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Vaccines are the most effective and sustainable intervention to control ticks and tick-borne diseases
(TBD). Using a personalized vaccine design based on regional tick genotypes, a Rhipicephalus
appendiculatus Subolesin protective antigen was used in a field trial evaluating tick vaccine efficacy,
effectiveness, and safety in cattle infested with multiple tick species in different Ugandan agro-
ecological zones. Vaccination with SUB was safe with a protective capacity against anemia and
infection, and reduced thenumberof infestedcattle, tickfitness (feedingand reproduction)with vaccine
effectiveness againstmultiple tick speciesbetween93.2%at 167-196days post-vaccination (dpv) and
61.4% at 251–327 dpv. Total integrated vaccine efficacy/effectiveness was estimated as 98.8%. The
Subolesin-based vaccine is protective against multiple cattle tick infestations under field conditions in
Uganda. These results support registration and commercialization of the vaccine to reduce tick
populations and associated risks for human and animal TBD and chemical acaracides in Uganda.

Thegrowing incidenceof ticks and tick-bornediseases (TBD)affects human
and animal healthworldwide (reviewed byde la Fuente et al.1). InUganda as
in other tropical countries, cattle ticks increase risks associated with TBD
transmitted to humans (e.g., Crimean-Congo Hemorrhagic Fever,
CCHF2–4) and affect cattle welfare and production with increasing costs of
acaricidemisuse, emergency of resistant ticks and environmental pollution5.
In Uganda, studies have estimated that losses of over US$ 1.1 billion occur
annually due to ticks and TBD such as East Coast fever, babesiosis, ana-
plasmosis, and cowdriosis. At farm level, 80% of the total annual expenses
incurred in the management all cattle diseases are associated with con-
trolling TBD and the most economically relevant tick species, R. appendi-
culatus, R. decoloratus and A. variegatum5. To approach these challenges,

vaccines are themost effective and sustainable intervention for the control of
tick populations and the incidence of TBD6,7.

Tick vaccines evolved from strain-specific autovaccines with organ
protein extracts8 to recombinant Rhipicephalus microplus-derived Bm86/
Bm95 antigens registered and commercialized as TickGARD and Gavac
(still commercially available)6,9,10 to vaccinomics11 and quantum
vaccinomics12, a new research approach to identify protective epitopes
(immunological quantum) for vaccine chimeric antigen design. Since
Bm86/Bm95 proteins were identified, multiple tick antigens have been
discovered and characterized with proven efficacy under experimental
controlled conditions6,13,14. One of these antigens is Subolesin (SUB; also
knownas 4D8orAkirin), whichhas proven efficacy inmultiple hosts for the
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control of different tick species and other ectoparasite vectors and vector-
bornepathogens15. Subolesin-basedvaccineshave been also evaluatedunder
field conditions for the control of tick infestations and transmitted patho-
gens in Sicily16 and for the control of multi-species cattle tick infestations
under pen-trial controlled conditions in Uganda17.

However, main limitations to advance in tick vaccinology include the
limited collaborationswithAfrican andAsian countrieswith high incidence
of tick infestations and TBD18 and facing challenges such as vaccine efficacy
against multiple tick species, impact of tick genetic diversity on vaccine
efficacy, antigen combinations, effectiveness and safety of vaccine for-
mulations and vaccine production and administration19.

These limitations support the initiative to evaluate under field condi-
tions a Rhipicephalus appendiculatus SUB vaccine for registration and
commercialization inUganda20. This is thefirstfield trial globally to evaluate
in different locations vaccine efficacy E (based on the effect in the reduction
of tick infestations, oviposition, and fertility), vaccine effectiveness Ee (as
evaluation of efficacy under field conditions considering locations with
different characteristics and infestations of the same host by multiple tick
species), safety and prevalence of tick-borne pathogens in cattle. The results
of the study demonstrated the safety, efficacy, and effectiveness of SUB
vaccine for the control of multi-species cattle tick infestations in Uganda.

Results
Vaccine efficacy E
Thevaccine efficacyEwith recombinantR. appendiculatus SUBantigenwas
evaluated under pen-controlled conditions in a previous study with values

between 47% and 90% for different tick species (R. appendiculatus, R.
decoloratus, A. variegatum) in B. indicus and crossbred cattle17. To extend
these data for evaluation under field conditions, a field trial was designed
and implemented in cattle farms atmultipleUgandan locations (Fig. 1). The
results were compared between vaccinated and control groups for different
tick species and at different study locations (Figs. 2–4, Table 1).

The results showed a significant reduction (p < 0.05) in female tick
counts (R. appendiculatus in Mbarara 1 and Mbarara 2; Figs. 2 and 3) and
fertility (R. decoloratus in Mbarara 1 and R. appendiculatus in Mbarara 2;
Fig. 4 and Table 1). Significant reductions in female tick counts and fertility
were not observed for R. appendiculatus, R. decoloratus, and A. variegatum
inMaruzi for (Fig. 4 andTable 1).Only 13R. evertsi adult tickswere collected
in Maruzi and thus not included in the analysis of vaccine efficacy E. In
Kiburara, Isimba and Nabuin, infestations were below 10 ticks per animal
throughout the trial. Although not considered in the vaccine efficacy E
algorithm, eight dead R. decoloratus were collected at 35 days post-
vaccination (dpv) in control but none in SUB-treated group at Maruzi.
Despite differences between locations, vaccine efficacy E considering tick
infestations, oviposition, and fertility ranged between 39% and 100% with
59.7±44.3% average (59.7±32.8; CI, 26.9–92.5) and without effect only in
Maruzi for R. appendiculatus (Table 1).

Vaccine effectiveness Ee
The evaluation of vaccine effectiveness Ee was first focused on the efficacy
againstmultiple tick species feeding on the same host, which reproduces the
conditions commonly found in thefield. The results showed an effectiveness

Fig. 1 | Characteristics of the Ugandan locations included in the field trial. Data
includes geographical locations Mbarara ZARDI (Mbarara 1 and Mbarara 2 are
located on the same farm with 36 animals per treatment on both groups), Ugandan

government prison (UPS) farms Kiburara and Isimba, NaLIRRIMaruzi andNabuin
ZARDI, number of animals per treatment (Treatment 1, SUB-vaccine, Treatment 2,
Control), cattle breed and age. All images are of author´s origin.
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Ee of 100% forMbarara 1 andMbarara 2 and 80% forMaruzi (Fig. 5A)with
93.2±11.7% average (93.2±6.6; CI, 86.6 – 99.8).

Additional considerations for the evaluation of vaccine effectiveness Ee
included reduction in fed female tickweight as amarker of tick fitness (Ew),
total (larvae, nymphs, and adults) tick counts on animals infested with
various tick species (Ev), and reduction in the number of infested animals
(R) in vaccinated cattle at around 6 months after first vaccine dose
administration.

The Ew varied between tick species and locations (Table 1). InMbarara,
the highest Ewwas recorded inR. appendiculatus at 182-196 dpv (Mbarara 1,
Ew= 17%;Mbarara 2, Ew= 89%). InMaruzi at 167 dpv, as previously shown
for E against R. appendiculatus (Table 1), no Ew was shown for R. appendi-
culatus and R. decoloratus but for A. variegatum (Ew = 22%). For R. evertsi,
data was available only for WC= 381mg in Maruzi.

The Ev was calculated at 156 dpv inMaruzi with cattle infestedwithA.
variegatum, R. appendiculatus and R. decoloratus resulting in 37% efficacy
(n = 9-14 animals per group). Regarding R, the results showed reductions
higher than 65% in Mbarara 1 and 2 at 182-196 dpv for R. appendiculatus
and in Maruzi for R. evertsi (Fig. 5B) with 31.9±40.0% average (31.9±26.1;
CI, 5.8 - 58.0). For other tick species, reductions in infested cattle were
observed in Maruzi at 167 dpv for A. variegatum (15%) and R. decoloratus
(7%) (Fig. 5B).

Total integrated vaccine efficacy/effectiveness (E/Ee) was estimated as
EeI = 98.8% (55.5±27.2; CI, 28.26–82.74) for all locations with average
E = 59.7%, Ee = 93.2%, Ev = 37.0%, and R = 31.9% (Fig. 6A).

The analysis between vaccine efficacy E, effectiveness Ee, Ev and R and
location-related factors was conducted and the only identified correlation
was inMaruzi between vaccination schedule and thus dpv at data collection
(167 dpv compared to 182-196 in Mbarara) and a tendency towards lower
vaccine efficacy E, effectiveness Ee and R. To verify this effect and provide
additional support for vaccine efficacy E, effectiveness Ee, tick data was
collected at 327 dpv (147 days after the third vaccine dose) and 251 dpv
(71 days after the third vaccine dose) inMbarara 2 andMaruzi, respectively.
The results showed efficacy E of 18% and 6% for R. decoloratus and R.
appendiculatus, respectively in Mbarara 2 and efficacy E of 38%, 100%, and
48% forR. decoloratus,R. appendiculatus andA. variegatum, respectively in
Maruzi. Vaccine effectiveness Eewas 23% inMbarara 2 and 100% inMaruzi
with average for both locations of E = 42.1±36.4% (42.1±15.9; CI, 26.1 –
58.0) andEe=61.4±54.7%(61.4±19.6;CI, 41.8–81.0) (Fig. 6B).These results
support the absence of location-related factors affecting vaccine efficacy E
and effectiveness Ee with data collected after 182 dpv.

To provide additional information, surveillance of tick infestations in
Mbarara and Maruzi was continued for 367 and 251 days, respectively
without use of acaricides. The results showed a reduction in tick infestations
in both SUB-vaccinated and control cattle (Supplementary Fig. 1). These
results suggest that vaccination with SUB reduces tick populations in the
location and also affecting non-vaccinated coexisting animals. Differences
in the dynamics of tick infestations are probably associated with the pre-
valence of tick species inMbarara (predominantR. decoloratus) andMaruzi
(concomitant R. appendiculatus, R. decoloratus and A. variegatum).

Fig. 2 | Female R. decoloratus and R. appendiculatus ticks collected from vacci-
nated and control cattle inMbarara 1.Data collected from 32 dpv to 182 dpv were
compared for each tick species between vaccinated and control groups by One-way
ANOVAwith post-hoc Tukey HSD test (p > 0.05; n = 4–17 animals per group). The

number of female ticks per animal at one and six months after vaccination was
compared between vaccinated and control groups by Student’s t-test with unequal
variance (*p < 0.05; n = 5–8 animals per group). Error bars represent standard
deviation. Source data are provided as a Source Data file.
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Vaccine safety
During the trial, effects of treatments negatively affecting cattle wellbeing or
associated with vaccine safety were not recorded. Cattle did not show local
reactions in response to treatments and without records of irregular body
temperature and condition, respiration, local reactions-skin coat, feeding,
movements, demeanor, or mortality (Supplementary Table 1). Significant
alterations were not recorded and without differences between treatments
(p > 0.05) in evaluated parameters for nine (Mbarara), eight (Isimba), five
(Maruzi andNabuin), and seven (Kiburara)months after thefirst treatment
(Supplementary Table 1). Cattle body temperature ranged 38.4–38.9 °C and
38.5–38.9 °C (Mbarara) and 38.5–38.8 °C and 38.4-38.9 °C (Nabuin) for
SUB vaccinated and control groups, respectively. In Isimba, Maruzi and
Kiburara, body temperature ranged 38.7–39.1 °C, 38.5–38.8 °C, and
38.9–39.2 °C, respectively for both SUBvaccinatedandcontrol groups.Body
condition, feeding, locomotion and respiration were normal for both
treatments. Local reactions were not recorded in response to treatments
with smooth even/regular hair pattern and kempt. Demeanor was not
altered, and all animalswere actively involved in all activities such as feeding.
Mortality was not recorded. To provide additional information, fecal
samples were collected inNabuin and evaluatedwith normal consistency in
both groups.

Blood samples were collected from SUB-vaccinated and control
cattle at Mbarara, Isimba, Maruzi, Kiburara and Nabuin for hematology
assessment of different blood and serum parameters associated with
animal health (Supplementary Data 3 and Tables 2–5). Differences
between animals, locations, number of animals/group, and data avail-
ability suggested an analysis that was conducted for all locations
throughout the trial.

Hematological analysis was conducted with parameters of blood cells
and hemoglobin (Hematology 1; Supplementary Data 3) and blood bio-
markers (Hematology 2; Supplementary Data 3). Values for hemoglobin,
hematocrits, mean cell volume (MCV), mean cell hemoglobin, and reticu-
locytes were outside reference values and possibly associated with anemia.
Other parameters such as platelets, basophils (basophilia), and eosinophils
(eosinopenia) were altered in some locations and related to infection.
However, most parameters did not show significant differences between
groups and thus were not associated with vaccination. Nevertheless, the
vaccine showed a protective capacity against anemia and infection risks. For
example, in Nabuin,MCV values were bellow standard (79 fl) but higher in
vaccinated (48.8±3.6 fl) than in control animals (45.6±4.0 fl; p = 0.02) while
reticulocytes were greater than standard (11-16%) but lower in vaccinated
(19.5±3.1%) than in control cattle (21.6±2.3; p = 0.03). Lymphocyte counts
were within the normal range (1.6-11 109/l) but lower in Isimba control
animals (5.0±1.9 vs. 6.5±2.0; p = 0.03) with a higher risk of infection.

For blood biomarker, the results showed consistent differences at 60
dpv between SUB vaccine and control treatments with higher levels in
multiple blood biomarkers in control cattle associated with lipids (choles-
terol, high-density lipoprotein cholesterol, triglycerides), liver function (e.g.,
bilirubin, gamma-glutamyl transferase, alanine aminotransferase, aspartate
aminotransferase) and kidney function (urea nitrogen, creatinine) (Sup-
plementary Table 5). Nevertheless, biomarker hematological levels were
within normal range, except for total protein level and albumin which were
below reference levels in both groups, and creatinine which was above
reference in both groups (Supplementary Table 5). These results support
that vaccination with the SUB did not affect organ function or cattle health.

Antibody response to vaccination
The analysis of anti-SUB IgG antibody titers was conducted at Mbarara,
Kiburara, andMaruzi (Figs. 7A–Dand8A–D,SupplementaryData 4).Anti-
SUB antibody titers were significantly higher (p < 0.01) in vaccinated ani-
mals when compared to controls in Mbarara (Fig. 7A), Kiburara (Fig. 8A)
and Maruzi (Fig. 8C). Anti-SUB IgG levels were significantly higher
(p < 0.01) in vaccinated cattle at 30 and180dpvbutnot at 0dpv (Figs. 7Band
8B, D). At the individual level in animals followed throughout the trial, anti-
SUB antibody titers increased from zero dpv to 30 dpv and decreased at 180

Table 1 | Results of SUB vaccine efficacy E on cattle tick
infestations and effect on engorged female tick weigh
reductionunderfieldconditions inmultipleUgandan locations
at around six months after vaccination

Parameters Tick species per location

R. decoloratus R. appendiculatus A. variegatum

Location: Mbarara 1 at 182 dpv

Mean female ticks Not present

TV 4 0.3*

TC 5 2.6

Mean egg weight

OV (mg) 69 146

OC (mg) 72 148

Mean fertility

FV (%) 0* 0

FC (%) 71 0

Efficacy E (%) 100 89

Engorged female
tick weight

WV (mg) 131 243

WC (mg) 130 294

Ew (%) 0 17

Location: Mbarara 2 at 196 dpv

Mean female ticks Not present

TV 4 0.3*

TC 6 1.3

Mean egg weight

OV (mg) 65 120

OC (mg) 62 161

Mean fertility

FV (%) 69 0*

FC (%) 79 59

Efficacy E (%) 39 100

Engorged female
tick weight

WV (mg) 135 26*

WC (mg) 112 271

Ew (%) 0 89

Location: Maruzi at 167 dpv

Mean female ticks

TV 3.3 1.5 14

TC 2.9 1.4 21

Mean egg weight

OV (mg) 458 100 502

OC (mg) 690 100 529

Mean fertility

FV (%) 46 71 20

FC (%) 59 62 45

Efficacy E (%) 41 0 72

Engorged female
tick weight

WV (mg) 153 265 1332

WC (mg) 112 255 1711

Ew (%) 0 0 22

Vaccine efficacy Ewas calculated based onmean female ticks from the vaccinated (TV) and control
(TC) groups, mean egg weight from ticks in the vaccinated (OV) and control (OC) groups, andmean
fertility (percent of egg hatching and producing larvae) from ticks in vaccinated (FV) and control (FC)
groups. Engorged female tick weigh in vaccinated (WV) and control (WC) were used to calculate the
effect on female tick weight (Ew). Results were compared between vaccinated and control groups
by Student’s t-test with unequal variance (*p < 0.05; n = 3–13 animals per group).
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dpv but were always higher than in PBS-treated control animals (Fig. 7C).
These results showed a positive correlation between anti-SUB IgG titers and
reduction in Rhipicephalus spp. tick weight (r = 0.99) (Fig. 7D).

Tick-borne pathogens in cattle
A preliminary analysis of tick-borne pathogens was conducted with a
limited number of animals (n = 12-57; 99 total) at different locations and
time (zero, 30, 180 dpv) in cattle blood samples using PCR for Ana-
plasma, Rickettsia, Ehrlichia and piroplasmids and serum antibodies
against CCHFV (Supplementary Data 4 and Fig. 9A–F). Of the 99 cattle
tested, 48 (48.5%, 95% CI: 38.6 – 58.3) were positive for at least one tick-
borne pathogen. The prevalence was higher for piroplasmid infection
(39/99, 39.4%; CI, 29.8 – 49.0), followed by Anaplasma spp. (25/99,
25.3%; CI, 16.7–33.8), Rickettsia spp. (0/99, 0.0%) and Ehrlichia spp.
(0/99, 0.0%). Sixteen of the 48 positive animals were co-infected with
Anaplasma spp. and piroplasmids. Identified pathogens at species level
included Anaplasma marginale (PP101631), A. centrale (PP101632),
Theileria parva (PP091624, PP091625), and T. mutants (PP091626).
The results showed significant differences between different locations in
pathogens DNA/seroprevalence before vaccination (day zero; p < 0.05)
and throughout the trial (zero to 180 dpv; p < 0.01) (Fig. 9A–D). How-
ever, significant differences were not observed between SUB-vaccinated
and control groups (p > 0.05). Nevertheless, a non-significant tendency
was observed toward a decrease in pathogen DNA prevalence in
response to vaccination for all locations at 180 dpv (Fig. 9E). As
expected, seroprevalence for CCHF did not vary between groups
(Fig. 9F).

Discussion
Gavac with tick midgut proteins Bm86/Bm95 is the only commercially
available vaccine for the control of cattle tick infestations in some Latin-
American countries13,21. Results with Gavac have shown vaccine efficacy E
between 28% and 100% against R. microplus, R. annulatus, R. decoloratus,
Hyalomma dromedarii and H. anatolicum13. However, Gavac vaccine has
not been effective (E = 0) against other tick species such asR. appendiculatus
andAmblyomma variegatum13. Furthermore, differences in vaccine efficacy
E between different locations for the same tick species are probably asso-
ciated with genetic diversity of tick strains22.

These results highlight the importance of developing vaccines with a
personalized vaccine antigen approach focused on regional tick species and
genotypes as shown in our study17. Additionally, the experience with Gavac
highlighted the importance of government organizations to be involved in
vaccine implementation policies and technical support for including vac-
cines in integrated programs for the control of tick infestations21,23,24.

Subolesin proteins are involved in the regulation of multiple cellular
processes15. Subolesin-based vaccine efficacy E against multiple tick species
has been reported between 37% and 94%6,17. Under field conditions, a SUB-
based vaccine showed an effect on the reduction of tick infestations, number
of infested animals, female tick weight and the prevalence of tick-borne
pathogens16. Herein, the results of vaccine efficacy E were similar between
trials previously conducted under pen-controlled conditions
(E = 47–90%)17 and the field trial in our study (E = 39–100%; 59.7±32.8% at
95%CI). The only exceptionwas forR. appendiculatus inMaruzi at 167dpv.
Regarding vaccine effectiveness Ee, as previously reported16, vaccination
with SUB reduced for some locations and tick species the female tick weight

Fig. 3 | Female R. decoloratus and R. appendiculatus ticks collected from vacci-
nated and control cattle inMbarara 2.Data collected from 32 dpv to 182 dpv were
compared for each tick species between vaccinated and control groups by One-way
ANOVAwith post-hoc Tukey HSD test (p > 0.05; n = 3–11 animals per group). The

number of female ticks per animal at one and six months after vaccination was
compared between vaccinated and control groups by Student’s t-test with unequal
variance (*p < 0.05; n = 3–6 animals per group). Error bars represent standard
deviation. Source data are provided as a Source Data file.
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and the number of infested cattle. Furthermore, vaccine efficacy E on the
total (larvae, nymphs and adults) number of ticks (Ev) on animals infested
withA. variegatum,R. appendiculatus andR. decoloratus inMaruzi resulted
in 37% efficacy, thus supporting a cross-species tick protection with the R.
appendiculatus SUB vaccine antigen under natural field conditions.

Differences in vaccine efficacy E and effectiveness Ee were not related to
tick speciesbut toother factors associatedwith locations (higher efficacyEand
effectiveness Ee inMbarara 1 and 2 than inMaruzi) and vaccination schedule
and thus dpv at data collection (167 dpv in Maruzi compared to 182-196 in
Mbarara). Differences related to location-related factors affecting efficacy E
and effectiveness Ee were not present after 182 dpv, thus supporting vaccine
efficacy and effectiveness at different locations. Nevertheless, in Mbarara 2 a
higher E was obtained for R. appendiculatus than for R. decoloratus, which
may correlate with the use of R. appendiculatus cross-protective SUB in the
vaccine formulation. Accordingly, the effect of the vaccine on female tick
weight associated with tick fitness (17–89% reduction) and a number of
infested cattle (66-67%) were also higher for R. appendiculatus.

The most relevant results are associated with vaccine effectiveness Ee
evaluatedundernaturalfield conditions. The results showedEe=93.2±6.6%
at 167–196 dpv and Ee = 42.1±15.9% at 251–327 dpv with 95% CI. Addi-
tionally, integrated vaccine efficacy/effectiveness E/Ee was estimated for all
locations as EeI = 98.8% (55.5±27.2% with 95% CI). Regarding safety
analysis, the SUB vaccine was safe and showed a protective capacity against
risks of anemia and pathogen infection.

As shown for Gavac25, the correlation between anti-SUB IgG antibody
titers and reduction in tickweight provided additional support for the cause-

effect relationship between vaccination and the reduction of tick fitness and
infestations. Furthermore, using results from this study, anti-SUB IgG
antibody titers higher than 0.4 O.D.450 nm reduced tick fitness with vaccine
efficacy E higher than 39% and effectiveness Ee between 80%–100% at 167-
196 dpv in different locations. As in previous experiments with Gavac10,25,
antibody levels should increase after revaccination at day 180 and stay above
protective levels for one year,when thebooster dose should be administered.
Accordingly, it is important to test anti-SUB antibody titers if cattle holders
raise concerns about vaccine effectiveness.

Adjuvants play a key role in vaccine formulations, even when using
effective antigens. In this study, Montanide ISA 50 V2 (Seppic, France) was
used for water in oil (W/O) emulsion vaccine formulation. Montanide ISA
61 VG is the most common adjuvant in vaccine formulations for cattle
(e.g.,26). However, Montanide ISA 50 V2 adjuvant has been previously used
in commercial Gavac anti-tick vaccine27, and in a SUB-based vaccine for-
mulations with efficacy against tick infestations in cattle and sheep16,17. The
W/O emulsion formulations are recommended for cattle vaccines with
induction of long-term immunity and higher cost-effectiveness due to
reduction of the vaccine dose or antigen concentration28,29. Accordingly,
SUB vaccine showed an effect on tick control in cattle up to 367 days after
vaccination in Mbarara.

Under One Health perspective, cattle impact on TBD risk to humans
and animals30. As previously reported15,16, preliminary results on tick-borne
pathogens suggested a trend in reducing infection prevalence in response to
SUB vaccine. A follow-up over time will provide conclusive information on
the vaccine effect on TBD25. The absence of acaricide applications after the

Fig. 4 | Effect of SUB vaccine on the reduction in the number of adult female ticks
(CRT), oviposition (CRO), and egg fertility (CRF) when compared with the
control group.Data was collected in the different locations at 167–196 dpv. Results

were compared between vaccinated and control groups by Student’s t-test with
unequal variance (*p < 0.05; n = 3–13 animals per group). Source data are provided
as a Source Data file.
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beginning of the trial supports the effect of the vaccine in reducing the use of
these compounds and the associated health risks. Nevertheless, a rational
combination between acaracides of chemical or natural origin and vacci-
nationmay be applied as part of integrated tickmanagement approaches to
reduce tick infestations together with acaricide use16,31.

The conclusions of the study support that the SUB-based vaccine
designed with genetic information from regional tick strains is protective
against cattle tick infestations under field conditions at different Ugandan
locations. Vaccination with SUB was safe with a protective capacity against

anemia and infection, and reduced thenumberof infested cattle, tick feeding,
and reproduction with vaccine effectiveness against multiple tick species
infesting the same host with an average Ee of 93.2% at 167-196 dpv and
61.4% at 251-327 dpv. Total integrated vaccine EeI was estimated as 98.8%.
The SUB vaccinewas administeredwith three doses in prime immunization
with vaccine effectiveness Ee higher than 60% at 251-327 dpv, thus sup-
porting the application of booster dose yearly at 12 months after first vac-
cination. Based on data with TickGARD and Gavac23–25,32, the results of the
field trial at 251-367 dpv (Ee = 61.4±19.6% at 251-327 dpv) predict a

Fig. 5 | SUB vaccine effectiveness Ee and effect on reduction in infested cattle. AVaccine effectiveness Ee against multiple tick species infesting the same host.BReduction
in the number of infested cattle (R). Data was collected in different locations at 167–196 dpv. Source data are provided as a Source Data file.

Fig. 6 | Summary of vaccine efficacy/effectiveness
(E/Ee). A Range, average, and SD are shown for
vaccine efficacy E, vaccine effectiveness Ee, total
(larvae, nymphs, and adults) tick counts on animals
infested with various tick species (Ev), reduction in
the number of infested cattle (R), and total inte-
grated vaccine efficacy/effectiveness (EeI) at 167-
196 dpv. B Range, average, and SD are shown for
vaccine efficacy (E) and vaccine effectiveness (Ee) at
251-327 dpv with data collected in Mbarara 2
(n = 9–11) and Maruzi (n = 12–13). Source data are
provided as a Source Data file.

https://doi.org/10.1038/s41541-024-00966-1 Article

npj Vaccines |           (2024) 9:174 7

www.nature.com/npjvaccines


reduction in tick infestations to less than one tick/animal after 4 years of
vaccination togetherwith a reduction in acaricide applications. These results
support the registrationandcommercializationof the evaluatedSUBvaccine
formulation to reduce tick populations and associated risks for humans and
animals of TBD and chemical acaracide applications under conditions in
Uganda and probably in other countries of Sub-Saharan Africa33.

Methods
Authorization of the tick vaccine field trial
The clinical vaccine field trial was authorized by the National Biosafety
Committee (NBC 01/2022) of Uganda National Council for Science and
Technology (UNCST-A191ES), andNationalDrugAuthority (NDA-VTC
01/2022).

Selection of trial sites and experimental animals
The selection of trial sites was undertaken in compliance with NDA
guidelines on the conduct of ectoparasiticidefield trials in 2017andNational
Guidelines for Use of Animals in Research and Teaching 2021. The
guidelines provide as implemented in thisfield trial that (a) trial sitesmay be
located in at least two agro-ecological zones to cater for tick diversity and
trial product stability under the different climatic conditions and the choice
of five sites was done to care of the thermolability of vaccine, (b) inclusion of
the different cattle breeds commonly reared in Uganda in their traditional

localities, notably Shorthorn Zebu, Boran, Ankole longhorn, and Friesian
crosses, (c) use of government-owned cattle farms by National Agricultural
Research Organization (NARO) and Minister of Internal Affairs (UPS) to
permit the availability of trial cattle up to the end of the study period and
qualified veterinary personnel employed by the government. The field trial
was designed at different Ugandan locations in collaboration between
NaLIRRI/NARO (Uganda) and SaBio/IREC (Spain) (Fig. 1). Locations
included Mbarara ZARDI (Mbarara 1 and 2 are located on the same farm
Mbarara ZARDI but in Mbarara 1 cattle was confined in grazing paddocks
while Mbarara 2 is not fully confined and thus cattle were allowed to access
pasture and water resources beyond trial paddocks and those only some
analyses were conducted separately for Mbarara 1 and 2), Ugandan gov-
ernment prison (UPS) farms Kiburara and Isimba, NaLIRRI Maruzi and
Nabuin ZARDI (Fig. 1). Experimental cattle were selected using the fol-
lowing inclusion (healthy cattlewithmore than two-years-old and including
both sexes) and exclusion (sick/unhealthy cattle orplanned fordisposal sales
before the trial ends) criteria. The trial cattle confinementwas undertaken in
compliancewith theNationalGuidelines forConfinement forRegulation of
ResearchwithGeneticallyModifiedOrganisms andMicrobes (2007). Cattle
management includes confined paddock with supervised relaxation for
higher exposure to ticks (Mbarara ZARDI, Maruzi NaLIRRI, Nabuin
ZARDI) or strictly in paddock that mimics intensive management (UPS
Kiburara, UPS Isimba).

Fig. 7 | Analysis of anti-SUB antibody titers in cattle in Mbarara. Results were
compared A along the trial for average values for each treatment by One-way
ANOVA with post-hoc HSD test (**p < 0.01; n = 8–15 animals per group) and
B between treatments at each time point by Student’s t-test with unequal variance
(**p < 0.01; n = 8-15 animals per group). C Anti-SUB antibody titers at the

individual level inMbarara animals followed throughout the trial at zero, 30 and 180
dpv in vaccinated (animals mb13_1, mb22_1, mb24_1, and mb12.1) and control
(animals mb03_2, and mb15_2) groups.D Correlation between anti-SUB IgG titers
and decrease in Rhipicephalus spp. tick weight in Mbarara. Error bars represent
standard deviation. Source data are provided as a Source Data file.
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Recombinant SUB production and vaccine treatment
formulations
TheRhipicephalus appendiculatus SUB (MT241515; https://www.ncbi.nlm.
nih.gov/nuccore/MT241515), selected based on the highest tick cross-
species protection in Bos indicus and crossbred cattle in Uganda, was
manufactured under Good Laboratory Practice (GLP) conditions at SaBio,
IREC, Spain following the previously described protocol17. Vaccine treat-
ments with SUB recombinant protein or PBS control were formulated in
Montanide ISA 50 V2 (Seppic, Paris, France) in a stable water in oil (W/O)
emulsion at a concentration of 50 μg SUB per ml and stored at 4 °C.

Experimental design
Treatments produced under GLP conditions were coded as Treatment 1
and Treatment 2 at SaBio/IREC. Treatment, sampling, and processing were
conducted in a randomized double-blind multi-site field trial by NaLIRRI/
NARO in collaboration with personnel at cattle farms. Sample and data
analysiswere conducted for comparisonbetween treatments by SaBio/IREC
and NaLIRRI/NARO. Then, at the completion of the trial, treatments were
uncoded by SaBio/IREC to complete comparative analysis between SUB
vaccine (Treatment 1) and control (Treatment 2) efficacy, effectiveness, and
safety.

For treatment, cattle were injected intramuscularly in the neckmuscles
with 2ml vaccine (100μg SUBper dose) or PBS controlwith 3 doses ondays
zero, 30±1 and 181±1 at 27/10/2022, 30/11/2022, 30/04/2023 (Mbarara), 9/

11/2022, 10/12/2022, 10/05/2023 (Kiburara), 10/11/2022, 11/12/2022,
12/05/2023 (Isimba), 15/03/2023, 17/04/2023, 18/09/2023 (Maruzi), and
16/03/2023, 18/04/2023, 20/09/2023 (Nabuin).

At different days post-vaccination (dpv; administrationof thefirst dose
at zero dpv), tickdata (32, 65, 93, 124, 153, 182dpv atMbarara 1; 31, 99, 131,
196 dpv at Mbarara 2; 35, 63, 73, 167 dpv at Maruzi), blood samples (zero,
30, 180dpv atMbarara, Kiburara, andMaruzi) and vaccine safety associated
with cattle wellbeing records (zero, two, four, 13, 28, 30 dpv followed by
every two weeks for nine months post-vaccination (mpv) at Mbarara 1 and
2; six days prior treatment, two, four, 18, 33, 35 dpv followed by every two
weeks for eightmpvat Isimba; 41, 90, 92dpv followedby every twoweeks for
five mpv at Maruzi; six days prior treatment, two, four, 19, 33, 35 dpv
followed by every two weeks for seven mpv at Kiburara; 49, 81, 83 dpv
followed by every two weeks for five mpv at Nabuin) were collected for
analysis. Additionally, tick data was collected at 327 dpv and 251 dpv at
Mbarara 2 andMaruzi, respectively. Samples and datawere always collected
before vaccination when treatments were applied to cattle (Supplementary
Data 1-3).

Acaricide usewas stopped at 0 dpv and before the beginning of the trial
included Duodip (Chlorpyrifos 500 g/l and cypermethrin 50 g/l) twice a
week except for Nabuin ZARDI where it was applied only once a week. The
incidence of TBD included between 40 (Maruzi and Nabuin) and 50
(Mbarara, Kiburara and Isimba) cases per year of TBD. The reported TBD
included East Coast fever (ECF, Theileria parva), babesiosis (Babesia

Fig. 8 | Analysis of anti-SUB antibody titers in cattle in Kiburara and Maruzi.
Results were compared A, C along the trial for average values for each treatment by
One-wayANOVAwith post-hocHSD test (**p < 0.01; n = 3 animals per group) and

B,D between treatments at each time point by Student’s t-test with unequal variance
(**p < 0.01; n = 3-6 animals per group). Error bars represent standard deviation.
Source data are provided as a Source Data file.
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bigemina and Babesia bovis), anaplasmosis (Anaplasma marginale and
Anaplasma centrale), heartwater (also known as cowdriosis; Ehrlichia
ruminantium, formerly Cowdria ruminantium), and CCHF (CCHFV34).
Cattle in contact with wildlife only occurred at Mbarara and Kiburara with
buffalo.

Tick infestations
Tick species with highest infestations and prevalence were analyzed in
the study according to locations and included one-host tick species,
Rhipicephalus decoloratus, two-host tick species, Rhipicephalus evertsi,
and three-host tick species, R. appendiculatus and Amblyomma var-
iegatum. As previously described17, adult engorged ticks were collected,
counted, weighed individually and incubated for oviposition. The eggs
mass per female tick was weighed and incubated for hatching. The
recovered larvae per egg batch were weighed.

Collection of cattle blood samples for serum andDNA extraction
Blood samples were collected from individual animals at different locations.
From these samples, 400 µlwere addedwith amicropipette to a labeledfilter
paper (Whatman grade 4 filter paper; Whatman, Maidstone, UK) and let it
dry for 10 h. One filter was prepared for each serum and DNA extraction.
For serum extraction, filter papers were folded into a 1.5 ml Eppendorf tube
(Merck KGaA, Darmstadt, Germany) with 400 µl of sterile 1X phosphate-
buffered saline (PBS) and incubated at 4 °C for 12 h. Then, tubes were
agitated to cut out the bottom and put it on an empty capless blood col-
lection tube (Merck KGaA) for centrifugation at 1500 × g for 10min to
collect serum at the bottom of the tube. For DNA extraction, phenol-

chloroform protocol using Tri Reagent (Sigma-Aldrich, Burlington, MA,
USA) was used according to the manufacturer’s instructions. Briefly, a one
quarter of each filter paper was cut and transferred into a 1.5ml tube
containing 250 µl Tri Reagent solution. The filter papers were soaked and
incubated for 10min at room temperature (RT). Then, the tip of the tubes
was cut-off and placed into 5ml collection tubes to centrifuge at 750 × g for
onemin. Filter papers were discarded and the flow-through with blood and
Tri Reagent solution was used for DNA extraction. The concentration,
quality, and purity of DNA were checked using a spectrophotometer
(NanoDrop One, Thermo Scientific, Waltham, MA, USA) and then stored
at –80 °C until analysis.

Characterization of tick-borne pathogens in cattle blood DNA
and serum samples
Conventional PCR assays with forward (F) and reverse (R) primers (5´- 3´)
were used for the detection of tick-borne Anaplasma spp. RpoB 16S rRNA
gene (RpoB 16SF (F):

GCTGTTCCTAGGCTYTCTTACGCGA, RpoB 16SR (R):
AATCRAGCCAVGAGCCCCTRTAWGG),Rickettsia spp. 16S rRNA

gene (FD1 (F):
AGAGTTTGATCCTGGCTCAG, Rc16 (R):
AACGTCATTATCTTCCTTGC), Ehrlichia spp. 16S rRNA gene

(EHR16SF (F):
GGTACCYACAGAAGAAGTCC, EHR16SR (R):
TAGCACTCATCGTTTACAGC), and piroplasmids 18S rRNA gene

(PIRO A (F):
AATACCCAATCCTGACACAGGG, PIRO B (R):

Fig. 9 | Prevalence of tick-borne pathogens in cattle. A–D DNA prevalence for
Anaplasma, Rickettsia, Ehrlichia, and piroplasmids was evaluated by PCR, and
seroprevalence of anti-CCHFV antibodies was evaluated by ELISA at different
locations and sample times (zero, 30, 180 dpv). Results were compared between
different locations at zero dpv by Fisher’s exact test (p < 0.05; n = 7–17 animals per

location) and at zero to 180 dpv by Pearson’s chi-squared test (p < 0.05; n = 13-32
animals per location). E–F Prevalence of TBP and anti-CCHFV antibodies for all
locations were compared at different sample times (0–180 dpv) by One-way
ANOVAwith post-hocHSD test (p < 0.05; n = 6–32 animals per group). Source data
are provided as a Source Data file.
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TTAAATACGAATGCCCCCAAC)35–38 in cattle blood samples from
99 animals thatwere collectedat 0 dpv (n = 57), 30 dpv (n = 41) and 180dpv
(n = 12) (SupplementaryTable 6).Of them, 88 cattlewere sampledonce and
11 were longitudinally surveyed at d0 and d30. The reaction volume was
25 μl, including 12.5 μl of PCR Master Mix (Promega Corporation, Madi-
son,WI, USA), one μl of each primer at 10 μM, one μl of DNA and 9.5 μl of
nuclease-free water. The PCR products were visualized through electro-
phoresis in 1.5% agarose gels using GelRed® Nucleic Acid Gel Stain (Bio-
tium,Fremont,CA,USA).A selectionof thepositive sampleswas sequenced
by Sanger sequencing (Secugen S.L., Madrid, Spain). Sequences were
compared with those available in GenBank by using a Basic Local Align-
ment Search Tool (BLAST) search (http://www.ncbi.nlm.nih.gov/blast).
Sequences of pathogens identified at the species level were submitted to
GenBank (https://www.ncbi.nlm.nih.gov/genbank/; Supplementary
Data 4).

The detection of antibodies against Crimean-Congo haemorrhagic
fever virus (CCHFV) was performed using the IDScreen CCHF Double
Antigen Multispecies commercial ELISA kit (IDVet, Grabels, France) in
cattle serum samples from 101 animals. Samples were collected at zero dpv
(n = 60), 30 dpv (n = 41) and 180 dpv (n = 12), including 89 cattle sampled
once and 12 cattle longitudinally surveyed at d0 and d30. The test was
performed according to the manufacturer’s instructions. Briefly, 30 μl of
each serum sample, and positive and negative controls were diluted with
50 μl of the kit diluent and incubated for 45min at 25 °C. After a washing
procedure, 50 μl of conjugate was added to each well, followed by an
incubation for 30min at 25 °C.A secondwashing procedurewas performed
and 100 μl of substrate solutionwas added to eachwell. After incubation for
15min in the dark at 25 °C, the reactionwas stoppedwith the provided stop
solution. Using a SmartSpecTM Plus spectrophotometer (Bio-Rad
Laboratories Inc., Hercules, CA, USA), the optical density of each well was
measured at 450 nm. Determination of cut-off for sero-positive and sero-
negative samples for CCHFV was performed according to the kit criteria.

Infection prevalence was estimated from the proportion of positive
samples to the total number of samples tested. Bivariate associations
between the presence of tick-borne pathogens and explanatory variables
(location and group) were analyzed using the Pearson’s chi-squared test or
Fisher’s exact test, as appropriate. Additionally, the McNemar’s test was
used to investigate the association between PCR positivity and sampling
time for animals that were longitudinally surveyed. Analyses were per-
formedusingR software version 4.1.339 anddifferenceswere significantwith
p < 0.05 for a double‐sided test. Confidence interval (CI) at 95% confidence
level (Z-value = 1.96) was calculated as CI = Average ± Z x standard
deviation (SD)/√nusing theConfidence Interval Calculator (Calculator.net,
https://www.calculator.net/confidence-interval-calculator.html).

Vaccine efficacy E
Allen and Humphreys8 proposed the analysis of variables associated with
tick life cycle using vaccine formulations withmidgut protein extracts. This
approach was later revised and applied for vaccines with recombinant
antigens for the control of tick infestations under experimental and natural
conditions9,10.

Currently, vaccine efficacy E for the control of tick species in pen trials
under controlled conditions is based on the effect in the reduction of tick
infestations, oviposition, and fertility as E (%) = 100 [l - (CRT x CRO x
CRF)], where CRT, CRO, andCRF are the reduction in the number of adult
female ticks, oviposition and egg fertility comparedwith the control group40.
The formula was then adapted to three-host tick species as E (%) = 100 [1 -
(RL x VL x RN x VN x CRT x CRO x CRF), where RL and VL are the
reduction in engorged and molting of tick larvae and RN and VN are the
reduction in engorged and molting of tick nymphs41,42.

Accordingly, the final calculation of vaccine efficacy E considers
available information on tick immature stages as:

E (%) = 100 x [1 – (TV/TC x OV/OC x FV/FC x LV/LC x NV/NC)],
where TV and TC are female ticks from vaccinated and control groups,
respectively,OVandOCare eggweight from ticks in vaccinated and control

groups, respectively, FV and FC are fertility (percent of egg hatching and
producing larvae) from ticks in vaccinated and control groups, respectively,
LV and LC are engorged larvae from vaccinated and control groups,
respectively, and NV and NC are engorged nymphs from vaccinated and
control groups, respectively.

Vaccine effectiveness Ee
Vaccine effectiveness Ee is the evaluation of efficacy under field conditions
considering locations with different characteristics and infestations by
multiple tick species41,42. This information is essential for the approval of
vaccine formulations for registration and commercialization to improve
livestock health and production.

For the evaluation of vaccine effectiveness Ee against multiple tick
species infesting the same host, the combined effect was calculated as:

Ee (%) = 100 x [1 – (TVCsp1 x TVCsp2 x TVCspN)], where
(TVC)sp = TV/TC x OV/OC x FV/FC x LV/LC x NV/NC for each tick
species sp1, sp2,… spN.

Additional considerations for evaluation of effectiveness Ee include:
Fed female tick weight as a marker of tick fitness, Ew (%) = 100 x (1-

WV/WC), where WV and WC are mean female tick weight from the
vaccinated and control groups, respectively.

Total (larvae, nymphs and adults) tick counts for all tick species
infesting the same host, Ev (%) = 100 x [1 – (TV/TC x LV/LC x NV/NC)].

Reduction in the number of infested cattle (R) after comparison of
vaccinated and control animals at around 6 months after first vaccine dose
administration.

Total integrated vaccine efficacy/effectiveness E/Ee
The average for all locations of vaccine efficacy E, effectiveness Ee, Ev, andR
was used for the estimation of total integrated vaccine efficacy/effectiveness
(EeI) as EeI (%) = 100 x [1 - [(1 - (E/100)) x (1 - (Ee/100)) x (1 - (Ev/100)) x
(1 - (R/100))]]43,44.

Data analysis for tick infestations and vaccine efficacy and
effectiveness
The confidence interval was calculated as described above for tick-borne
pathogens. As previously described for SUB vaccine field trial16, tick infes-
tations (female ticks/animal) were compared between vaccinated and
control groups throughout the trial using a One-way ANOVA with post-
hoc Tukey Honestly Significant Difference HSD test (https://astatsa.com/
OneWay_Anova_with_TukeyHSD/) (p = 0.05). The number of female
ticks per animal at one and around 6 months after vaccination was com-
pared between vaccinated and control groups by Student’s t-test with
unequal variance (p = 0.05).

Vaccine safety
During the trial, cattle were maintained with freedom to roam around and
access to water and feed. Vaccine safety and cattle wellbeing were evaluated
by recording in response to treatments (n = 36-37 animals/treatment at
dates disclosed in the experimental design; Supplementary Data 3) (a) local
reactions/skin coat (score 10-smooth even/regular hair pattern and kempt,
20-rough shaggy irregular hair pattern; score 10 is considered normal), (b)
body temperature (normal, 38.5–39.0 °C), (c) body condition (score
1-extremely thin, 2-thin, 3-moderate, 4-fat, 5-obese; scores 2-3 are con-
sidered normal), (d) respiration/breeding (score 10-normal, 20-not normal/
labored), (e) feeding (score 10-normal grazing consistently, 20-limitedwhen
animal takes long breaks not feeding while lying down or standing, 30-
abnormaly increased intake), (f) locomotion/movement (score 0-normal
even walking, 1-slightly lame uneven walking, 2-lame with arched back and
headbobwhenwalking, 3-severely lamewith great difficultywhenwalking),
(g) demeanor (score 0-dull when animal generally not feeding and lays
down with limited response to stimuli, 1-active when animal generally
involves actively in all activities such as feeding, 2-retless/hyperwhen animal
makes frequent movements and charging; score 1 is considered normal),
and (h) mortality. In Nabuin, fecal samples were collected and evaluated
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(score 1-normal consistence, 2-diarrhoea, 3-hard). Additionally, blood
samples were collected at 0, 30, 60 and 90 dpv from cattle at different
locations (Mbarara, Isimba, Kiburara, Nabuin, Maruzi) and submitted to
Lancet Laboratories Uganda Limited (Nakasero Hill Lab, Plot 1 Kyadondo
Rd., Kampala, Uganda) for hematology analysis in blood using a chemical
analyzer (COBAS Integra 400; Roche Holding AG, Basel, Switzerland) and
serum (Hitachi 717 Chemistry Analyzer; Roche Holding AG). Blood and
serumbiomarkers includedWBC,white blood cells; lymphocytes; RBC, red
blood cells; hemoglobin; hematocrit; MCV,mean cell volume;MCH,mean
cell hemoglobin;MCHC,mean cell hemoglobin concentration; RET/RDW,
reticulocytes; platelets; neutrophils; basophils; eosinophils; monocytes;
TBIL, total bilirubin;CBIL, conjugatedbilirubin;ALP, alkaline phosphatase;
GGT, gamma-glutamyl transferase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; TP, total protein level; ALB, albumin; CHOL,
cholesterol; LDLCHOL, low-density lipoprotein (LDL) cholesterol;
HDLCHOL, high-density lipoprotein (HDL) cholesterol; NONHDL, non-
HDL cholesterol; CHOL/HDL, CHOL to HDL ratio; TRIG, triglycerides;
UREA,ureanitrogen;CREA, creatinine.Referencesvalueswereprovidedby
Lancet Laboratories Uganda Limited. Results were compared between
treatments at each time point by Student’s t-test with unequal variance
(p = 0.05) and throughout the trial for each treatment byOne-wayANOVA
with post-hoc HSD test (https://astatsa.com/OneWay_Anova_with_
TukeyHSD/) (p = 0.05).

Antibody titers and correlation with engorged tick weight
Anti-SUB IgG antibody titers were determined as previously described16

(Supplementary Data 4). The 96-well ELISA microplates (Merck KGaA)
were coated with 0.1 μg/well SUB in carbonate/bicarbonate buffer and
incubated overnight at 4 °C. Plates were washed with 100 μl/well of washing
buffer (PBS, 0.05%Tween 20, pH 7.4), blocked for 1 h at RTwith 100 μl/well
of blocking buffer (PBS, 2.5% skimmilk, pH 7.2), andwashed for three times
with100 μl/wellwashingbuffer.Then, 100 µlof bovine serumdiluted1:100 in
blockingbufferwas added to thewells and theplatewas incubated at 37 °C for
one h. Plates were washed as before and 100 μl/well of anti-bovine IgG-HRP
conjugates (Merck KGaA) diluted 1:10000 in blocking buffer were added to
thewells and incubated for 1 h at RT. Plates were washed again as before and
100 µl/well of 3,3′,5,5′-Tetramethylbenzidine (TMB; Abcam, Waltham,
Boston, USA) were added and incubated in the dark for 15min at RT. The
reaction was inhibited with the addition of 50 μl H2SO4 3N and the absor-
bance was measured at 450 nm optical density (O.D.). For data analysis,
average of control O.D. values (plate wells without SUB; n = 5) were sub-
tracted from each sample and results compared for each timepoint (0, 30 and
180pdv)betweenSUB-vaccinatedandPBS-treatedgroupsbyStudent´s t-test
with unequal variance (p = 0.05) and between different timepoints by One-
way ANOVA with post-hoc HSD test (https://astatsa.com/OneWay_
Anova_with_TukeyHSD/) (p = 0.05). Correlation analysis between anti-
SUB IgG antibody titers and engorged Rhipicephalus spp. tick weight was
conducted as previously described6,25,31. A Pearson correlation coefficient (r)
was calculated in Mbarara animals with data available at different dpv
(https://www.socscistatistics.com/tests/pearson/).

Data availability
All data supporting the findings of this study are available within the paper
and supplementary information. The source data underlying Figs. 2–9 and
Supplementary Figure 1 are provided as a Source Data file.
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