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The apicomplexan blood parasite Theileria parva is the etiologic agent of East Coast fever

(ECF), a highly lethal condition in cattle across Africa. The progress of vaccine design has

been har.npere-d by lirr-lited in-sigh.t into t‘he nature‘: of prhotective immunity that arises after eithér Received: 04 May 2021

natural infection or immunization using the infection and treatment method (ITM). This  pavised: 12 August 2021

challenge mainly results from the absence of suitable techniques for assessing the memory T-  Accepted: 16 August 2021

cell populations after exposure. To resolve this issue, immune assays originally optimized for

other intracellular organisms were modified to analyze T. parva, enabling detailed study of

effector T-cell characteristics in immune animals and supporting vaccine improvement. In this

investigation, peripheral blood mononuclear cells (PBMCs) from cattle immunized by ITM

were stimulated with irradiated, autologous, T. parva-infected cells, provoking a proliferative

recall reaction consisting of CD45R0+/CCR7— CD4+ and CD8+ subsets. When these cultures

were later incubated with infected targets, cytotoxic T lymphocytes (CTLs) capable of

destroying infected cells were detected. Removal of either CD4+ or CD8+ T cells showed that

cytotoxic function was mainly due to the CD8+ fraction. Notably, PBMCs from all vaccinated
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steers exhibited strong proliferative responses in both T-cell types. This represents the first key https://doi.org/10.51847/umY cx7uFmP

outcome derived from the newly applied assay.

Introduction

Theileria parva (T. parva), a tick-transmitted protozoan belonging to the phylum Apicomplexa, causes East Coast
fever (ECF), which leads to the death of over one million head of cattle each year in sub-Saharan Africa [1]. The
most severe losses occur among Bos taurus breeds and Bos indicus cattle living outside endemic areas, with
smallholder herders most severely affected. Consequently, ECF-related illness and mortality remain a principal
factor in rural poverty.

Following transmission by the tick Rhipicephalus appendiculatus, T. parva sporozoites rapidly invade bovine B
and T lymphocytes, forming multinucleated schizonts [2]. These schizonts are free in the cytoplasm and induce
malignant-like transformation of the host lymphocyte [3]. The parasite divides concurrently with the transformed
host cell, and this stage is responsible for clinical disease. During acute infection, lymph nodes enlarge due to
proliferation of infected and activated lymphocytes [4]. The infection leads to severe leukopenia, persistent fever,
and anorexia. In advanced cases, distinct monocyte changes appear [5], and respiratory distress develops.
Histological analysis of fatal infections shows that lung pathology involves widespread macrophage activation,
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vascular infiltration, and vasculitis rather than simple lymphocyte proliferation [6]. These findings suggest that
dysregulation of the innate immune response is linked to severe disease outcomes [7]. Although transformed
lymphocytes appear to drive macrophage activation, the precise processes remain unclear.

Immunization by the infection and treatment method (ITM)—in which cattle are inoculated with crushed T. parva-
infected ticks and simultaneously treated with oxytetracycline—provides strong protection against similar parasite
strains but may not prevent infection with antigenically distinct ones [8]. Furthermore, ITM stabilates are costly,
require antibiotic support, and must be stored in liquid nitrogen [9, 10]. Even so, ITM has shown that lasting
protection is attainable and can be broadened through mixed isolate formulations [1]. The resulting immune cattle
enabled exploration of host defense mechanisms. Transfer of CD8" T cells from an ITM-immunized calf to its
genetically identical twin confirmed that protection is primarily mediated by CD8" cytotoxic T cells (CTLs) [11].
Attempts to achieve similar results using isolated schizont antigens have yielded partial success but also numerous
challenges [12—15].

While these experiments clarified some aspects of T. parva immunity, the antigen-specific CTLs generated by
immunization were consumed during standard assays, limiting detailed examination of protective mechanisms—
a problem shared by earlier work [13]. Except for CD8" T-cell cytotoxicity against infected lymphocytes, no
additional markers correlate reliably with immunity. Other measures, such as interferon-gamma secretion or cell
proliferation, do not predict resistance to reinfection. This knowledge gap continues to obstruct vaccine
development, as the essential features of protective immune responses remain undefined.

Comparable research on porcine reproductive and respiratory syndrome virus (PRRSV) in pigs and
Mycobacterium species in cattle indicates that flow cytometry—based cytotoxicity systems may overcome such
constraints [16, 17]. These methods enable examination of CTL-mediated killing of infected macrophages while
preserving the effector cells for further study. The goal of the present research was to adapt and apply these
cytotoxicity techniques to evaluate CTLs that arise in cattle after [ITM immunization with T. parva.

Materials and Methods

Animals and cell lines
Four Holstein steers were experimentally challenged with Theileria parva using the infection-and-treatment

protocol (ITM) following earlier studies [6, 7, 18, 19]. In short, a 1-mL subcutaneous inoculation containing
homogenized material from ten infected tick salivary gland pairs of the Muguga sporozoite stabilate (Muguga
genotype only, excluding the cocktail) was administered into the left parotid region. Simultaneously, long-acting
oxytetracycline (20 mg/kg) was given intramuscularly. Clinical monitoring and supportive treatment were
conducted according to established procedures [7].

Between 6 and 20 months after the primary infection, each steer received a booster injection with an identical
dose of Muguga stabilate. No disease symptoms were observed at this stage, confirming established immunity to
T. parva. Blood samples were taken from 3 to 12 weeks post-challenge for analysis of T-cell proliferation and to
develop T. parva-specific cytotoxic T lymphocyte (CTL) lines, which were subsequently used in fluorescence-
based cytotoxicity testing. Ethical clearance was granted by the Washington State University Institutional Animal
Care and Use Committee (protocols ASAFs 4980 and 6622).

For each animal, lymphocyte cultures infected with 7. parva were generated by infecting peripheral blood
mononuclear cells (PBMCs) in vitro with Muguga sporozoites as previously reported [7, 15, 20, 21]. PBMCs were
separated from whole blood via density-gradient centrifugation using Histopaque (Sigma-Aldrich, St. Louis, MO,
USA). Infection success was verified between 14 and 21 days post-exposure through microscopic observation of
T. parva schizonts in Giemsa-stained cytospin slides. Once established, cultures were maintained by sub-culturing
at ratios of 1:2 or 1:3 every 2—4 days, depending on pH change (medium turning from red to yellow) and cellular
density. Unless exposed to theilericidal drugs, T. parva-infected lymphocytes remain continuously proliferative
and can be propagated long-term [22].

All cell lines were maintained in complete RPMI (cRPMI) medium consisting of RPMI 1640 (Gibco,
Gaithersburg, MD, USA) supplemented with 10% calf serum, 20 mM HEPES (Gibco), 50 uM B-mercaptoethanol
(Gibco), 2 mM L-glutamine (Gibco), and 50 pg/mL gentamicin (Gibco). Cultures were incubated at 37 °C with
5% CO2. All monoclonal antibodies (mAbs) applied are summarized in Table 1.
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Table 1. Monoclonal and secondary antibodies employed in this study.

Antibody Designation Isotype Specificity Source
ILATIA IgG2a Bovine CD4 WSUMAC, USA
7C2B IgG2a Bovine CD8 WSUMAC, USA
CACTS80C IgGl Bovine CD8 WSUMAC, USA
ILAT16A IgGl Bovine CD45R0 WSUMAC, USA
CACTI116A 1gG1 Bovine CD25 WSUMAC, USA
GB21A IgG2b Bovine v TCR WSUMAC, USA
3D12 I1gG2a Human CCR7 BD Pharmingen, USA
AKS8 I1gG2a Bovine CD335 Norwegian University of Life Sciences [23]

Goat anti-mouse IgG2a PE-Cy5.5 — ThermoFisher, USA

Goat anti-mouse IgG1 Alexa Fluor 647 — ThermoFisher, USA

Goat anti-mouse IgG1 FITC — ThermoFisher, USA

Goat anti-mouse IgG3 FITC — Southern Biotech, USA
Goat anti-rat IgG FITC — Southern Biotech, USA

Goat anti-mouse 1gG2b PE — Southern Biotech, USA

Generation of T. parva-specific effector T cells
Effector T cells specific to 7. parva were obtained following previously established methods [22] with slight

modifications. Blood was drawn from 7. parva-immune animals into tubes containing anticoagulant citrate
dextrose (ACD). PBMCs were isolated by Histopaque density separation (1.077 g/mL; Sigma-Aldrich, St. Louis,
MO, USA). Immune PBMCs were cultured in cRPMI and stimulated for 6 days with autologous, y-irradiated (50
Gy) T. parva-infected lymphocytes at a 20:1 ratio under 37 °C/5% CO.. After this first round of stimulation, cells
were purified by density centrifugation to eliminate non-viable cells.

Recovered lymphocytes were characterized and depleted of NK and yo T cells using anti-NK and anti-yd mAbs
(1 ng/10¢ cells) (Table 1) together with rat anti-mouse [gG2a+b magnetic microbeads (Miltenyi Biotec, Waltham,
MA, USA) per the manufacturer’s recommendations. The remaining CD4* and CD8" cells were cultured again in
cRPMI and restimulated for 5-6 days with the same autologous irradiated cell lines. Following the second
activation, dead cells were removed, and viable cells were analyzed for phenotype and utilized either for CTL
assays or to establish CD4" and CD8" subcultures. CD8* cells were positively isolated using a CD8-specific mAb
(1 ng/10¢ cells) (Table 1) and rat anti-mouse IgG2a+b magnetic beads as previously detailed. Both CD8* and
residual CD4* fractions were assessed for purity by flow cytometry. Expanded CD4* and CDS8* cultures were
grown in cRPMI containing bovine IL-2 (10 ng/mL; Kingfisher, USA) before being used in cytotoxicity
evaluations.

Panels of monoclonal antibodies recognizing CD4, CDS, v5 T cells, CD45R0 (memory T-cell marker), CCR7,
and CD25 were employed to determine cell composition after each stimulation and depletion step, after CD8*
selection, and prior to co-culture cytotoxicity assays. Cells were labeled as previously described using
fluorochrome-conjugated, goat anti-mouse, isotype-specific secondary antibodies [24]. Flow cytometric analysis
was performed on a BD FACSCalibur instrument with CellQuest software (BD Immunocytometry Systems, San
Jose, CA). Data analysis was conducted using De Novo FCS 6 software (DeNovo Software, Pasadena, CA, USA).

Flow cytometric cytotoxicity assay
A triple-color flow cytometric method was applied to evaluate the cytotoxic activity of both mixed parental

lymphocyte cultures and purified 7. parva-reactive CD8* and CD4* T-cell populations against autologous,
infected target cells. Target cells were freshly prepared before each test. Infected cultures were harvested, cleaned
of non-viable cells by density-gradient centrifugation, and adjusted to a concentration of 2 x 10° cells/mL in RPMI
medium containing CellTracker Deep Red dye (Thermo Fisher, USA) at a dilution of 1:1000. Labeling was
performed for 30 min at 37 °C, after which the cells were washed and transferred to complete RPMI (cRPMI).
Unfractionated and separated 7. parva-specific T cells were also purified through centrifugation to remove dead
cells and resuspended in cRPMI. The separated subsets, previously expanded in the presence of IL-2, were further
purified using the same procedure before the assay.
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Effector and labeled target cells were co-incubated for 6, 24, or 48 h. The effector-to-target (E:T) ratios were set
at 40:1 for parental and CD4" lines and 20:1 for CD8" lines. A single well containing only stained target cells
served as a background-death control. At each time point, one replicate was harvested, pelleted, and suspended in
Annexin V binding buffer (BD Biosciences, USA), followed by staining with Annexin V-PE and 7-AAD (20 uL
of each). Samples were incubated for 15 min at room temperature and analyzed by flow cytometry within 1 h.
Data acquisition was restricted to CellTracker Deep Red-positive events, and at least 3 x 10* targets were recorded
per sample.

Data processing
Flow cytometry data were interpreted using FCS Express (De Novo Software, Los Angeles, CA, USA). Statistical

evaluations were carried out in GraphPad Prism (GraphPad Software, San Diego, CA, USA). Group comparisons
were made using a one-tailed Student’s #-test, and differences were considered significant when p < 0.05.

Results and Discussion

Recall response of PBMC from T. parva-immune steers to stimulation with autologous infected cells
To establish a flow cytometric approach for assessing cytotoxic recall activity, peripheral blood mononuclear cells

(PBMC) from ITM-immunized steers were exposed to autologous, y-irradiated 7. parva-infected lymphocytes.
Final cell preparations used in assays were cleared of non-viable cells and characterized to confirm the presence
of both CD4* and CDS8" T cells or pure subsets of each.

As illustrated in Figure 1, PBMC were displayed on side-scatter (SSC) versus forward-scatter (FSC) plots, where
color-coded electronic gates identified proliferative activity. Region R1 represented small, quiescent lymphocytes,
while R2 included larger cells undergoing blastogenesis [20, 21]. Additional gating in FSC vs. CD45R0 plots was
used to quantify antigen-responsive memory T cells. Comparison between initial PBMC populations (Figures 1a
and 1b), unstimulated cultures maintained for six days (Figures 1c and 1d), and cultures stimulated with infected
cells for the same period (Figures 1e and 1f) demonstrated a clear expansion of antigen-specific memory T cells
following stimulation. This pattern was consistent across PBMC from all four immune steers (Figure 1g).
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Figure 1. Flow-cytometric characterization of the proliferative T-cell response following exposure to
autologous, y-irradiated T. parva-infected lymphocytes. Gates R1 and R2 differentiate resting from enlarging,
dividing cells. Additional gating (FSC vs. CD45R0) identifies the memory subset proliferating after antigenic

stimulation. Representative plots compare PBMC at baseline (a, b), after six days without stimulation (c, d),
and after six days with infected-cell stimulation (e, f), indicating enhanced memory T-cell expansion. (g)
summarizes recall responses from all four steers. (h, 1) show representative phenotypes of proliferating CD4*

(h) and CD8" (I) memory cells. (j) demonstrates that most proliferating antigen-specific memory cells

expressed CD25 by day 6. Control cultures = unstimulated (CON CULTURE); stimulated cultures =
infected-cell-stimulated (STM CULTURE). Statistical analysis by one-tailed t-test compared memory T-cell

frequencies at baseline (To) with unstimulated (p < 0.0001, ***) and stimulated cultures (p = 0.0003, ***%*),

CCR7

Day 6: Culture of PBMC
stimulated with TpC

Further examination of the proliferating memory population revealed that CD4* T cells predominated. Both CD4*
and CD8" cells lacked CCR7 (CD197), a characteristic consistent with effector-memory phenotypes (Figures 1h
and 1i). Most antigen-reactive memory cells also expressed the activation marker CD25 (Figure 1j).

Flow cytometric evaluation of cytotoxic activity of T cells against autologous T. parva—infected targets
A flow cytometry—based assay was designed to quantitatively assess the ability of cytotoxic T lymphocytes

(CTLs), derived from PBMC of immunized steers, to eliminate T. parva—infected cells. The method enabled
differentiation between effector and target cell populations. Its design was adapted from cytotoxicity assays
commonly applied in viral immunology, in which infected targets are fluorescently labeled to distinguish them
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from effectors [16, 25]. In the current work, T. parva—infected cells were marked with CellTracker Deep Red prior
to co-culture. To determine CTL-induced apoptosis and necrosis, the annexin V-PE/7-AAD staining system was
employed (Figure 2). Within this framework, annexin V*/7-AAD" cells indicate early apoptotic death, annexin
V*/7-AAD" cells correspond to late apoptotic or dead cells, and annexin V/7-AAD" cells denote necrotic death.
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Figure 2. Gating workflow for identifying labeled T. parva—infected cells subjected to CTL-mediated
cytotoxicity. (a) Representative population of CTLs and autologous, irradiated T. parva—infected targets
stained with CellTracker Deep Red, annexin V, and 7-AAD after 6 h of co-incubation, displayed as SSC vs.
FSC. (b) Gate used to isolate the labeled targets (FSC vs. CellTracker). (c) Gated infected cells displayed as
7-AAD vs. annexin V plots, showing live, early apoptotic, late apoptotic, and necrotic subpopulations.

CTLs were obtained after two sequential stimulations. The cytotoxic response was evaluated at 6, 24, and 48 hours
of co-culture with irradiated autologous infected targets. A parallel culture of infected cells alone served as a
control to estimate spontaneous apoptosis during the same incubation periods. At analysis, gating was performed
on the CellTracker Deep Red—positive population to exclude CTLs (Figures 2a and 2b). The gated cells were
then examined for annexin V and 7-AAD expression to quantify apoptotic and necrotic fractions (Figure 2c¢).

A clear time-dependent increase in apoptosis of target cells was observed. At baseline (0 h), about 3% of infected
cells were apoptotic (Figure 3e), which rose to 39% after 48 h (Figures 3f-3h), while cultures lacking CTLs
(Figures 3a—3d) showed minimal change. The total apoptotic fraction was defined as the combined percentage
of annexin V*/7-AAD™ and annexin V*/7-AAD" cells. Cytolytic activity (% specific cell death) was calculated
according to the equation:

% specific cell death = (% of dead infected cells—% of spontancous dead infected cells)/(100% of spontancous
dead infected cells) x 100, as outlined by previous authors [26].

Analysis of samples from all four immunized steers demonstrated a progressive increase in cytotoxicity over time.
Mean values of cell death reached 38.29% + 10.45 at 6 h, 47.21% + 8.69 at 24 h, and 65.81% =+ 16.46 at 48 h,
significantly higher than baseline (2.34% + 2.36) (Figure 4a).
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Figure 3. Detection of apoptosis in T. parva—infected targets co-cultured with specific CD4* and CD8" T-cell
populations. Panels (a—d) show infected targets alone, while (e-h) illustrate co-cultures at 0, 6, 24, and 48
hours. The frequency of apoptotic and dead cells increased progressively in co-cultures, indicating time-
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dependent CTL-mediated lysis. Green quadrants highlight viable target populations declining over time.
Cultures without CTLs showed negligible loss of viability, confirming that cell death resulted from CTL
attack rather than spontaneous apoptosis.
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Figure 4. Quantification of T. parva—infected cells undergoing apoptosis or death after incubation with
effector T cells. (a) Summary of apoptotic/dead infected cells recorded at 0, 6, 24, and 48 h in co-cultures
containing both CD4" and CDS8* T cells. (b) Comparison of infected targets killed by isolated CD4" (circles)
and CDB8" (triangles) T-cell lines at 0, 24, and 48 h following stimulation with autologous irradiated infected
cells. Although CD8" T cells were the predominant mediators of cytotoxicity, CD4" cells also demonstrated
measurable killing capacity.

In later experiments, the initial CTL populations were subdivided into fractions containing only CD4* or CD8*
cytotoxic T lymphocytes. Each subset was cultured and expanded in the presence of bovine IL-2 before analysis.
Two incubation periods, 24 and 48 hours, were selected to evaluate the killing efficiency of the separated T-cell
groups. The assessment revealed that elimination of infected target cells was primarily driven by CD8" T cells in
a time-dependent fashion (Figures 4b, 5a—5c), exhibiting mean cytolytic activities of 62.25 (+ 6.96) and 78.57 (+
8.21) at 24 h and 48 h, respectively. CD4* CTLs displayed only minimal cytotoxic responses, averaging 3.96 (+
2.38) and 6.06 (+ 4.95) at the corresponding time points (Figures 4b, Figures 5d-5f).
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Figure 5. Flow cytometric evaluation of T. parva—specific CD4* and CD8* T-cell cytotoxicity. The
representative plots illustrate the fractions of apoptotic and dead T. parva—infected targets following 0, 24, or
48 h co-incubation with either CD8* (a—c) or CD4" (d—f) T cells. A pronounced decrease in viable targets was
visible when CD8" T cells were present, confirming that the observed target cell death was induced by CD8*

T-cell cytolysis.

Discussion
Research into protective immunity to T. parva and the creation of an effective vaccine has evolved slowly but

steadily over the past four decades, in parallel with technological advances (see Morrison et al. [27] for an
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overview of earlier work). The central immune effectors responsible for controlling T. parva infection are CD8*
CTLs that target schizont-infected lymphocytes [1, 11]. These responses arise naturally during infection and
following immunization via the infection-and-treatment method (ITM) [1]. Other than CD8* CTLs, no immune
marker reliably correlating with protection has been confirmed. Some evidence hints that CD4" T-helper and v
T cells may contribute [28-31], yet responses from these non-CD8" subsets remain poorly defined. Standard
indicators of T-cell activation—such as IFN-y release or cell proliferation—do not correspond to protection from
clinical disease [12-15].

This limitation has significantly restricted vaccine progress. Although several antigenic constructs have been
tested in cattle using different delivery systems, none consistently generated protective immunity [12—15]. Hence,
a more complete understanding of protective cellular mechanisms beyond cytotoxicity is needed to guide vaccine
development and evaluation. This study sought to refine a flow-cytometry-based cytotoxicity assay, previously
applied to investigate CTL responses against PRRS virus in pigs and Mycobacterium species in cattle [16, 17],
for use in the T. parva model. This adaptation aimed to enable broader characterization of the T-cell response
following natural infection, ITM immunization, or experimental vaccination. Unlike the older chromium-release
method [11, 13, 14], which measures only total lysis, the flow-based approach simultaneously captures surface
phenotype, MHC-—peptide interactions, cell proliferation, and cytokine production, thereby offering a
multidimensional view of both cytotoxic and non-cytotoxic subsets.

The present data confirm successful implementation of the flow cytometry protocol for T. parva. Comparable to
findings from chromium-release experiments [32], strong cytotoxicity was detected at each time point when T.
parva—specific parent or CD8* T-cell lines served as effectors. In addition to avoiding radioactive tracers, this
approach distinguishes between early apoptosis (annexin-V staining) and late membrane disruption (7-AAD
uptake) [33]. Because the chromium assay quantifies only the latter phase, it underestimates early apoptotic events
and is therefore less sensitive.

Moreover, the revised assay permitted parallel phenotypic profiling of active T-cell populations. The majority of
PBMCs stimulated with autologous irradiated T. parva—infected cells displayed a CD45R0* CCR7" effector-
memory phenotype and expressed CD25, a marker of T-cell activation. Future analyses could investigate
expression of markers associated with bovine yo T cells, regulatory subsets, and helper T-cell lineages, as well as
intracellular molecules such as perforin, granzyme B, and cytokines including IL-17, IFN-y, and IL-10.
Combining these readouts with cytotoxic and proliferative measurements would enable a more comprehensive
view of the immune mechanisms acting against T. parva.

A notable observation from this investigation was the detection of a modest yet statistically significant CD4*
cytotoxic T-lymphocyte (CTL) response against 7. parva-infected cells. To the best of current knowledge, this
represents the first evidence of cytolytic CD4" T-cell activity specific to 7. parva. Although such responses are
considerably rarer than those mediated by CD8" CTLs, comparable CD4* CTL activity has previously been
described in cattle infected with Neospora caninum [34, 35] and in humans infected with Toxoplasma gondii [36,
371.

Given the extensive cell-sorting and validation steps performed—including multipoint phenotyping of CD4* and
CD8* subsets before and after magnetic separation using anti-bovine CD4 and CD8 monoclonal antibodies—the
possibility of cross-contamination between subsets is minimal. However, it remains theoretically possible that a
minor proportion of CD4* CTLs expressed low levels of CD8, forming a double-positive (DP) T-cell population.
Such DP T cells occur naturally in healthy humans, pigs, and rodents, where antigenic stimulation tends to increase
their frequency in peripheral blood [38]. To date, this phenomenon has not been reported in cattle [38].

The functional contribution of cytotoxic CD4* T cells to immune control of 7. parva remains uncertain. Prior
work has shown that adoptive transfer of purified CD8* CTLs, devoid of CD4* T cells, from immune to naive
twin calves was sufficient to confer resistance [11]. Whether CD4" CTLs enhance this protection in vivo still
requires clarification. Alongside better definition of 7. parva-specific CTLs, it is essential to delineate additional
cellular components necessary for CTL induction to inform vaccine design. The present findings reveal that both
CD4* and CD8" T cells proliferate upon exposure to infected cells, with activated effector-memory CD4" T cells
being numerically dominant. While a few earlier studies alluded to a supportive role of CD4* T-helper cells in
promoting protective CTL responses against 7. parva [28, 29, 39], comprehensive profiling of these helper subsets
and their functional dynamics is still lacking.

Intercellular cooperation in CTL Induction

40
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A foundational study by Taracha et al. demonstrated that CTL development against 7. parva-infected targets
occurred only when both infected antigen-presenting cells and T cells were present within the same culture system
[39]. When CD4" T cells were physically separated from infected cells and CD8" T cells by a semipermeable
barrier, functional CTL maturation was completely abrogated. Comparable outcomes have been documented in
Mycobacterium avium subsp. paratuberculosis (Map) models, where the simultaneous recognition of antigenic
peptides by both CD4* and CD8" T cells was required for CTL activation [17, 40, 41]. The use of monoclonal
antibodies against MHC class I and II molecules further confirmed this co-recognition dependency, as blockade
of either MHC I or II alone disrupted CTL induction [41].
The present work indicates that methodologies initially optimized for investigating immune responses to Map
peptide vaccines can be effectively adapted to analyze 7. parva immunity. Utilizing the flow cytometric assay
established here, future in vitro and ex vivo studies can systematically characterize:
1. The phenotypic and functional profiles of CD4"* helper subsets facilitating CTL maturation;
2. The temporal dynamics and signaling interactions among CD4* T cells, CD8" T cells, and antigen-presenting
cells during CTL induction; and
3. The effects of modulating CD4" T-cell or APC phenotypes—including cytokine output and surface marker
expression—on CTL development against 7. parva.

The resulting data will guide rational vaccine formulation by identifying optimal adjuvants and delivery strategies
that steer immune activation toward protective outcomes. Moreover, this assay provides a reproducible system to
quantitatively evaluate vaccine-induced cellular immunity to 7. parva under controlled conditions.

Conclusion

In conclusion, the current study successfully adapted a flow cytometry—based cytotoxicity platform, previously
used to analyze CD8" CTL responses against Mycobacterium species and PRRS virus, to overcome a critical
technical barrier in 7. parva immunology. This platform enables ex vivo assessment of both primary and memory
CTL responses, thereby facilitating detailed examination of antigen processing, presentation by APCs, and the
bidirectional signaling between CD4" and CD8" T cells necessary for CTL differentiation.

Importantly, the method allows retention and analysis of CD8" CTLs before and after target-cell killing, permitting
deeper exploration of their activation signatures and regulatory determinants. Consistent with earlier observations
by Taracha et al. [39], our findings support the hypothesis that CD4* T-cell help is crucial for optimal CD8* CTL
generation against 7. parva. Stimulation of PBMCs from immune cattle with autologous infected cells induced
robust proliferation of both CD4* and CDS8" subsets, which exhibited markers characteristic of activated effector-
memory phenotypes.

This refined assay therefore provides a robust experimental framework to identify immune correlates of protection
and dissect mechanisms of disease susceptibility in 7. parva infection. Ultimately, these insights will underpin
the development of next-generation vaccines designed to mitigate the significant economic burden of this parasitic
disease in cattle.
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