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ABSTRACT: Intraocular fungal infection poses a significant
clinical challenge characterized by chronic inflammation along
with vision impairment. Understanding the host defense pathways
involved in fungal endophthalmitis will play a pivotal role in
identifying adjuvant immunotherapy. Clinical isolates of Candida
albicans (15,000 CFU/μL) were intravitreally injected in C57BL/6
mice followed by enucleation at 24 and 72 h postinfection.
Histopathological analysis was performed to evaluate the retinal
changes and the disease severity. RNA-seq analysis was conducted
on homogenized eyeballs to assess the relevant gene profiles and
their differentially expressed genes (DEGs). Pathway enrichment
analysis was performed to further annotate the functions of the
DEGs. Histopathological analysis demonstrated a higher disease
severity with increased inflammatory cells at 72 hpi and transcriptome analysis revealed 27,717 DEGs, of which 1493 were significant
(adj p value ≤0.05, FC ≥ 1.5). Among these, 924 were upregulated, and 569 were downregulated. Majority of the upregulated genes
were associated with the inflammatory/host immune response and signal transduction and enriched in the T-cell signaling pathway,
natural killer cell-mediated cytotoxicity, C-type receptor signaling pathway, and NOD-like receptor signaling pathway. Furthermore,
inflammation-associated genes such as T-cell surface glycoprotein CD3, cathelicidin antimicrobial peptide, and lymphocyte cell-
specific protein tyrosine kinase were enriched, while pathways such as MAPK, cAMP, and metabolic pathways were downregulated.
Regulating the T-cell influx could be a potential strategy to modulate excessive inflammation in the retina and could potentially aid
in better vision recovery in fungal endophthalmitis.

1. INTRODUCTION
Fungal endophthalmitis is a sight-threatening manifestation of
intraocular infection characterized by chronic inflammation.1,2

Candida albicans (C. albicans) is the predominant organism
responsible for causing fungal endophthalmitis, especially in
the West.3 However, its dominance in India is not uncommon
and is often associated with the higher rates of poor visual
outcomes.1 The infection presents a subacute onset as solitary,
creamy chorioretinal infiltrates with symptoms worsening
within days to weeks due to limited ocular space, delayed
presentation of patients to the clinic, and misdiagnosis posing a
considerable challenge for ophthalmologists.4 With the
progression of the condition, these lesions can extend into
the vitreous chamber, resulting in symptoms such as blurred
vision, floaters, vitreous opacities, and redness of the eye
marked by the inflammatory clusters in the aqueous or vitreous
chambers.3−5 This leads to a heightened and uncontrolled
inflammation outburst, where the specific toxic effects of the
pathogen activate the inflammatory cascade causing an

increased influx of inflammatory cells within the layers of the
retina, leading to the disruption of its architecture paralleled
with retinal function decline and vision loss.6,7

Although there are various classes of antifungals that are
used in the treatment of fungal infections, only a few drugs are
currently in use due to the limited availability of ophthalmic
formulations.6 Current therapeutic options employed for the
treatment of fungal endophthalmitis typically include vitrec-
tomy and intravitreal administration of antifungals such as
amphotericin B, voriconazole, or fluconazole, depending on
the susceptibility of the pathogen to the antifungals.6,8
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Moreover, in cases resistant to treatment, the repeated
intravitreal administration of antifungals can escalate inflam-
mation.9 The utilization of intravitreal corticosteroids in fungal
endophthalmitis is contentious due to concerns that they
might compromise the effectiveness of antifungals, disrupt the
immunogenic response, and potentially worsen the infection.10

More research is clearly needed to explore the effects of
corticosteroids in treating infectious endophthalmitis, as there
is currently not enough evidence to determine their safety and
effectiveness.9,10 The management of endophthalmitis not only
includes the clearance of infection but also emphasizes vision
recovery. However, despite advancements in antifungal drugs
and prompt treatment initiation, the progress in improving
outcomes for fungal infections has been unsatisfactory.1,11,12

This limitation can be attributed to the restricted efficacy of
antifungal drugs in tackling infection without adequately
addressing the heightened inflammation which is commonly
seen in fungal infection.11−13

These findings highlight an urgent need to investigate
targeted immunotherapeutic interventions as a safer approach
to mitigate immunopathology during fungal endophthalmitis
and improve vision recovery. Strategies focused on modulating
the immune system or employing host-directed therapeutics to
guide the host immune response and manage established
infections offer promising avenues for exploration. Tramsen et
al.14 highlighted the potential use of antigen-stimulated T-cells
in Aspergillus infection. Monoclonal antibodies such as
Sulfasalazine, IgG, Mycograb, β-glucan-specific IgG2b, and

various other antibodies have been evaluated against Aspergillus
and Candida species, demonstrating immunomodulatory
effects.15−17 Additionally, Sionov and Segal (2003) described
adjuvant therapy involving the enhancement of phagocytic
function and bone marrow activity (myelopoiesis) using
colony stimulating factors (CSFs) to treat invasive aspergillo-
sis, leading to significantly improved treatment outcomes.18,19

However, it is important to note that most of these therapies
aim to boost the immune system for fungal infections
throughout the body, whereas fungal endophthalmitis requires
targeted and controlled immune suppression to preserve vision
following fungal clearance.
In this study, transcriptomic and immunohistochemical

profiling of C. albicans endophthalmitis in a C57BL/6 mouse
model provided insights into the host immune response
against fungal infection, and the pathways associated with
inflammation were evaluated to comprehend disease pathobi-
ology. These findings may serve as a basis for developing
alternative or adjunctive treatment strategies for fungal
endophthalmitis.

2. RESULTS
2.1. Clinical Assessment and Intraocular Fungal

Burden Estimation of the Candida Endophthalmitis
Mouse Model. A progressive increase in corneal opacity and
the presence of hypopyon, angiogenesis, and intraocular
inflammation were observed in the infected groups, while
control eyes exhibited no visible signs of inflammation (Figure

Figure 1. Phenotypic results (clinical, microbiological, and histopathological) following C. albicans infection in mice eye. (A) C57BL/6 mouse eyes
were injected with 15,000 CFU/μL for 24 and 72 h. The ophthalmologist and pathologist, blinded to the infection type, scored the eyes and
histopathological sections, respectively. (B) Clinical scores plotted as a bar graph. (C) GMS and (D) CFU was performed to check the purity and
viability of the fungus. The graph represents the mean ± SEM. ns = not significant; *p < 0.05; and **p < 0.01. CA = C. albicans.
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1A,B). After 48 h of inoculation, colonies of C. albicans
appeared on the media, characterized by cream/white-colored
smooth pasty colonies, confirming the presence and purity of
C. albicans infection. The total number of C. albicans colonies
per eye was higher at 72 h postinfection (9733 ± 4613)
compared to 24 h (2033 ± 800) (Figure 1D), although this
difference was not statistically significant (P = 0.17). This
confirmed the establishment of a mouse model of C. albicans
endophthalmitis. Additionally, the presence of intraocular
fungal filaments within the vitreous cavity and along the
margins of the retina was confirmed by Grocott’s methenamine

silver (GMS) stain (Figure 1C). Majority of the 24 h C.
albicans-infected eyes presented with the clinical scoring of 2−
3, which attributed to an obvious flare with 10−50 cells/field,
mild to moderately diminished red reflex, and mild to
moderate vitreous and retinal clarity; the clinical presentation
also matched with that of the patients presented at our
institute. However, at 72 h postinfection, the clinical signs were
relatively more prominent with an intense flare above 50 cells/
field, moderate to no red reflex, and details of retina completely
obscured.

Figure 2. Results of the DEGs associated with fungal endophthalmitis. (A) Heatmap of the significant DEGs. Columns represent samples, and rows
represent genes. Gene expression levels are shown on a scale with red signifying high expression levels and pink signifying low expression levels. (B)
Principal component analysis (PCA) showing the biological replicates of the control (green) and CA-infected (red) mice eyes. (C) Volcano plot of
significant DEGs between CA 72 h and the control. The x-axis denotes log2 fold change and the y-axis denotes log10P.
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2.2. DEGs Distinctively Classified the Transcriptome
Profiles of C. albicans Infected from the Control. We
identified a total of 27,179 gene transcripts. Subsequently, by
comparing the patterns of gene expression between the CA-
infected and control groups and applying the criteria of FDR <
0.1%, a log2 fold change ≥1.5, and a significance level of p ≤
0.05, we identified 1493 differentially expressed genes. Among
these, 924 genes were upregulated, while 569 genes were
downregulated. The gene expression levels are represented on
a heatmap scale, where red and pink indicate high and low
expression levels, respectively. PCA revealed a strong
correlation between biological replicates, which highlights the
distinct expression signatures between the infected and control
groups (Figure 2B). A volcano plot was constructed to
visualize changes in gene expression between the control and
infected groups (CA 72 h), highlighting genes with statistically
significant differences p ≤ 0.05, as shown in Figure 2C.
The top KEGG pathway enrichments among the upregu-

lated DEGs included cell adhesion molecules, cytokine-
cytokine receptor interaction, natural killer cell-mediated
cytotoxicity, phagosomes, T-cell receptor signaling pathways,
oxidative phosphorylation, Th17 cell differentiation, Th1 and
Th2 cell differentiation, and Ras signaling pathways. And the
downregulated DEGs were associated with metabolic path-
ways, cell adhesion molecules, calcium signaling pathways,
PI3K-Akt signaling pathways, MAPK signaling pathways, and
cAMP signaling pathways (Figure 3A,B).
2.3. Transcriptomic Profiling Shows a Delicate Inter-

play between Innate and Adaptive Immunity in
Candida Endophthalmitis.We further explored the function
of the significant DEGs, which could potentially play a crucial
role in the pathogenesis of C. albicans endophthalmitis by
regulating specific signature pathways. The C-type lectin
receptor signaling pathway was observed to be modulated by
several genes: C-type lectin domain family 4 member b1, C-
type lectin domain family 1 member b, PYD and CARD
domain, killer cell lectin-like receptor family I, killer cell lectin-
like receptor subfamily C, and member 1 and calmodulin 4. C-
type lectin receptors (CLRs) belong to a group of pattern
recognition receptors (PRRs) crucial for defending against
invasive fungal infections. Other PRRs such as the NOD-like
receptor were also elevated with genes such as the apoptosis-
associated speck-like protein containing a CARD, baculoviral

IAP repeat-containing protein 1, and cathelicidin antimicrobial
peptide, which were also associated with the toll-like receptor
signaling pathway. Numerous cell surface molecules exhibited
significant upregulation, including CD22 antigen, CD72
antigen, CD79A antigen (immunoglobulin-associated α), and
CD79B antigen. These molecules are pivotal in activating
antigen-presenting cells such as natural killer cells and B-cells.
Additional genes associated with natural killer cell-mediated
cytotoxicity were lymphocyte cell-specific protein tyrosine
kinase, ribosomal protein S17 pseudogene, killer cell lectin-like
receptor subfamily C1, and killer cell lectin-like receptor
subfamily K member 1. Furthermore, the upregulation of genes
such as CD3 antigen delta polypeptide, CD3 antigen γ
polypeptide, lymphocyte protein tyrosine kinase, and inter-
leukin 12 receptor β 1 likely contributed to the activation of
adaptive immunity by initiating T-cell receptor signaling, Th1
and Th2 cell differentiation, and Th17 cell differentiation.
Additionally, other genes such as T-cell surface glycoprotein
CD3 delta chain, T-cell surface glycoprotein CD3 γ chain, T-
cell surface glycoprotein CD8 α chain, T-cell surface
glycoprotein CD8 β chain, lymphocyte cell-specific protein
tyrosine kinase, T-cell receptor β variable 3 T-cell receptor-
associated transmembrane adapter 1, T-cell receptor β variable
10, T-cell receptor β variable 12−2, T-cell receptor β variable
13−1, selection and upkeep of intraepithelial T-cells 3, T-cell
receptor β constant region 1, T-cell receptor γ variable 6, T-cell
receptor β variable 1, and T-cell receptor β variable 2 observed
in our study were also reported to regulate the T-cell
activation. We also observed the upregulation of genes such
as Linker for activation of T-cells, lymphocyte antigen 6
complex locus M, lymphocyte antigen 6 complex locus D,20,21

lymphocyte protein tyrosine kinase, lymphocyte antigen 9, and
lymphocyte antigen 86, which are associated with the Rap1
signaling pathway.
Furthermore, transcriptomic profiling also identified crucial

genes such as tumor necrosis factor (ligand) superfamily
member 13, tumor necrosis factor receptor superfamily
member 25, tumor necrosis factor α-induced protein 8-like
2, phospholipase A2 group IID, calcium/calmodulin-depend-
ent protein kinase I γ, phospholipase A2 group IVF,
immunoglobulin kappa variable 1−110, immunoglobulin
kappa variable 3−12, small proline-rich protein 2H, CD160
antigen, apolipoprotein L 7e, regenerating islet-derived 3 γ,

Figure 3. KEGG pathway analysis of the (A) upregulated and (B) downregulated genes. The bars indicate the number of genes enriched in each
pathway. The x-axis represents the number of genes, and the y-axis represents the KEGG pathway terms.
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chemokine (C−C motif) ligand 21A (serine), chemokine (C-
X-C motif) receptor 6, guanine nucleotide binding protein (G
protein), γ 11, platelet factor 4, and chemokine (C−C motif)
ligand 5, which could possibly play a significant role in
directing the host immune response or pathogen elimination.
Genes like aldo-keto reductase family 1 member B7,

aldehyde oxidase 2, D-amino acid oxidase, amine oxidase
copper-containing 2 (retina-specific), tyrosine hydroxylase,
polypeptide N-acetylgalactosaminyltransferase 17, β-1,3-glu-
curonyltransferase 1 (glucuronosyltransferase P), phosphodies-
terase 4C cAMP specific, transmembrane protein 86B, and
dual specificity phosphatase 9 were downregulated, which are
associated with metabolic pathways, along with Fibroblast

growth factor 14, fibroblast growth factor receptor 4, FBJ
osteosarcoma oncogene, glial cell line-derived neurotrophic
factor, glial cell line-derived neurotrophic factor associated
with the MAPK signaling pathway and the Pi3K/Akt pathway.
Additionally, one of the prominent gene mitogen-activated
protein kinase 21, associated with the MAPK pathway, was also
found to be downregulated. Other genes like Serine/threonine
kinase 32B, G protein-coupled receptor 17, transcription
elongation regulator 1-like, transmembrane protein 200A,
matrix metallopeptidase 24, insulin receptor-related receptor,
cannabinoid receptor 1 (brain) (−1.7), kinase suppressor of
ras 2, glutamate receptor, ionotropic, NMDA2B (epsilon 2),
solute carrier family 25 (mitochondrial oxodicarboxylate

Figure 4. Representative H&E- and GFAP-stained sections. C57BL/6 mouse eyes were injected with 15,000 CFU/μL for 24 and 72 h. A
pathologist, blinded to the study, analyzed three randomly picked fields within a tissue section. (A) H&E staining was performed and the disease
severity was assessed. Red circles and arrowheads indicate the influx of inflammatory cells. ONL, outer nuclear layer; INL, inner nuclear layer. (B)
Quantification of the GFAP intensity under a high-power field. (C) Isotype control (IgG). The graph represents mean ± SEM. The unpaired t test
was used to calculate the significance. Original magnification, ×400. ns = not significant; *p ≤ 0.05; and **p ≤ 0.01. CA = C. albicans.
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Figure 5. Immunohistochemical examination of the mice eyeballs. C57BL/6 mice eyes were injected with 15,000 cells of C. albicans. For
histological assessment, infected eyes together with the vehicle control were harvested. The tissue sections were stained with (A) the isotype
control (IgG), (B) CD45, (C) MPO, and (D) CD3 and (E) CD20. Red circles and arrowheads indicate the positive cells. The positive cells were
counted, and the mean ± SEM values were represented as bar graphs. Pictures are the representation of one of the biological replicates, and graphs
represent the collective data of 3 independent experiments where n = 3 in each group. Original magnification, ×400; ns = not significant; *p ≤ 0.05;
**p ≤ 0.01; and ***p ≤ 0.001. CA = C. albicans.
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carrier), and member 21 were found to be significantly
downregulated.
2.4. Histopathological Evaluation Confirms the

Increased Influx of Inflammatory Cells and Retinal
Stress (GFAP). Histological examination was performed to
further assess the disease progression; this revealed a time-
dependent increase in inflammatory cells, retinal folding, and
disruption of the retinal structure. The disease severity and
notable inflammation increased at 24 h, though not significant
(p = 0.2879), but we observed a significant increase at 72 h (p
= 0.0257) (Figure 4A). Subsequently, we assessed the intensity
of glial fibrillary acidic protein (GFAP) at both time points to
potentially correlate the disease severity with the retinal stress
(Figure 4B). We observed a significant increase in the retinal
stress in the Candida-infected eye when compared to the
control at both 24 h (p = 0.0075) and 72 h (p = 0.0075).
2.5. Excessive Host Immune Response in C. albicans-

Induced Endophthalmitis. To assess the infiltration of
inflammatory cells at 24 and 72 hpi, we counted the number of
CD45, MPO, CD3, and CD20 cells in the posterior segment of
the eye. The number of CD45+ (p = 0.0001), a leukocyte
marker, and MPO (p = 0.08), a neutrophil marker, displayed
progressive increase over time from 24 to 72 hpi. While CD3, a
T-cell marker, showed a time-dependent elevation, (p =
0.0474) CD20 (p = 0.2302), a B-cell marker, did not exhibit a
statistically significant increase, suggesting that T-cells are
primarily involved in the adaptive immune response during C.
albicans endophthalmitis (Figure 5). Table 1 elucidates the
histopathological grading ranging from 0 to 4+ based on the
severity of inflammation observed in the posterior and retinal
chambers.22

2.6. C. albicans Endophthalmitis Induces Pronounced
Cell Death in C57BL/6 Mice. To correlate the clinical and
immunohistochemistry findings, a TUNEL assay was per-
formed. We observed the significant increase (p < 0.0001) in
the retinal cell death at 72 hpi (82.3 ± 43.7 apoptotic cells)
when compared to 24 hpi (27.6 ± 14.6 apoptotic cells), which
in turn is comparable with the increased disease severity and
fungal burden seen in the clinical and histopathological
examination. Majority of the cell death was observed in the
inner and the outer nuclear layer of the retina. Retinal cell
death accompanied by a robust inflammatory cell influx could
potentially contribute to a larger extent of vision loss (Figure
6).
2.7. Quantification of the T-Cell Subset. In order to

confirm the infiltration of T-cells at 24 and 72 hpi, we
quantified the presence of CD4- and CD8-positive cells. The
number of CD4-positive cells a helper T-cell marker showed a
significant increase at 24 h when compared to the control (p =
0.0001) and 72 hpi (p = 0.0213). Conversely, CD8, a marker
for cytotoxic T-cells, demonstrated a gradual increase over
time compared with the control (p = 0.0005) and between 24
and 72 hpi (p = 0.0001) (Figure 7).

3. DISCUSSION
Intraocular fungal infection is a vision-threatening complica-
tion characterized by chronic inflammation due to an
uncontrolled immune response from the host.4,9,23 While
inflammation is essential for controlling the infection, it can
also harm the eye by the excessive influx of inflammatory cells
and molecules, potentially leading to irreversible vision damage
by disrupting the retinal structure.13 Understanding the host-
mediated immune response to fungal endophthalmitis is T
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essential for refining treatment strategies and facilitating visual
recovery. This study delves into the intricate transcriptional
patterns to uncover fungal pathogenesis and identify gene
expression alterations, particularly in a mouse model infected
with C. albicans endophthalmitis.9,24 While previous research
on fungal infections, especially in ocular contexts, typically
emphasizes the role of the innate immune system and overall
inflammation, our investigation offers a thorough examination

of transcriptional profiles.25 Importantly, we examined not only
the initial response but also the involvement of the adaptive
immune system (specifically T-cells) and its associated gene
signatures. Additionally, we elucidate the underlying mecha-
nisms of these interactions and their repercussions on the
mouse retina.
Comparative transcriptional profiling reveals the striking

elevation in the transcriptomic magnitude exclusively of

Figure 6. Retinal cell death observed in C57BL/6 mice eyes infected with C. albicans. Infected eyes were enucleated at 24 and 72 hpi for
histological examination. (A) Apoptosis in the retina was assessed using a TUNEL-based assay, followed by counterstaining with 4′-6-diamino-2-
phenylindole (DAPI). (B) Graph representing the number of TUNEL-positive cells. ****p ≤ 0.0001.

Figure 7. Validation of association of T-cells in fungal endophthalmitis. The tissue sections were stained with (A) CD4 and (B) CD8 in red and the
nucleus was stained with DAPI blue. The positive cells were counted and the mean ± SEM values were represented as bar graphs. Original
magnification, ×400. ns = not significant; *p ≤ 0.05; ***p ≤ 0.001; and ****p ≤ 0.0001.
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inflammatory mediators and inflammation-associated pathways
such as natural killer cell-mediated cytotoxicity, cytokine−
cytokine receptor interaction, metabolic pathways, C-type
lectin receptor signaling pathway, T-cell signaling pathway,
phagosome, NOD-like receptor signaling pathway, Th1 and
Th2 cell differentiation, and Th17 cell differentiation. Several
genes associated with these pathways interact, initiating the
activation of the whole cascade of inflammatory responses, and
the genes showing the biggest differences in expression levels
were those most critical for the T-cell immune response against
C. albicans. C-type lectin receptors play a major role in
regulating antifungal immunity signaling cascades and induce
an adaptive immunity response to pathogens, and C-type lectin
receptor signaling pathway-associated genes such as C-type
lectin domain family 4 member b1, C-type lectin domain
family 1 member b, and the PYD and CARD domains
identified in our study are known to participate in antigen
uptake at the infection site, either for eliminating the antigen or
for its processing and subsequent presentation to T-cells.26−28

NOD-like receptor activation can provide costimulatory signals
alongside antigen presentation by antigen-presenting cells
(APCs) to T-cells. This costimulation can enhance T-cell
activation and proliferation.29 Additionally, we also observed
the elevation of the RAP1 signaling pathway, which is a key
regulator of T-cell and antigen-presenting cell interactions
further modulating T-cell responses.30

Majority of the pathways identified in our study directly or
indirectly contribute to activation of cell-mediated immunity,
especially CD8+ T-cell activation during fungal endophthalmi-
tis. We also observed several T-cell pathway-mediated genes
such as the T-cell surface glycoprotein CD3 delta chain and γ
chain, lymphocyte cell-specific protein tyrosine kinase, T-cell
receptor β variable 3, and T-cell receptor-associated trans-
membrane adapter 1. The increased levels of the T-cell surface
glycoprotein CD8 α chain and T-cell surface glycoprotein CD8
β chain are indicative of the involvement of cytotoxic T-cells in
fungal endophthalmitis. Additionally, genes such as neutrophil
cytosolic factor 1 is reported to promote autoreactive CD8+ T-
cell activation, and tyrosine-protein kinases, which are involved
in signals mediated by various cytokines or antigen receptors,
also play a prominent role in T-lymphocyte activation and
differentiation.31−33 Furthermore, the elevation of genes such
as granzymes (A, E, K) and natural killer cell group 7 suggests
that the cytotoxic cells such as CD+ T-cells and NK cells could
possibly employ a granzyme-dependent pathway to eliminate
infected cells.34 We also observed the increased levels of
signaling lymphocytic activation molecule Family 7
(SLAMF7), which plays a key role in reprogramming the
Treg cells.35 Although B-cell-associated CD antigens such as
CD22, CD72, CD79A, and CD79B were identified in the
transcriptomic studies, our study did not find strong evidence
of genes directly involved in B-cell activation. This suggests
that B-cells might either be involved at a different stage of the
infection or play a less important role in C. albicans
endophthalmitis. Our findings are consistent with the
histopathological observations, which showed a small but
significant increase in B-cells only at 72 h, while T-cells showed
a significant rise at both 24 and 72 h postinfection.
The genes plotted in the heatmap like Linker for activation

of T-cells (LAT) play a critical role in adaptive immunity in T-
cell activation and differentiation.36,37 IL-36 acts as a key
regulator in the early phases of the immune response by
triggering the production of IFNs and promoting the

recruitment of immune cells.38 CXCR6 helps identify resident
memory T-cells (TRM cells). TRM cells play a vital role in
immunosurveillance by interacting with epithelial cells, the
frontline defense of our tissues.39 Other genes related to the
host immune response includes β-defensins, which are
antimicrobial peptides active against various fungal infections,
especially Candida species.40 Interestingly, however, we
observed the downregulation of PI3K-Akt and MAPK
pathways known to regulate T-cell differentiation and
activation. Although we did not find genes that are directly
implicated in the regulation of these pathways, we identified
genes such as tenascin, fibroblast growth factor, and integrins
that are known to be associated with these pathways according
to the KEGG pathway analysis. Src kinase-associated
phosphoprotein 1, a negative regulator of T-cell activation,
was upregulated.
While fungal endophthalmitis triggers a strong inflammatory

response with T-cell activation, influx of immune cells into the
immune-privileged environment of the eye can unfortunately
lead to retinal damage and vision loss.41,42 Finding ways to
improve vision recovery is crucial for managing endoph-
thalmitis. Our comprehensive transcriptomic analysis suggests
that diacylglycerol kinase might be a target for immunotherapy,
potentially mitigating the immunogenic response.43 Addition-
ally, the drug cyclosporine A, which suppresses the immune
system, has been shown to selectively target T-cell activation
with minimal impact on other immune cells and phagocytic
cells, which could help regulate excessive inflammation.
Interestingly, it is also reported to have antifungal activity
especially on Candida spp., rendering it as a favorable
therapeutic option.44 A schematic diagram, as depicted in
Figure 8, summarizes the key findings of this study.

4. CONCLUSIONS
Overall, the transcriptional profiling of Candida endophthal-
mitis demonstrated significant temporal changes in gene
expression between the control, 24 h postinfection samples,
and 72 h postinfection samples. While there was predominant

Figure 8. Schematic representation of pathologic insights into
Candida endophthalmitis. The pathogen-associated molecular pat-
terns (PAMPs) are recognized by host pathogen recognition
receptors (PRRs) which further activate antigen-presenting cells
(APCs) like dendritic cells (DCs) and natural killer cells (NKCs).
This will lead to a series of cascadic events in turn activating innate
and adaptive immune responses, and an exacerbated inflammation
with inflammatory mediators such as cytokines and chemokines is
observed in the posterior part of the eye. Neutrophils and T-
lymphocytes could be potential therapeutic targets to regulate
inflammation and salvage the vision.
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activation of innate immune responses at 24 h postinfection, by
72 h postinfection, there was not only a sustained innate
immune response, notably involving neutrophils, but also a
marked increase in the adaptive immune activity involving
predominantly cytotoxic T-cells. This dynamic interplay
between innate and adaptive immunity highlights the evolving
nature of the host defense mechanisms against Candida
endophthalmitis over time. Additionally, targeting neutrophils
and T-cells with immunomodulators as therapeutic strategies
to control inflammation and prevent collateral damage presents
a promising approach to manage fungal endophthalmitis.

5. MATERIALS AND METHODS
5.1. Ethics Statement. C57BL/6 mice (mixed gender, 6−

8 weeks old) were used for the study. The mice were treated in
accordance to the guidelines outlined by the Association for
Research in Vision and Ophthalmology (ARVO) statement for
the ethical use of animals in ophthalmic and vision research.
The study was approved by the Institutional Animal Ethics
Committee (IAEC), Vyas Laboratories, Hyderabad, India
(protocol approval number IAEC/VL/08/2022−23).
5.2. Fungal Culture Preparation. For this study, the C.

albicans (L-614/2017) strain was isolated from the vitreous
chamber of patients diagnosed with C. albicans endophthalmi-
tis. The strain was cultured in potato dextrose agar and
maintained for 24−48 h at 37 °C. The yeast cells were
suspended in sterile phosphate-buffered saline (pH = 7.2) and
quantified using a hemocytometer to obtain the final
concentration of 15,000 cells/μL.
5.3. Establishment of the Mouse Model. As detailed in

the prior study, mice (C57BL/6) were anesthetized using a
combination of ketamine and xylazine along with the topical
anesthetic proparacaine (0.5%). Eyes were disinfected with
10% betadine and dilated with 1% tropicamide for better
visualization during intraocular injections.45 Mice were intra-
vitreally injected with 15,000 CFU/eye of C. albicans (CA)
into the mid-vitreous through the posterior limbus, and the
contralateral eye was injected with sterile phosphate-buffered
saline (PBS), which served as the control, and monitoring was
done daily for up to 72 h using a hand-held slit-lamp to track
the development of infection. Throughout the course of
infection establishment and progression, eyes were clinically
examined by an ophthalmologist blinded to the type of
infection. Following 24 and 72 h postinfection, mice were
euthanized and eyeballs were carefully plucked out from the
eye socket with a pair of forceps and were immediately washed
with sterile 1× PBS and stored in appropriate different storage
solutions according to the downstream processes. For the
whole transcriptome analysis, the enucleated eyes were
collected in RNA later and stored at −80 °C and for
histopathological analysis, they were fixed in 10% formalin.
Similarly, for the CFU, the eyeballs were stored in 1× sterile
PBS (pH = 7.2).
5.4. RNA Sample Preparation and Sequencing. Total

RNA was extracted from the mice eyeballs (n = 3) using
RNeasy mini kits (Qiagen) following the manufacturer’s
instruction, followed by DNase treatment (Thermo Scientific).
The concentration of RNA was assessed by NanoDrop
(Biorad) and the quality was estimated by Tapestation 4200
(Agilent Technologies, Santa Clara). The samples with a RIN
of ≥7 were selected for transcriptomics.
Following the cDNA synthesis, libraries were prepared

(KAPA mRNA capture kit) and sequenced on Illumina

Nextseq 2K, which generated 40M, 2 × 150 bp reads/sample.
FASTQ files were generated from the sequenced data, which
were then considered for further processing.
5.5. RNA-seq Alignment and Analysis Pipeline. Global

transcriptome analysis was performed using RNA-seq to
elucidate the host immune response of C. albicans infection
at the molecular level. We selected a time point (72 h
postinfection) where there was an active infection induced by
C. albicans through alignment with the Mus musculus reference
genome (mm8 https://genome.ucsc .edu/cgi -b in/
hgTracks?db=mm10&chromInfoPage=). Prior to analysis, the
quality of the paired-end raw sequencing reads was evaluated.
Subsequently, Trimmomatic was employed to trim low-quality
sequences (phred score Q < 33) and remove adapter
contamination. Trimmed sequence reads are mapped to the
reference transcriptome with HISAT2. FeatureCounts was
used to obtain feature-specific expression counts, and low
count features across samples were detected and removed
using the Limma-Voom package. Expression count normal-
ization was performed with the TMM method from Limma-
Voom. Estimation of significant differential features was
performed with Limma-Voom, which simulates technical
replicates for data. We performed heatmap analysis to illustrate
the expression patterns of these sets of differentially expressed
genes. Following the stringent filtering of the data, top 20
significant DEGs presumed to play a crucial role in the host
immune response in Candida endophthalmitis were repre-
sented in the heatmap along with their expression trends. The
heatmap was generated using the heatplot function from the
made4 R package for top upregulated and downregulated
features based on log2FC. In order to understand the different
characteristics between the healthy control and the C. albicans-
infected group, we constructed principal component analysis
(PCA) of the differentially expressed genes. A volcano plot was
generated with the EnhancedVolcano R package. The criteria
for screening DEGs were selected as log2 fold change ≥1.5 and
adj p ≤ 0.05. The R package was used using R studio software
(version 4.3.1).
5.6. Pathway Enrichment Analysis. In order to analyze

the molecular functions of the DEGs, pathway enrichment was
performed using the KEGG database. KEGG pathway
enrichment analysis determined the metabolic and signaling
pathways, where the differentially expressed genes were
primarily involved. To identify the DEGs, we applied strict
selection criteria. Genes were considered significant DEGs if
their threshold values were FDR < 0.1, fold change as log2 fold
change ≥1.5, and p < 0.05. Following the stringent selection of
DEGs, the genes were analyzed for enriched pathways through
the Kyoto Encyclopedia of Genes and Genomes and the top 20
enriched pathways were selected based on the number of genes
associated with the pathways. Among these, top host−
pathogen interaction- and inflammation-associated pathways
were plotted on the graph. These selection criteria highlight
the critical involvement of pathways such as the cytokine−
cytokine receptor interaction, natural killer cell-mediated
cytotoxicity, T-cell receptor signaling pathway, cell adhesion
molecules, calcium signaling pathway, and neuroactive ligand−
receptor interaction in the pathobiology of C. albicans
endophthalmitis. To ensure the accurate mapping of DEGs
to the KEGG database for M. musculus, official gene symbols
were used as unique identifiers. This mapping process allowed
us to generate a functional annotation chart highlighting the
significantly enriched pathways within the KEGG database.
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5.7. Histopathology and Immunohistochemistry
Analysis. Enucleated mice eyeballs at desired time points
were fixed in 10% neutral buffered formalin and embedded on
paraffin blocks, and 4 μm sections were taken and stained with
the haematoxylin and eosin (H&E) stain to check the disease
severity. Further sections were stained with Grocott’s methen-
amine silver (GMS) stain to check the fungal burden and for
other inflammatory markers like the T-cell marker (CD3), B-
cell marker (CD20), leukocyte marker (CD45), neutrophil
marker (MPO), and astrocyte and Muller glia marker (GFAP),
and they were examined under an Olympus light microscope
(BX51). In brief, the procedure included deparaffinization of
all 4 μm thick paraffin sections of mice eyeballs with xylene,
and graded alcohol of 100, 90, and 80% dilutions was used to
rehydrate the sections. Following incubation with primary
antibodies and further incubation with 2° antibodies (Dako,
Agilent, Santa Clara, CA), the sections were washed with PBS
three times, following incubation for 5 min with the DAB
substrate (catalog no. HK124-9K, BioGenex, CA), washing
with distilled water, and counterstaining with Harris’s
hematoxylin. Lastly, the slides were mounted and assessed
for the number of positive cells in the posterior chamber by
taking the average of 5 random microscope fields per case at
×400 magnification. Histopathological evaluation was per-
formed by a pathologist who was blinded to the study type and
the nature of the infection. The severity of the infection was
assessed by different parameters such as inflammation in the
posterior segment and integrity of the retinal architecture and
score 0 was attributed to no infiltrating inflammatory cells and
intact retinal architecture, while score 4 was attributed to 100+
inflammatory cells and indistinguishable retinal layers. The
histopathological scoring was done as described previously by
Rudraprasad et al.45 Table 2 describes the details of the
antibodies used in this study.

5.8. Tunnel Assay. Apoptosis was determined using a
TUNEL assay-based procedure (Click-iT TUNEL Alexa Fluor
488, Thermo Fisher Scientific, Waltham, MA) within the
retinal tissue, and the nuclei were stained with DAPI. DNase I
enzyme served to induce DNA strand breaks, resulting in a
TUNEL-positive reaction. Subsequently, coverslips were rinsed
using molecular biology-grade water. Following this step, a
reaction blend was created utilizing deionized water, DNase I
buffer, and DNase I. Altogether, 100 μL of the reaction mixture
was applied to the coverslip and allowed to incubate at room
temperature for 30 min. After incubation, the coverslips were
again washed using deionized water and subjected to the TdT
reaction.46 The proportion of TUNEL-positive cells was
analyzed by ImageJ after taking photos with a microscope.
Images were obtained under an ×20/0.8 lens with the help of
an AXIO Imager.M2 Zeiss fluorescence microscope.

5.9. Immunofluorescence Assay. Immunofluorescence
assays were conducted to confirm the involvement of T-cells in
Candida endophthalmitis. Slides were prepared and deparaffi-
nized using the same procedure as that for immunohistochem-
istry. Antigen retrieval was performed using citrate buffer (pH
6.0) with multiple cycles of heating (420 W for 5 min per
cycle). Phosphate-buffered saline (PBS, pH 7.2) was utilized
for washing the sections three times for 5 min each, followed
by permeabilization with Triton-X (0.3%) at room temper-
ature. Blocking was carried out using 2.5% bovine serum
albumin (BSA) prepared in PBS (pH 7.4; filtered with a PES
0.22 sterile filter [GVS Filtrations]) for 45 min. Subsequently,
the tissue sections were incubated with CD4 and CD8
antibodies (Dako GA511) prepared in 1% BSA. A secondary
antibody (1:500; A11012, Invitrogen) was applied and
incubated for 45 min. The slides were then mounted with
DAPI (4, 6-diamidino-2-phenylindole; ab104139, Abcam) for
nuclear staining. Slide examination was conducted by using a
fluorescent microscope (Carl Zeiss, Axio Scope A1).
5.10. Statistical Analysis. Prism 6 (GraphPad Software

Inc., San Diego, CA) was used for the statistical analyses and
graphical representations. R scripts were used to construct
volcano plots, and the online tool Heatmapper was used to
obtain the heatmap. All of the experiments were performed
with at least 3 biological and 3 technical replicates. Differences
in the means were calculated using the two-tailed unpaired t
test considering p > 0.05, ns (nonsignificant); *p ≤ 0.05; **p
≤ 0.01; ***p ≤ 0.001; and ****p ≤ 0.0001.
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