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Abstract

Ocular toxoplasmosis (OT) is one of the most common causes of posterior uveitis. However,
the pathogenic mechanisms of OT have not been well elucidated. Here, we used C57BL/6
(B6) mice to establish OT by peroral infection with 20 cysts of the TgCtWh6 strain, and
severe ocular damage was observed by histopathological analysis in the eyes of infected
mice. RNA-sequencing results showed that infection with T. gondiiincreased the expression
of the NK-mediated cytotoxicity gene pathway at Day 30 after ocular T. gondiiinfection.
Both NK-cell and CD49a* NK-cell subsets are increased in ocular tissues, and the expres-
sion levels of LFA-1 in NK cells and ICAM-1 in the OT murine model were upregulated upon
infection. Furthermore, inhibition of the interaction between LFA-1 and ICAM-1 with lifite-
grast, a novel small molecule integrin antagonist, inhibited the protein expression of LFA-1
and ICAM-1 in murine OT and NK cells, improved the pathology of murine OT and influ-
enced the secretion of cytokines in the OT murine model. In conclusion, the interaction
between LFA-1 and ICAM-1 plays a role in the early regulation of the CD49a* NK-cell pro-
portion in an OT murine model. LFA-1/ICAM-1 may be a key molecule in the pathogenesis
of OT, and may provide new insights for potential immunotherapy.

Author summary

Ocular toxoplasmosis (OT), despite its high prevalence and impact worldwide, is cur-
rently understudied. An immunological approach to the disease is relevant given the par-
ticular immunological milieu where it happens (the eye) and the known importance of
innate immunity in the resolution of the disease. We revealed that LFA-1/ICAM-1 is
essential for inflammatory NK cells at the ocular region with TgCtwh6, which is the pre-
dominant clonal lineage (ToxoDB#9) in China. A higher percentage of CD49a™ NK1.1"
CD3’ cells and upregulated LFA-1/ICAM-1 expression in the OT murine model pro-
moted inflammation and aggravated damage in OT. Moreover, lifitegrast is a novel small
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molecule integrin antagonist that blocks the binding of ICAM-1 to LFA-1. The ameliora-
tion of pathology and the diminished expression of inflammatory cytokines upon lifite-
grast treatment could pave the way for more specific intervention in patients.

Introduction

Ocular toxoplasmosis (OT) is caused by intraocular infection with Toxoplasma gondii (T. gon-
dii), which is an obligate intracellular protozoan parasite that can affect all warm-blooded ver-
tebrates, including humans [1]. OT is a major cause of infectious posterior uveitis worldwide
and often leads to impairment of vision in the affected eye [2]. Current research on the geno-
types of Toxoplasma virulence and pathogenicity has focused on three clonal lineages (I, II
and III) from North America and Europe, where the type II strain shows the highest fre-
quency, but the largest multifocal and haplotype analysis found that Toxoplasma species
existed as six major clades with a biphasic geographical pattern distribution that corresponds
to a few highly clonal genotypes that predominate in the northern hemisphere, whereas in
South America, the parasite populations are characterized by a greater genetic diversity [3].
Additionally, the predominant clonal lineage in East Asia, particularly in China, has been
reported as the Chinese 1 genotype (ToxoDB#9) [4, 5]. Both the severity of an episode and the
chances of recurrence are related to the serotype of the parasite and the conditioned cytokine
response of the host [6]. Patients infected by atypical strains have a specific intraocular cyto-
kine pattern and retinochoroiditis toxoplasmosis susceptibility is linked to polymorphisms in
cytokine genes [7, 8].

Activation and recruitment of inflammatory cells are key processes in the pathogenesis of
OT [9]. Acute and chronic T. gondii infections selectively recruit natural killer (NK) cells and
stimulate NK-cell activity [10]. Leukocyte function-associated antigen-1 (LFA-1) (L B 2 or
CD11a-CD18) is expressed on the surface of many immunocytes, including T cells, neutro-
phils, macrophages, and NK cells [11]. In addition to mediating firm adhesion to target cells,
LFA-1-mediated signals inducing granule polarization are essential for NK-cell cytotoxicity
and constitute an early signal for NK-cell activation [12-15]. Intercellular adhesion molecule-1
(ICAM-1, CD54), a cell surface glycoprotein, is expressed at low levels on endothelial cells and
epithelial cells. It mediates not only the adhesion of leukocytes to the vascular endothelium but
also the migration of leukocytes [16].

The discovery of ICAM-1 as a ligand for LFA-1 established a receptor-ligand pair for the
key adhesion pathway and revealed that upregulation of ligand expression by inflammatory
cytokines acts as an important switch for initiating adhesion. A low basal level of ICAM-1
expression was upregulated transcriptionally by cytokines (TNF-o,, IL-1,IFN-y) [17]. The LFA-
1 interaction with ICAM-1 plays an essential role in the regulation of a variety of immunologic
and inflammatory cell responses. Overall, the signal transduction mediated by LFA-1 and
ICAM-1 is involved in the migration, cell adhesion, and activation processes of lymphocytes,
as well as the formation of immune synapses, which makes LFA-1 and ICAM-1 closely associ-
ated with infection and autoimmune diseases [18, 19].

The upregulation of ICAM-1 expression in both human retinal pigment epithelial (RPE)
cells and retinal vascular endothelial (RVE) cells has been reported after T. gondii infection
[20]. Migration of T. gondii tachyzoites and T. gondii-infected dendritic cells (DC) across the
retinal endothelium assisted by ICAM-1 in vitro [21, 22].However, the role of ICAM-1 and
LFA-1 in the inflammatory response during OT has not been investigated.
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This study defines the function of LFA-1 and ICAM-1 in sustaining inflammatory NK cells
during intracellular pathogen infection. LFA-1/ICAM-1 can serve as a key molecule in the
pathogenesis of OT and a potential novel therapeutic target for OT.

Materials and methods
Ethics statement

All animal experiments were approved by the Animal Experimentation Ethics Committee of
Anhui Medical University (permit number 20211187). This study was conducted in agreement
with the recommendations of the Guide for the Use and Care of Laboratory Animal of Anhui
Medical University.

Mice and parasites

175 C57BL/6 female mice at 6-8 weeks of age, weighing about 12-18 g, were purchased from
the Experiment Animal Center of Anhui Medical University (Anhui, China). All mice had
normal findings on physical and ophthalmic examinations.

The cysts of an avirulent Chinese 1 strain (ToxoDN#9) ——TgCtwh6[4, 5], were prepared
from the brains of Kunming (KM, outbred) female mice perorally infected 2 months before.
The brain was homogenized in 2 mL of sterile saline and cysts numbers determined micro-
scopically in 20 pL of suspension.

Lifitegrast

Lifitegrast and sodium carboxymethyl cellulose were purchased from Med Chem Express.
0.5% sodium carboxymethyl cellulose served as the vehicle. Then, lifitegrast (1%) was prepared
by adding 1 ml of 0.5% sodium carboxymethylcellulose per 0.01 g.

Experimental schedule

To induce OT, the mice were infected perorally with 20 cysts of T. gondii from Day 0 [23, 24].
Uninfected, normal mice were used as controls. In a second experiment, uninfected mice
served as the negative control, and infected mice treated with vehicle from Day 0 served as
‘Vehicle 1’ or Day 14 served as ‘Vehicle 2°. Infected mice treated with lifitegrast from Day 0 as
‘Lifitegrast 1’ or Day 14 as ‘Lifitegrast 2. A single drop (5 pl) was administered to both eyes
thrice daily. All mice were killed by CO, inhalation at Day 30 post infection, and the eyes were
enucleated.

Histopathology

At 30 days post-infection (dpi), mice were sacrificed by CO, asphyxiation. Their eyes were iso-
lated, directly fixed in 4% buffered formaldehyde (Guangzhou Chemical Reagent Factory,
China) and embedded in paraffin. Then, each piece was serially cut into several sections (5 um
thick) and stained with hematoxylin and eosin (H&E). Images were obtained on a light micro-
scope (Leica, Germany) equipped with a charge-coupled device camera.

Detection of T. gondii by PCR

DNA extraction from the retina of each mouse was performed using a DNA Extraction Kit
(TaKaRa, Japan) in accordance with the manufacturer’s protocol. PCR amplification of the
ITS-1 gene [25] was performed by using the primers ITS-1 5-GATTTGCATTCAA-
GAAGCGTGATAGTAT-3' and ITS-1 reverse 5'-
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AGTTTAGGAAGCAATCTGAAAGCACATC-3".The PCR mix consisted of 12.5 pl of PCR
Master Mix 1x (Promega, USA), 1 pl of each primer at 1 uM, 2.5 pl of 1x PCR buffer and 8 pl
of DNA sample in a final volume of 25 pl. The first step of amplification was 3 min of denatur-
ation at 95°C. This step was followed by 35 cycles, with 1 cycle consisting of 30 s at 55°C at the
annealing temperature, and 30 s at 72°C. All PCRs were performed in a thermal cycler (Biome-
tra, Germany). The amplified cDNAs were electrophoretically separated on 1% agarose gels
containing ethidium bromide and recorded using a digital gel documentation system (Bio-
Rad, USA).

Immunohistochemical analysis

Briefly, sections were dewaxed and hydrated, and then antigen sites were unmasked using cit-
rate buffer (0.01 M, pH 6.0) at 100°C for 30 min and quenched with 3% H,0O, in Tris-buffered
saline (pH 7.6) to inhibit endogenous peroxidase activity. The slides were incubated with avi-
din/biotin blocking solution (Vector Laboratories, Burlingame, CA, USA). Subsequently, sec-
tions were incubated with rabbit anti-IFN-y, TNF-co, and IL-10 (1:500, Proteintech, Wuhan,
China) overnight at 4°C, with a corresponding Alexa 488- or 546-conjugated secondary Ab
(Invitrogen) for 45 min, and finally with Hoechst 33342 stain for 1 min. Images were taken
under a light microscope (Leica, Germany). Image J version 1.8.0 software was used to assess
the area and the integrated optical density (IOD) value of the positive dyed region. Average
optical density = IOD/Area. The optical density of the tissue areas from five randomly selected
fields (magnification, 400 x) were counted in a blinded manner and subjected to statistical
analysis.

mRNA library construction and sequencing

Total RNA from the whole eye was isolated and purified using TRIzol reagent (Accurat Biol-
ogy) following the manufacturer’s procedure. The RNA amount and purity of each sample was
quantified using NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). The RNA integrity
was assessed by Bioanalyzer 2100 (Agilent, CA, USA) with RIN number >7.0, and confirmed
by electrophoresis with denaturing agarose gel. Poly (A) RNA is purified from 1ug total RNA
using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, CA, USA) using two rounds of purifi-
cation. Then the poly(A) RNA was fragmented into small pieces using Magnesium RNA Frag-
mentation Module (NEB, cat. €6150, USA) under 94°C 5-7min. Then the cleaved RNA
fragments were reverse-transcribed to create the cDNA by SuperScript II Reverse Transcrip-
tase (Invitrogen, cat. 1896649, USA), which were next used to synthesis U-labeled second-
stranded DNAs with E. coli DNA polymerase I (NEB, cat.m0209, USA), RNase H (NEB, cat.
m0297, USA) and dUTP Solution (Thermo Fisher, cat. R0133, USA). An A-base is then added
to the blunt ends of each strand, preparing them for ligation to the indexed adapters. Each
adapter contains a T-base overhang for ligating the adapter to the A-tailed fragmented DNA.
Single- or dual-index adapters are ligated to the fragments, and size selection was performed
with AMPureXP beads. After the heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment
of the U-labeled second-stranded DNAs, the ligated products are amplified with PCR by the
following conditions: initial denaturation at 95°C for 3 min; 8 cycles of denaturation at 98°C
for 15 sec, annealing at 60°C for 15 sec, and extension at 72°C for 30 sec; and then final exten-
sion at 72°C for 5 min. The average insert size for the final cDNA library was 300+50 bp. At
last, we performed the 2x150 bp paired-end sequencing (PE150) on an Illumina Novaseq 6000
(LC-Bio Technology CO, Ltd, Hangzhou, China) following the vendor’s recommended
protocol.
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Quantitative real-time PCR

Total RNA was extracted from the whole eye using an RNA Extraction Kit (TaKaRa, Japan)
according to the manufacturer’s protocol. The absorbance values at 260 and 280 nm were used
to estimate total RNA purity (NanoDrop, Wilmington, DE, United States). For cDNA synthe-
sis, a cDNA Synthesis Kit (TaKaRa, Japan.) was used; the total amount of RNA used in quanti-
tative real-time PCR (QRT-PCR) for each sample was 1 ug. Next, QRT-PCR was performed
using SYBR Green qPCR Master Mix (TOYOBO, Japan) on a capillary-based LightCycler
instrument (Roche) following the manufacturer’s instructions. The following primers were
used in our study: IFN-y forward, 5'-ATAAGCGTCATTGAATCACACGCIFN-y reverse,
5-TGGCAATACTCATGAATGCATC-3;TNF-a forward, 5-CAGGCGGTGCCTATGTC
TC-3'; TNF-a reverse, 5-CGATCACCCCGAAGTTCAGTAG-3; ICAM-1 forward, 5'-GTG
TGCCATGCCTTTAGCTC-3'; ICAM-1 reverse, 5'-CTGATCTTTCTCTGGCGGTT-3';
ITGAL forward, 5-GTCTCGGACATGCGATCAGAA-3'; ITGAL reverse, 5'-GGCGGGAC
GATTTTGTAACAT-3; ITGB2 forward, 5-AGCAGAAGGACGGAAGGAACATTTAC3;
ITGB2 reverse, 5’-ATGACCAGGAGGAGGACACCAATC-3'. Relative mRNA expressions of
each target gene were normalized to the housekeeping gene GAPDH mRNA, and the results
are expressed as the fold change compared to uninfected controls.

Western blot analysis

Western blot analysis was performed using routine protocols. Briefly, protein extracts (50 ug)
from the whole eye were separated in 10% SDS-polyacrylamide gels and then transferred onto
nitrocellulose membranes. Rabbit polyclonal antibodies against ICAM-1, IFN-y, IL-10,
cleaved-caspase3 (Wanleibio, China), CD11a, CD18, and TNF-o. (Affinity Bioscience, USA)
were incubated with the membranes overnight at 4°C. The membranes were washed in TBST
(20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% Tween 20) 3 times, incubated with the indi-
cated HRP-conjugated goat anti-rabbit IgG (Proteintech) antibody for 1 h at room tempera-
ture and then washed in TBST 3 times. A Super Signal Chemiluminescent detection system
(Bio-Rad) was used to detect the signals.

Flow cytometry

The eyes were collected from the mice as reported previously [26]. A single cell suspension was
prepared by digestion for 30 min at 37°C with collagenase (1mg/ml) and DNAse (100 ug/ml)
in RPMI-1640. Spleen samples were subjected to hypotonic red blood cell lysis. Single-cell sus-
pensions were obtained from eyes and spleen by macerating the tissues through 70-m nylon
mesh filters (BD Falcon, Bedford, MA).

The single-cell suspensions from eyes and spleen were washed with FACS buffer (PBS plus
2% FBS plus 0.1% Sodium Azide) followed by blocking of the Fc (CD16/32) receptors with
anti-CD16/32 (clone 2.4G2) antibody prior to cell surface staining. To stain cell surface anti-
gens, single cell suspensions were incubated at 4°C for 30 min in the 100 ul volume of FACS
buffer containing fluorochrome-conjugated antibodies. The fluorochrome conjugated anti-
bodies used for cell surface staining were PE-Cy7-NK1.1, APC-R700-CD3, APC-CD49a,
PE-LFA-1(BioLegend, USA).

Statistical analysis

Data were analyzed by SPSS16.0 software and were expressed as mean + SEM. All graphs were
performed using GraphPad Prism 5 software. Two-tailed Student’s t-test or Mann Whitney U
test was applied to determine the statistical significance between two groups. ANOVA tests
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were applied for the multiple sets of data. The results were considered statistically significant at
P<0.05.

Results
Establishment of the OT murine model by TgCtwh6

Infected eyes were enucleated from mice at 30 days after parasite challenge, and histopatholog-
ical changes were analyzed. Compared with that of the control eye, a large number of infiltrat-
ing lymphocytes were found within the vitreous, retinal vasculitis was evident, the retinas were
edematous, and a disorganization of retinal architecture tissue was observed in the infected
eye of the OT groups (Fig 1A). We detected the T. gondii-specific gene (ITS-1) expression in
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Fig 1. Histopathological changes in ocular tissues infected with the TgCtwh6 strain. Uninfected mice; infected mice at Day30. (A)Retina of a control eye
from normal non-infected mice showing the normal architecture. All layers are present and unaltered. General aspect of TgCtwh6 infected retina showing the
alteration of the retinal layer. Inflammatory cells were seen in the vitreous (-). Retinal vasculitis (black arrowhead) was evident and disorganization of the
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IFN-y and TNF-a in ocular tissues of naive mice and T. gondii-infected mice were measured by using a Real-time quantitative PCR. GAPDH was used as an
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o and IL-10 from control and OT murine model by immunohistochemistry as described in the Methods. 400 x. Quantification of IFN-y, TNF-o.and IL-10
expression levels in retinas by the software Image J. Values represent the mean + SEM, *P<0.05, **P<0.01.

https://doi.org/10.1371/journal.pntd.0010848.9001
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the OT murine model [25]. All PCR tests in uninfected mice were negative, and samples from
infected mice were positive (Fig 1B). Previous studies have reported that the inflammatory
mediators IFN-y, TNF-o and IL-10 play an important role in intraocular infection in OT [27-
31].To examine their distribution within the retina, we studied their protein expression by
immunohistochemistry. As shown in Fig 1C and 1D, both inTgCtwh6 infected whole eye and
retina, there was a significant increase in IFN-y and TNF-o. expression, while the IL-10 expres-
sion level was significantly decreased in the retinas of T. gondii-infected mice.

Infection with T. gondii increased the expression of the NK-mediated
cytotoxicity gene pathway

Based on the RNA-sequencing data, we obtained 709 differentially expressed genes, with 601
upregulated genes and 108 downregulated genes (Fig 2A). Functional enrichment analyses of
the differentially expressed genes offered a biological understanding of these genes. The top

A Advanced Volcano Plot

E I|§p1-@
80 e ]

Gm4841

% Significant
S ® Sig_Up

= NoDiff

g ® Sig_Down
T

log2(FC)

B

Statistics of GO Enrichment Statistics of Pathway Enrichment

response to bacterium . Viral myocarditis °
° Autoimmune thyroid disease °
defense response to virus . Gene_number Cell adhesion molecules (CAMs) ® Gene_number
cell surface ° Antigen processing and presentation °
external side of plasma membrane ° ® 100 Type | diabetes mellitus ° * 20
adaptive immune response| ° ® 200 g Graft-versus-host disease ° ® 3
£ I innate immune response| ° ® 300 © Staphylococcus aureus infect?on ® 4
dh) cellular response to interferon-beta . (] 400 =| . garaftreiection ° [ ) 50
[ defense response to protozoan . >
| peptide antigen binding . pvalue © pStein-Barr virus mfection ® pvalue
O gefense response to Gram-positive bacter... . 0.000000e+00 H Cytokine-cytokine receptor interaction [ ) 0e+00
o extracellular space ° 1.137979-15 % Herpes simplex virus 1 infection{ @
chemotaxis . 2575957615 S Rheumatoid arthritis o 5e-13
cellular response to interferon-gamma . i Hematopoietic cell lineage o
esponse to vi . 3.413936e-15 NOD-like receptor signaling pathway ® Te-12
° 4.551914e-15 Leishmaniasis .
MHC class | peptide loading complex Th1 and Th2 cell differentiation
membrane Primary immunodeficiency
antigen processing and presentation . Chemokine signaling pathway [
0.00 0.25 0.50 0.75 0.1 0.2 0.3 0.4 0.5

Rich factor

Rich factor

Fig 2. mRNA sequencing and regulatory gene analysis at Day 30 after TgCtwh6 infection. (A) Volcano plots showing Log2(Fold Change) differences versus—
Log10(False Discovery Rate) for indicated comparisons, using pooled data from each indicated sample type. Genes exhibiting Log2FC > 1 and FDR < 0.1 are
colored. Red represents up-regulated significantly differentially expressed genes, blue represents down-regulated significantly differentially expressed genes and
grey dots represent non-significant differentially expressed genes. The differentially expressed mRNAs were selected with fold change > 2 or fold change < 0.5 and
p value < 0.05 by R package edgeR or DESeq2, and then analysis GO enrichment (B) and KEGG enrichment (C) to the differentially expressed mRNAs.

https://doi.org/10.1371/journal.pntd.0010848.g002

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010848 October 7, 2022

7/20


https://doi.org/10.1371/journal.pntd.0010848.g002
https://doi.org/10.1371/journal.pntd.0010848

PLOS NEGLECTED TROPICAL DISEASES LFA-1/ICAM-1 associating with the pathogenesis of ocular toxoplasmosis

enriched Gene Ontology (GO) term in biological processes was the immune system process
(Fig 2B). In the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis, several enriched pathway terms and 31 differentially expressed genes were enriched
in the NK-mediated cytotoxicity pathway (Fig 2C and S1 Table). These results suggested that
T. gondii-induced infection may be associated with the NK-mediated cytotoxicity pathway in
murine OT.

Both NK1.1" CD3 cells and NK1.1" CD3” CD49a" NK cells are increased in
the eyes of the OT murine model

According to the sequencing information, T. gondii promotes the expression of inflammatory
factors and induces infection through the NK-mediated cytokine pathway. To confirm that the
sequencing information was reliable, we detected the NK (CD3™ NK1.1%) cells percentage in
OT murine model. CD3™ NK1.1" cells were increased in infected eyes at Day 30 after infection
(Fig 3A). The spleen is an important immune organ, and the percentage and phenotype of NK
cells in the spleen were also analyzed. However, the percentage of CD3™ NK1.1" cells from the
infected spleen was significantly decreased compared with that of the control spleen (Fig 3B).
CD49a, an integrin alpha subunit, can bind collagen and laminin and has been identified as a
surface marker of tissue-resident NK (trNK) cells in mice [32].The percentage of CD49a* NK
cells was significantly increased in response to infection compared with that observed in the
control eyes and spleen (Fig 3C).

LFA-1 expression in NK cells and ICAM-1 in the eyes were upregulated in
the OT murine model

To investigate whether LFA-1 and ICAM-1 are key molecules in the pathogenesis of murine
OT, we detected the expression of ICAM-1/LFA-1 in eyes and NK cells. LFA-1 is composed of
o, chain CD11a (ITGAL gene) and B chain CD18 (ITGB2 gene) dimers and belonging to the
integrin family. ITGAL, the gene encoding CD11a, is located on chromosome 16p11.2 [33].
ITGB2 gene is situated on chromosome 21 and encoding CD18 [34]. Compared with naive
mice, the mRNA expression levels of ICAM-1 (P <0.05), ITGAL (P < 0.05), and ITGB2

(P < 0.05) were significantly increased in the eyes of T. gondii-infected mice (Fig 4A). In addi-
tion, the protein expression levels of ICAM-1, CD11a and CD18 were significantly increased in
OT murine model (Fig 4B). LFA-1 was expressed at higher levels on CD3"NK1.1" cells (Fig 4C)
and CD49a™ NK cells (Fig 4D) in infected eyes or the spleen compared to non-infected mice.

Lifitegrast reduced the percentage of NK1.1" CD3” CD49a"* NK cells in the
OT murine model

To determine whether LFA-1/ICAM-1 mediates NK-cell trafficking into the target organ, we
examined the percentage of NK cells in the eyes and spleen after lifitegrast treatment. Lifite-
grast is a novel small molecule integrin antagonist that blocks the binding of ICAM-1 to LFA-
1 [35]. On Day 30 after infection, we harvested recipient eyes and assessed the CD3” NK1.1"
cells percentage in the eyes and spleen by flow cytometry. Interestingly, lifitegrast did not
reduce the increased percentage of CD3 NK1.17 cells in the eyes (Fig 5A) and spleen (Fig 5B).

As CD49a is an important marker of NK-cell subsets, we analyzed the effect of lifitegrast on
the percentage of CD49a" NK cells in infected eyes and spleen. Our results revealed that
CD49a" NK cells from infected eyes (P < 0.01) and the spleen (P < 0.05) were decreased in
the Lifitegrast 1 group compared with the Vehicle 1 group but failed to influence the propor-
tion of CD49a" NK cells in the Lifitegrast 2 group. (Fig 5C).
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Fig 3. Representative flow cytometry plots for the analysis of NK cells and CD49a* NK in the eyes and spleen of
uninfected and Day 30-infected mice. Percentage of NK (CD3” NK1.1%) cells in lymphocytes in the infected eyes (A) and
spleen (B) from representative murine OT and control mice. (C) The percentage of CD49a* NK (NK1.1" CD3” CD49a")
cells was increased in infected eyes and spleen in the OT murine model. Pools of 10 mice were used and experiments were
replicated three times. Values represent the mean + SEM, *P<0.05, **P<0.01.

https://doi.org/10.1371/journal.pntd.0010848.g003

Lifitegrast treatment inhibited the protein expression of LFA-1 and ICAM-
1 in murine OT and NK cells

Lifitegrast inhibits the binding of LFA-1 to ICAM-1. The signal transduction mediated by
LFA-1 and ICAM-1 is involved in the adhesion, migration, and activation processes of lym-
phocytes [18],which may decrease the production of LFA-1 and ICAM-1 in the OT murine
model. Therefore, we used western blot analysis to determine the expression of CD11a, CD18
and ICAM-1 in ocular tissues. Compared to the vehicle-treated group, the eyes of the lifite-
grast-treated group showed a marked decrease in LFA-1 and ICAM-1 protein expression (Fig
6A). Our results show that lifitegrast treatment decreased the expression of LFA-1 on CD3~
NK1.17 cells (Fig 6B) and CD49a™ NK cells (Fig 6C) in the Lifitegrast 1 group compared with
that of Vehicle 1 group but failed to influence the expression of LFA-1 on CD3™ NK1.1" cells
and CD49a" NK cells in the Lifitegrast 2 group.
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mean + SEM, *p < 0.05. (B) Western blot analysis showed that the protein expression of ICAM-1 and LFA-1 (CD11a/CD18) was upregulated in the eyes in
comparison with the uninfected eye. GAPDH was used as an internal control. The results are from a pool of protein from two mice and are representative of
results in three independent experiments. Expressions of LFA-1 on infiltrating CD3™NK1.1" cells (C) and CD49a" NK cells (D) in the eyes or spleen. Pools of 10
mice were used and experiments were replicated three times. The results were representative of 3 independent experiments and represented as mean + SEM. The

data were analyzed using Student’s t-test. mean + SEM, *p < 0.05; **p < 0.01.
https://doi.org/10.1371/journal.pntd.0010848.g004

Lifitegrast treatment ameliorated the pathology of OT and influenced the

secretion of cytokines

Histologic examination of the eyes at Day 30 after infection treated three times starting from
Day 0 showed that recipient mice treated with vehicle exhibited damage with a disorganization
of retinal architecture and infiltration in the retina, whereas those treated with lifitegrast had a
well-preserved retinal structure, with much milder ocular infection. Most importantly, when
treatment with lifitegrast was started from Day 14 (disease onset), it was equally effective (Fig

7A). As shown in Fig 7B and 7C, compared with vehicle treatment, lifitegrast treatment caused
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https://doi.org/10.1371/journal.pntd.0010848.9005

significant inhibition of the secretion of IFN-y and TNF-o. in the OT murine model. However,
lifitegrast treatment increased the expression of IL-10 in the OT murine model. These results
indicate that lifitegrast affects the secretion of cytokines in the OT murine model. Because acti-
vation of LFA-1 receptors has been implicated in preventing apoptosis, we examined caspase-
3, a pro-apoptotic protein, expression following infection with or without lifitegrast treatment.
Experimental eyes of vehicle-treated mice had higher expression of caspase-3 than those of lifi-
tegrast-treated mice (Fig 7D).

Discussion

The most common clinical manifestation of T. gondii infection is ocular retinochoroiditis,
which in response to the organism causes intraocular infection and may result in a disorgani-
zation of retinal architecture tissue and permanent loss of vision. Despite the fact that OT is a
potential blinding disease, there is no curative treatment for preserving vision and preventing
recurrence thus far. NK cells are required for acute T. gondii control, regulate infection via IL-
10, and may contribute to adaptive immune responses [36]. The spleen is an important
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immune organ, and the NK-cell numbers of mice that were infected with 15 cysts perorally
and harvested 7 days after infection significantly increased in the spleen [10]. Some studies
have reported increased production of NK cells in autoimmune uveitis [26, 37, 38], and it has
been shown that NK cells can be used as a therapeutic target in experimental autoimmune
uveoretinitis (EAU), which can be improved by depleting NK cells with antibodies [39]. How-
ever, alterations in the proportion of NK cells in OT murine model have not been reported.
Therefore, we examined the percentage of NK cells in the eyes and spleen during the chronic
phase of T. gondii infection and our results showed a significant increase in the percentage of

NK cells in ocular tissue.

CD49a has been identified as atypical marker of tissue-resident NK (trNK) cells [32].
TrNKs were first identified in the murine liver and then rapidly expanded to various other
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tissues, such as the uterus, skin, kidney and adipose tissue [32, 40-42]. They may be involved
in maintaining local homeostasis in tissues, participating in a variety of important pathophysi-
ological processes, and may develop memory-like characteristics [43]. After 21 days mice were
infected with 200 tachyzoites, and T. gondii infection induced the conversion of NK cells into
ILC1-like (Eomes CD49a™) cells in the spleen, which was a permanent change [44]. CD49a
expression on NK cells is upregulated in tumors, and the accumulation of tumor-infiltrating
CD49a" NK cells is associated with poor prognosis for human hepatocellular carcinoma [45].
Moreover, CD49a" NK cells produce high levels of proinflammatory cytokines, such as IFN-y
and TNF-o, and infection alters their expression in stimulated CD49a" NK cells [46, 47]. We
found a significant increase in the proportion of CD49a" NK cells in ocular tissue during T.
gondii infection, suggesting that this cell subset may be associated with the progression and
prognosis of OT. Some studies have reported that Inc-49a is a positive regulator of CD49a in
human decidual NK cells [48] and that y8T cells promote the activation of CD49a" NK cells
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and upregulate their surface cytotoxic effector molecules (e.g., perforin) through CD137/
CD137 L signaling in liver fibrosis [49]. Manipulation of CD49a cell changes with parasite
infection in the eye needs to be further explored.

NK cells and CD49a" NK subsets use surface receptors (activating, inhibitory and cyto-
kines) to investigate damage or infection of host cells and tissues. Receptor engagement stimu-
lates the killing of diseased target cells (cytotoxicity) and initiates the production of IFN-y,
which may eliminate most T. gondii. NK cells may alter immunologic balance in immune dis-
eases by regulating the secretion of cytokines or by interacting with other cells through their
surface receptors [38, 50-55]. Accordingly, regulation of NK-cellular function could prove
beneficial in contributing to the treatment of immune diseases. Many factors are involved in
mediating the function of NK cells. For example, the expression of surface molecules on NK
cells, including inhibitory signals, activating signals, and adhesion molecules, can all be impor-
tant factors in determining NK-cell function [56].Our in vivo study validates the upregulation
of ICAM-1 expression in ocular tissue following T. gondii infection, which is consistent with
the findings of Nagineni in vitro [20].More importantly, we discovered that the expression of
its receptor LFA-1 was also upregulated both on NK cells and CD49a" NK cells, which has not
yet been reported. Using a murine model of intraocular T. gondii infection, this study revealed
for the first time that the overexpression of LFA-1/ICAM-1 may be involved in the immunopa-
thology process of OT.

Preclinical studies on various ocular diseases have shown that inhibition of the interaction
between integrins and their ligands, particularly LFA-1 and ICAM-1, holds promise as a thera-
peutic approach. Anti-LFA-1 monoclonal antibody was approved for the treatment of psoriasis
but was withdrawn from the market because of its side effects. Lifitegrast, by virtue of its high
efficacy and low local and systemic toxicity, is the optimal drug for ocular use in dry eye dis-
ease (DED) patients [35, 57, 58]. Lifitegrast ophthalmic drops administered thrice daily pro-
vide therapeutic levels of lifitegrast in the retina and can reduce retinal complications
associated with diabetes [59]. In murine endotoxin-induced uveitis, an acute inflammatory
model, a decreased number of infiltrating leukocytes was observed in animals receiving either
LFA-1- or ICAM-1-neutralizing antibodies [60]. Interestingly, although the percentage of total
NK-cell and CD49a" NK-cell in the Lifitegrast 2 group (from Day 14) did not change, the per-
centage of CD49a" NK-cell in the Lifitegrast 1 group (from Day 0) was significantly decreased
after lifitegrast treatment, possibly suggesting that lifitegrast may inhibit the ocular inflamma-
tory response by reducing CD49a™ NK-cell subsets during the early process. As other immune
cells also use LFA-1/ICAM-1 adhesion receptors, lifitegrast could also have the potential to
improve the pathology of OT by affecting the status of other immune cells, such as T cells or
DCs. The exact effects of LFA-1/ICAM-1 on lymphocytes in OT will require additional investi-
gation. Lifitegrast not only altered the percentage of CD49a* NK cells in the eyes but also in
the spleen, suggesting that lifitegrast affected inflammatory cells in the eyes as well as the sys-
temic immune system. We examined the effect of lifitegrast on LFA-1 and ICAM-1 expression
and found that it significantly inhibited LFA-1 and ICAM-1 protein expression in lifitegrast-
treated groups. In addition, it significantly inhibited LFA-1 expression on NK cells in Lifite-
grast 1 group (from Day 0) but not Lifitegrast 2 group (from Day 14). We speculate that this
may be related to the fact that the immune response of NK cells might have occurred in the
early process of infection. Lifitegrast is a = novel small molecule integrin antagonist. Based on
the current understanding of its mechanism of action, lifitegrast could block the recruitment
and activation of T cells to the ocular surface [61]. Signal transduction mediated by LFA-1 and
ICAM-1 is involved in the adhesion, migration, and activation processes of lymphocytes [18].
In this study, we found that the percentage of CD49a* NK cells in the eye was decreased after
lifitegrast treatment. Therefore, we speculated that the inhibition of LFA-1 expression may be
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associated with a decrease in the immune cell percentage. Furthermore, the inhibition of NK-
cell activation during infection may also suppress LFA-1 (activating receptor) expression [62].

Our results found that lifitegrast treatment ameliorated the pathology of OT even in the
Lifitegrast 2 group, and may open a new phase for potential immunotherapy. Among the most
prominent cytokines secreted by NK cells are IFN-y and TNF-a. Moreover, NK cells have
been reported to produce several other immunoregulatory cytokines, including IL-10, IL-5,
and IL-8 [63].The downstream effect of lifitegrast on cytokines has been reported in multiple/
several preclinical studies [64]. Both cytokine production in the retina and the whole eye was
shown in this study, and changes in cytokines in the retina followed the same trend as those in
the whole eye. T. gondii can infect the whole eye, including the cornea, iris/ciliary body, lens,
peripheral retina, posterior retina, sclera, and choroid [27]. In this study, we detected NK cells
throughout the whole eye, and the pathological effects they mediate may occur not only in the
retina but also in other ocular tissues. The retinal endothelium is the primary target of T. gon-
dii in OT because of the high constitutive expression of ICAM-1 transcripts by human retinal
endothelial cells [22, 65, 66]. We focused on observing the histopathology of the retina in our
study. In addition, the role of NK cells in other ocular tissues requires further study.

Activation of LFA-1 receptors can be divided into two signaling processes: those responsi-
ble for cell proliferation or those preventing apoptosis [67]. Caspase-3 is a key enzyme in the
execution of apoptosis [68]. Our study explores the possible mechanisms underlying the
reduction in infection in OT that affect cytokines and inhibit apoptosis. Further studies are
needed to infer any additional roles that LFA-1/ICAM-1 may play in the treatment of OT and
its regulatory mechanism in NK cells.

In conclusion, our study revealed for the first time the increased percentage of NK cells,
specifically CD49™ NK cells, upon infection and overexpression of LFA-1 in NK cells and
ICAM-1 in an OT murine model. Blocking the binding of LFA-1 to ICAM-1 with lifitegrast,
decreased the CD49a* NK-cell proportion during early treatment and reduced the severity of
OT, which is associated with reduced LFA-1/ICAM-1 expression in the eyes and may provide
a new target for treatment.
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