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Abstract

Aim: Tungiasis caused by Tunga penetrans is a neglected tropical disease that majorly affects children, the
elderly and persons living with disabilities in rural homes in sub-Saharan Africa. The disease is
characterized by swelling and inflammation symptoms, especially on the hands and feet. However, it is
unclear whether inflammatory responses induced by T. penetrans may be associated with alterations of
cytokine and antibody profiles. The study evaluated the immunological changes: cytokine and antibody
profiles of experimentally raised guinea pigs exposed to T. penetrans.

Methods: A total of 24 guinea pigs were experimented on; 16 were exposed to T. penetrans while 8 were
controls. Blood samples were collected before and after exposure. Enzyme-linked immunosorbent assay
(ELISA) technique was used to quantify cytokines and antibodies. Data analysis was performed using
GraphPad Prism 10.4.

Results: At day 10 of post-infection, guinea pigs showed significant elevation (p < 0.05) of pro-
inflammatory cytokines, tumor necrosis factor alpha (TNF-a) (235 pg/mL), and interferon gamma (IFN-y)
(425 pg/mL) in the serum. Anti-inflammatory cytokine had a delayed elevation, with interleukin-4 (IL-4)
peaking to 357 pg/mL by day 15, while IL-10 rose to 367 pg/mL by day 15 of post-infection. Total systemic
circulating levels of antibodies in serum were significantly elevated (p < 0.05), with immunoglobulin E (IgE)
elevating to 232 ng/mL while IgG peaking at 272 ng/mL on day 15 post-infection.

Conclusions: Pro-inflammatory cytokines elevated during the early stages of infection may serve as early
markers for the infection, and their potential role in the pathogenesis of tungiasis needs to be explored
further. The study has established that IgE and IgG are important antibodies that are produced in response
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to tungiasis, and their efficacy in controlling the infection needs to be further explored for potential
alleviation of severe forms of the infection.
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Introduction

Tungiasis is a parasitic skin disease caused by the penetration of the gravid female flea Tunga penetrans
into the epidermis [1-4]. The disease is endemic in the tropics of Sub-Saharan Africa and the Americas [5-
8]. The epidemiology and clinical manifestations of the disease have been well documented, while the host-
parasite interaction on immune response is still limited.

The life-cycle of the flea begins when only mated female flea burrows into the stratum corneum of the
skin, anchoring itself in the dermis. After a span of one to two days, the embedded flea begins to feed on
host blood and tissue, rapidly increasing in size to accommodate egg maturation. The rapid growth creates
a characteristic lesion often visible as a white nodule. When eggs are released from the embedded female
and deposited on the ground in a favorable environment, larvae hatch 3-4 days later and undergo
numerous larval stages before pupating 10-14 days later. The pupae stage lasts for another 10-15 days
before adults emerge, ready to infect their next host [9, 10].

Pathogenesis starts when the flea embeds itself beneath the host’s skin [11]. The flea feeds on blood
and grows to as large as 2,000 times, triggering a localized inflammatory response marked by mast cell
degranulation, infiltration of macrophages and lymphocytes, causing pain, swelling, and itching as a result
of inflammation [12]. In humans, lesions are observed to have secondary bacterial infections, which later
lead to ulceration, necrosis, and hyperkeratosis [13]. Infestations left untreated may continue to cause
chronic inflammation and complications such as sepsis or tetanus [14].

Previous research indicated the presence of macrophages, lymphocytes, eosinophils, and mast cells in
inflammatory infiltrates. Tungiasis infection has been reported to considerably increase the levels of tumor
necrosis factor alpha (TNF-a) and interferon gamma (IFN-y) cytokines in humans [12, 14]. Studies on
Wistar rats have revealed that during tungiasis infections, anti-inflammatory IL-10 cytokines are
abundantly produced, which is associated with reduced blood TNF levels [15]. It is unclear whether the
effect is similar in other animal models. However, it is still unclear exactly when the cytokines are
generated and released locally shortly after flea penetration.

Antibody studies done in other ectoparasites, such as Sarcoptes scabiei (scabies) and Dermatobia
hominis (myiasis), indicate that these infections result in immunoglobulin E (IgE) and IgG release. IgE
causes histamine release, which causes itching and inflammation [16]. Scabies and myiasis have been
reported to cause significant local inflammation and discomfort [17, 18], a pathology that is similar to
tungiasis. IgG is essential for both long-term immunity and pathogen clearance. Recurring exposure to
tungiasis raises IgG levels, which facilitate the identification and elimination of parasites [19].

The immunopathogenesis of tungiasis with regard to the interplay of cytokines and antibodies remains
unclear. This study sought to determine the concentration of pro-inflammatory cytokines known for
activation of Th1 (TNF-a and IFN-y), Th2 interleukin-4 (IL-4), and immunomodulatory cytokine IL-10, and
the levels of IgE and IgG antibodies in an experimental guinea pig model with an aim of providing an
understanding of the host-parasite relationship. The findings aim to inform strategies for better
management and control of tungiasis, ultimately contributing to the reduction of its burden in endemic
regions.
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Materials and methods
Experimental animals

Twenty-four (24), eight (8) week old American calico guinea pigs were used in the study. The animals were
sourced from a commercial breeder specializing in pureline breeding and confirmed by a veterinary doctor
to be free of infections and parasites. The animals were transferred to a research animal house at Masinde
Muliro University of Science and Technology. The animals were split into groups of four animals per
stainless free wire-mesh cage measuring 45 cm x 30 cm x 30 cm with a well-fitted water bottle in a clean
and well-ventilated animal house. The animals were maintained on a standardized diet of commercial feed
pellets from Royal Feeds Company (composition: 18% fiber, 13% protein, 3.5% oil, 5% ash, 0.7% calcium,
0.5% phosphorus, 2.6% fat, and 1,000 1U/kg of vitamin D3). The animals were kept for two weeks to
acclimatize prior to the commencement of the experimental procedures.

Experimental design and natural infection

The guinea pigs were divided into two groups and marked. Sixteen animals were exposed to sand fleas
while eight animals were used as controls (un-infected). Baseline measurements of cytokines and
antibodies were obtained from all animals on day zero, as shown in Figure 1. The exposed animals were
confirmed to be infected by jiggers using a magnifying lens (JMH magnifying glass with 30x handheld large
18 LEDs). Infected animals were confirmed by the presence of small white protrusions, accompanied by
redness, swelling, and signs of discomfort in the animal. Upon detection of infestation, the animals were
taken back to the animal house for monitoring and experimental procedures. In the infected group, a
minimum of three fleas were observed to have burrowed into the paw pads and ear lobes of each animal.

EXPERIMENTAL ANIMALS

(Twenty- four guinea pigs)

BLOOD COLLECTION . ..
= S Animal Characterization
(Baseline) i
INFECTED WITH FLEAS (16) UN-INFECTED (8)

Laboratory Assays: Cytokines and
Antibody determination

Figure 1. Schematic diagram of experimental design illustrating the key workflow of the study

Explor Immunol. 2025;5:1003198 | https://doi.org/10.37349/€i.2025.1003198 Page 3



Blood collection and serum preparation

Peripheral blood sample (1 mL) was collected in a sodium heparin tube at 5-day intervals (0, 5, 10, 15, and
20 days post-infection) from the lateral saphenous vein using a 25-gauge needle on a 2 mL syringe. The
sample was left to coagulate at room temperature for 30 minutes and then centrifuged in a refrigerated
centrifuge (Benchmark Scientific Inc., Sayreville, NJ, USA) at 4°C for 15 minutes at 2,000 x g. After
centrifugation, serum was aliquoted into two tubes, each containing 200 puL, for cytokine and antibody
assays.

Determination of cytokine concentration

TNF-q, IL-10, and IL-4 were determined using the guinea pig interleukins enzyme-linked immunosorbent
assay (ELISA) kit (96 wells) (Wuhan Fine Biotech Co. Ltd, China). All samples, standards, and blanks were
assayed in duplicates. The serum sample with the highest positive outcome and a negative control sample
were used to optimize the ELISA procedure following checkerboard titrations. The samples, standards, and
reagents were prepared according to the manufacturer’s instructions. Briefly, the samples (100 pL each), 2-
fold diluted, were pipetted into pre-coated sample test wells followed by incubation for 90 minutes at 37°C.
The plate contents were discarded and washed two times with the wash buffer provided with the kit. 100
uL of biotin-labeled antibody at a dilution of 1:100 was pipetted into the bottom wells containing test
sample, standards, and blank wells, followed by incubation for 60 minutes at 37°C. The cover was removed
and the plate was washed three times with wash buffer and allowing the buffer to stay for two minutes in
every wash. 100 pL of horseradish peroxidase (HRP)-streptavidin conjugate was added into each well,
covered, and incubated at 37°C for 30 minutes. The plate was then washed five times, allowing the wash
buffer to stay for 2 minutes for every wash. 90 pL of tetramethylbenzidine (TMB) substrate was pipetted
into each well and incubated in a dark room for 20 minutes, followed by the addition of 50 uL of stop
solution 2M H,S0, into each well. The optical density was measured at absorbance 450 nm in a microplate
reader (RT-9600) (Ray to Life and Analytical Sciences Co., Ltd) immediately after the addition of the stop
solution.

IFN concentration was determined using a guinea pig IFN-y ELISA kit 96T (Wuxi Donglin Sci and Tech
Develop Co., Ltd, China) as outlined above.

Determination of antibody concentration

IgG and IgE antibody detections were performed using guinea pig-specific IgG and IgE pre-coated ELISA
assay kit (Eagle Biosciences, USA). Standards were prepared according to the manufacturer’s instructions.
100 pL samples in duplicate were pipetted into pre-coated wells and incubated at room temperature for 20
minutes. After incubation, the contents were aspirated. The wells were then completely filled with wash
buffer and washed three times. 100 pL of enzyme-antibody conjugated with HRP at a dilution of 1:1,000
was pipetted to each well and incubated at room temperature for 20 minutes. After incubation, the wells
were washed with washing buffer three times. 100 puL of TMB substrate solution at 1:100 dilutions was
pipetted into each well and incubated in the dark at room temperature for 10 minutes. 100 pL of 1:100
dilution stop solution 2M H,S0, was then added to each well, followed by optical density measurement in a
plate reader at absorbance at 450 nm.

Data analysis

Statistical analyses were performed using GraphPad Prism software (version 10.4). Data entry was
conducted in Microsoft Excel 2019. Descriptive statistics were expressed as mean * standard deviation.
Kruskal-Wallis was used to analyze mean difference across infected animals, while a post-hoc test was
performed using Dunnett’s multiple comparison test to check the difference between controls and post-
infection days. Correlations between cytokine and antibody levels were assessed using Spearman’s rank
correlation coefficient. Statistical significance was established at p < 0.05 for all analyses.
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Figure 2. Concentrations of pro- and anti-inflammatory cytokines in serum following T. penetrans infection. (a) TNF-q,
(b) IFN-y, (c) IL-4, and (d) IL-10. Asterisk shows the significant effect, **** shows p < 0.0001. ANOVA analysis was used to
calculate the p-value between control and infected, while Dunnett’s multiple tests for comparisons between the control (n = 8)
and infected (n = 16). ns: not significant

Ethical consideration

Experimental animals were taken care of to ensure that the procedures were appropriate and humane.
During blood collection, animals were sedated to minimize pain and stress, in accordance with approved
laboratory animal care protocols [20-22]. In order to reduce distress and pain to the animals, no more than
three attempts were made, continuous sampling was avoided, and collecting more than three samples per
day was avoided. Aseptic techniques were used in laboratory animals whenever possible. All surgical
procedures and anesthetization were conducted under the direct supervision of a person competent in the
use of the phlebotomy procedures. The vein was punctured using a 25G needle, and enough volume of
blood was collected with a syringe.

Results
Systemic levels of pro-inflammatory and anti-inflammatory cytokines

The blood levels of pro-inflammatory cytokines TNF-a and IFN-y increased significantly during the first two
weeks of infection as compared to the controls. TNF-a level increased at day 5 (155.96 + 20 pg/mL) and
peaked at day 10 (235.39 # 17 pg/mL) and declined steadily from day 15 (225.1 £ 9 pg/mL) and day 20
(155.263 £ 9 pg/mL) respectively, at p < 0.0001 as shown in Figure 2a. IFN-y was elevated at day 5 (388.23
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Figure 3. IgE concentrations following infection with T. penetrans. Asterisk shows the significant effect, **** shows p <
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Figure 4. IgG concentrations following infection with T. penetrans. Asterisk shows the significant effect, **** shows p <
0.0001. ANOVA analysis was used to calculate the p-value between control and infected, while Dunnett’'s multiple tests for
comparisons between the control (n = 8) and infected (n = 16). ns: not significant

+ 8 pg/mL) and peaked at day 10 (425 + 5 pg/mL). The levels declined steadily on day 15 (383.53 + 7
pg/mL) and day 20 (360.94 + 9 pg/mL) at p < 0.0001, as shown in Figure 2b.

Anti-inflammatory cytokines IL-4 and IL-10 increased during the course of infection. The levels of I1L-4
elevated significantly at day 5 (267.03 + 7 pg/mL) increased considerably at day 10, peaked at day 15
(305.45 £ 5 pg/mL), (356.7 + 6 pg/mL) respectively and decreased significantly at day 20 (307.08 + 8
pg/mL) at p < 0.0001 as shown in Figure 2c. IL-10 elevated considerably at day 5 to day 15 (293.41 + 6
pg/mL), (324.41 + 4 pg/mL), (367.17 + 4 pg/mL) respectively, and decreased significantly at day 20
(358.48 £ 6 pg/mL) at p < 0.0001 as shown in Figure 2d.

Systemic levels of IgE and IgG

IgE showed a significant increase in levels of serum concentrations at day 5 (100.70 + 3 ng/mL), 10 (167.81
+ 5ng/mL), 15 (231.9 + 13 ng/mL) and decreased significantly at day 20 (117.66 + 7 ng/mL) at p < 0.0001
as compared with control as shown in Figure 3. IgG increased significantly from day 5 (196.1 + 9 ng/mL),
10 (253.91 + 13 ng/mL), 15 (271.61 + 15 ng/mL) and decreased considerably at day 20 (261.95 +
7 ng/mL), respectively, at p < 0.0001 after flea penetration as compared with controls as shown in Figure 4.
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Determining the relationship between cytokines and antibodies

Positive correlation was observed between TNF-a and IgE; IFN-y and TNF-a; IgE and IL-4; IgG and IL-4 (r =
0.774,r=0.636,r=0.896,r = 0.791) (Table 1). There was moderate negative correlation between IFN-y vs.
IL-10 (r=-0.518, p < 0.01) and weak negative correlation between TNF-a vs. IL-10 (r=-0.369, p > 0.01).

Table 1. Spearman’s rank correlation of cytokines and antibodies at post-infestation days

Cytokines/Antibodies N Mean TNF-a IFN-y IL-4 IL-10 IgE IgG
TNF-a 16 192.931 1

IFN-y 16 389.6611 0.636™ 1

IL-4 16 309.0694 0.548™* 0.100 1

IL-10 16 340.2647 —-0.369 -0.518™* 0.739* 1

IgE 16 154.469 0.774* 0.246 0.896™* 0.444** 1

IgG 16 245.295 0.479** 0.094 0.791™ 0.241 0.626™ 1

** Correlation is significant at the 0.01 level (2-tailed)

Discussions

Tungiasis is an ectoparasitic disease caused by sand fleas penetrating into the skin, causing an
inflammatory reaction with pain and itching, leading to limited mobility [4, 23]. The selection of guinea pigs
as an experimental model was due to its similarities in immunological response to that of humans both in
pathogenesis and symptomatology [24] making it an ideal model.

During post-infection, on day five, the guinea pigs showed early clinical manifestations of the disease,
that is localized swelling, redness, and pain at the infection site. These symptoms are characteristic of acute
inflammatory response commonly observed in both infected Wistar rats and humans at the initial stages of
infection [25, 26]. The penetration of T. penetrans into the skin triggered immune response that involved
both Th1 and Th2 pathways. This early phase of infection is characterized by a pronounced increase in Th1
cytokines such as TNF-a and IFN-y [24, 25]. TNF-a is essential for recruiting immune cells such as
neutrophils and macrophages to the infection site as it activates macrophages, which play an important role
in controlling and eliminating the parasite [12, 27]. [IFN-y enhances the microbicidal activity of
macrophages and promotes the differentiation of Th1 cells, both of which are crucial for initiating a strong
immunological response against the parasite [1]. This early-stage immune profile, which includes the
recruitment of lymphocytes, macrophages, eosinophils, and mast cells, mirrors what has been observed in
human tissues infected with T. penetrans [27]. These findings imply that there is a relationship between the
immunological presentation of the disease-infected guinea pig and that of the Wistar rat model, indicating
the latter’s suitability as a model animal.

The infected guinea pigs continued to show more pronounced signs of inflammation by day 10,
increase in swelling and pain was observed. At this stage, Th1 cytokines were at its peak due to
engorgement and growth of the flea causing more tissue damage and intense swelling while Th2 IL-4
started to elevate in order to induce humoral immune response by promoting B cell activation and class
switching, which leads to the production of IgE which is observed to elevate by day 10 [28]. Also, IL-10
increased significantly to inhibit inflammatory and immune reactions mounted against the parasite by
invasive TNF-a and IFN-y, as seen in scabies [12]. The shift from Th1 to Th2 is critical for balancing the
immune response, preventing chronic inflammation, and facilitating parasite control.

It was observed that at day 15, the flea attains maximum hypertrophy, eggs are released in addition to
fecal material and watery secretion. This is consistence with the Wistar rat study conducted in Brazil [25].
IL-4 and IL-10 levels were observed to be at their peak level. Th2 cytokine IL-4 could be activated due to
antigenic secretions, which induce a humoral response by inducing B-cell activation and class switching to
produce IgE and IgG, which is observed to peak on the same day [29]. IL-10 could also be peaking at day 15
to inhibit excessive hypersensitivity mediated by IgE as a result of mast cells and eosinophils in combating
the parasite [30]. Previous studies done on scabies, an ectoparasitic disease, reported increased circulating
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IgE levels in humans [31, 32]. However, the timing of the antibody-mediated immune responses, as well as
their relative importance in establishing protective immunity in tungiasis and other ectoparasites, are still
largely unknown.

After the reproductive cycle, the flea dies, and the carcass of the parasite is expelled from the epidermis
by the host’s repair mechanism [27]. After the dislodgement of T. penetrans from the skin, guinea pigs
showed minimal localized inflammation, pain, and sensitivity due to tissue damage. This clinical outcome
was supported by the continued reduction in cytokine levels and an increase in IgG antibodies, as also seen
in patients with myiasis [31]. IgG is a key antibody for long-term immunity and plays a critical role in
neutralizing the parasite, preventing re-infection, and providing sustained immune protection [19, 32].
Increased levels of IgG during this phase are an indication that guinea pigs have developed a long-lasting
immunity against T. penetrans, while the shift from the initial IgE-mediated response to a more sustained
IgG response, a typical immune resolution in parasitic infections. The pattern of early IgE production
followed by sustained IgG production has also been reported in other studies in ectoparasitic infections,
such as scabies and myiasis [23, 33].

The strong relationship between the TNF-a and IgE in the present study could be linked to the
protective mechanism of guinea pigs against the sand fleas during disease progression, since they both play
the role of parasite clearing [33]. Negative correlation between TNF-a, IFN-y levels, and IL-10, the
mechanism of inverse correlation indicates that IL-10 regulates the immune response to protect the host
from tissue damage due to inflammatory reactions, which has also been reported in humans with Sarcoptes
scabies infections [33]. There was a significant positive correlation between IL-4 and IgE, which is because
IL-4 induces the class switching of B-cells and co-expression of IgE to fight extracellular parasites [31].

The study had a limited sample size; therefore, future studies to consider enhancing the number of
animals and focusing on understanding the mechanistic interplay of cytokines and antibodies both in
pathogenesis and parasite clearance. Although our study found low variance in cytokine and antibody
levels across the post-infection days, regardless of minor variations in sex and age of the animals, further
studies need to consider using a highly homogenous population to check whether the immunological
response would be similar or lower.

The findings reveal a dynamic interplay between Th1 and Th2 immune pathways during tungiasis
infection in American calico guinea pigs. The early phase of infection is defined by a strong inflammatory
response, with elevated levels of TNF-a and IFN-y, which gradually transition to a Th2-dominated phase
marked by increased IL-4 and IL-10. The immune shift aided in IgE and IgG production, demonstrating a
coordinated mechanism for immune balance. This observation provides an understanding of host-parasite
interactions and immune regulation in ectoparasitic infections. This study lays a foundation for future
research in pathophysiology and management strategies of tungiasis infection.
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