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Abstract

Co-infection with multiple protozoan parasites is a frequent yet understudied
phenomenon. Leishmania major and Plasmodium berghei evoke distinct im-
mune responses that may interact during co-infection to alter disease progres-
sion. This study aimed to evaluate the histopathological implications in BALB/c
mice concurrently infected with L. major and P. berghei. One hundred sixty
BALB/c mice were assigned to four groups: naive, L. major-only, P. berghei-
only, and co-infected. Body weight, parasitemia, parasite burden, and com-
plete blood count (CBC) were monitored. Spleen and brain tissues were har-
vested, fixed, and examined histologically. Comparative assessments were made
against naive controls. Histopathological evaluation of BALB/c mice revealed
that co-infection with Leishmania major and Plasmodium berghei induced
more severe and widespread organ damage than single infections with either
parasite. In the liver, co-infected mice exhibited extensive granuloma for-
mation, diffuse infiltration of immune cells, hepatocyte degeneration, and vas-
cular congestion. Splenic sections showed complete loss of red/white pulp
boundaries, massive lymphoid follicle hypertrophy, dense leukocytic infiltra-
tion, abundant megakaryocytes, fibrosis, and pronounced hemozoin deposi-
tion. Brain tissue analysis demonstrated severe blood-brain barrier disruption,
widespread hemorrhage, intense microgliosis, granuloma formation, and
marked neuronal degeneration. Notably, certain neuroinflammatory and sys-
temic pathological features—particularly extensive CNS involvement in L.
majorinfection—have not been previously reported. These findings highlight
the synergistic exacerbation of tissue injury in co-infection and underscore the
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need for integrated control strategies in regions where leishmaniasis and ma-
laria are co-endemic. The findings demonstrate that co-infection with L. ma-
jorand P. bergheileads to exacerbated disease manifestations and altered im-
mune homeostasis.

Keywords

Malaria, Leishmaniasis, Co-Infection, Pathology, BALB/c Mice

1. Introduction

In tropical and subtropical areas, global health is greatly impacted by parasitic dis-
eases caused by protozoan parasites [1]. Leishmaniasis and malaria are two of the
most prevalent of them affecting millions yearly. Cutaneous leishmaniasis caused
by Leishmania majoris characterized by localized skin lesions, permanent scarring
and ulcerations [2] [3]. Due to its immunological parallels to human illness, several
studies on L. majorhave been conducted in mouse models [4]. Contrastingly, Plas-
modium berghei (P. berghei) is a rodent malaria parasite that mimics . falcipa-
rum. According to [5], P. berghei has been a valuable model in investigating im-
mune responses, novel antimalarial regimens and host-pathogen interactions.

Polyparasitism is rather common in endemic regions where people harbour sev-
eral parasites. This has the power to drastically change the course of disease de-
velopment, pathophysiology and treatment outcomes [6]. The majority of exper-
imental models, however, examine these infections separately, perhaps ignoring
intricate host-pathogen dynamics [7] [8]. Through the modulation of systemic im-
mune responses, the erythrocyte-tropic P. bergheiand skin-dwelling L. majormay
affect each other’s replication and pathogenicity. For instance, L. major triggers
Th1 immunity while P. berghei triggers both Th1 and Th2 responses [9].

To enhance diagnostic and treatment approaches, it is indispensable to under-
stand how these disparate immune responses interrelate during co-infections. Spe-
cifically, little is known about the impact of co-infection on systemic measures that
are essential for determining the severity of the disease and host tolerance, such
as organ pathology. In addition to providing baseline data for creating integrated
disease management strategies in co-endemic areas, this study will further our un-

derstanding of host responses to protozoan co-infections.

2. Materials and Methods

2.1. Experimental Animals

A total of 160 BALB/c mice, aged 6 - 8 weeks and weighing 18 - 22 grams, were ob-
tained from the Animal Science Department (ASD) at the Kenya Institute of Primate
Research (KIPRE), Nairobi, Kenya. BALB/c mice were selected due to their estab-
lished susceptibility to L. major and compatibility with P. berghei infection models.
Mice were housed in pathogen-free conditions, with ad libitum access to food and
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water, and maintained under a 12-hour light/dark cycle at 22°C £ 2°C.

2.2. Experimental Parasites

2.2.1. Leishmania major Parasites

Leishmania major strain (MHOMY/IL/81/FEBNI) was propagated in complete Schnei-
der’s Insect medium (Sigma-Aldrich Laborchemikalien GmbH, Seelze, Germany)
after being aspirated from a hamster’s spleen. Centrifugation at 2,500 rpm and
4°C for 15 minutes was used to extract promastigotes at the stationary phase, as
explained by [10]. After that, the pellet was centrifuged and cleaned in sterile Phos-
phate Buffered Saline (PBS). After that, these parasites were enumerated and 1 x

10° promastigotes were inoculated into each mouse.

2.2.2. Plasmodium berghei Parasites

Plasmodium berghei ANKA (wild type) cryopreserved stocks, provided by the Ma-
laria Research and Reference Reagent Resource Center program (MR4), were re-
covered from liquid nitrogen and thawed at 37°C in a water bath before being
given three PBS washes at 2000 rpm for ten minutes. These parasites were then

counted, and each mouse was infected with 1 x 10° infected RBCs.

2.3. Experimental Design

In this study, 160 BALB/c mice of either sex, ages 6 to 8 weeks, were obtained from

the Kenya Institute of Primate Research’s Rodent Facility, Animal Science Depart-

ment (KIPRE [https://www.primateresearch.org/]), Karen, Nairobi, Kenya. The
mice were kept in the same location for the duration of the experiment. The mice
were kept in cages in a room with a temperature of 22°C and a relative humidity
of 50% - 70%. They were given mouse pellets from Unga Farm Care in Nairobi,
Kenya, and they had unlimited access to water.

The BALB/c mice were split into four groups: mice infected with L. major only
(n = 40); mice infected with P. berghei and L. major (n = 40) (co-infected with P.
berghei 21 days after L. major infection); mice infected with P. berghei only (n =
40); and naive mice (n = 40) (given PBS only). Intraperitoneal injections of 1 x
10° P. berghei and/or L. major parasites suspended in 100 pl of PBS were used for
all infections. Spleen, liver and brain tissues were harvested on the 13th day from

both experimental and control groups for histological analysis.

2.4. Histology Analysis

After the brain, liver, and spleen were harvested on the thirteenth day after infec-
tion, the organs were fixed for ten days in 10% formalin. Afterwards, they under-
went the stated processing (Yamaguchi and Shen, 2013). After being dehydrated
in alcohol at progressively higher percentages and decalcified in nitric acid, the
tissues were submerged in xylene and embedded in melted paraffin wax. After
being cut using a microtome to a thickness of 4 - 6 um, the sections were placed

on microscope slides and stained with hematoxylin-eosin stain. They were exam-
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ined with a light microscope after being allowed to air dry. The slides’ micrographs

were taken.

3. Results

The current study investigated the impact of Leishmania major (a cutaneous leish-
maniasis-causing protozoan), Plasmodium berghei (a rodent malaria parasite),

and their co-infection on the pathology of mice.

3.1. Liver Pathology

Sections of the liver showed chronic inflammatory changes characterized by the
formation of granulomas (yellow arrow) in the hepatic parenchyma and by massive
infiltration of immune cells in hepatic sinusoids (red arrow) and portal triad (Fig-
ure 1(A)-(B) and Figure 1(E)) in the Leishmania major infected group. These in-
filtrates consisted mainly of lymphocytes (white arrows), neutrophils, and activated

Figure 1. Histopathological analysis of Leishmania major-infected group liver tissue sections
from BALB/c mice under different infection conditions, stained with H and E. Large box
(x100) and smaller boxes (x1000). (A) Severe inflammation, proliferation, and infiltration of
Kupffer cells (blue arrow) within the hepatic structure, resulting in granuloma formation
(yellow arrow). (B) Granuloma formation—aggregates of Kupffer cells and mononucleated
immune cells (white arrow). (C) perivascular cuffing—aggregates of mixed immune cells
infiltration Kupffer cells (blue arrow) around congested hepatic vessels (red arrow). (D)
Degeneration of hepatocytes—hepatocyte nucleus atypia, pyknosis, cytoplasmic loss and
vacuolation (green arrow). (E) Hepatocyte sinusoids vasodilation and congestion (red arrow).
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The lobular liver architecture was highly destroyed in the mice with Plasmo-
dium berghei infection. Typical was the presence of hemozoin pigment (orange
arrow, Figure 2(E)) (brown to black granules) accumulating, mainly within he-
patic vessels and sinusoids in association with phagocytic Kupffer cells (blue
arrows) (Figure 2(A), Figure 2(B) and Figure 2(D)) Granulomas (yellow ar-
rows) were present but smaller and less mature than in the Leishmania-only
group (Figure 2(A), Figure 2(D) and Figure 2(F)). The degeneration of hepato-
cytes had occurred with pyknosis, karyolysis, and hepatocyte hypertrophy. In-
creased congestion of hepatic vasculature together with increased sinusoids in-
dicated a defective hepatic blood flow. The prevalent inflammatory infiltrate
spread through the hepatic sinusoids (red arrows) veins and portal triads, and

reflected active immune stimulation systemically (Figure 2(C), Figure 2(D) and
Figure 2(F)).

Figure 2. Histopathological analysis of Plasmodium berghei-infected group liver tissue
sections from BALB/c mice under different infection conditions, stained with H and E.
Large box (x100) and smaller boxes (x1000). (A) Granuloma (yellow arrow) formation
with moderate infiltration of Kupffer cells (blue arrow). (B) Degeneration of hepatocytes (green
arrow)—nucleus atypia, pyknosis, cytoplasm loss and microvacuolation. (C) Hepatic si-
nusoids vasodilation and congestion (red arrow). (D) Moderate immune cell infiltration
with granuloma formation (yellow arrow) characterized by hypertrophied Kupffer cells
infiltration (blue arrow) and hepatic sinusoid congestion (red arrow). (E) Extensive hemozoin
deposition (brown to black pigments) within the hepatic parenchyma (orange arrow).
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Histopathological changes became severe in co-infected mice and showed an
overlapping impact of the two infections. Granulomas had proliferated with dif-
fuse infiltrate by the immune cells within sinusoids (red arrow, Figure 3(A) and
Figure 3(E)), portal triad and liver vein (orange arrow) (Figure 3(B)). Usually Kup-
ffer cells were hypertrophied, and some were seen to be parasitized (blue arrow,
Figure 3(A) and Figure 3(C)) and this indicated phagocytic activity was present.
Hepatic degeneration was seen in a patchy manner with karyolysis, pyknosis and
vacuolent changes in the hepatocytes (black arrow, Figure 3(D)). Surprisingly,
there was a smaller granuloma and diminished immune infiltration during later
infection stages and this could be a marker of immunomodulatory interactions
(yellow arrow, Figure 3(E)). It also had a considerable degree of vascular conges-

tion but presence of hemozoin pigment was present though less evident when com-

pared with the malaria-only group.

Figure 3. Histopathological analysis of Leishmania major- Plasmodium berghei co-infected
group liver tissue sections from BALB/c mice under different infection conditions, stained
with H and E. Large box (x1000) and smaller boxes (x400). (A) Vasodilation and congestion
of the hepatic sinusoids (red arrow). (B) Extensive coarse hemozoin (brown to black pig-
ments) deposition within the hepatic sinusoids (orange arrow). (C) Moderate immune cell
infiltration (Kupffer cells) within the hepatic parenchyma (blue arrow). (D) Degeneration of
hepatocytes- atypia of the hepatocyte nucleus, cytoplasmic loss and vacuolation (clear space
surrounding the nucleus, black arrow). (E) immune cell aggregates surrounding the vascu-
lar system (perivascular cuffing)/granuloma formation (yellow arrow), congestion of the
hepatic vessels.

Liver tissues from naive (uninfected) mice (Figure 4) demonstrated pre-
served hepatic architecture, with intact lobular organization, absence of inflam-
mation, degeneration, or vascular congestion—serving as a healthy baseline

reference.
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Figure 4. Histopathological analysis of liver tissue sections from BALB/c mice under
different infection conditions, stained with H and E (1000x magnification). Intact hepatocyte
cells with a normal hepatocyte nucleus and Kupffer cells infiltration.

3.2. Spleen Pathology

Accounting by sections of the spleen in Leishmania major-infected mice showed
a highly anomalous structure in all histological surveys. The boundary between
the red and white pulp was delineated poorly and there was evidence of disordered
(blue arrow, Figure 5(A) and Figure 5(E)), enlarged lymphoid follicles that in
many cases protruded into the red pulp. Numerous these follicles were vacuolated
and degenerating in germinal centers. Immune cells with mononucleated and
multilobed leukocytes were highly infiltrated into the red pulp, which indicated
an increased level of inflammatory response (white arrow, Figure 5(A), Figure
5(B) and Figure 5(D)). Evidence of extramedullary hematopoiesis was also evi-
dent by the occasional presence of megakaryocytes (yellow arrows, Figure 5(B)
and Figure 5(C)) within the parenchyma, probably a compensatory effect of well-
documented systemic effects such as anemia. Chronic inflammation was associ-
ated with fibrosis, in which collagen deposition (green arrows, Figure 5(D)) and
fibroblast infiltration were apparent within white and red pulp areas (black arrow,
Figure 5(A) and Figure 5(E)). Also, there was an increase in overall cellularity
and moderate amounts of hemozoin pigment deposits were evident, which could
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be attributed to either increased macrophage activity or leftover starting baseline

pigment (orange arrow, Figure 5(C)).

Figure 5. Histological evaluation of splenic architecture in Leishmania majorinfected BALB/c
mice under different infection conditions, stained with H and E. Large box (x100) and smaller
boxes (x1000). (A) Disorganization of the splenic architecture with the white pulp (lymphoid
follicles) scattered into the red pulp (blue arrow). (B) Severe inflammation with Immune
cell infiltration- proliferation of mononucleated leucocytes (white arrow). (C) Numerous
megakaryocytes (yellow arrows), moderate hemozoin deposition (orange arrows). (D) Col-
lagen deposition and fibroblast infiltration-fibrosis (green arrow). (E) Degeneration of ger-
minal centers-vacuolation, fibrin deposits (black arrows).

Architectural distortion was also profound in the spleens of P. bergher-infected
mice. There was a disruption of the marginal zone, and the white pulp had been
hypertrophic with enlarged germinal centers suggesting a significant degree of B-
cell activation (yellow arrows, Figure 6(E)). There were also degenerative altera-
tions like vacuolation. There was a robust immune infiltrate of the red pulp com-
prising not only lymphocytes and neutrophils (black and white arrows, Figure
6(A), Figure 6(C) and Figure 6(E)) but also widespread megakaryocyte infiltra-
tion (blue arrows) indicative of reactive extramedullary hematopoiesis (Figure
6(B)), Figure 6(D) and Figure 6(E)). Typically during malaria pathology, hemo-
zoin deposits were intense all over the splenic parenchyma (orange, Figure 6(C)

and Figure 6(D). The vascular sinusoids (red arrows Figure 6(C) and Figure 6(D))
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were remarkably dilated, which signifies congestion and fibrotic changes with
presence of collagens and fibroblasts an indication of continued tissue remodeling

caused by tissue inflammation. There were immune aggregates and hypercellular-

ity indicative of intense immune activation.

Figure 6. Histological evaluation of splenic architecture in Plasmodium berghei infected
BALB/c mice under different infection conditions, stained with H and E. Large box (x100)
and smaller boxes (x1000). (A) Splenic architecture changes, including blurring of the mar-
ginal zone and hypertrophy of the germinal centres. Follicles in the red pulp (yellow arrow).
(B) Numerous megakaryocytes infiltration within splenic parenchyma (blue arrow). (C)
and (D) Vasodilation of splenic vascular sinusoids/spaces and congestion (red arrows)
and extensive coarse hemozoin deposits—brown to black pigments in the red pulp (or-
ange arrow). Cand (E) Severe inflammation with immune cells infiltration (mononucle-
ated leucocytes—white arrow) and multilobed leucocytes—black arrow).

The splenic structure was the worst affected in the co-infected mice. There was
a total loss of distinction between the red and the white pulp, the white pulp show-
ing extensive loss of organization, hypertrophy and infiltration with lymphoid fol-
licles into red pulp (yellow arrows, Figure 7(A) and Figure 7(C)). Degeneration
was found in both pulp regions, manifesting itself in the form of cell lysis and vac-
uolation (green arrow, Figure 7(D)), which points to the high level of cellular
stress. There was excessive extramedullary erythropoiesis with megakaryocytes be-
ing heavily infiltrated all over the spleen (blue arrow, Figure 7(B) and Figure 7(E)).
Severe inflammatory activity was demonstrated by intense immune cells infiltra-

tion in the form of dense leukocytic clusters, as well as mononuclear/multilobed
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Figure 7. Histological evaluation of splenic architecture in Leishmania major- Plasmodium
berghei co-infected BALB/c mice under different infection conditions, stained with H and
E. Large box (x100) and smaller boxes (x1000). (A) Hypertrophy of white pulp—germinal
center with reactive follicle infiltration into red pulp with vacuolation and loss of the
marginal zone (yellow arrow). (B) Numerous megakaryocytes infiltration in the red pulp and
white pulp (blue arrow). (C) Severe inflammation—Immune cell infiltration (mononucleated
leucocytes)—white arrow. (D) Degeneration of the spleen white and red pulp with blurry
marginal zone and vacuolation of the germinal center (green arrow). (E) Extensive coarse
hemozoin deposition within the white and red pulp (orange arrows).

Figure 8. Histological evaluation of splenic architecture in naive BALB/c mice under different
infection conditions, stained with H and E. Large box (x100) and smaller boxes (x1000). (A)
Well outline and demarcation of the white and red pulp (white arrow). (B) Well-organized
connective tissue (trabeculae) (green arrow).
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leukocytes, (white arrows, Figure 7(A)-(C) and Figure 7(E)). As shown by the
hemozoin deposits (orange arrows, Figure 7(A), Figure 7(C) and Figure 7(E)),
there was malaria pathology, with collagen and fibroblast infiltration indicating
chronicity and tissue-repair response that had been initiated.

In contrast, spleens from naive (uninfected) mice exhibited intact architecture,
with well-demarcated red and white pulp (Figure 8(A)), and no signs of inflamma-

tion, degeneration, or fibrosis (Figure 8(B)), serving as a baseline for comparison.

3.3. Brain Pathology

Brain histopathological analysis of Leishmania major infected mice showed that
the architecture of the brain was slightly distorted. Microscopic alterations exhib-
ited notable findings which were mild accumulation of fibrous tissue in the pa-
renchyma (green arrow, Figure 9(F)), disruption of Blood-Brain Barrier (BBB) in
form of hemorrhage and extravasated red blood cells (red arrow, Figure 9(A),
Figure 9(D) and Figure 9(E)), and presence of immune cells, especially activated
microglia (blue arrow, Figure 9(A)-(C) and Figure 9(D)). Such changes corre-
lated with granuloma and glial proliferation. Some of the changes in the neurons
were pyknosis (black arrow, Figure 9(D)), vacuolation (yellow arrows, Figure 9(E)),
and hypertrophy of pyramidal neurons and granular cells, which had hyperchro-
matic aggregates as well as degenerative characteristics like nuclear lysis and for-
mation of pericellular spaces.

5.

; e Al TR -
2 ‘:;4?“-5 \‘,;.f{ ]

Figure 9. Histopathological assessment of brain tissue from Leishmania major-infected BALB/c
mice under different infection conditions, stained with H & E. Large box (x100) and smaller
boxes (x1000). (A) Hemozoin deposits and extravasated red blood cells (red arrow), mon-

onucleated immune cells (white arrow), microglia cells infiltration (blue arrow) and blood-
brain barrier disruption. (B) Microglia infiltration (blue arrow). (C) granular cell layer de-
generation-hypochromasia of granular cells, development of a clear halo space surround-
ing the nucleus and vacuolation (green arrow). (D) Degeneration of the pyramidal cells-py-
ramidal cell nucleus pyknosis, presence of a clear space around the nucleus-vacuolation (black
arrow). (E) Degeneration of Purkinje cells and cell layer-Purkinje cell lysis and vacuola-
tion (yellow arrows).
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There was greater neuropathology in mice that were infected with Plasmodium
berghei. The BBB was extremely disrupted with clogged blood vessels (red arrow,
Figure 10(C)-(E)) in the parenchyma and the massive vascular congestion. Mon-
onuclear cells infiltrated the perivascular space (blue arrow, Figure 10(C)-(E)) and
microglia were densely activated (blue arrow, Figure 10(B)). The brain microvas-
culature contained malaria parasite-infected cells in hemoglobin and hemozoin
pigment and immune cell infiltration of the brain tissue. There was massive de-
struction of the Purkinje cells, where their pyknosis, vacuolation and cell lysis were
seen (green arrows, Figure 10(A)) and there were also pyramidal and granular de-

generative changes in the pyramidal and granular neurons (Figure 10(A)).

Figure 10. Histopathological assessment of brain tissue from Plasmodium berghei-infected
BALB/c mice under different infection conditions, stained with H & E. Large box (x100)
and smaller boxes (x1000). (A) Congestion of the brain microvasculature. (red arrow). (B)
congestion of the brain microvasculature red arrow) and microglial cells infiltration within
the brain vessels (blue arrow). (C) and D) Extravasation of the red blood cells within the
brain tissue with mild mononucleated immune cell infiltration (white arrow). (E) Aggre-
gates of mononucleated immune cells infiltration within the brain tissue (white arrow). (F)
Degeneration of the pyramidal cells with nucleus pyknosis and microvacuolation with a
clear space surrounding the pyramidal cell nucleus (green arrow).

The most severe pathological changes in co-infected mice were vast hemor-
rhage, breakdown of the BBB, infiltration of RBC (red arrow, Figure 11(A)) with
a significant invasion of the mononucleated leukocytes (white arrow, Figure 11(A))
and dense microglial infiltration (blue arrow, Figure 11(B)). Major distortion of
brain architecture was caused by severity of proliferating glia and the formation
of granulomas. Degeneration of neurons was widespread, involving the Purkinje,
granular and pyramidal cell layers with a meager hypochromatic cytoplasm,
shrinkage, karyolysis and vacuolation (cyan and black arrows, Figure 11(B)-(D)).
Presence of deposits of hemozoin (orange arrows, Figure 11(A)) also reaffirmed
the active malaria exposure, questioning a combined inflammatory and degener-

ative effect because of co-infection.
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Figure 11. Histopathological assessment of brain tissue from Leishmania major-Plasmodijum
berghei infected BALB/c mice under different infection conditions, stained with H and E.
Large box (x100) and smaller boxes (x1000). (A) Hemozoin deposits (orange arrow), ex-
travasated red blood cells (red arrow), mononucleated immune cells (white arrow), mi-
croglia cells infiltration (blue arrow) and blood-brain barrier disruption. (B) Microglia in-
filtration (blue arrow). (C) granular cell layer degeneration- hypochromasia of granular cells,
development of clear halo space surrounding the nucleus and vacuolation (cyan arrow).
(D) Degeneration of the pyramidal cells-pyramidal cell nucleus pyknosis, presence of a
clear space around the nucleus-vacuolation (black arrow). (E) Degeneration of Purkinje
cells and cell layer—Purkinje cell lysis and vacuolation (yellow arrows).

Figure 12. Histopathological assessment of brain tissue from naive BALB/c mice under
different infection conditions, stained with H & E. Large box (x100) and smaller boxes
(x1000). (A) Normal nerve cells (blue arrow), oligodendrocytes (yellow arrows), and nor-
mal pyramidal cells (green arrow). Normal cerebellar cortex. (B) Normal granular cells/layer
(black arrow). (C) Normal Purkinje cells/layer (white arrow).
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Naive (uninfected) control mice displayed normal brain architecture, with no
evidence of hemorrhage, inflammation, or neuronal degeneration {blue (Figure
12(A) and Figure 12(B)), yellow (Figure 12(B)), green (Figure 12(A)), black
(Figure 12(B)) and white (Figure 12(C)) arrows. This preserved structure pro-

vided a reference for the pathological features observed in the infected groups.

4. Discussion

The granuloma formation observed in the liver, spleen and brain tissues in the Leish-
mania major-infected group aligns with prior studies demonstrating hepatic gran-
ulomatous responses in visceral and cutaneous leishmaniasis, even in non-visceral
strains, due to hepatic parasite migration or antigen deposition [11]-[13]. Similar
studies using Leishmania donovaniin mice and hamsters have documented gran-
ulomas composed of mononuclear cells, especially Kupffer cells, with concurrent
hepatocyte damage and fibrosis [12].

The liver pathology seen in P. berghei-infected mice is consistent with findings
from malaria studies in rodent models. Hemozoin accumulation within Kupffer
cells and sinusoids, hepatic congestion, and hepatocyte degeneration are hallmark
features reported in both P. berghei and P. chabaudi infections [14] [15]. These
changes are associated with systemic inflammation, hypoxia, and the hepatocel-
lular stress response triggered by parasitized red blood cells and inflammatory cy-
tokines.

Interestingly, the co-infection model showed histological features of both path-
ogens but with potentially moderated responses. For instance, while immune in-
filtration and hepatocyte damage were severe, granuloma formation and hemo-
zoin deposition appeared less pronounced than in single infections. This suggests
an immunological interaction where L. major infection may alter the hepatic mi-
croenvironment or modulate the host immune response to P. berghei, reducing
pigment accumulation and fibrotic changes. Comparable immunomodulatory ef-
fects have been described in co-infection studies, such as Leishmania-Trypano-
soma or Leishmania- Plasmodium models, where altered cytokine profiles and
macrophage activation states impact pathology [3] [9].

The observation that L. major co-infection appeared to reduce cerebral hemo-
zoin deposition in P. berghei-infected mice suggests that the dermotropic parasite
may alter host immune dynamics in a way that modifies malaria pathogenesis.
One potential mechanism involves macrophage activation states. L. major infec-
tion drives strong macrophage responses that can skew toward either a classical
(M1) or alternative (M2) phenotype depending on host genetics and cytokine mi-
lieu [16] [17]. An M1-skewed response, enriched in IFN-y, TNF-a, and nitric ox-
ide, could enhance phagocytic clearance and degradation of parasitized erythro-
cytes, thereby limiting hemozoin accumulation [9]. Conversely, M2-associated
cytokines such as IL-4 and IL-10 might dampen the excessive inflammatory acti-
vation that typically fuels malaria-associated pathology, thus modifying hemozoin

deposition indirectly [18].
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Similarly, cytokine cross-regulation between the two infections may contribute.
Leishmania major infection is known to induce strong Thl-associated cytokines
(IL-12, IFN-vy) in resistant strains or Th2-associated cytokines (IL-4, IL-10) in sus-
ceptible strains [19] [20]. In the context of P. berghei co-infection, a Th1-domi-
nant profile could improve parasite control and erythrocyte clearance efficiency,
while IL-10 production could restrain hyperinflammation and reduce monocyte-
driven hemozoin accumulation in cerebral microvessels [21]. Furthermore, chem-
okines such as CCL2 and CXCL10, upregulated during leishmanial infection, may
alter leukocyte trafficking into the brain and change the cellular niche where hemo-
zoin is deposited.

In L. major-infected mice, the disruption of splenic architecture, particularly
the blurring of the marginal zone and hypertrophy of lymphoid follicles, reflects
an active humoral immune response. Such disorganization is consistent with prior
observations in Leishmania donovani infections, where splenic white pulp disin-
tegration and follicular atrophy are linked to chronic antigenic stimulation [16].
Though L. major is typically considered dermotropic, this study reinforces the
systemic immunopathological impact it can exert during sustained infection.

The presence of megakaryocytes and fibrotic changes signifies extramedullary
hematopoiesis and chronic inflammation, respectively. Similar findings [17]
noted increased megakaryocyte activity in the spleens of mice infected with Leish-
mania, possibly reflecting a host response to anemia or bone marrow suppression.
The observed collagen deposition and fibroblast infiltration align with studies
showing that chronic leishmaniasis induces stromal remodeling in lymphoid or-
gans [9] [18].

Interestingly, the detection of hemozoin pigment in L. major-infected spleens,
albeit moderate, may suggest macrophage activation or prior immune priming.
While hemozoin is typically a byproduct of hemoglobin digestion by malaria par-
asites, reports such as [19] [20] indicate that macrophages in leishmaniasis can
sequester pigment remnants from previous co-infections or systemic inflamma-
tion. The splenic pathology in P. berghei-infected mice is characterized by white
pulp hypertrophy, germinal center enlargement, and significant red pulp infiltra-
tion. These features are hallmark responses to malaria-induced hyperactivation of
the immune system. [20] reported similar germinal center changes in murine
models of cerebral malaria, attributing them to robust B-cell responses and cyto-
kine storms.

Prominent hemozoin accumulation, a well-established malaria pathology marker,
was widely distributed in the splenic tissue in our study. This finding is in line
with prior studies [21] [22] that describe hemozoin as both a diagnostic marker
and an immunomodulatory agent contributing to systemic inflammation. The fi-
brotic changes and sinusoidal dilation observed here suggest tissue adaptation to
prolonged immune activation and vascular stress, confirming findings [23] on
chronic splenic damage in Plasmodium-infected rodents. Megakaryocyte infiltra-

tion again supports the presence of reactive extramedullary hematopoiesis a phe-
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nomenon documented in severe and chronic malaria as a response to anemia and
bone marrow suppression [15].

The co-infected group exhibited the most profound architectural disruption
and immune dysregulation, with total obliteration of red/white pulp boundaries,
excessive lymphoid follicle expansion, and intense immune cell infiltration. These
results illustrate an additive or synergistic pathological impact, consistent with the
hypothesis that polyparasitic infections exacerbate host tissue damage. The com-
bined presence of degenerative features (e.g., vacuolation, cell lysis), high-density
immune clusters, abundant megakaryocytes, and fibrotic remodeling is suggestive
of overwhelming immune stimulation and chronic inflammation. Studies support
the view that co-infections can dysregulate immune homeostasis, leading to both
overactivation and exhaustion [3] [24].

Furthermore, the enhanced hemozoin burden and fibroblast infiltration indi-
cate both active malaria pathology and long-standing tissue damage and repair
processes, respectively. These findings underscore the complex interplay between
immune responses to different parasites and the resulting structural compromises
in lymphoid organs. The mild disruption in brain architecture observed in L. ma-
Jjor-infected mice, including fibrous deposition, immune infiltration, and granu-
loma formation, aligns with earlier reports indicating that while L. major is pri-
marily dermotropic, it can induce neuroinflammatory changes under certain con-
ditions. [25] reported microglial activation and glial proliferation in the cerebral
cortex of Leishmania donovani-infected rodents, which is consistent with the ac-
tivated microglia and gliosis noted in our study. However, our data suggest that
even in cutaneous leishmaniasis, such as with Z. major, systemic inflammatory
responses may extend into the Central Nervous System (CNS), albeit to a milder
degree compared to visceralizing species.

The mild disruption of brain architecture in Leishmania major infected mice
characterized by fibrous deposition, immune cell infiltration, granuloma-like foci,
and accompanying microglial activation with gliosis supports the emerging view
that Cutaneous Leishmaniasis (CL), despite its predominantly dermotropic tro-
pism, can exert measurable effects on the Central Nervous System (CNS) under
specific inflammatory milieus. Prior studies in Visceral Leishmaniasis (VL), espe-
cially with L. donovani, have documented microglial activation, glial proliferation,
and perivascular inflammatory changes in rodent models; your findings are con-
cordant with this neuroinflammatory signature but scaled down in magnitude,
consistent with the lower systemic parasite burden and tissue dissemination typi-
cal of L. major relative to visceralizing species.

Furthermore, the neuronal alterations observed, such as pyknosis, vacuolation,
and nuclear lysis are similar to those seen in chronic neuroinflammatory condi-
tions and suggest potential neurotoxic effects mediated by cytokines or parasite-
derived molecules. This aligns with [26], which demonstrated that cytokine storms
induced by chronic Leishmania infection can cause neural stress and cellular dam-

age in peripheral and central nervous tissues. Our findings in P. berghei-infected
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mice revealed hallmark features of cerebral malaria, including widespread BBB
breakdown, perivascular leukocyte infiltration, and deposition of hemozoin. These
results are in agreement with previously documented cerebral pathology in mu-
rine models of cerebral malaria (SCM). [27] [28] described severe vascular pathol-
ogy and widespread neurodegeneration in P. berghei ANKA-infected C57BL/6
mice, with extensive microglial activation and parasite sequestration in brain ca-
pillaries findings that mirrored our observations of microglial clustering and hemo-
zoin-laden vessels.

The co-infected mice demonstrated exacerbated neuropathology, surpassing
the severity seen in single infections. This synergistic effect supports the hypoth-
esis that co-infections can exacerbate inflammatory and neurodegenerative pro-
cesses. Previous studies examining co-infection effects have shown that concur-
rent parasitic infections can heighten systemic immune activation, leading to
more pronounced tissue damage [29] [30]. Notably, the compounded effects on
BBB integrity, immune infiltration, and neuronal loss in our study suggest that
co-infection intensifies CNS pathology via both immune-mediated mechanisms
and direct parasitic insults. Hemozoin deposits, extensive microgliosis, and severe
glial proliferation in co-infected mice provide compelling evidence of an additive
or possibly synergistic neuropathogenic interaction between Leishmania and
Plasmodium.

Co-infection with Leishmania majorand Plasmodium berghei caused more se-
vere tissue damage than either infection alone. In the liver, mice showed extensive
granuloma proliferation, immune cell infiltration, hepatocyte degeneration, and
vascular congestion. Spleens showed disruption of red/white pulp boundaries,
leukocytic infiltration, and fibrosis. Brain sections showed severe blood-brain bar-
rier disruption, hemorrhage, and neuronal degeneration. Future studies should
investigate immunological interactions driving synergistic tissue damage. Histo-
logical descriptions of fibrous deposition, microglial activation, and granuloma
formation provide qualitative evidence, but without detailed quantitative mor-
phometry, immunohistochemistry, or imaging, subtle differences may be under-

or over-estimated.
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