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Abstract 

Background:  Vector-borne diseases pose an increasing threat to global food security. Vaccines, diagnostic tests, and 
therapeutics are urgently needed for tick-borne diseases that affect livestock. However, the inability to obtain signifi‑
cant quantities of pathogen stages derived from ticks has hindered research. In vitro methods to isolate pathogens 
from infected tick vectors are paramount to advance transcriptomic, proteomic, and biochemical characterizations of 
tick-borne pathogens.

Methods:  Nymphs of Rhipicephalus appendiculatus were infected with Theileria parva by feeding on a calf during an 
acute infection. Isolation of sporozoites was accomplished by feeding infected adult ticks on an in vitro tick feeding 
system. Sporozoite viability was tested using in vitro bovine lymphocytes.

Results:  We isolated infectious T. parva sporozoites secreted into an in vitro tick feeding system. Infected adult R. 
appendiculatus ticks attached to and successfully fed on silicone membranes in the in vitro tick feeding system. Bovine 
blood in the receptacle was replaced with cell-free medium and the ticks were allowed to feed for 3 h to collect 
secreted T. parva sporozoites. Secreted sporozoites infected in vitro bovine lymphocytes, demonstrating that isolated 
sporozoites remained viable and infectious.

Conclusions:  This work is the first to report the isolation of mature infectious T. parva sporozoites using an in vitro 
tick feeding system, which represents a significant step towards the development of a more efficient control strategy 
for T. parva. Isolation of infectious tick-stage parasites will facilitate the examination of the vector-pathogen inter‑
face, thereby accelerating the development of next-generation vaccines and treatment interventions for tick-borne 
pathogens.
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Background
Vector-borne diseases pose an increasing threat to ani-
mal health due to the  movement of live animals and 
increasing geographic distribution of competent ticks 
[1–4]. Ticks are obligate, hematophagous ectopara-
sitic arachnids capable of transmitting a variety of 
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pathogens to mammalian hosts, including viruses, bac-
teria, and protozoan parasites [5–7]. Pathogen acqui-
sition occurs when ticks feed on an infected animal. 
After ingestion of the blood meal, pathogens enter 
midgut epithelial cells and undergo development, with 
subsequent migration to, and invasion of, the salivary 
glands where the pathogen replicates [8]. Following 
molting and transfer to a subsequent host, tick feed-
ing stimulates pathogens to undergo a developmental 
cycle in tick salivary gland acini cells. Replication and 
development of pathogens in the midgut and salivary 
glands illustrates that ticks are efficient biological vec-
tors [8–10].

The complex relationship between protozoan parasites 
and tick vectors is exemplified by Theileria parva, the 
etiologic agent of East Coast fever (ECF), and Rhipicepha-
lus appendiculatus ticks, the parasite’s biological vector 
[9]. Following acquisition of T. parva by R. appendicula-
tus nymphal or larval ticks, sexual stage reproduction and 
maturation occurs in the midgut as ticks molt to the next 
instar. During this time, T. parva proceeds through mul-
tiple life stages [11]. Eventually, kinetes form and invade 
various organs, including salivary gland acini cells. Within 
acini cells, kinetes transform into immature sporozoites 
[12]. When the infected tick attaches to and feeds on a new 
host, sporozoites mature into the infectious form, and are 
transmitted to cattle or buffalo via saliva [12, 13]. Sporozo-
ites invade lymphocytes and induce proliferation, resulting 
in ECF and high mortality of infected cattle [14]. The lack 
of methods to evaluate the interface between tick feed-
ing and T. parva inoculation of the mammalian host has 
limited the study of pathogen transmission mechanisms. 
Previous studies on T. parva sporozoites used material 
isolated from tick salivary glands. However, the popula-
tion of sporozoites isolated by dissection may contain ear-
lier developmental stages that are not completely mature, 
and isolating mature secreted T. parva sporozoites might 
lead to clearer insights regarding the pathogenesis of this 
important infectious stage. Unfortunately, there are no 
available in vitro systems to isolate fully mature tick-spe-
cific stages of T. parva parasites.

To address this problem, we developed a novel 
method to obtain mature infectious sporozoites in 
cell-free medium by employing an in vitro tick feeding 
system. We demonstrated that isolated T. parva sporo-
zoites from the in vitro tick feeding system were viable 
and infectious to bovine peripheral blood mononu-
clear cells (PBMC). To our knowledge, this is the first 
study that isolates mature, infectious T. parva sporo-
zoites using an in vitro tick feeding system.

Methods
Theileria parva‑infected ticks
The R. appendiculatus colony at the Animal Disease 
Research Unit of the United States Department of 
Agriculture’s Agricultural Research Service (USDA-
ARS) was started from 50 male and 50 female ticks 
received in 2013 from Dr. Ivan Morrison at the Roslin 
Institute in Edinburgh, Scotland. At that time the col-
ony had been maintained at the Roslin Institute for 
25 years; ticks for the colony at Roslin were originally 
collected from Muguga [15]. A calf was subcutane-
ously inoculated with a stabilate of R. appendiculatus 
salivary glands infected with T. parva Muguga sporo-
zoites, as described previously [16, 17]. The animal 
was monitored for clinical signs of disease and by 
polymerase chain reaction (PCR) to confirm infection 
with T. parva. Genomic DNA was extracted to deter-
mine infection using Tp104-PCR. Forward (5′-CGC 
CTG AGC CAA AAG CTA GTA-3′) and reverse (5′-
TTC GAT GGC CTC GGT GAT T-3′) primers were 
designed to amplify a fragment of 149 base pairs. 
Reactions were performed in 25 μl containing 2 μl of 
template DNA, 0.4 µM of each primer, and 12.5 µl of 
RedTaq (Sigma-Aldrich, St. Louis, MO, USA) under 
the following conditions: one cycle at 95 °C for 3 min, 
35 cycles of 95 °C for 30 s, 56 °C for 20 s and 72 °C for 
30 s, with a final extension at 72 °C for 5 min. Ampli-
cons were analyzed by 2% agarose gel electrophoresis. 
Amplicons were sequenced to verify parasite specific-
ity (Eurofins Genomics, Louisville, KY, USA).

When the animal became febrile, developed mild 
peripheral lymphadenopathy, and was PCR-posi-
tive for T. parva in peripheral blood, approximately 
1000 R. appendiculatus nymphs were applied under a 
cloth patch on the back of a calf and allowed to feed 
to repletion. Replete nymphs were collected, washed 
in tap water, and incubated at 26 °C and 93% relative 
humidity (RH) to molt to adults. Molted adult ticks 
were maintained at 15 °C and 93% RH and used in the 
in vitro tick feeding system within 2 to 4 months.

This study was approved by the Institutional Animal 
Care and Use Committee of the University of Idaho 
(Moscow, ID, USA), in accordance with the recommen-
dations of the US Animal Welfare Act (United States 
Code, Title 7, Chapter  54, sections  2131–2159) and 
Animal Welfare Regulations (Code of Federal Regula-
tions, Title 9, Chapter 1, Subchapter A, parts 1–4). The 
T. parva-infected animal developed severe ECF and was 
euthanized by intravenous injection of sodium pento-
barbital (Fatal-Plus, Vortech Pharmaceuticals, USA).
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Detecting ticks infected with T. parva
Infected adult ticks were fed in the in  vitro tick feed-
ing system to allow T. parva sporozoite development 
in salivary gland acini cells. Adult ticks were fed blood 
at a constant 37  °C temperature. After 5  days of feed-
ing, 23 ticks were dissected, salivary glands harvested, 
and genomic DNA extracted. The salivary gland infec-
tion rate and number of parasites were determined 
by PCR, as described above, and Tp104 quantitative 
PCR (Tp104-qPCR). Briefly, a primer set, forward 
(5′CAG ATG GAA GTG AAG TGT 3′) and reverse (5′ 
TAA  ATG  AAC  AAG  TGA  TGC 3′), was designed to 
amplify a 101-base-pair fragment. A standard curve 
was constructed by amplification of 106, 105, 104, 103, 
and 102 plasmid copies of the Tp104 gene as previously 
described [18]. The amplification reaction was per-
formed in three technical replicates in a final volume of 
20 µl using 0.4 µM of each primer, 1.5 µl of a template, 
and 10 µl of SsoFast™ EvaGreen® Supermix. The qPCR 
conditions consisted of an initial cycle at 95  °C for 
3 min, followed by 40 cycles at 95 °C for 30 s, 60 °C for 
30 s, and 72 °C for 30 s. The number of T. parva sporo-
zoites is presented as the average log of the triplicate 
values. CFX Manager™ software (Bio-Rad) was used to 
acquire the qPCR data. Standard deviations were calcu-
lated using Microsoft Excel.

Pathogen localization within salivary glands
The presence of T. parva in acini cells was examined 
using immunohistochemistry (IHC) as previously 
described [19]. After sporozoite stimulation in the 
in  vitro tick feeding system, infected ticks were fixed 
with 10% formalin and embedded in paraffin, and 
sequential 4 µm sections were deparaffinized in Clear-
Rite and hydrated using an ethanol (100–70%) gradi-
ent. Sections were treated with citrate solution, pH 6 
(Zymed, Carlsbad, CA, USA) for antigen retrieval and 
steamed for 30  min. The sections were stained using 
2  µg/ml of anti-PIM (IgG2a) or anti-P67 (IgG1) mon-
oclonal antibodies [20]. Monoclonal antibodies anti-
ANA8 (IgG1) [21] and anti-F16 (IgG2a) [22] were used 
as negative isotype controls. To detect primary anti-
body binding, sections were incubated with horseradish 
peroxidase-labeled anti-mouse immunoglobulin (Dako 
Corp., Carpinteria, CA, USA) and 3-amino-9-ethylcar-
bazole containing hydrogen peroxide. Sections were 
counterstained with Mayer’s hematoxylin. Sections 
were examined using a Nikon Eclipse microscope.

Isolation of in vitro secreted T. parva sporozoites
Fifty R. appendiculatus adults (25 males and 25 
females) infected with T. parva were applied to the 

silicone membrane of the in  vitro tick feeding system 
as described previously [23]. The ticks were allowed to 
feed initially on uninfected bovine blood at a packed 
cell volume of 10% containing 1× antibiotic/antimy-
cotic solution (Sigma-Aldrich, St. Louis, MO, USA). 
Adult ticks were fed blood at a constant 37  °C tem-
perature. After 21  h, the blood receptacle was washed 
three times with distilled water, once with 70% ethyl 
alcohol, and twice with phosphate-buffered saline 
(PBS) to remove blood residue. Four milliliters of cell-
free complete RPMI medium at 37  °C containing 10% 
fetal bovine serum, 24 mM of HEPES, 2 mM of l-glu-
tamine, and 10  µg/ml of gentamicin was added to the 
blood receptacle. Ticks were fed for 3 h. Subsequently, 
the medium was collected, and sporozoites recov-
ered by centrifugation at 5000×g for 2 min. Blood was 
replaced to the blood receptacle, and ticks were fed for 
21 h. The process was repeated for six consecutive days. 
Genomic DNA was extracted to determine the number 
of secreted sporozoites by Tp104-qPCR as described 
above.

Infectivity of secreted T. parva sporozoites
Infectivity of secreted T. parva sporozoites was deter-
mined by incubating isolated parasites with bovine 
PBMC from an uninfected animal in vitro [24, 25]. Sixty 
ml of whole bovine blood from an uninfected animal 
was collected into EDTA and centrifuged at 1200×g for 
10 min at room temperature. The buffy coat was recov-
ered and suspended in Hank’s Balanced Salt Solution. 
The cells were overlaid onto Histopaque 1077 (Sigma-
Aldrich, St. Louis, MO, USA) and centrifuged at 900×g 
for 30  min. Cells were collected from the Histopaque 
interface, washed three times, suspended in 5 ml of com-
plete RPMI 1640 (Gibco, Gaithersburg, MD, USA) sup-
plemented with 10% calf bovine serum, 20  mM HEPES 
buffer (Gibco), 50 µM β-mercaptoethanol (Gibco), 2 mM 
L-glutamine (Gibco), and 50  µg/ml gentamicin (Gibco). 
PBMC were infected as previously described [24] by 
exposing 106 bovine cells per well with ~ 105 secreted T. 
parva sporozoites and incubating at 37 °C with 5% CO2. 
Secreted T. parva sporozoites were collected on day 5 
post-tick attachment.

Theileria parva-exposed lymphocytes were analyzed 
at different time points after in vitro infection using flow 
cytometry and immunocytochemistry (ICC). For flow 
cytometry, harvested cells were washed with PBS, fixed, 
and permeabilized with fixation/permeabilization solu-
tion (BD Cytofix/Cytoperm™ Plus Fixation/Permea-
bilization Kit) (BD BioSciences) for 20 min at 4  °C. The 
fixed cells were washed twice with BD Perm/Wash buffer 
(BD Cytofix/Cytoperm™ Plus Fixation/Permeabilization 
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Kit) (BD BioSciences). Cells were stained on ice with 2.5 
μg/ml anti-T. parva PIM monoclonal antibody [20] 
conjugated with DyLight 650 for 30  min in the dark. 
Autologous uninfected lymphocytes exposed to 5  µg/
ml Concanavalin A (ConA) (Sigma-Aldrich) and stained 
with anti-PIM monoclonal antibody were used as a nega-
tive control. Stained cells were washed twice with Perm/
Wash buffer and acquired with a Guava easyCyte flow 
cytometer using InCyte guavaSoft 3.1.1 (Luminex). The 
data were analyzed with FCS Express version 6 (De Novo 
Software, Pasadena, CA, USA) to provide the percentage 
of total cells by quadrant.

For ICC, exposed cells were collected and cytospun at 
1000  rpm for 3  min onto positively charged glass slides 
(Fisher Scientific, Waltham, MA, USA). Fixed cells were 
probed with 1  μg/ml of anti-PIM or isotype control 
anti-F16 monoclonal antibody [22]. Horseradish peroxi-
dase-labeled anti-mouse immunoglobulin and 3-amino-
9-ethylcarbazole containing hydrogen peroxide was 
used to detect immunoglobulin binding. Lymphocytes 
were counterstained with Mayer’s hematoxylin (Sigma-
Aldrich). Slides were examined using a Nikon Eclipse 
microscope.

Titration of secreted T. parva sporozoite infectivity
Tenfold serial dilutions of secreted T. parva sporozo-
ites were performed, and sporozoites combined imme-
diately with 106 bovine PBMC as described above [24, 
25]. PBMC were incubated at 37 °C with 5% CO2 and T. 
parva-infected lymphocytes analyzed by flow cytometry 
at different time points after in vitro infection and ICC as 
described above.

Results
Infection of R. appendiculatus ticks with T. parva
Rhipicephalus appendiculatus nymphal ticks were acqui-
sition-fed on a calf exhibiting clinical signs of ECF includ-
ing fever, enlarged lymph nodes, and anorexia. Nymphal 
ticks were applied on day 10, the first day of fever and 
Tp104-PCR positivity (Fig.  1a), and on day 11. The ani-
mal remained Tp104-PCR positive during nymphal tick 
feeding (Fig. 1b). Replete nymphs were collected from the 
infected animal and incubated at 26  °C and 93% RH to 
molt to the adult stage.

Detecting ticks infected with T. parva
Freshly molted adult ticks were applied to the in vitro 
tick feeding system, and approximately 90% attached to 
the silicone membrane within 24  h (Fig.  2a). A cohort 
of adult ticks fed for 5 days showed that salivary glands 
from 21 of 23 ticks were Tp104-PCR positive (Fig. 2b), 
an infection rate greater than 91%. Tick salivary gland 
pairs contained an average of 104.23 (±1.8) parasites. 

Theileria parva colonization of acini cells was demon-
strated by the reactivity of anti-p67 and anti-PIM mon-
oclonal antibodies in thin sections using IHC (Fig.  3a 
and b). Isotype controls showed no reactivity to salivary 
glands infected with T. parva (Fig. 3c). 

Isolation of secreted T. parva sporozoites
In the first 24  h of in  vitro tick feeding, no secreted 
sporozoites were detected by Tp104-qPCR. In trial 1, 
we detected secretion of T. parva at 48 h. In trials 2 and 
3, secreted parasites were detected at day 4 post-tick 
attachment (Table 1). The level of T. parva sporozoites 
secreted in 3 h and collected daily varied between 103 
and 106/ml (Table 1).

Infectivity of secreted T. parva sporozoites
Infectivity of secreted sporozoites was determined 
in  vitro by incubation with bovine PBMC. Dense 
groups of cells were observed after 1  week of incuba-
tion (data not shown). In the second week, T. parva 

Fig. 1  Infection of R. appendiculatus via acquisition feeding on a T. 
parva-infected calf. a Calf was infected via subcutaneous inoculation 
with T. parva salivary gland stabilate. The calf developed severe fever 
beginning 10 days post-infection. Red arrow indicates nymphal tick 
application and green arrows indicate collection of replete nymphs. 
b Detection of T. parva via p104 PCR. Amplicons were visualized in 2% 
agarose gel

Fig. 2  Infected R. appendiculatus adult ticks feeding on a silicone 
membrane. a A representation of adult ticks attached to a silicone 
membrane. b Detection of tick salivary gland infected with T. parva 
via p104 PCR. Amplicons were visualized in 2% agarose gel
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infection was determined by flow cytometric analysis. 
Approximately 48% of the cells were infected with T. 
parva (Fig. 4a). The ICC assay confirmed the formation 
of schizonts in lymphocytes (Fig. 4b).

Titration of secreted T. parva sporozoites
Infection of in  vitro lymphocytes by 103, 104, and 105 
secreted sporozoites was 32.98%, 19.57%, and 20.24%, 
respectively (Fig.  5 bottom panel). However, 102 
secreted sporozoites failed to infect lymphocytes. The 
proliferation of T. parva-infected lymphocytes con-
tinued for at least 5  weeks of incubation. During this 
time, the number of uninfected control lymphocytes 
decreased dramatically. The formation of T. parva schi-
zonts in lymphocytes was demonstrated by anti-PIM 
antibody reactivity. Anti-p67 and isotype control anti-
bodies did not react with infected lymphocytes (Addi-
tional file 1: Figure S1).

Discussion
In this study, we tested two hypotheses. The first was 
that T. parva-infected R. appendiculatus ticks secrete 
sporozoites into cell-free medium during feeding in an 

in vitro tick feeding system. The second was that secreted 
T. parva sporozoites remain infectious to lymphocytes. 
The data described herein, whereby T. parva-infected R. 
appendiculatus adult ticks fed on silicone membranes, 
allowed the collection of secreted T. parva sporozoites, 
and that the secreted sporozoites subsequently infected 
bovine lymphocytes in  vitro, supports both hypotheses. 
To the authors’ knowledge, this is the first study to iso-
late secreted and infectious T. parva sporozoites utilizing 

Fig. 3  Immunohistochemical detection of T. parva salivary gland acinus colonization in adult ticks. Tick sections were probed with monoclonal 
antibodies: a anti-PIM; b anti-p67; c isotype control. Red indicates antibody-specific reactivity to T. parva colonies. Scale bar: 50 µm

Table 1  Theileria parva sporozoites secreted into cell-free 
medium in three independent trials

nd: no Tp104-qPCR detection

Tick feeding (days) T. parva sporozoites per milliliter of cell-free 
medium

Trial 1 Trial 2 Trial 3

1 nd nd nd

2 7.2 × 104 nd nd

3 6.5 × 105 nd nd

4 4.9 × 104 1.2 × 106 3.1 × 105

5 3.3 × 103 2.6 × 106 6.5 × 105

6 nd 4.7 × 106 1.1 × 106

Fig. 4  Demonstration of infectivity of secreted T. parva 
sporozoites collected from the in vitro tick feeding system. a Flow 
cytometric detection of cultured T. parva-infected lymphocytes. b 
Immunocytochemistry demonstrating T. parva schizont formation in 
bovine lymphocytes. Lymphocytes were probed with monoclonal 
antibodies: left panel, isotype control; right panel, anti-PIM. Red 
indicates antibody-specific reactivity to T. parva within bovine 
lymphocytes. Scale bar: 20 µm
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an in vitro tick feeding system. This system will facilitate 
transcriptomic, proteomic, and biochemical characteri-
zations of parasite tick-specific stages that may lead to 
the development of novel intervention strategies for tick-
borne diseases.

Theileria parva infects vertebrate and invertebrate 
hosts to complete its life cycle. After acquisition by R. 
appendiculatus nymphal ticks, parasite maturation 
occurs in the midgut lumen where the parasite proceeds 
through multiple life stages and eventually spreads to var-
ious tick organs, including tick salivary gland acini cells 
[26, 27]. During tick feeding, sporozoites mature to the 
infectious form [12], are inoculated via tick saliva, result-
ing in severe ECF [26]. The development of an in  vitro 
system to isolate T. parva sporozoites will advance the 
improvement of control strategies for ECF.

In this study, all trials using uninfected and T. parva-
infected R. appendiculatus adult ticks consistently 
showed an average rate of ~ 90% tick attachment to 

silicone membranes and the ticks fed continuously on the 
membrane. Similar results were obtained in a previous 
study performed by Waladde et al. using R. appendicula-
tus nymphs that fed to repletion [28]. Other studies using 
artificial membrane feeding systems have demonstrated 
tick attachment rates varying between 32 and 100% [29, 
30]. In the current study, continuous in  vitro tick feed-
ing on the silicone membrane permitted the isolation of 
secreted T. parva sporozoites, additional evidence of tick 
feeding success.

Previous studies showed that feeding infected ticks 
stimulated T. parva colonization of salivary gland 
E-cells of type III acini [31]. Additionally, an in  vivo 
study showed sporogony completion and development 
of mature sporozoites after a few days of feeding on an 
animal [13]. An interesting finding in our study was that 
sporozoites were secreted into the cell-free medium 
within 2 days of attachment to the silicone membrane 
and were continuously secreted for up to 4 days. Our 

Fig. 5  Determination of the minimum dose of T. parva sporozoites from the in vitro tick feeding system sufficient to infect bovine lymphocytes 
in vitro. Lymphocytes were probed with anti-PIM monoclonal antibody. a Unstimulated and ConA-stimulated negative controls. b Flow cytometric 
detection of infected lymphocytes exposed to tenfold serial dilutions of T. parva sporozoites isolated from the in vitro tick feeding system
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results are consistent with pathogen replication in sali-
vary gland acini cells, culminating in transmission that 
is dependent upon resumption of tick feeding on a sub-
sequent animal. Similar to T. parva development in tick 
salivary glands stimulated by feeding infected ticks on 
rabbits, feeding infected ticks on the in vitro tick feed-
ing system also stimulated sporozoite development 
in tick salivary glands. However, a potential caveat of 
the in vitro tick feeding system is the scalability in pro-
ducing enough biological material for generating vac-
cines. The capacity of the in  vitro tick feeding system 
is up to 600 adult ticks per unit (Btissam et  al., 2021, 
Assessment of the in  vitro tick feeding system for the 
successful feeding of adult Rhipicephalus appendicula-
tus ticks, submitted manuscript), which is greater than 
the number of ticks feeding on a single rabbit that gen-
erally receive 400 adult ticks for T. parva sporozoites 
stimulation. The use of this in vitro tick feeding system 
may reduce the number of animals  used for ECF vac-
cine production in the infection and treatment (ITM) 
method [32].

To demonstrate the infectivity of secreted T. parva 
sporozoites for bovine PBMC, we performed serial dilu-
tions of secreted sporozoites per previous in vitro studies 
that used parasites from ground infected ticks [33, 34]. 
To reduce potential immature parasite forms, T. parva 
sporozoites were collected from the in vitro tick feeding 
system on day 5 post-tick attachment. We detected schi-
zont formation in T. parva sporozoite-exposed bovine 
lymphocytes by ICC using anti-PIM antibodies. Previ-
ous studies demonstrated that both PIM and p67 are 
important for sporozoite invasion [16, 35]. Our results 
confirmed that after sporozoite invasion, p67 was not 
essential for parasite development inside lymphocytes, 
as it was no longer detected (Additional file 1: Figure S1). 
A previous study detected low p67 expression in the T. 
parva schizont stage [36]. After sporozoite invasion, PIM 
remained expressed by schizonts, and it has been postu-
lated to be involved in the establishment of schizonts in 
lymphocytes [4]. Our results are consistent with previ-
ous descriptions that, upon T. parva schizont develop-
ment, changes such as uncontrolled cell proliferation in 
bovine leukocyte behavior occur. In our study, infected 
lymphocytes replicated for several months, indicating 
that, after the establishment of in vitro infection, the cells 
became immortalized. To improve the number of mature 
sporozoites secreted into the cell-free medium, a heat 
stimulation step of infected ticks may be necessary before 
feeding in the in vitro tick feeding system. Previous stud-
ies demonstrated that heat-stimulated infected R. appen-
diculatus resulted in T. parva maturing in salivary glands 
[37, 38].

Conclusions
This work is the first to report the isolation of mature 
infectious T. parva sporozoites using an in vitro tick feed-
ing system. It represents a significant step towards the 
development of a more efficient control strategy for ECF. 
The use of the in vitro tick feeding system to produce the 
sporozoite vaccine may reduce the need for feeding of 
ticks on rabbits to stimulate parasite development within 
tick salivary gland acini cells before dissection and har-
vesting of sporozoites. The method presented herein not 
only provides a system that can be used for isolation of 
mature sporozoites for use in tick-borne pathogen vac-
cine development, but also offers a framework for the 
replacement, reduction, and refinement of animals in the 
production of the ITM live vaccination method, repre-
senting a potentially significant advance in the welfare of 
animals used to study human and animal tick and tick-
borne pathogens. Additionally, it should be noted that 
this system could allow the collection and identification 
of tick salivary gland-secreted immunomodulating pro-
teins, furthering the understanding of the tick-mamma-
lian host interface.

Abbreviations
ECF: East Coast Fever; PIM: Polymorphic immunodominant molecule; ICC: 
Immunocytochemistry; IHC: Immunohistochemistry; PCR: Polymerase chain 
reaction; qPCR: Quantitative polymerase chain reaction; PBMC: Peripheral 
blood mononuclear cell; DNA: Deoxyribonucleic acid; RH: Relative humidity; 
HEPES: 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid; PBS: Phosphate-
buffered saline; ConA: Concanavalin A; ITM: Infection and treatment; USDA-
ARS: United States Department of Agriculture-Agricultural Research Service.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​021-​05120-7.

Additional file 1: Figure S1. Immunocytochemistry demonstrating T. 
parva schizont expressing PIM but not P67. Infected lymphocytes were 
probed with monoclonal antibodies: a Isotype control, b Anti-PIM, and 
c Anti-P67. Red indicates antibody-specific reactivity to T. parva within 
bovine lymphocytes. Scale bar: 20 µm.

Acknowledgements
We would like to thank Ralph Horn, James Allison, Megan Jacks, Kathy Mason, 
Sara Davis, Linda Hamburg, and Shelby Beckner of the United States Depart‑
ment of Agriculture-Animal Disease Research Unit for their excellent technical 
support. We would also like to thank David Savage, David Leestma, John 
Rutherford, Nate Smith, and Scott Penton of the Washington State University 
Department of Technical Services for design details and manufacture of the 
in vitro tick feeding system.

Authors’ contributions
RV, LMF, WCJ, and MWU conceived and designed the experiments. RV, KDD, 
WCJ, and RGB, performed the experiments. RV, KDD, RGB, and MWU analyzed 
the data. LMF, GAS, DPK, and MWU contributed with reagents/materials/analy‑
sis tools. RV, KDD, LMF, WCJ, JC, RGB, GAS, DPK, MM, GC, and MWU wrote the 
manuscript. All authors read and approved the final manuscript.

https://doi.org/10.1186/s13071-021-05120-7
https://doi.org/10.1186/s13071-021-05120-7


Page 8 of 9Vimonish et al. Parasites & Vectors          (2021) 14:616 

Funding
This project was supported by the USDA-ARS CRIS [Current Research Informa‑
tion System] project number 2090-32000-039-00D (MWU), Global Alliance 
for Livestock Veterinary Medicines (GALVMed) (MWU); USAID AID-BFS-
P-13-00002, the Bill & Melinda Gates Foundation Grant OPP1078791 (LMF 
and DPK); and International Development Research Centre (IDRC) Grant 
108626 (MWU). Rubikah Vimonish and Kelcey Dinkel were supported by an 
IDRC grant and the Bill & Melinda Gates Grant. The authors declare that this 
study received  funding through the project “Improvement of Theileria parva 
sporozoite vaccine against East Coast Fever” supported by the Livestock 
Vaccine Innovation Fund (LVIF). LVIF is supported by the Bill & Melinda Gates 
Foundation (BMGF), Global Affairs Canada (GAC), and Canada’s International 
Development Research Centre. The funder was not involved in the study 
design, collection, analysis, interpretation of data, the writing of this article, or 
the decision to submit it for publication.

Availability of data and materials
The data supporting the conclusions of this article are included within the 
article and its additional files.

Declarations

Ethics approval and consent to participate
All protocols were reviewed and approved by the Institutional Animal Care 
and Use Committee of the University of Idaho, Moscow, Idaho, USA (Approval 
number: IACUC-2020-71).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Program in Vector‑Borne Diseases, Department of Veterinary Microbiology 
and Pathology, Washington State University, Pullman, WA 99164‑7040, USA. 
2 USDA-ARS-Animal Diseases Research Unit, Pullman, WA 99164‑6630, USA. 
3 Paul G. Allen School for Global Animal Health, Washington State University, 
Pullman, WA 99164, USA. 4 Clinglobal, Black River, Tamarin 90903, Mauritius. 
5 Centre for Ticks and Tick-Borne Diseases, 309200 Lilongwe, Malawi. 6 Present 
Address: Invasive Insect Biocontrol and Behavior Lab, USDA, ARS, Beltsville, MD 
20705, USA. 

Received: 7 October 2021   Accepted: 6 December 2021

References
	1.	 Rochlin I, Toledo A. Emerging tick-borne pathogens of public health 

importance: a mini-review. J Med Microbiol. 2020;69(6):781–91. https://​
doi.​org/​10.​1099/​jmm.0.​001206.

	2.	 Silatsa BA, Simo G, Githaka N, Kamga R, Oumarou F, Keambou Tiambo 
C, et al. First detection of Theileria parva in cattle from Cameroon in the 
absence of the main tick vector Rhipicephalus appendiculatus. Trans‑
bound Emerg Dis. 2020;67(Suppl 1):68–78. https://​doi.​org/​10.​1111/​tbed.​
13425.

	3.	 Malak AK, Mpoke L, Banak J, Muriuki S, Skilton RA, Odongo D, et al. 
Prevalence of livestock diseases and their impact on livelihoods in Central 
Equatoria State, Southern Sudan. Prev Vet Med. 2012;104(3–4):216–23. 
https://​doi.​org/​10.​1016/j.​preve​tmed.​2011.​12.​001.

	4.	 Casanova CL, Xue G, Taracha EL, Dobbelaere DA. Post-translational 
signal peptide cleavage controls differential epitope recognition in the 
QP-rich domain of recombinant Theileria parva PIM. Mol Biochem Para‑
sitol. 2006;149(2):144–54. https://​doi.​org/​10.​1016/j.​molbi​opara.​2006.​05.​
005.

	5.	 de la Fuente J, Antunes S, Bonnet S, Cabezas-Cruz A, Domingos AG, 
Estrada-Peña A, et al. Tick-pathogen interactions and vector competence: 
identification of molecular drivers for tick-borne diseases. Front Cell Infect 
Microbiol. 2017;7:114. https://​doi.​org/​10.​3389/​fcimb.​2017.​00114.

	6.	 Galletti MF, Ueti MW, Knowles DP Jr, Brayton KA, Palmer GH. Independ‑
ence of Anaplasma marginale strains with high and low transmission 
efficiencies in the tick vector following simultaneous acquisition by 
feeding on a superinfected mammalian reservoir host. Infect Immun. 
2009;77(4):1459–64. https://​doi.​org/​10.​1128/​iai.​01518-​08.

	7.	 Ueti MW, Palmer GH, Scoles GA, Kappmeyer LS, Knowles DP. Persistently 
infected horses are reservoirs for intrastadial tick-borne transmission of 
the apicomplexan parasite Babesia equi. Infect Immun. 2008;76(8):3525–9. 
https://​doi.​org/​10.​1128/​iai.​00251-​08.

	8.	 Howell JM, Ueti MW, Palmer GH, Scoles GA, Knowles DP. Persistently 
infected calves as reservoirs for acquisition and transovarial transmission 
of Babesia bovis by Rhipicephalus (Boophilus) microplus. J Clin Microbiol. 
2007;45(10):3155–9. https://​doi.​org/​10.​1128/​jcm.​00766-​07.

	9.	 Bishop R, Musoke A, Morzaria S, Gardner M, Nene V. Theileria: intracel‑
lular protozoan parasites of wild and domestic ruminants transmitted by 
ixodid ticks. Parasitology. 2004;129(Suppl):S271–83. https://​doi.​org/​10.​
1017/​s0031​18200​30047​48.

	10.	 Dinkel KD, Herndon DR, Noh SM, Lahmers KK, Todd SM, Ueti MW, et al. A 
U.S. isolate of Theileria orientalis, Ikeda genotype, is transmitted to cattle 
by the invasive Asian longhorned tick, Haemaphysalis longicornis. Parasit 
Vectors. 2021;14(1):157. https://​doi.​org/​10.​1186/​s13071-​021-​04659-9.

	11.	 Morrison WI, Hemmink JD, Toye PG. Theileria parva: a parasite of African 
buffalo, which has adapted to infect and undergo transmission in cattle. 
Int J Parasitol. 2020;50(5):403–12. https://​doi.​org/​10.​1016/j.​ijpara.​2019.​12.​
006.

	12.	 Voigt WP, Mwaura SN, Njihia GM, Nyaga SG, Young AS. Detection of 
Theileria parva in the salivary glands of Rhipicephalus appendiculatus: 
evaluation of staining methods. Parasitol Res. 1995;81(1):74–81. https://​
doi.​org/​10.​1007/​bf009​32420.

	13.	 Shaw MK, Young AS. Differential development and emission of Theileria 
parva sporozoites from the salivary gland of Rhipicephalus appendiculatus. 
Parasitology. 1995;111(Pt 2):153–60. https://​doi.​org/​10.​1017/​s0031​18200​
00648​91.

	14.	 Spooner RL, Innes EA, Glass EJ, Brown CG. Theileria annulata and T. parva 
infect and transform different bovine mononuclear cells. Immunology. 
1989;66(2):284–8.

	15.	 Olds CL, Mason KL, Scoles GA. Rhipicephalus appendiculatus ticks transmit 
Theileria parva from persistently infected cattle in the absence of detect‑
able parasitemia: implications for East Coast fever epidemiology. Parasit 
Vectors. 2018;11(1):126. https://​doi.​org/​10.​1186/​s13071-​018-​2727-6.

	16.	 Nyagwange J, Tijhaar E, Ternette N, Mobegi F, Tretina K, Silva JC, et al. 
Characterization of the Theileria parva sporozoite proteome. Int J Parasi‑
tol. 2018;48(3–4):265–73. https://​doi.​org/​10.​1016/j.​ijpara.​2017.​09.​007.

	17.	 Fry LM, Bastos RG, Stone BC, Williams LB, Knowles DP, Murphy SC. Gene 
gun DNA immunization of cattle induces humoral and CD4 T-cell-
mediated immune responses against the Theileria parva polymorphic 
immunodominant molecule. Vaccine. 2019;37(12):1546–53. https://​doi.​
org/​10.​1016/j.​vacci​ne.​2019.​02.​009.

	18.	 Odongo DO, Ueti MW, Mwaura SN, Knowles DP, Bishop RP, Scoles GA. 
Quantification of Theileria parva in Rhipicephalus appendiculatus (Acari: 
Ixodidae) confirms differences in infection between selected tick strains. J 
Med Entomol. 2009;46(4):888–94. https://​doi.​org/​10.​1603/​033.​046.​0422.

	19.	 Ueti MW, Knowles DP, Davitt CM, Scoles GA, Baszler TV, Palmer GH. Quan‑
titative differences in salivary pathogen load during tick transmission 
underlie strain-specific variation in transmission efficiency of Anaplasma 
marginale. Infect Immun. 2009;77(1):70–5. https://​doi.​org/​10.​1128/​iai.​
01164-​08.

	20.	 Honda Y, Matsubara Y, Morzaria S, McKeever D. Immunohistochemi‑
cal detection of parasite antigens in Theileria parva-infected bovine 
lymphocytes. Vet Parasitol. 1998;80(2):137–47. https://​doi.​org/​10.​1016/​
s0304-​4017(98)​00184-8.

	21.	 Futse JE, Ueti MW, Knowles DP Jr, Palmer GH. Transmission of Ana-
plasma marginale by Boophilus microplus: retention of vector compe‑
tence in the absence of vector-pathogen interaction. J Clin Microbiol. 
2003;41(8):3829–34. https://​doi.​org/​10.​1128/​jcm.​41.8.​3829-​3834.​2003.

	22.	 Visser ES, McGuire TC, Palmer GH, Davis WC, Shkap V, Pipano E, et al. 
The Anaplasma marginale msp5 gene encodes a 19-kilodalton pro‑
tein conserved in all recognized Anaplasma species. Infect Immun. 
1992;60(12):5139–44. https://​doi.​org/​10.​1128/​iai.​60.​12.​5139-​5144.​1992.

	23.	 Vimonish R, Johnson WC, Mousel MR, Brayton KA, Scoles GA, Noh 
SM, et al. Quantitative analysis of Anaplasma marginale acquisition 

https://doi.org/10.1099/jmm.0.001206
https://doi.org/10.1099/jmm.0.001206
https://doi.org/10.1111/tbed.13425
https://doi.org/10.1111/tbed.13425
https://doi.org/10.1016/j.prevetmed.2011.12.001
https://doi.org/10.1016/j.molbiopara.2006.05.005
https://doi.org/10.1016/j.molbiopara.2006.05.005
https://doi.org/10.3389/fcimb.2017.00114
https://doi.org/10.1128/iai.01518-08
https://doi.org/10.1128/iai.00251-08
https://doi.org/10.1128/jcm.00766-07
https://doi.org/10.1017/s0031182003004748
https://doi.org/10.1017/s0031182003004748
https://doi.org/10.1186/s13071-021-04659-9
https://doi.org/10.1016/j.ijpara.2019.12.006
https://doi.org/10.1016/j.ijpara.2019.12.006
https://doi.org/10.1007/bf00932420
https://doi.org/10.1007/bf00932420
https://doi.org/10.1017/s0031182000064891
https://doi.org/10.1017/s0031182000064891
https://doi.org/10.1186/s13071-018-2727-6
https://doi.org/10.1016/j.ijpara.2017.09.007
https://doi.org/10.1016/j.vaccine.2019.02.009
https://doi.org/10.1016/j.vaccine.2019.02.009
https://doi.org/10.1603/033.046.0422
https://doi.org/10.1128/iai.01164-08
https://doi.org/10.1128/iai.01164-08
https://doi.org/10.1016/s0304-4017(98)00184-8
https://doi.org/10.1016/s0304-4017(98)00184-8
https://doi.org/10.1128/jcm.41.8.3829-3834.2003
https://doi.org/10.1128/iai.60.12.5139-5144.1992


Page 9 of 9Vimonish et al. Parasites & Vectors          (2021) 14:616 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

and transmission by Dermacentor andersoni fed in vitro. Sci Rep. 
2020;10(1):470. https://​doi.​org/​10.​1038/​s41598-​019-​57390-y.

	24.	 Morrison WI, Buscher G. The early events of infection with Theileria 
parva in cattle: infectivity for cattle of leukocytes incubated in vitro with 
sporozoites. Vet Parasitol. 1983;12(2):145–53. https://​doi.​org/​10.​1016/​
0304-​4017(83)​90003-1.

	25.	 Elnaggar MM, Knowles DP, Davis WC, Fry LM. Flow cytometric analysis of 
the cytotoxic T-cell recall response to Theileria parva in cattle following 
vaccination by the infection and treatment method. Vet Sci. 2021. https://​
doi.​org/​10.​3390/​vetsc​i8060​114.

	26.	 Morrison WI, Goddeeris BM, Brown WC, Baldwin CL, Teale AJ. Theileria 
parva in cattle: characterization of infected lymphocytes and the immune 
responses they provoke. Vet Immunol Immunopathol. 1989;20(3):213–37. 
https://​doi.​org/​10.​1016/​0165-​2427(89)​90003-2.

	27.	 Mehlhorn H, Schein E, Warnecke M. Electron microscopic studies on the 
development of kinetes of Theileria parva Theiler, 1904 in the gut of the 
vector ticks Rhipicephalus appendiculatus Neumann, 1901. Acta Trop. 
1978;35(2):123–36.

	28.	 Waladde SM, Young AS, Mwaura SN, Njihia GN, Mwakima FN. Optimiza‑
tion of the in vitro feeding of Rhipicephalus appendiculatus nymphae for 
the transmission of Theileria parva. Parasitology. 1995;111(Pt 4):463–8. 
https://​doi.​org/​10.​1017/​s0031​18200​00659​63.

	29.	 Tajeri S, Razmi G, Haghparast A. Establishment of an artificial tick 
feeding system to study Theileria lestoquardi Infection. PLoS ONE. 
2016;11(12):e0169053. https://​doi.​org/​10.​1371/​journ​al.​pone.​01690​53.

	30.	 Fourie JJ, Evans A, Labuschagne M, Crafford D, Madder M, Pollmeier 
M, et al. Transmission of Anaplasma phagocytophilum (Foggie, 1949) 
by Ixodes ricinus (Linnaeus, 1758) ticks feeding on dogs and artificial 
membranes. Parasit Vectors. 2019;12(1):136. https://​doi.​org/​10.​1186/​
s13071-​019-​3396-9.

	31.	 Fawcett DW, Büscher G, Doxsey S. Salivary gland of the tick vector of East 
Coast fever. IV. Cell type selectivity and host cell responses to Theileria 
parva. Tissue Cell. 1982;14(2):397–414. https://​doi.​org/​10.​1016/​0040-​
8166(82)​90035-0.

	32.	 Di Giulio G, Lynen G, Morzaria S, Oura C, Bishop R. Live immunization 
against East Coast fever–current status. Trends Parasitol. 2009;25(2):85–92. 
https://​doi.​org/​10.​1016/j.​pt.​2008.​11.​007.

	33.	 Mbao V, Berkvens D, Dolan T, Speybroeck N, Brandt J, Dorny P, et al. Infec‑
tivity of Theileria parva sporozoites following cryopreservation in four 
suspension media and multiple refreezing: evaluation by in vitro titration. 
Onderstepoort J Vet Res. 2006;73(3):207–13.

	34.	 Marcotty T, Speybroeck N, Berkvens D, Chaka G, Besa R, Madder M, et al. 
In vitro titration of Theileria parva tick derived stabilates. Parasitology. 
2004;128(Pt 2):131–7. https://​doi.​org/​10.​1017/​s0031​18200​30043​23.

	35.	 Toye P, Musoke A, Naessens J. Role of the polymorphic immunodominant 
molecule in entry of Theileria parva sporozoites into bovine lymphocytes. 
Infect Immun. 2014;82(5):1786–92. https://​doi.​org/​10.​1128/​iai.​01029-​13.

	36.	 Tonui T, Corredor-Moreno P, Kanduma E, Njuguna J, Njahira MN, Nyanjom 
SG, et al. Transcriptomics reveal potential vaccine antigens and a drastic 
increase of upregulated genes during Theileria parva development from 
arthropod to bovine infective stages. PLoS ONE. 2018;13(10):e0204047. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02040​47.

	37.	 Young AS, Leitch BL, Mutugi JJ. Some factors controlling the stimulation 
of sporogony of Theileria parva in its tick vector Rhipicephalus appendicu-
latus. Int J Parasitol. 1984;14(1):97–102. https://​doi.​org/​10.​1016/​0020-​
7519(84)​90018-3.

	38.	 Irvin AD, Boarer CD, Dobbelaere DA, Mahan SM, Masake R, Ocama JG, 
et al. Monitoring Theileria parva infection in adult Rhipicephalus appen-
diculatus ticks. Parasitology. 1981;82(1):137–47. https://​doi.​org/​10.​1017/​
s0031​18200​00419​49.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/s41598-019-57390-y
https://doi.org/10.1016/0304-4017(83)90003-1
https://doi.org/10.1016/0304-4017(83)90003-1
https://doi.org/10.3390/vetsci8060114
https://doi.org/10.3390/vetsci8060114
https://doi.org/10.1016/0165-2427(89)90003-2
https://doi.org/10.1017/s0031182000065963
https://doi.org/10.1371/journal.pone.0169053
https://doi.org/10.1186/s13071-019-3396-9
https://doi.org/10.1186/s13071-019-3396-9
https://doi.org/10.1016/0040-8166(82)90035-0
https://doi.org/10.1016/0040-8166(82)90035-0
https://doi.org/10.1016/j.pt.2008.11.007
https://doi.org/10.1017/s0031182003004323
https://doi.org/10.1128/iai.01029-13
https://doi.org/10.1371/journal.pone.0204047
https://doi.org/10.1016/0020-7519(84)90018-3
https://doi.org/10.1016/0020-7519(84)90018-3
https://doi.org/10.1017/s0031182000041949
https://doi.org/10.1017/s0031182000041949

	Isolation of infectious Theileria parva sporozoites secreted by infected Rhipicephalus appendiculatus ticks into an in vitro tick feeding system
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Theileria parva-infected ticks
	Detecting ticks infected with T. parva
	Pathogen localization within salivary glands
	Isolation of in vitro secreted T. parva sporozoites
	Infectivity of secreted T. parva sporozoites
	Titration of secreted T. parva sporozoite infectivity

	Results
	Infection of R. appendiculatus ticks with T. parva
	Detecting ticks infected with T. parva
	Isolation of secreted T. parva sporozoites
	Infectivity of secreted T. parva sporozoites
	Titration of secreted T. parva sporozoites

	Discussion
	Conclusions
	Acknowledgements
	References




