the
desire to better understand their pathogenesis, the
need for adequate animal models is evident. The re-
cent identiÞcation of C3H/HeJ mice as a model for R.
parkeri rickettsiosis allowed further characterization
of thisdiseaseprocess, including the inoculation lesion
(eschar) seen in human infections (Grasperge et al.
2012). The current study built upon this model and
demonstrates a role for the tick vector as more than
just an inert vessel for the transmission of the patho-
gen.Our study provides preliminary evidence that the
initiation of rickettsial infection of the vertebrate host
is largelydependenton thealterationof thevertebrate
host microenvironment by tick feeding. The results of
the current study emphasize the necessary compo-
nents for acceptable animal models of rickettsioses, as
most models typically exclude the role of the tick
vector even though thecutaneous routeof inoculation
is often included (Eisemann et al. 1984). The aspects
of tick feeding that facilitate rickettsial infection are
under way; this model is an excellent tool for the
investigation of the pathogenesis and ecology of R.
parkeri rickettsiosis.
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