bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634301; this version posted January 27, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Attenuated adenosine mediated immune-dampening increases natural killer

cell activity in early age-related macular degeneration

Archana Padmanabhan Nair'? Sayan Ghosh®*, Vishnu Suresh Babu?,

Machiraju Praveen’, Ying Xin3, Ganesh Ram Sahu’, Tanuja Arun Vaidya'?,
Jayasree Debnath', Karthik Raja', Santhosh Gopi Krishna Gadde#, Thirumalesh M B#,
Naren Shetty*, Aishwarya Saxena*, Rohit Shetty*, Stacey Hose?,

Vrushali Deshpande'!, Koushik Chakrabarty!, James T. Handa3, J. Jiang Qian?,

Swaminathan Sethu'*, Debasish Sinha®*, Arkasubhra Ghosh'*

'GROW Research Laboratory, Narayana Netralaya Foundation, Bengaluru,
Karnataka, India;

2Manipal Academy of Higher Education, Manipal, India;

3The Wilmer Eye Institute, The Johns Hopkins University School of Medicine,
Baltimore, MD, USA.

4Narayana Nethralaya, Bengaluru, Karnataka, India.

# Equal contributors (method used to assign authorship between co-first authors)
*Corresponding authors:

Arkasubhra Ghosh/ Swaminathan Sethu/Debasish Sinha

Email:

arkasubhra@narayananethralaya.com;

swaminathansethu@narayananethralaya.com; Debasish@jhmi.edu



mailto:arkasubhra@narayananethralaya.com
mailto:swaminathansethu@narayananethralaya.com
mailto:Debasish@jhmi.edu
https://doi.org/10.1101/2025.01.22.634301
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634301; this version posted January 27, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Non-exudative age-related macular degeneration (AMD) involves retinal pigment
epithelium (RPE) dysfunction and has been linked to altered intraocular immunity. Our
investigation focuses on immune cell subsets and inflammation-associated factors in
the eyes with early and intermediate AMD. We observed elevated levels of activated
natural killer (NK) cells and interferon-y, concurrent with reduced myeloid-derived
suppressor cells (MDSCs) and adenosine in AMD eyes. Aqueous humor from AMD
patients had diminished ability to dampen NK cell activation, an effect rescued by
adenosine supplementation. The Crybal cKO mouse model recapitulated these
immune alterations, and single-cell RNA-sequencing identified NK cell-related genes
and NK cell-RPE interactions. Co-culture of activated NK cells with RPE cells induced
barrier dysfunction and Gasdermin-E driven pyroptosis providing a functional link
relevant to AMD. These findings suggest a double-hit model where elevated immune
activation and loss of immune dampening mechanisms drive AMD progression.
Resetting the intraocular immune balance may be a promising therapeutic strategy for

managing early and intermediate AMD.
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INTRODUCTION

Age-related macular degeneration (AMD) is the major contributor of irreversible
blindness among the elderly worldwide, currently afflicting 8.8 million people *. Retinal
pigment epithelium (RPE) dysfunction and degeneration is a key early change 2.
Clinically, AMD is diagnosed by loss of central vision, reduced contrast sensitivity and
low dark adaptation, metamorphopsia and central scotoma 3. The Age-Related Eye
Disease Study (AREDS) categorizes AMD severity based on development of Bruch’s
membrane deposits called drusen, macular pigmentary alterations resulting in RPE
and photoreceptor degeneration, and choroidal thinning into early, intermediate and
ultimately, the advanced stages comprised of neovascular AMD (nAMD) or
Geographic Atrophy (GA) 4. With AMD progression, RPE degeneration can lead to cell
death coincident with the development of choriocapillary atrophy and macular
photoreceptor death °. The RPE dies by multiple pathways, notably apoptosis in AMD
patients, but also inflammasome and amyloid beta fibril mediated pyroptosis €7,
autophagy dysfunction 8, and ferroptosis ° have been reported in mouse models. Thus,
the mode of RPE cell death may be triggered by the AMD-related stressors it
encounters in the milieu.

AMD has multiple risk factors including age, smoking, high fat and glycemic
index diets, and genetic predisposition’®. These factors contribute to key pathogenic
pathways including immune dysfunction, oxidative stress, mitochondrial damage, and
dysregulated autophagy '*'2. Disturbance of both humoral and cellular innate immune
systems have been strongly implicated in the AMD pathogenesis '3'%. Due to the
genetic variants associated with AMD risk, aberrations in the complement system, the
humoral arm of the innate immune system, have long been implicated in AMD

pathogenesis, and recently, two complement inhibitors have been approved by the
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FDA for the treatment of geographic atrophy, the advanced dry form of AMD 617,
Besides complement, cells of the innate arm of the immune system such as
neutrophils 181 monocytes 29?2, macrophages 2324, mast cells 25 and gamma delta T
cells 26 have also been implicated in AMD. Natural killer (NK) cells, an important
member of the innate-lymphoid continuum known to facilitate programmed cell death
may be relevant in AMD pathogenesis. Intriguingly, alterations in NK cell phenotypes,
subsets, cytokine release, and cytotoxic function have been documented in various
age-related conditions, including amyotrophic lateral sclerosis (ALS), Alzheimer's
disease (AD), and stroke 27, and perforin/granzyme, a constituent of NK cells, is
elevated in AMD retinas and compromises RPE barrier function 282°, However, the
role of NK cell mediated effects on RPE dysfunction and pyroptosis in the context of
AMD pathogenesis has not been studied.

Ocular immune privilege is an immunosuppressive environment that prevents
immune-mediated destruction of ocular cells by the action of immune dampening
factors secreted by ocular cells and/or immunoregulatory cells that maintain the blood
ocular barrier 30-35, In the retina, the outer blood retinal barrier is mediated by the RPE,
which is compromised in early AMD 36, Notably, secreted anti-inflammatory factors
are reduced in the aqueous humor in dry AMD patients, which could disrupt the
immunosuppressive microenvironment 37. However, status of immunoregulatory cells
of the innate arm such as myeloid derived suppressor cells (MDSCs) or factors which
have intraocular immmune dampening functions are yet to be assessed in AMD patients.

We hypothesized that immune activation and immune dampening mechanisms
of the innate arm are imbalanced in AMD, thereby contributing to RPE barrier
dysfunction. Studies from various animal models, partly validated in donor human

tissues and aqueous humor samples, have implicated a variety of inflammatory factors
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and immune cell subtypes such as neutrophils, monocytes, macrophages etc. 383
Yet, detailed studies in early-stage AMD patient eyes are limited, particularly in the
context of immune cell repertoire functions. This is primarily due to the paucity of
access to human intraocular or retinal samples from early AMD patients and the limited
volume of the accessible samples. Our study fills this particular lacuna by evaluating
immune cells and secreted factors in the early AMD patient eyes. Much of our current
understanding of immune dysregulation in AMD focuses on the damaging, chronic
inflammatory processes, with limited understanding of the immunoregulatory or
immune dampening mechanisms in the eye. Therefore, we have attempted to address
this gap in knowledge in human AMD eyes. Our data not only recapitulates the known
elevation of neutrophils and their products, but also identifies significantly elevated,
activated NK cells as a key modulator of the innate immune milieu in early AMD eyes,
both within the retina and in the intraocular chambers. We report similar findings in an
established model of dry AMD %41 Therefore, our data provides a glimpse of the
intraocular immune imbalance in dry AMD eyes that can be a key driver of the disease
progression. Importantly, our experimental data demonstrate that replenishing
adenosine can reverse the RPE pathology in disease models, suggesting that
restoration of intraocular immune balance is a viable, novel strategy for AMD

treatment.
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RESULTS

Immune cell landscape of aqueous humor in early AMD subjects, dry AMD human
donor retina and in a mouse model with an atrophic/dry AMD-like phenotype.

Study subjects were clinically stratified according to AREDS classification as controls
and early AMD (AREDS 2/3) based on retinal imaging wherein we observed
hyporeflective sub-RPE deposits at the macular region indicative of drusen (Figure
1A). The proportions of NK cells and their functional subsets, along with other immune
cell types in the aqueous humor of study subjects and donor retina, were determined
by flow cytometry (Figure 1B; Supplemental Figure 1, 2, 3). We observed higher
proportions of total NK cells, CD16-CD56%™ NK cells and CD16-CD56"9" NK cells in
early AMD eyes compared to controls, while total leukocytes and CD16*CD56%™ NK
cell proportions remained unaltered between the groups (Figure 1C-G). In-addition,
the proportion of NK cell subsets with different activation and inhibitory receptors were
altered, particularly activated NK cell proportions, such as NKp44+ NK cells, and
NKG2C+ NK cells, were significantly higher in aqueous humor of AMD compared to
controls (Figure 1H). The cell surface expression level of individual activating and
inhibitory receptors in different NK cell subsets in control and early AMD was observed
to be similar based on dimensionality reduction analysis (tSNE-CUDA)
(Supplemental Figure 4A). In addition, ten unique cell metaclusters were identified
with FlowSOM unsupervised clustering, of which clusters 1, 2, 6 and 8 were CD56+
(Supplemental Figure 4B). The phenotypes identified in these metaclusters were
CD56*NKG2D*CD161*, CD56*CD161*CD159a*, CD56*NKG2C*PanKIR2D*CD161*,
CD569™CD16'NKG2D*CD161* and CD569"CD16-NKG2D*CD159a* NK cells
(Supplemental Figure 4C). Other cells of the innate immune system, such as the

classical monocytes and neutrophils, were higher in AMD while intermediate
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monocytes, non-classical monocytes, and eosinophils remained unchanged
(Supplemental Figure 4D-H).

The immunotypes observed in the aqueous humor was validated in the retina
of humor donor eyes with and without dry AMD. The donor eyes for the current study
were categorized based on histology assessments as healthy controls and dry AMD.
In the human donor retinae, proportions of NK cells and their functional subsets, as
well as myeloid cells were determined using flow cytometry (Supplemental Figures 1
and 2). Similar to aqueous humor based findings, dry AMD donor eyes showed
increased proportions of total NK cells compared to controls while favorable trend was
observed in proportions of CD16-CD56™ NK cells (Figure 11,J). However, proportions
of CD16-CD569" NK cells and CD16*CD569™ NK cell proportions remained
unaltered (Figure 1L). In addition, proportion of NK cells expressing activating
receptor-NKG2D*NK cells was significantly higher in AMD donor retina compared to
controls, though the proportions of NK cells expressing other activating and inhibitory
receptor did not show significant alterations (Figure 1M). Of the myeloid cells,
classical monocyte proportions were higher in dry AMD donor eye with near
significance, while neutrophil proportions were higher in AMD with no significance.
The proportions of intermediate monocytes, non-classical monocytes, and eosinophils
showed no changes compared to control eyes (Supplemental Figure 5A-E).

An additional cohort of controls and early AMD patients were used to validate
the diversity of immune cells and soluble factors in aqueous humor with an extended
immunophenotyping panel (Supplemental Figure 6) and multiplex bead based
ELISA. The proportions of leukocytes, NK cells (Total, CD569™ and CD56""9"),
neutrophils (Total, CD66b%™ and CD66b"9") were significantly increased in early

AMD without changes in monocyte proportions (Figure 2A-H) Furthermore, B cells
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(CD19%) were significantly higher in early AMD subjects while no change was
observed in proportions of T cells or NKT cells (Supplemental Figure 7A-C).
Secreted immune-inflammatory factors such as IFNy, Perforins, sTNF-R1, TGF-1
levels were significantly higher while IL-1p, IL-17F, IL-21, RANTES, and BDNF levels
were significantly lower in the aqueous humor of AMD subjects compared to controls
(Figure 21, J; Supplemental Table 1). In addition, vitreous humor IFNy levels in AMD
donor eyes were higher compared to controls which served as a validation of the
aqueous humor findings (Figure 2K). The intraocular immune cell diversity alterations
observed in human subjects were validated in the aqueous humor from Cryba1 cKO
mice, which develop an AMD-like phenotype (Supplemental Figure 8). Similar to the
patient data, significantly higher proportions of NK cells (total, NK1.19™ and NK1.1right)
and neutrophils were observed with monocyte proportions showing an increasing
trend. Except leukocytes, proportions of NKT cells and myeloid cells were significantly
higher in the aqueous of Cryba?l cKO mice compared to littermate Cryba? floxed
controls (Figure 2L-Q; Supplemental Figure 9A, B). Aqueous humor profiling
revealed higher levels of Granzyme, IL-12 - factors expressed by NK cells (Figure 2
R,S) and LCN2, MPO - proteins expressed by neutrophils (Supplemental Figure
10A, B) in Cryba1 cKO mice relative to littermate controls. Thus, we investigated NK

cells and their interactions in the RPE of the Cryba1 cKO animals further.

NK cell-related genes and ligand-receptor interactions identified by single cell RNA

sequencing (ScCRNAseq) from the Cryba1 cKO model

Single cell RNA sequencing of the RPE and choroid (cells cleared from choroid blood
vessels) of 15-month-old Cryba1 floxed and Cryba1 cKO mice showed presence of

non-immune and immune cells as shown on UMAP plots using Seurat (Figure 3A).
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Ratio of cell pct showed increased numbers of NK cells, neutrophils and MDSC in
Cryba1 cKO mice RPE. Stacked violin plot represented the expression of marker
genes in each cell cluster in mice RPE-choroid complex (Supplemental Figure
11A,B). Volcano plot showed genes differentially expressed in NK cell cluster in
Cryba1 cKO mice and littermate controls (Figure 3B). The biological process in Gene
Ontology (GO) based enrichment analysis of NK cell population was done in Cryba1
cKO mice compared to wildtype, where identified genes primarily involved in
processes such as regulation of NK cell mediated cytotoxicity, immune responses,
and cell killing etc. based on normalized enrichment scores (NES) and were found to
be wupregulated in Crybal cKO mice (Figure 3C). Unidirectional cell-cell
communications involving NK cells (denoted as ‘L', cells expressing ligand) and RPE
cells (denoted as ‘R’, cells expressing receptors) were identified by choosing L-R pairs
with an interaction score greater than 0.45 (Figure 3D-F). The chord plot shows
dysregulated L-R interaction pairs as calculated based on the fold changes in
interaction scores (Supplemental Figure 11C). The interactions were classified as
‘known’ interactions based on data curated in Cellinker, a tool for understanding
cellular networks obtained from peer-reviewed literature on mouse ligand/receptor
interaction, while ‘unique’ interactions were those that were not recorded in database.
(Supplemental table 2). The pathway analysis using KEGG and Reactome showed
dysregulated L-R interactions like IFNy-IFNyR1, Granzyme B (Gzmb)-IGF2R and
TNF-LTBR, that are involved in pathways related to programmed cell death including
necroptosis, apoptosis and pyroptosis (Supplemental table 3, 4). Together these
data show the presence of NK cells in mouse RPE along with dysregulated NK cell-
RPE interactions that may influence cell survival pathways in the Cryba1 cKO disease

model.
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Reduced intraocular immune dampening efficiency in early AMD aqueous humor and
AMD donor eyes

Myeloid derived suppressor cells (MDSCs) are immunoregulatory cells of the innate
immune system 42. The proportion of aqueous humor monocytic MDSC (M-MDSC)
cells was lower in early AMD samples compared to controls (Figure 4A). Untargeted
metabolomic profiling of patient aqueous humor revealed distinct clustering of control
and AMD metabolite profiles (Supplemental Figure 12A). Among the metabolites, an
MDSC associated metabolite- adenosine was observed to be markedly lower in early
AMD aqueous humor (Figure 4B; Supplemental Table 5). The regulatory
relationship between immune factors/cells and immune activation, including NK cells
and secreted factors in the aqueous humor, was determined by correlation analysis.
The proportion of NK cell subtypes, including NKG2D* NK cells (r = -0.49, p
value:<0.05), NKp44* NK cells (r = -0.52, p value:<0.03), CD161+ NK cells (r = -0.51,
p value:<0.04) and NKG2C* NK cells (r = -0.51, p value:<0.04), were negatively
associated with M-MDSC cells. NK cells (total NK, CD569™ and CD56""9" cells) were
positively correlated with their effector molecules, IFNy and Perforins. Futhermore,
adenosine, a known immunoregulatory factor and NK cell dampener, negatively
correlated (r = -0.52, p value: 0.037) with IFNy, an immuno-stimulatory factor
expressed by activated NK cells (Figure 4C). We quantified M-MDSCs in AMD donor
retina to find that compared to control, their proportions were significantly lower
(Figure 4D). Furthermore, in retinal lysates from donor retinae, assayed by untargeted
metabolomics, PLS-DA score plot showed overlapping patterns in control and AMD
with significant reduction in adenosine observed in AMD compared to controls (Figure
4E, Supplemental Figure 12B, Supplemental Table 6). The lower adenosine levels

in the aqueous humor as well as retinal lysates from donor eyes was validated by a
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fluorometric assay (Supplemental Figure 12C, D). Similarly, adenosine was lower in
retinal tissue isolated from Cryba1 cKO mice compared to Cryba7 floxed littermate
controls (Figure 4F, Supplemental Table 7), thus corroborating with the observation
in patients’ and donor eyes. This observation indicates that homeostatic intraocular
immunosuppressive factors are reduced in early AMD.

Next, the homeostatic intraocular immune dampening capacity of aqueous
humor from control and early AMD subjects was determined ex vivo by measuring
ability of aqueous humor from control and AMD patients in suppressing IFNy
production by activated NK cells (Figure 4G). While aqueous humor of both control
and early AMD subjects suppressed IFNy production by activated NK cells, the
suppression of IFNy production by activated NK cells was significantly less in the early
AMD group (Figure 4H). This impaired suppression in early AMD aqueous humor was
mitigated by addition of adenosine (Figure 4l). These results suggest that the
dysregulated intraocular immunosuppressive status in early AMD can be

therapeutically rescued.

Activated NK cells alter RPE barrier function and survival

Since scRNA-seq based analysis including L-R interactions suggested dysregulation
in the pathways related to programmed cell death, it suggests a plausible role of NK
cells in RPE fate and function. We investigated the role of NK cells in modulating iPSC
derived RPE (iRPE) functionality by measuring transepithelial electrical resistance
(TEER) 2 and the expression of the tight junction protein Zonula Occludens-1 (ZO-1)
(Figure 5A). Resistance was measured across iRPE layer co-cultured with activated
NK cells (with or without adenosine) at 3 NK cells:1 iRPE cell on matrigel-coated

Transwell inserts. Net TEER, a measure of junction integrity, ranged from 160-
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200Qcm? at baseline. On addition of NK cells, TEER significantly dropped to less than
80Qcm? and improved to 110-135Qcm? with addition of adenosine (Figure 5B).
Furthermore, notable disruption in ZO-1 expression was observed in iRPE cultured
with activated NK cells, while normal distribution of ZO-1 was observed in cultures
where adenosine was also present (Figure 5C). We measured the relative gene
expression of IL-1p and secreted levels of IFNy in iRPE cultures co-incubated with
activated NK cells and adenosine. Significant upregulation in mMRNA expression of IL-
1B, a marker associated with pyroptosis was observed in iRPE cells cultured with
activated NK cells which reduced with adenosine (Figure 5D). Similarly, IFNy levels
were measured in cell supernatants of iIRPE-NK coculture. Significantly higher
secreted levels were seen in cultures with activated NK cells while a reduction was
seen in cultures where activated NK cells were treated with adenosine (Figure 5E).
We also investigated the potential additive effect of IFNy in NK cell mediated
RPE dysfunction using polarized ARPE-19 cells co-cultured with activated NK cells (5
NK cells:1 ARPE-19 cell) in presence/absence of IFNy (50 ng/mL) (Supplemental
Figure 13A). We observed a reduction of TEER “44¢ in polarized ARPE-19 cultured
with activated NK cells which further reduced in presence of IFNy (Supplemental
Figure 13B). Similarly, disruption in ZO-1 staining was observed in polarized ARPE-
19 cells treated with activated NK cells (+/-IFNy) (Supplemental Figure 13C). Image
J based quantification with TightJunction analysis plugin measured cell-cell edge
quantification parameters like tight junction length, Euclidean distance, and edge ratio.
Significantly altered ZO-1 organization was calculated in polarized ARPE-19 cells co-
cultured with activated NK cells based on total length and mean area. We observed
significant reduction in total length and significant increase in mean area in polarized

cells co-cultured with activated NK cells (+/-IFNy) (Supplemental Figure 13D, E).

12


https://doi.org/10.1101/2025.01.22.634301
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634301; this version posted January 27, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

These observations confirm that activated NK cells can dysregulate RPE function.
LDH activity assay demonstrated NK cell mediated cytotoxicity in ARPE-19 cells with
increase in Effector:Target ratios (E:T) irrespective of IFNy treatment, where at ratios
of 3:1, 6:1 and 9:1 about 24%, 33% and 43% cytotoxicity was observed,
respectively (Supplemental Figure 13F). Furthermore, with Annexin V-7AAD
staining, the proportions of early and late apoptotic cells were higher with increased
NK to ARPE-19 cell ratio (Supplemental Figure 13G-K).

Activated NK cells release factors like IFNy and cytotoxic granules like perforins
and granzyme B. Perforins help in the entry of Granzyme B into cells, thereby
activating its signaling pathway and regulating expression of Gasdermin-E (GSDME)
which forms pores that rupture the plasma membrane and release cellular factors 7.
Here, expression of GSDME showed an increasing trend in ARPE-19 cells co-cultured
with activated NK cells, while GSDME and GSDME-N reduced on incubation with
adenosine (5uM) treated activated NK cells (Figure 5F, G). RPE cell membrane
changes were seen with live cell imaging upon interaction with activated NK cells in
contact-dependent co-culture model. These RPE cells developed localized
vacuolation (membrane pores) and appeared swollen, an indicator of pyroptotic cell
death. Control cells showed no changes in morphology nor did they exhibit
vacuolations (Figure 5H, I; Movies 1,2). Cytoplasmic density of ARPE-19 cells was
increased after interacting with activated NK cells compared to control cells, as seen
on 3D Refractive index maps (Supplemental Figure 14A, B). Collectively, these
observations suggest pyroptosis may be another mechanism by which NK cells induce
RPE cell death. Therefore, our findings suggest that the NK cell — RPE cell axis

detrimentally impacts RPE function and survival.
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Adenosine treatment lowers aqueous humor immune cells and Gasdermin E-
mediated pyroptotic cell death in RPE

Adenosine is a known suppressor of cellular immune responses and can
modulate immune cells to switch their functional status 4850, Its role in suppressing NK
cell functional responses, cytolytic activity and its inhibition of NK cell granule
exocytosis have been reported in other models %153, To test the therapeutic potential
for NK cell suppression in vivo, we administered adenosine (4uM) intravitreally in one
eye while PBS was injected in the contralateral eye of 10 month old Cryba1 cKO mice.
We observed a significant reduction in aqueous humor levels of adenosine in Cryba1
cKO while significantly higher adenosine was observed in adenosine-injected Cryba1
cKO eyes relative to contralateral vehicle-injected eyes (Supplemental Figure 15).
Interestingly, adenosine-treated Crybal cKO mice showed significantly lower
proportions of NK cells (total, NK1.19™m, NK1.1°19") monocytes and neutrophils in
aqueous humor (Figure 6A-E). Leukocytes and CD11b* myeloid cells did not show
significant difference in proportions while proportions of Natural killer T cells were
significantly higher in Cryba?1 cKO and significantly reduced in adenosine-injected
Cryba1l cKO compared to Crybal cKO mice (Supplemental Figure 16A-C).
Significantly lower levels of Granzyme in adenosine-injected eyes of Cryba1 cKO mice
validates the function of adenosine in inhibiting exocytosis of NK cell lytic granules
(Figure 6F). To validate presence of granzyme in eyes from dry AMD, we prepared
paraffin embedded sections of normal and AMD donor retina. We observed increased
staining of granzyme B (GzmB) in AMD donor eyes compared to control (Figure 6G).
H&E staining of AMD donor eyes also demonstrated characteristic drusen deposits
and gliosis indicative of dry AMD phenotype, while no retinal pathologies were

observed in control eyes (Figure 6H). We also measured GSDME and GSDME-N in
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RPE lysates of Crybat floxed and Cryba? cKO mice with and without adenosine
injection. Levels of GSDME and GSDME-N in RPE lysates was higher in the Cryba1
cKO eyes compared to Cryba1 floxed mice and was reduced upon adenosine-injected
eye (Figure 61-K). These results suggest that targeting NK cells with adenosine to
inhibit NK cell mediated pyroptotic cell death is a potential therapeutic approach for

early AMD management.
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DISCUSSION

Age-related diseases, including dry AMD, are characterized by chronic inflammatory
processes that directly contribute to tissue degeneration 4. Immunologic triggers such
as lipids, complement factors, APOE, albumin, amyloid-p, advanced glycation end
products, etc., that accumulate in the RPE and are inadequately cleared by
compromised autophagy have been demonstrated in AMD models °°. In patients, RPE
changes are clinically noted early in disease 6. Cumulatively, these triggers activate
retinal microglia, release of complement components, inflammasome activation, and
secretion of growth factors like VEGF and pro-inflammatory factors °’. This cascade
recruits a variety of immune cells, including monocytes, neutrophils, macrophages, T
cells, and mast cells, which create a persistent intraocular inflammatory
microenvironment in AMD models %8. Currently, targeted therapies exist only for GA
(targeting complement factors C3), and wet AMD (including photocoagulation,
intravitreal anti-VEGF, and steroids), leaving the largest AMD population, those with
early and intermediate AMD, without specific treatment options %°. Thus, a strategy
that can restore homeostasis by reversing the immune imbalance in the early stage of
disease has potential not only for preventing disease progression, but also disease
remission. Therefore, it is critical to understand the intraocular milieu in such early-
stage patients to improve our understanding of the disease, but also to identify
potential avenues for therapies that can prevent further disease progression.

RPE degeneration, a primary pathological driver® of AMD and a clinically
observable indicator of disease progression, has been linked to dysregulation of the
intraocular immune milieu. In prior investigations involving animal models exhibiting
AMD-like characteristics, infiltrating neutrophils, neutrophil traps, and subsequent

microglial activation have been shown to contribute to retinal disease progression 8.
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Interestingly, we found a concurrent reduction in the M-MDSC cell proportions as well
as reduced levels of the immune-dampening metabolite, adenosine, in the dry AMD
patient eyes. This finding is mechanistically important for defining how innate immunity
becomes imbalanced in early stages of disease. NK cells play a pivotal role in the
innate immune defenses by exerting cytolytic activity against stressed cells,
pathogens, and tumor cells ®° . This activity is regulated by a repertoire of inhibitory
and activation receptors on the cell surface, which modulate their effector functions as
has been demonstrated in obesity 8", cancers 2, infectious diseases including COVID-
19 63, and degenerative diseases like AD and Parkinson's disease (PD) ?’. In support
of our observations regarding NK cells, examination of published scRNA sequencing
data from AMD eyes (human and CNV model of mice) shows NK cell signatures 64 65,
Notably, activated NK cells secrete factors such as IFNy and cytolytic granules like
Perforins and Granzyme B, which consequently induce cytotoxicity in the interacting
cellular layers. While such activity is desired for tumor cell clearance 5, an aberrant
NK cell activation can potentially damage the RPE, as it does to neurons in PD 7. In
our study, elevated levels of IFNy and Perforins, secreted factors that have NK effector
activities, were present in dry AMD eyes, suggesting a mechanistic link between
aberrantly activated NK cells and RPE changes.

The role of MDSCs in AMD is particularly intriguing, as these cells have been
implicated in suppressing aggravated immune responses 23, though their levels in
human dry AMD eyes had not previously been assessed. MDSCs express
CD39/CD73 ectoenzymes that convert ATP to extracellular adenosine 8, which
serves as a crucial immune modulator. In the retina, CD39 is expressed in the optic
nerve head, retinal vasculature, and microglia, while CD73 is found in the

photoreceptor layer 6. This distribution helps maintain optimal adenosine levels within
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the intraocular milieu. Adenosine-dependent immunomodulatory signaling has roles in
anti-inflammatory responses, lysosomal clearance, and cell survival 7. In tumor
tissues, elevated adenosine secretion by MDSCs hinders NK cell surveillance,
reduces cytotoxic activity through the perforin/granzyme B or FasL-dependent cell
death pathways, and restricts the release of IFNy %27'. Unlike in the tumor
microenvironment, we observed reduced proportions of MDSCs and lower levels of
FasL, adenosine in the aqueous humor of AMD patients, indicating a deficiency of
immune dampeners in the AMD ocular environment. Importantly, we demonstrate that
the reduced immune dampening capacity of AMD AH, compared to non-disease AH,
compromises its ability to restrict NK cell mediated IFNy secretion and that this effect
can be rescued by treatment with adenosine. Therefore, chronic, aberrant NK cell
activation coinciding with failure to suppress NK cell function in early AMD can be an

important cause of RPE dysfunction and death.

In various ocular conditions, such as diabetic retinopathy and glaucoma, a
novel inflammatory programmed cell death pathway known as PANoptosis has been
proposed ’2. PANoptosis involves the coordinated activation of multiple cell death
pathways, including apoptosis, necroptosis, and pyroptosis. Unlike the canonical
inflammasome mediated pathways, pyroptosis may be facilitated via
Granzyme/Perforin complexes driving Gasdermin mediated cell death as
demonstrated in cancer models’ and ocular surface cells’*. We found higher
expression of Granzyme B in the donor AMD RPE cells compared to non-disease
controls, suggesting that infiltrating NK cell mediated pyroptosis is directly linked to
RPE dysfunction. In co-culture models, we show that NK cells can induce RPE
dysfunction and initiate pyroptosis-driven cell death in RPE cell monolayers through

the activated NK cell IFNy/Perforin/Granzyme B pathway. Importantly, supplementing
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adenosine in these assays, reversed the NK mediated effects on RPE, which were
recapitulated in vivo, in the AMD disease model. The data therefore suggests that
exogenously administered adenosine, can dampen NK cell function, which may

consequently prevent RPE cell dysfunction and death in dry AMD patients.

In conclusion, our study reveals a new functional role for NK cells,
encompassing both cytotoxic and cytokine-producing subtypes, as well as key effector
factors such as IFNy and Perforins in AMD pathology. Importantly, the loss of MDSCs
and lower adenosine levels negatively correlated with NK cell numbers and IFNy
levels, a new observation in early AMD. This skewed inflammatory milieu driven by
activated NK cells can initiate the Perforins/Granzyme B pathway for the elimination
of impaired RPE cells in a Gasdermin E-dependent manner. Taken together, our
findings contribute to a deeper understanding of the immunological mechanisms
operational in AMD and offer new avenues for therapeutic interventions using a

biological modality.
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METHODS
Study cohort and design:
A cross-sectional study was approved by institutional ethics committee and performed
as per the guidelines of Declaration of Helsinki and subjects were recruited following
informed written consent. Age-matched study subjects include patients that underwent
cataract surgery and then classified into cases with and without macular changes.
Age-related eye disease study (AREDS) defined severity of AMD combining baseline
clinical findings like drusen, RPE abnormalities, atrophy and neovascularization. In
this study, subjects graded as AREDS 2 (early stage) and 3 (intermediate stage) were
grouped as early AMD and AREDS 1 were considered as cataract controls. The
following subjects were excluded from the study: (i) those with any clinically significant
underlying systemic, autoimmune or other inflammatory conditions; (ii) those with
active uveitis, glaucoma; (iii) those with ongoing or history of surgical or medical
treatment for retinal conditions like proliferative diabetic retinopathy or retinal vascular
diseases. A total of N=112 patients with n=45, cataract control and n= 67, early AMD
group was investigated in the entire study where aqueous humor was the sample
source. The aqueous humor pooled samples were prepared from 30 subjects (pool of
5 subjects per data point), control, n= 6 data points and from 55 subjects (pool of 5
subjects per data point), early AMD, n= 11 data points. The aqueous humor samples
from remaining subjects were run as individual samples for validating the immune cells
and identifying dysregulated soluble factors in control, n=15 and early AMD, n=12.
Human donor eyes included in the study was collected from Dr. Rajkumar Eye
Bank, Bangalore, India and Shankar Anand Singh Eye Bank, Bangalore, India as per
Eye Banking Standards of India 2020 and tenets of the Declaration of Helsinki.

Enucleated eyes were dissected and samples collected for the study include vitreous
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humor; retinal tissue for immunophenotyping, metabolic analysis; and one half of
eyeball for preparation of paraffin embedded tissue blocks for histology. Human donor

eyes were classified into healthy controls (n=9) and dry AMD (n=9) based on histology.

Animals:

All animal studies were conducted in accordance with the Guide for the Care and Use
of Animals (National Academy Press) and were approved by the University of
Pittsburgh Animal Care and Use Committee (Protocol # 23104041). The Cryba1 cKO
mice and the litter controls were bred as described previously *7576. The animals were
housed and maintained by trained veterinarians in the Mercy Pavilion animal facility,

UPMC.

Phenotyping of immune cell subsets in human aqueous humor and donor retina:
Aqueous humor sample collection and processing as well as step-wise processing of
donor retinae are detailed in Supplemental methods. Immune cell proportions in
patient aqueous humor and donor retinae were determined using cell specific
fluorochrome conjugated antibodies by flow cytometry. Briefly, for staining the
aqueous humor was centrifuged at 400g for 5 minutes at 4°C. In donor retinae, single
cell suspensions prepared was centrifuged at 400g for 5 minutes at 4°C. The cell pellet
obtained in both cases was stained with antibody cocktail prepared in staining buffer
(5% Fetal Bovine Serum in 1X Phosphate Buffer Saline, pH 7.4) for 45 minutes at
room temperature with gentle agitation. Cells were washed by centrifugation and
resuspended in 300 uL 1X Phosphate Buffer Saline, pH 7.4. Data acquisition for cells
isolated from aqueous humor and donor retinae was done on BD FACS Lyric (data

set in Fig 1) and BD FACS Canto Il flow cytometers (data set in Fig 2) respectively.
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Data acquisition was done using BD FACSuite (BD FACS Lyric) and BD FACSDiva
software (BD FACS Canto Il), BD Bioscience, USA followed by data analysis with
Kaluza software (Beckman Coulter, USA). The antibody titrations used have been
detailed in supplemental methods. Post-acquisition compensation was done using
single stained controls and fluorescence minus one controls. Cell populations were
identified by manual gating strategy (Supplemental Figure 1, 2, 3 and 6) and regions
were represented based on positive staining. Cell proportions were determined based
number of cells stained positive for the respective antibody to total cell number
acquired for each sample. Cytobank plugin was used for dimensionality reduction and

clustering analysis.

Soluble factor profiling of human aqueous humor, vitreous humour and RPE
cell supernatants.

The levels of soluble factors in the aqueous humor (CBA, LEGENDplex™), vitreous
humour and cell supernatants from iRPE cultures (IFNy,IL-1B-Legendplex™) were
measured by multiplex ELISA. Samples for Cytometric Bead Array (CBA), BD™ CBA
Human Soluble Protein Flex Set System (BD Biosciences, USA) and LEGENDplex™
(BioLegend, USA) kits were used as per manufacturer’s instructions. The analytes
measured using each Kit is elaborated in supplemental methods. Briefly, samples was
incubated with capture bead and detection reagent; post incubation the beads were
washed and acquired on BD FACSCanto Il, BD Biosciences, USA. The signal
intensities of each analyte were recorded and the absolute concentration was
calculated using analyte specific standards. Data extraction was done using the FCAP
array Version 3.0 (BD Biosciences, USA) or LEGENDplex™ Data Analysis Software

(BioLegend, USA).
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Untargeted metabolomics of human aqueous humor and donor retina

Sample pre-processing was required for retinal lysates. Briefly, a small portion of retina
was immersed in 0.1M Triethylammonium bicarbonate buffer (TEAB). The samples
were lysed by sonication (power: 40V, energy: 20%, pulse: 5) and incubation in ice for
1min, three times. The mixture was centrifuged at 13,200rpm for 15min to remove
debris and supernatant was further processed.

For untargeted metabolomics, 30uL aqueous humor samples/retinal lysates were
subjected to solvent based extraction in 600uL of ethanol/methanol mixture (v/v, 1:1).
Samples were centrifuged at 4 °C for 15 mins to remove debris after vigorous vortex.
The samples were vacuum dried and pellet was resuspended with 80uL 50%
acetonitrile ’”. Samples were loaded on ExionLC (Ultra High Performance Liquid
chromatography UHPLC) coupled to Triple-TOF 5600 (Mass spectrometer), SCIEX,
MA, USA. The raw MS data were converted to mzML files and metabolite features
were extracted and annotated using a cloud based tool, Metaboquest, Omicscraft, DC,
USA. Partial least-square discriminant analysis (PLS-DA) was calculated based on
variability between the control and early AMD groups and the variable importance on
projection (VIP) was determined. Metabolites with VIP values >0.4 and P-values <0.05

were considered for analysis.

Adenosine assay by ELISA

Aqueous humor levels of Adenosine (uM) from control/early AMD subjects and retinal
lysates from donor retina were measured using Adenosine Assay kit (MET-5090,Cell
Biolabs, USA) according to manufacturer’s protocol. The aqueous samples were
diluted to 1:7 and retinal lysate prepared by sonication were diluted to 1:5. Briefly,

50uL sample and standards were added to black microtiter plate in pairs where to one
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set 50uL Reaction mix and to second set 50uL control mix was added respectively.
The well contents were mixed well and incubated for 15minutes at room temperature
in dark environment. Fluorescence was measured at excitation wavelength 530nm

and emission wavelength 590nm on Spectramax.

Immunophenotyping of mouse aqueous humor by flow cytometry:

Samples collected from mice eye were placed on ice and centrifuged at 800 g for 4
minutes. The cell pellet was used for assessing the percentage of neutrophils and NK
cells, after incubating in blocking buffer (0.5 % BSA, 2 % each of goat, rat and mouse
Serum in PBS) for 45 minutes and then staining with antibody cocktail prepared in
Flow Cytometry Staining Buffer(*# 00-4222-26, ThermoFisher, USA) at a
concentration of 1 ug/mL for 90 min at room temperature. The pellet was washed with
staining buffer thrice and then acquired using the BD LSR Il, BD Biosciences, USA).
Post-acquisition analysis and compensation was done using single stained controls
on Kaluza software, Beckman Coulter, USA. Cell proportions were determined by
manual gating strategy (Supplemental Figure 6) based number of cells stained

positive for the respective antibody.

Untargeted metabolomics from mouse RPE tissue:

The RPE tissues from 4-month-old Cryba7 cKO and its litter control mice were lysed
to perform mass spectrometry analysis for untargeted metabolites as a paid service
from the Metabolite Profiling Core Facility at the West Coast Metabolomics Center,

UC Davis.
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ELISA based profiling of mouse aqueous humor:

The levels of Granzyme (R&D Systems, DY1865-06), IL-12 (Invitrogen, BMS616),
LCN2 (Invitrogen, EMLCNZ2) and MPO (Invitrogen, EMMPO) in the aqueous humor
isolated from mice were determined by following the manufacturer’s instructions. The
optical density at 450nm was measured with Synergy H1(Biotek, USA) plate reader.
The levels of each factor was calculated with respect to their standard curve prepared

using respective standards.

Single cell RNA (scRNA) sequencing of Cryba1 mouse RPE:

Dissected SRS (RPE-choroid) from 15-month-old Cryba1 floxed and cKO mice was
made into single cell suspension post removal of immune cells from choroid blood
vessels as described previously®. The cell suspension was subjected to scRNA
sequencing as a paid service from the Genomics Research Core of University of
Pittsburgh to identify the different cell types and transcript profiles of each cell type in
mouse RPE. Average expression values of the genes in each cell type and each
sample were calculated by the function “Average Expression” in the Seurat package.
Differential expression analysis was performed on each cell type of interest between

floxed and cKO samples by the function FindMarkers with test.use = “wilcox” in the

Seurat package. For the analysis of ligand-receptor interactions between cells, we
used the default built-in ligand-receptor interaction database in the package LRLoop
8 Then we scored the candidate ligand-receptor pairs between each pair of cell types
of interest in each sample by the SingleCellSignalR 7°. ,

Vir
u+Vir

LRscore =
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where | is the average expression value of the ligand gene, r is the average expression

value of the receptor gene, y=mean(C) and C is the normalized read count matrix.

NK cell activity assay:

IFNy release was used as a readout to assess activity of NK cells. Isolated NK cells
were activated in culture with rhiL-2 (500U/mL) / rhIL-15 (50ng/mL) cocktail at 37°C
for 48h. The influence of control and early AMD aqueous humor with/without
adenosine on NK cell activity was determined by incubating NK cells with AH or
adenosine for 24h, followed by rhlL-2/ rhIL-15 activation for an additional 48h at 37°C.
The cell-free supernatants from these cultures were used for IFNy measurement using

LEGENDplex™, Biolegend, USA according to manufacturer’s instructions.

iPSC to RPE differentiation:

iRPE was derived from commercial NCL1 hiPSC line passage 20, using a modification
of a previously described protocol by D.O. Clegg et.al, 2017 8. For differentiation to
iRPE, iPSC were seeded into Matrigel? Growth Factor Reduced (354320, Corning,

USA) coated six-well plates. iPSC colonies formed a confluent

monolayer at 70-80% confluence, transition to retinal differentiation media 1 (RDM1)
for three days [DMEM/F12 with antibiotics, supplements and small molecules like N2
supplement (100X, 17502048, Gibco), B27 (50X, 17504044, Gibco), non-essential
amino acid (100X, 11140050, Gibco), nicotinamide (10mM, N3376, Sigma aldrich),
Noggin (50ng/uL, 120-10c Peprotech), Dkk1 (10ng/uL,#5439DK, R&D System), IGF-
1 (20ng/pL, 11146 0.1MG, Sigma aldrich)]. At the end of 3 days, cells were transitioned
into RDM2 media [RDM1 media+ B-FGF (5ng/uL,13256029,GIBCO)], followed by

RDM3 media [RDM2 media+ Activin A (100ng/uL, A4941,Sigma aldrich)], RDM4
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media [RDM3 media+ SU5402 (10uM, s-204308, Chemcruz)] and RDM5 media
[RDM4 media+ CHIR99021 (3uM, SML 1046, Sigma)], where cells were cultured in
each media for 3 days to ensure RPE committed fate. Immature RPE cells were
transitioned into RPE supporting media (RSM media) [DMEM/F12 with antibiotics,
non-essential amino acid, B27, Fetal bovine serum-United States (3%, 26140079,
Gibco) , Sodium pyruvate (100mM, 11360070, Gibco)] for 40 days or more for further

assays.

Barrier function of iRPE cells and polarized ARPE-19 cells.

iRPE (DIV115) and ARPE-19 monolayer cultures were established by seeding 2 x
10° cells on 12 well- transwell insert (PET, 0.4 um pore, 24 mm). On cell attachment,
cells were supplemented every 2 days with respective media. Barrier function was
assessed by monitoring transepithelial resistance (TEER) using a Millicell ERS-2
Voltohmmeter, Merck Millipore, USA. Resistance (Qcm?) of RPE monolayer was
calculated using average of four independent measurements and corrected using
background resistance (filter with culture medium alone) to determine barrier integrity.
Zonula occludens-1 (ZO-1), a tight junction protein was visualized by
immunofluorescence to verify barrier function. Briefly, the cell-bound membrane filters
were fixed with 100% methanol, washed, blocked and stained overnight at 4°C with
Z0-1 antibody. Membrane was washed and stained with secondary antibody to ZO-1
tagged with Alexa Fluor 488. The membranes were carefully mounted on slides and
stained with DAPI. Imaging was done using an Olympus CKX53 microscope at 20X

magnification.
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LDH activity assay:

ARPE-19 cells (1X1075 cells) were seeded in 96-well plates for 24h. Act NK cells were
co-cultured with ARPE-19 at 3:1, 6:1, 9:1 (effector to target ratio) in presence or
absence of rhIFNy (50ng/mL). Cell death was assessed by LDH activity using Lactate
Dehydrogenase Activity Assay Kit (MAK066,Sigma Aldrich, Merck, USA) at the end of
24h according to manufacturer’s instruction. Briefly, 50uL of cell free supernatants was
added to 50uL Master reaction mix (48uL LDH Assay buffer+ 2uL LDH substrate mix)
and mixed well. Initial reading was taken within 2-3 minutes of addition of reaction mix.
Measurements were taken every 5minutes for 30minutes duration. Colorimetric
measurement was done at 450nm using Spark Multimode plate reader, Tecan, USA.
The measurements were calculated based on NADH standards and LDH activity was

calculated as percentage of LDH release.

Cytotoxicity assay:

AnnexinV-7AAD staining was used to determine the fate of ARPE-19 cells following
co-culturing with activated NK cells. Briefly, ARPE-19 (40000 cells/well) stained with
PKH26 red cell linker membrane labelling dye (MIDI26-1KT, Merck, USA) were
seeded in a 24-well plate and allowed to adhere. rhiL-2/rhIL-15 NK cells were co-
cultured with ARPE-19 at 3:1, 5:1 (effector to target ratio) at 37°C for 24h. PKH26
stained cells were then stained using Annexin V-FITC/7-AAD Apoptosis Kit (E-CK-

A212, Elabscience, USA) for 15 minutes according to manufacturer’s protocol.
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Live cell imaging using Nanolive™ (3D cell Explorer):

ARPE-19 cells (1X10° cells) were seeded on glass bottom (35 mm, CellVis p-Dish)
and incubated at 37°C/5% CO.. ARPE-19 cells were co-incubated with activated NK
cells stained with PKH26 red cell linker membrane labelling dye (MIDI26-1KT, Merck,
USA) at 9:1 (NK cel:ARPE-19 ratio). Live-cell imaging was performed using
Nanolive™ 3D Cell Explorer and acquisition by Steve software v1.8.2, Nanolive™ in
a temperature-controlled incubation chamber for 16 hours immediately after addition
of activated NK cells. Holotomography will allow us to observe changes in membrane,
cytosol and nuclear organization and cell-cell interactions at 60X magnification®.
Images were obtained at 5 minutes intervals. Post-acquisition, 2D tiffs and AVI exports

were done using Steve software. AVI exports were done at 10 frames per second

(fps).

Gene expression by Real time Quantitative PCR:
Total RNA was isolated from iRPE cells (with and without treatments) using TRIzol

according to manufacturer’s instructions (Invitrogen, USA). The concentration of RNA

was quantified using BioPhotometer plus (Eppendorf, USA) and cDNA synthesized
using iScript kit (Bio-Rad, Philadelphia, USA). The expression of target gene like IL-
18 was measured on CFX connect real-time PCR detection system (Bio-Rad,

Philadelphia, PA, USA) and normalised to GAPDH (housekeeping gene).

Western Blotting:
The whole cell lysate for immunoblotting was prepared as previously described??
Briefly, cells were lysed on ice with RIPA buffer by intermittent vortexing and clarified

lysate collected by centrifugation at 13000rpm for 15minutes/4°C. Protein

29


https://doi.org/10.1101/2025.01.22.634301
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634301; this version posted January 27, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

concentration was measured using Bicinchoninic Acid (BCA) Protein Assay (G
Biosciences, USA). Whole cell lysates (20ug) were resolved on 12% sodium dodecy!
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. The separated proteins
were then transferred onto a PVDF membrane and blot was blocked in 5% non-fat
milk prepared in 0.1% TRIS-buffered saline-Tween-20 at 4°C overnight. Blots were
then incubated with anti-Gasdermin E and anti-GAPDH (Housekeeping protein) for 2h
at room temperature. The membranes were washed, probed with anti-rabbit
conjugated to HRP for 2h at room temperature. Clarity ECL Western blotting substrate
(Bio-Rad) was added to washed membranes and resulting chemiluminescence was

measured using Image quant (Amersham Image Quant 800, Cytiva).

Retinal histology and immunofluorescence of donor eye

Human donor eye was fixed in Neutral buffer formalin for 48h followed by paraffin
embedding. 4um thick retinal sections were prepared and used for H&E staining. The
stained retinal sections were imaged with Olympus CKX53. Subsequently, for
immunostaining, 4um thick sections were deparaffinized and antigen retrieval
performed using citrate buffer pH 6. The sections were blocked with 1% BSA /0.1%
Triton X-100 for 1h at room temperature, stained overnight at 4C with anti-Granzyme
B antibody (Mouse Antibody, 1:100 dilution, 674602, Biolegend, USA) and anti-
Occludin antibody (Rabbit Antibody, 1:100 dilution, #91131, Cell Signaling
Technology) and incubated with corresponding secondary antibodies (1:2000 dilution)
for 1h at room temperature. Following washing with 1xPBST (2 times; 5 mins each),
the retinal sections were mounted with DAPI fluoroshield for imaging on Olympus

CKX53.

30


https://doi.org/10.1101/2025.01.22.634301
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634301; this version posted January 27, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Intravitreal injection of adenosine

10 month old Cryba1 cKO mouse were intravitreally injected (PMID: 31552301) with
adenosine (Sigma Aldrich, A4036-5G) at a dose of 4uM, once for three consecutive
weeks, in one eye whereas the contralateral eyes was injected with PBS (carrier).
After one month from the first injection, mice were euthanized, aqueous humor
(immunophenotyping and ELISA) and RPE (western blot) were collected for

experiments.

Statistical analysis:

Shapiro-Wilk normality test followed by Mann-Whitney test, Kruskal-Wallis test
followed by Dunn multiple comparison test, Ordinary one way ANOVA followed by
Tukey’s multiple comparison test and Spearman Rank Correlation analysis was
performed to determine the distribution of the data, parametric/non-parametric
comparison between groups and association between immune cells and effector
factors, respectively. Statistical analyses were performed with GraphPad Prism 10.1
(GraphPad Software, Inc., La Jolla, CA, USA), Orange and MedCalc® Version 12.5
(MedCalc Software, Ostend, Belgium). p value< 0.05 was considered statistically

significant.
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FIGURE LEGENDS AND TABLES

Main Figures

Figure 1. Increase in NK cells and their subsets (with activating and inhibitory

receptors) in early AMD subjects and AMD donor retinae. (A) Representative images

(top panel left to right) on Optos Ultra-widefield retinal imaging system showed
hypopigmented spots at posterior pole and Radial optical coherence tomography
(OCT) scan passing through lesion shows hyporeflective sub-RPE deposits (yellow
arrow) suggestive of drusen (early AMD) while images in bottom panel (left to right)
showed no retinal changes (cataract control). (B) Schema shows aqueous humor and
retinal immune cell staining and analysis workflow, created with BioRender.com.
Graphs showing increased percentage of (C) CD45+ cells (Leukocytes) (D)
CD45*CD56" (Total Natural killer cells), (E) CD45*CD16-CD56%™* (a degranulating NK
cell subset) (F) CD45*CD16°CD56P"M* (Cytokine producing Natural killer cells) in
early AMD AH, (G) CD45*CD16*CD569™* (Cytotoxic Natural killer cells) show no
difference in early AMD and control AH. (H) NK cell subsets show increase in
proportions of NKG2D" cells, NKp44*cells and NKG2C" cells (activating receptors),
PanKIR2D" cells, CD159a" cells, CD161* NK cells (inhibitory receptors) in early AMD.
Cell proportions were determined by calculating individual counts within total cell
numbers acquired. Each data point represented a pool of 5 subjects, 6 data points
(cataract control, N=30 subjects) and 11 data points (early AMD, N= 55 subjects).
Graph shows increased proportions of (1) CD45"CD56" (Total Natural killer cells) and
(J) CD45*CD16°CD56%™*(a degranulating NK cell subset); no change in proportions
of (K) CD45*CD16-CD56%"M* (Cytokine producing Natural killer cells) and (L)

CD45*CD16*CD569™* (Cytotoxic Natural killer cells) observed in donor retina of
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control (n=9) and AMD (n=9). (M) Subsets of NK cells show increased proportions of
NKG2D* cells (significant difference seen); NKp44*cells, NKG2C* cells (activating
receptors) and PanKIR2D" cells, CD159a" cells, CD161* NK cells (inhibitory receptors)
show no differences in control and AMD donor retinae. Cell proportions were
determined by calculating individual counts within total cell numbers acquired. Box
and whiskers plot show Min to Max (all points); *P< 0.05, **P<0.01, Mann—-Whitney

test.

Figure 2. Increased immune cell proportions and elevated levels of NK effector

molecules (IFNy, IL-12, Granzyme) in AH of early AMD subjects, human AMD donor

vitreous humor and Cryba1 cKO mice. (A-H) Graph shows increased percentages of

leukocytes, total natural killer cells, cytotoxic NK cells, cytokine producing NK cells,
neutrophils (activated and quiescent); monocyte proportions were not altered in AH of
individual subjects with controls (n=15) and early AMD (n=12). (I) Heat map showing
differential levels of soluble factors in early AMD AH (n=12) compared to controls
(n=15). Higher (1) and lower (]) soluble factor levels are highlighted, respectively
(*significant analytes). (J,K) Absolute levels of IFNy were significantly higher in early
AMD subjects (early AMD, n=12; controls, n=15) and AMD donor eye (AMD, n=8;
healthy donor, n=9). (L-Q) Graph shows increased proportions of leukocytes, NK1.1+
NK cells (total, dim and bright), monocytes and neutrophils in pooled AH of Cryba1
floxed (n=4) and Cryba1 cKO mice (n=4) at 15 months. (R,S) ELISA showed increased
Granzyme and IL-12 levels in Cryba1 floxed (n=4) and Cryba? cKO mice (n=4) at 15
months. Box and whiskers plot show Min to Max (all points); *p value < 0.05, Mann—

Whitney test.
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Figure 3. scRNA sequencing of cells from sub-retinal space (SRS: RPE-choroid)_in

cKO mice and control mice at 15 months shows NK cell clusters and interaction

patterns between NK-RPE cell. (A) UMAP plot depicting single cell transcriptomes of

different cells types including NK cells, neutrophils, MDSCs in Cryba1 cKO and control
mouse RPE, at 15 months (n=3 in each group). (B) Volcano plot shows differentially
expressed genes from NK cell cluster in Cryba1 cKO mice relative to control. (C) Major
gene ontology(GO) functions are related to NK cell cytotoxicity and responses in
Cryba1 cKO mice relative to control at 15months. The size and color of the bubble
represents the percentage of identifiers within the biological process and number of
genes enriched in the biological process that is of statistical significance, respectively.
The process with upregulated genes are indicated in ‘red’ and downregulated genes
are indicated in ‘blue’. NES, normalized enrichment score. (D,E) Dot plot comparing
ligand expression in NK cells and receptor expression in RPE cells in control and
Cryba1 cKO mice. (F) Ligand-receptor(L-R) interaction scores identified unidirectional

NK cell-RPE interaction pairs in control and Cryba? cKO mice at 15 months.

Figure 4._Lower MDSC proportions and adenosine levels (NK dampener) in AMD

patient samples with loss of immune dampening function upon addition of early AMD

AH. (A) M-MDSC proportions show significant reduction in early AMD AH. (B).
Untargeted metabolomics shows lower intensity of adenosine in early AMD AH (n=3)
compared to controls (n=3) (metabolomics run in triplicate for each sample). (C) Panel
indicates negative correlation between NK cell subsets and M-MDSC in AH (n=17).
NK cell subtypes show positive association with IFNy, perforins, cataract controls and
early AMD subjects (n=27); IFNy shows negative correlation with adenosine

(n=16).(D) Reduced M-MDSC proportions in retinal lysates in AMD donor retina
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compared to healthy retina (n=9 in both groups) (E) Graph shows lower intensity of
adenosine in donor AMD retinal lysate (n=4) compared to controls (n=4) by untargeted
metabolomics (metabolomics run in ftriplicate for each sample). (F) Significant
reduction in adenosine levels seen in Cryba1 cKO mice. (G) Method schema showing
in-vitro assay for assessing immune dampening function in activated NK cells. (H)
Graphs show loss of immune dampening due to increased IFNy levels (represented
as fold change) in activated NK cells (isolated from peripheral blood of 5 healthy
donors) on addition of early AMD AH versus control AH. (1) Graph shows reduced IFNy
levels (represented as fold change) in activated NK cells (isolated from peripheral
blood of 3 healthy donors) on addition of adenosine (5uM). Box and whiskers plot
show Min to Max(all points); *P< 0.05, **P<0.01, ****P<0.0001, Mann—-Whitney test
(A,B,D), Unpaired t test with Welch's correction (E,F). Kruskal-Wallis test followed by
Dunn multiple comparison test (H,l). Table shows r = Spearman rank correlation

coefficient, p value<0.05 (C)

Figure 5. Interaction of RPE with NK cells impairs barrier function and triggers

pyroptotic death in RPE. (A) Schema showing procedure to assess effect of activated

NK cells and adenosine on iRPE cultured in matrigel-coated Transwell inserts. (B) Net
TEER (Qcm2) of iRPE cells (+/-NK cells and adenosine) shows significant reduction
in presence of activated NK cells with significant rescue by addition of adenosine. (C)
Zonula occludin (Z0O-1) staining of iRPE cells (control cells), iRPE with activated NK
cells, iRPE cells with adenosine (5uM) and activated NK cells at 40X magnification;
Z0-1-Alexa Fluor 488- Green, DAPI — nuclear stain(blue) and Merge indicated as
Blue-Green, in Olympus CKX53 microscope, Scale bar: 20 ym. In presence of

activated NK cells, ZO-1 staining and arrangement was disrupted, while with further
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addition of adenosine the cell morphology was similar to control iRPE cells. Images
shown are representative of images obtained on addition of NK cells from 2 donors.
(D) Graph shows significant increase in IL-18 mRNA levels, an indicator of pyroptotic
cell death, in co-cultures of iRPE cells and activated NK cells; IL-18 mRNA levels are
lower on addition of activated NK cells treated with adenosine. (E) Secreted IFNy
levels were higher in iRPE cell supernatants from cells exposed to activated NK cells
and reduced after adenosine treatment (5uM) (F,G) Western blot and densitometry of
ARPE-19 cells co-cultured with activated NK cells (+/- adenosine) shows increased
expression of GSDME in cultures with activated NK cells, with significant reduction on
addition of adenosine. Major difference in GSDME-N expression was not seen with
activated NK cells, on addition of adenosine, reduction in GSDME-N expression was
observed. (H,l) Live cell imaging of NK cell-RPE co-culture was performed on 3D Cell
Explorer, NANOLIVE™ for 16h with and without activated NK cells, Scale bar =20 ym.
NK cells were stained with PKH26 Red Fluorescent cell membrane cell linker kit
(orange colored).Figure H shows no changes in morphology/vacuolations were
observed in ARPE-19 cells. Figure | shows activated NK cells interacting with ARPE-
19 cells suggestive of pyroptosis like increased cell swelling and localized
vacuolations (vacuolations on ARPE-19 cells are indicated with yellow arrows).
Graphs show Min to Max (all points); P values (< 0.05) obtained using Ordinary one

way ANOVA followed by Tukey’s multiple comparison test.

Figure 6. Intravitreal adenosine reduces agueous humor immune cell infiltration and

rescues NK cell-RPE interaction dependent pyroptotic death in-vivo. (A-E) Lower

proportions of NK1.1+ NK cells (total, dim and bright), monocytes and neutrophils

found in pooled AH of Cryba1 cKO mice injected with adenosine (n=4) compared
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Cryba1 cKO mice prior to intravitreal adenosine injection. (F) Granzyme levels as
measured by ELISA are elevated in AH from 15 month old Crybal cKO mice, but
reduced to level of control mice post intravitreal adenosine injection (n=4). (G)
Representative immunofluorescence images (40X magnification) of human donor
retina and RPE choroid complex stained with Granzyme B and Occludin antibodies,
Scale bar: 20um (n=3 each). (H) Representative phase contrast image (10X
magnification) showing H&E-stained tissue section of AMD show characteristic drusen
deposition (indicated by *) in RPE layer, no retinal changes are seen in healthy donor
(control) eye (n=3 each), Scale bar: 100pm. Inset shows H& E stained eye globe slice
in AMD and healthy donor respectively (I-K) RPE cell lysates show increasing trend in
expression of GSDME and GSDME-N in Crybal cKO mice and reduces in RPE
lysates of adenosine treated eyes. Box and whiskers plot show Min to Max(all points),

*P< 0.05, **P<0.01,****P<0.0001, Ordinary one-way ANOVA followed by Tukey’s

multiple comparison test (B-H, J, K).
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Figure 1. Increase in NK cells and their subsets (with activating and inhibitory receptors) in early AMD subjects and

AMD donor retinae. (A) Representative images (top panel left to right) on Optos Ultra-widefield retinal imaging system
showed hypopigmented spots at posterior pole and Radial optical coherence tomography (OCT) scan passing
through lesion shows hyporeflective sub-RPE deposits (yellow arrow) suggestive of drusen (early AMD) while images
in bottom panel (left to right) showed no retinal changes (cataract control). (B) Schema shows aqueous humor and
retinal immune cell staining and analysis workflow, created with BioRender.com. Graphs showing increased
percentage of (C) CD45+ cells (Leukocytes) (D) CD45*CD56* (Total Natural killer cells), (E) CD45*CD16-CD564m+ (a
degranulating NK cell subset) (F) CD45*CD16-CD56bright+ (Cytokine producing Natural killer cells) in early AMD AH, (G)
CD45+*CD16+*CD56d%m+ (Cytotoxic Natural killer cells) show no difference in early AMD and control AH. (H) NK cell
subsets show increase in proportions of NKG2D* cells, NKp44+cells and NKG2C* cells (activating receptors),
PanKIR2D* cells, CD159a* cells, CD161* NK cells (inhibitory receptors) in early AMD. Cell proportions were determined
by calculating individual counts within total cell numbers acquired. Each data point represented a pool of 5 subjects,
6 data points (cataract control, N=30 subjects) and 11 data points (early AMD, N=55 subjects). Graph shows increased
proportions of (I) CD45*CD56* (Total Natural killer cells) and (J) CD45*CD16-CD5649m*(a degranulating NK cell subset);
no change in proportions of (K) CD45*CD16-CD56rightt (Cytokine producing Natural Killer cells) and (L)
CD45+*CD16*CD56dim+ (Cytotoxic Natural killer cells) observed in donor retina of control (n=9) and AMD (n=9). (M)
Subsets of NK cells show increased proportions of NKG2D* cells (significant difference); NKp44-+cells, NKG2C* cells
(activating receptors) and PanKIR2D+ cells, CD159a* cells, CD161* NK cells (inhibitory receptors) show no differences
in control and AMD donor retinae. Cell proportions were determined by calculating individual counts within total cell

numbers acquired. Box and whiskers plot show Min to Max (all points); *P< 0.05, *P<0.01, Mann-Whitney test.
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Figure 2. Increased immune cell proportions and elevated levels of NK effector molecules (IFNy, IL-12,

Granzyme) in AH of early AMD subjects, human AMD donor vitreous humor and Crybal cKO mice. (A-H)

Graph shows increased percentages of leukocytes, total natural killer cells, cytotoxic NK cells, cytokine
producing NK cells, neutrophils (activated and quiescent); monocyte proportions were not altered in AH
of individual subjects with controls (n=15) and early AMD (n=12). () Heat map showing differential levels
of soluble factors in early AMD AH (n=12) compared to controls (n=15). Higher (1) and lower (]) soluble
factor levels are highlighted, respectively (*significant analytes). (J,K) Absolute levels of IFNy were
significantly higher in early AMD subjects (early AMD, n=12; controls, n=15) and AMD donor eye (AMD,
n=8; healthy donor, n=9). (L-Q) Graph shows increased proportions of leukocytes, NK1.1+ NK cells (total,
dim and bright), monocytes and neutrophils in pooled AH of Crybal floxed (n=4) and Crybal cKO mice
(n=4) at 15 months. (R,S) ELISA showed increased Granzyme and IL-12 levels in Crybal floxed (n=4) and
Crybal cKO mice (n=4) at 15 months. Box and whiskers plot show Min to Max (all points); *p value < 0.05,

Mann-Whitney test.
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Figure 3 1 scRNA sequencing of cells from sub-retinal space (SRS: RPE-choroid)_in cKO mice and control

mice at 15 months shows NK cell clusters and interaction patterns between NK-RPE cell. (A) UMAP plot

depicting single cell transcriptomes of different cells types including NK cells, neutrophils, MDSCs in
Crybal cKO and control mouse RPE, at 15 months (n=3 in each group). (B) Volcano plot shows
differentially expressed genes from NK cell cluster in Crybal cKO mice relative to control. (C) Major gene
ontology(GO) functions are related to NK cell cytotoxicity and responses in Crybal cKO mice relative to
control at 15months. The size and color of the bubble represents the percentage of identifiers within the
biological process and number of genes enriched in the biological process that is of statistical
significance, respectively. The process with upregulated genes are indicated in ‘red’ and downregulated
genes are indicated in ‘blue’. NES, normalized enrichment score. (D,E) Dot plot comparing ligand
expression in NK cells and receptor expression in RPE cells in control and Crybal cKO mice. (F) Ligand-
receptor(L-R) interaction scores identified unidirectional NK cell-RPE interaction pairs in control and

Crybal cKO mice at 15 months.
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Figure 4 | Lower MDSC proportions and adenosine levels (NK dampener) in AMD patient samples with loss of

immune dampening function upon addition of early AMD AH. (A) M-MDSC proportions show significant

reduction in early AMD AH. (B) Untargeted metabolomics shows lower intensity of adenosine in early AMD AH
(n=3) compared to controls (n=3) (metabolomics run in triplicate for each sample). (C) Panel indicates negative
correlation between NK cell subsets and M-MDSCs in AH (n=17). NK cell subtypes show positive association
with IFNy, perforins, cataract controls and early AMD subjects (n=27); IFNy shows negative correlation with
adenosine (n=16). (D) Reduced M-MDSC proportions in retinal lysates in AMD donor retina compared to healthy
retina (n=9 in both groups) (E) Graph shows lower intensity of adenosine in donor AMD retinal lysate (n=4)
compared to controls (n=4) by untargeted metabolomics (metabolomics run in triplicate for each sample).(F)
Significant reduction in adenosine levels seen in Crybal cKO mice. (G) Method schema showing in-vitro assay
for assessing immune dampening function in activated NK cells. (H) Graphs show loss of immune dampening
dueto increased IFNy levels (represented as fold change) in activated NK cells (isolated from peripheral blood
of 5 healthy donors) on addition of early AMD AH versus control AH. () Graph shows reduced IFNy levels
(represented as fold change) in activated NK cells (isolated from peripheral blood of 3 healthy donors) on
addition of adenosine (5uM). Box and whiskers plot show Min to Max(all points); *P< 0.05, **<0.01,
****P<0.0001, Mann-Whitney test (A,B,D), Unpaired t test with Welch's correction (E,F). Kruskal-Wallis test
followed by Dunn multiple comparison test (H,I). Table shows r = Spearman rank correlation coefficient, p

value<0.05 (C)
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Figure 5 | Interaction of RPE with NK cells impairs barrier function and triggers pyroptotic death in RPE. (A) Schema showing

procedure to assess effect of activated NK cells and adenosine on iRPE cultured in matrigel-coated Transwell inserts. (B) Net
TEER (Qcm2) of iRPE cells (+/-NK cells and adenosine) shows significant reduction in presence of activated NK cells with
significant rescue by addition of adenosine. (C) Zonula occludin (ZO-1) staining of iRPE cells (control cells), iRPE with
activated NK cells, iRPE cells with adenosine (5uM) and activated NK cells at 40X magnification; ZO-1-Alexa Fluor 488- Green,
DAPI — nuclear stain(blue) and Merge indicated as Blue-Green, in Olympus CKX53 microscope, Scale bar: 20 ym. In presence
of activated NK cells, ZO-1 staining and arrangement was disrupted, while with further addition of adenosine the cell
morphology was similar to control iRPE cells. Images shown are representative of images obtained on addition of NK cells
from 2 donors. (D) Graph shows significant increase in IL-18 mRNA levels, an indicator of pyroptotic cell death, in co-cultures
of iRPE cells and activated NK cells; IL-18 mRNA levels are lower on addition of activated NK cells treated with adenosine. (E)
Secreted IFNy levels were higher in iRPE cell supernatants from cells exposed to activated NK cells and reduced after
adenosine treatment (5uM) (F,G) Western blot and densitometry of ARPE-19 cells co-cultured with activated NK cells (+-
adenosine) shows increased expression of GSDME in cultures with activated NK cells, with significant reduction on addition
of adenosine. Major difference in GSDME-N expression was not seen with activated NK cells, on addition of adenosine,
reduction in GSDME-N expression was observed. (H,l) Live cell imaging of NK cell-RPE co-culture was performed on 3D Cell
Explorer, NANOLIVE™ for 16h with and without activated NK cells, Scale bar =20 yum. NK cells were stained with PKH26 Red
Fluorescent cell membrane cell linker kit (orange colored).Figure H shows no changes in morphology/vacuolations were
observed in ARPE-19 cells. Figure | shows activated NK cells interacting with ARPE-19 cells suggestive of pyroptosis like
increased cell swelling and localized vacuolations (vacuolations on ARPE-19 cells are indicated with yellow arrows). Graphs
show Min to Max (all points); P values (< 0.05) obtained using Ordinary one-way ANOVA followed by Tukey’s multiple

comparison test.
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Figure 6 | Intravitreal adenosine reduces aqueous humor immune cell infiltration and rescues NK cell-RPE

interaction dependent pyroptotic death in-vivo. (A-E) Lower proportions of NK1.1+ NK cells (total, dim and

bright), monocytes and neutrophils found in pooled AH of Crybal cKO mice injected with adenosine (n=4)
compared Crybal cKO mice prior to intravitreal adenosine injection. (F) Granzyme levels as measured by ELISA
are elevated in AH from Crybal cKO mice, but reduced to level of control mice post intravitreal adenosine
injection (n=4). (G) Representative immunofluorescence images (40X magnification) of human donor retina and
RPE choroid complex stained with Granzyme B and Occludin antibodies, Scale bar: 20um (n=3 each). (H)
Representative phase contrast image (10X magnification) showing H&E-stained tissue section of AMD show
characteristic drusen deposition (indicated by *) in RPE layer, no retinal changes are seen in healthy donor
(control) eye (n=3 each), Scale bar: 100um. Inset shows H&E-stained eye globe slice in AMD and healthy donor
respectively (I-K) RPE cell lysates show increasing trend in expression of GSDME and GSDME-N in Crybal cKO
mice and reduces in RPE lysates of adenosine treated eyes (n=2). Box and whiskers plot show Min to Max(all
points), *P< 0.05, **P<0.01,***P<0.0001, Ordinary one-way ANOVA followed by Tukey’s multiple comparison

test (B-H, J, K).
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