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Max-Delbrück-Center for Molecular Medicine, Berlin, Germany, 3Max-Delbrück-Center for Molecular
Medicine in the Helmholtz Association, Berlin, Germany, 4Eye Center, Medical Center, Faculty of
Medicine, University Medical Center Freiburg, Freiburg, Germany, 5DZHK (German Centre for
Cardiovascular Research), Partner Site Berlin, Berlin, Germany, 6Institute of Experimental Biomedicine,
University Hospital Würzburg, Würzburg, Germany, 7Charité-Universitätsmedizin Berlin, Corporate
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Introduction: Age-related macular degeneration (AMD) is a leading cause of

blindness with limited treatment options. Dysfunction of the retinal pigment

epithelium (RPE) is a unifying salient feature of the pathology and a primary end-

point damage leading to complications such as geographic atrophy (GA), which

represents the most common end-stage of AMD.

Methods: Human and murine ocular tissues were used for histological

examinations. Furthermore, flow cytometry and gene expression analysis were

used on ocular and splenic tissues of Cx3cr1GFP/GFP and C57BL/6J mice at 8 and

12 months of age to characterize the dynamics of local and systemic T

cell populations.

Results: We show the presence of memory T cells such as CD45RO+ cells in the

choroid and retina of patients with AMD with a peak of abundance in early stages

of AMD. As further evidence for the contribution of the adaptive immune system

to GA we identified an increased frequency of CD44+ CD69+ KLRG1+ T cells and

para-inflammation of the retina in a mouse model that mimics features of GA.

Importantly, the activation of T cells found at early AMD-like stages prior to

degeneration possessed long-lasting cytotoxic properties and adopted typical

features of senescent immune cells. T cells were intimately associated with the

RPE, suggesting transmigration and participating in local micro-inflammation.
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Discussion:Our data support that activation and accumulation ofmemory T cells

can be considered as a hallmark of early AMD, and that adaptive

immunosenescence likely to contribute to the chronic inflammation

associated with RPE damage and the progression to large lesions as seen in GA.
KEYWORDS

age related macular degeneration, geographic atrophy, T cells, adaptive immune
system, neurodegeneration
Introduction

The immune response in its many forms is an intrinsic

component of retinal degeneration. While para-inflammation

consists of the controlled adaptive response of a tissue to stress,

understanding these options in the context of aging is central to

maintain and restore retinal homeostasis (1, 2). Some of the known

cellular immunological drivers to this process are accumulating

resident microglia, infiltrating monocytes, and choroidal

macrophages as part of the innate immune response. These

reactions are further accompanied by activation of complement

factors, cytokines, the inflammasome and other metabolic pathways

leading to reactive oxygen species (ROS). The accumulation of such

excessive immune responses leads to the manifestation of a tissue-

destructive chronic low-grade inflammation (3–5), which appears

long before degeneration becomes apparent and can be diagnosed.

This para-inflammatory profile is typical in age-dependent macular

degeneration (AMD), a major cause for blindness in the elderly

population in industrialized countries. In fact, life-long para-

inflammation is involved in the progression of AMD and leads to

more pervasive end-stages including the geographic atrophy (GA)

or neovascular AMD. Understanding the nature and source of this

inflammation is paramount to define better strategies to treat

patients before retinal damage is beyond repair.

Beyond the participation of mononuclear phagocytes and the

innate immune response in AMD (6), a few clinical investigations

also confirmed other systemic immune profile alterations in T cell

frequencies in AMD patients (7). More specific analyses have delved

into T cell accumulation (8) and possible involvement of cytotoxic

T cells, Th17 and T cell receptor gd (TCRgd)-positive cells (9–17).

Recently, Wu et al. reviewed in detail the current knowledge

regarding the adaptive immune landscape in ocular pathologies

(18). However, the evidence of the involvement of the adaptive

immune system during the pathogenesis of AMD is sparse and lacks

a systematic investigation.
; CNS, Central nervous

ponent analysis; RPE,

TMEM, Effector/effector
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As some of these studies hinted at T cell-dependent mechanisms,

we hypothesize that T cells and the adaptive immune system

participate of the chronic low-grade immune reaction in the outer

retina and contribute to processes driven by the innate immune

system in AMD that possess factual displays of degeneration. Here,

we investigated the occurrence, dynamics, and characteristics of

relevant T cell populations using comparative analyses of retinal

and systemic immunophenotypes in human post-mortem ocular

specimens of patients with AMD and in Cx3cr1-deficient mice, a

model that reproduces cardinal degenerative features of GA. Starting

from 12 months of age, these mice present the following hallmarks

relevant to human pathology: drusen-like deposits, retinal microglia

accumulation and degeneration of retinal pigment epithelium (RPE),

leading to subsequent thinning of photoreceptor cell layers (19–22).

Aging in this model does not elicit subretinal neovascularization.

Taken together, we present evidence for the activation of the adaptive

immune system at 7-8 months, long before the onset of GA-like

phenotypic changes.

Materials and methods

Detailed description of all methods can be found in the

Supplementary Information.
Human ocular specimens

Human donor eye tissue was obtained from the Manchester Eye

Tissue Repository, an ethically approved Research Tissue Bank (UK

NHS Health Research Authority reference no.15/NW/0932). Eye

tissue was acquired after the corneas had been removed for

transplantation and explicit consent had been obtained to use the

remaining tissue for research. Guidelines established in the Human

Tissue Act of 2004 (United Kingdom) and the tenets of the

Declaration of Helsinki were adhered to. All ocular tissue was

processed within 49 hours postmortem and AMD status graded in

accordance to the Age-related Eye Disease Study (AREDS)

classification. The Manchester Eye Tissue Repository was

subsequently transferred to the University of Tübingen and renamed

the Helmut Ecker Eye Tissue Resource (HEETR, Tübingen, Germany,

local ethical approval 370/2021BO1). We analyzed the ocular globes of
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patients diagnosed with early (2 patients) or late (3 patients) AMD. In

the experiments we used age-and sex-matched controls (3 patients)

without any known ocular vascular or inflammatory pathology, nor

RPE or retinal lesions. All information with regard of the donors is

compiled in Supplementary Table S1.
Animal research

Mice were bred in-house and maintained on a 12-hour light and

12-hour dark cycles, standard environmental conditions and

unrestricted access to food and water.

Cx3cr1GFP/GFP mice, hereinafter referred as Cx3cr1, were

examined at 8 and 12 months of age. C57BL/6J mice, hereinafter

referred as WT, served as sex- and age-matched controls. Male and

female littermates were used in a 1:1 ratio. Cx3cr1 were bread on a

C57Bl6/J background. Mice were routinely monitored for mutations

in Crb1 (RD8) and tested negative (23).

At the end of the experiment, mice were anesthetized with

isoflurane and euthanized through cervical dislocation. Eyes and

spleens were rapidly excised and kept in PBS supplemented with

0.5% BSA (Sigma Aldrich) and 2mM EDTA (Sigma Aldrich) at 4°C.

The neurosensory-retina and RPE-choroid complexes were later

dissected and analyzed separately depending on the experiment.
Principal component analysis

We used a principal component analysis (PCA) for dimensional

reduction using the R package factoextra (version 1.0.7). Top 12

features that contributed to the first (Dim. 1) and second (Dim. 2)

PCA dimensions were extracted (stats, version 3.6.2). For

visualization, the plugin ggplot was used.
Statistical analysis

All experiments were repeated at least 3 times. N (biological

replicates) is indicated in each respective figure legend throughout

the manuscript. Values are expressed as the mean ± SD unless

indicated otherwise. Statistical analysis was performed using

GraphPad Prism 9 and R Studio. In case of single comparisons of

two groups, normality was assessed by Kolmogorov-Smirnov test

and outliers excluded with Grubb´s test. In groups with n<5

normality could not be tested, and a non-parametric distribution

was assumed. Accordingly, groups were tested with two-tailed

student´s t-test or two-tailed Mann-Whitney U test depending on

the assumption of normal distribution of the data points.

Results

Memory T cells accumulate in the human
RPE and choroid of patients with
early AMD

To determine the functional state of the immune system and the

potential presence of T cells in the retina during AMD, we
Frontiers in Immunology 03
performed histological analyses of the RPE and choroid of

patients with early and late AMD compared to age- and sex-

matched controls (Supplementary Table S1). Overall, we observe

a significant increase of memory T cells (CD3+CD45RO+) in

patients with early AMD. These frequencies returned to basal

levels at more advanced late AMD stages (Figures 1A, B). The

findings convey that a recruitment of memory T cells occurs at early

stages of AMD and prior to manifesting the degenerative hallmarks

of AMD.
Memory T cells infiltrate the murine retina
prior to AMD-like degeneration and show a
broad morphological activated-
like spectrum

We sought to investigate if the recruitment of memory T cells

occurs prior to degenerative features of AMD in a murine mouse

model. Cx3cr1-deficient mice manifest naturally occurring RPE

degeneration and drusen formation in the course of aging. 8-

month-old animals exhibit a pro-inflammatory state without

apparent morphological changes in RPE. 12-month-old animals

show a pro-inflammatory state with apparent RPE degeneration.

We analyzed ocular samples of Cx3cr1 (referred to as Cx3cr1 in the

following) at 8 and 12 months of age. While analyzing RPE-choroid

complexes, we detected a significant increase in the number of T cells

(CD3+) compared to C57Bl/6J control (Figures 1C-E). More

specifically, T cells were largely detected at the vicinity of patches

of RPE seemingly in transition to degeneration, not inside but in the

close periphery of the degenerative area. (Figure 1D). T cells in the

Cx3cr1 retina displayed a wide morphological variance and

consolidating activated phenotypes (Figure 1F). Furthermore,

orthogonal sectioning and three-dimensional reconstruction of the

confocal images confirmed that T cells were intimately associated to

the basolateral membrane of RPE, suggesting a migration from the

choroid and adherence to the RPE (Figures 1G, H).

Collectively, our findings support that T cells accumulate

during early AMD prior to degeneration in our mouse model,

and that these cellular populations are associated to the RPE.
Cx3cr1 mice display a specific ocular pro-
inflammatory immunophenotype with high
T cell frequencies prior to AMD-
like degeneration

Next, we sought to investigate the diversity of T cell phenotypes

in AMD by flow cytometry. We evaluated the neuroretina-RPE-

choroid complex to capture organ-specific immune signature at 8

(basal time-point) and 12 months of age (prior to degeneration) in

Cx3cr1 mice and compared to C57Bl/6J control. For comparison

with the systemic immune signature, we included the spleen as a

systemic lymphoid organ. At 8 months of age, we did not observe

differences in the ocular immune phenotypes of Cx3cr1 mice at the

T cell level compared to control (Figures 1I, J), nor systemically

(Figures 1K, L). Interestingly, with age (12 months), the ocular
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FIGURE 1

Early retinal T cell accumulation in age-related macular degeneration. (A) Histological assessment of retinal T cells in ocular samples from patients
with age-related macular degeneration (AMD). Immunofluorescence staining of CD3 and CD45RO. Scale bar 50µm. (B) Quantification of CD3+

CD45RO+ DAPI+ memory T cells per high power field (HPF). Data was tested with ordinary one-way ANOVA. ***P < 0,0001. N= 15 HPF from 3
control eyes, N=14 HPF from 2 early AMD eyes, N=17 from 3 late AMD eyes. (C, D) Comparison to a mouse model of AMD (Cx3cr1). Histological
assessment of CD3 T cells in whole mounts of 12-month-old wild type (WT) C57Bl6/J and Cx3cr1 mice. In Cx3cr1 T cells are detectable in proximity
of central degenerative RPE areas and in mid periphery. Scale bar 100µm. (E) Quantification of CD3+ DAPI+ T cells per high power field (HPF). N= 9
C57Bl6/J, N= 17 Cx3cr1. (F) Morphological variance of T cells in 12-month-old Cx3cr whole mounts. Merged scale bar 50µm; CD3 detail scale bar
10µm. Enhanced diameters, amoeboid shaped T cells with filopodia endocytotic and T cells with dendritic morphology are distinguishable.
(G, H) Three-dimensional reconstruction of the confocal images confirmed that T cells were intimately associated to the basolateral membrane. Left
rendering shows apical view, right rendering showing basolateral view. (I) Flow cytometric analysis of retinal T cells in Cx3cr1 and C57Bl6/J mice at
8 months and 12 months of age. Representative flow plots for CD4 and CD8 staining within CD45+ CD3+ T cells. Numbers representing percentage
of all included cells into specific gating (J) Quantification of CD45+ CD3+ T cells, CD45+ CD3+ CD4+ CD8- T helper cells, CD45+ CD3+ CD4- CD8+

cytotoxic T cells, and CD4/CD8 ratio. N= 5/group. (K, L) same as (I, J) but for splenic T cells. N= 10-12/group. All comparisons with Student’s T-test
test or Mann-Whitney U test. *p>0.05, ** p>0.01, ***p>0.001.
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profiles of C57Bl/6J mice showed a significant reduction of

frequencies of T cells (CD3+) and T helper cells (CD3+ CD4+),

whereas the frequencies of CD3+ increased significantly in Cx3cr1

(Figure 1J). Importantly, these dynamics were only observable in

the ocular samples, and the CD3+ and CD4+ T cell systemic

populations were significantly decreased in both C57Bl/6J and

Cx3cr1 (Figure 1L). Furthermore, we found a significant increase

of cytotoxic T cells (CD3+ CD8+) specifically in the eyes of Cx3cr1

during aging (Figure 1J). Conversely, cytotoxic T cells remained

stable in the spleen (Figure 1L). Together, these changes led to a

significantly lower ratio of CD4+/CD8+ T cells in C57Bl/6J and

Cx3cr1 mice, suggesting a lymphocyte immunosenescence and

active recruitment of cytotoxic T cells prior to the destructive

features of retinal degeneration.

Complementarily, we evaluated potential sources of innate

immune inflammation, yet no differences were found regarding

myeloid cell frequencies (CD45+ CD11b+) at these time-points

(Supplementary Figures S3A–B). We also evaluated populations

of T cells potentially interacting with the innate response, but we

could not observe changes in gdT cells (CD3+TCRgd+) in the eye,

albeit a decrease of these populations was observed in the spleen of

control animals (Supplementary Figures S3A–B).

Taken together, our data show an influx of memory T cells,

specifically cytotoxic T cells to the eye prior to the manifestation of

retinal degeneration in human and mice.
Experimental AMD reveals organo-specific
activation of cytotoxic and helper T cells in
the retina

We used dimensionality reduction approaches to determine

whether the T cell profiles in the context of experimental early

AMD are organ specific. Using a principal component analysis

(PCA) of hierarchically gated T cell subpopulations, we show a

specific immunophenotype in the ocular samples (neuroretina-

RPE-choroid) compared to the spleen in both C57Bl/6J and Cx3cr1

mice (Figure 2A). PCA analysis of the ocular populations revealed a

strong time-point-dependent immunophenotype in the Cx3cr1 mice

compared to control (Figure 2B). To study the dynamics of T cell

subpopulations, we analyzed PCA loadings. Our analysis indicates

that changes in memory and activated T cell subsets are important for

immune phenotype changes over time (Figures 2C, D). Age-related

shifts in Cx3cr1 mice were mainly driven by KLRG1+ and CD69+

subsets of memory T cells (Dim1, Figure 2C), known markers for

effector functions in T cells as well as tissue residency, and

participating in premature T cell immunosenescence.
Early hit of specific retinal T memory
populations and priming of resident retinal
memory T cells

Since the PCA analysis revealed the potential contribution of

memory T cell subsets, we subclustered T cells according to their

CD44 and CD62L expression. At 8 months of age, Cx3cr1 mice did
Frontiers in Immunology 05
not present manifestations of retinal degeneration, yet we observed a

strong upregulation of central memory T cells (CD44+CD62L+)

within their ocular immunophenotype compared to C57Bl/6J

controls (Figure 2E). Importantly, these changes were exclusively

found in the eye and not systemically (Figure 2F). In C57Bl/6J control

mice, central memory T cells were hardly detectable. Similarly to the

central memory T cells, we found an early upregulation of naïve

T cells (CD44-CD62L+) at 8 months in Cx3cr1 mice. Over time,

central memory and naïve T cell frequencies decreased. On the

other hand, the number of tissue-resident memory T cells

(CD44+CD62L−CD103+CD69+) increased significantly, while this

population tended to decrease in controls. These dynamics of naïve

memory T cell regress and tissue-residentmemory T cell upregulation

was even detected systemically (Figure 2F).

Our T cell analysis suggests a role for an early hit of the memory

T cell system in AMD pathogenesis before the occurrence of

degenerative changes in the retina. Thus, we consider the

adaptive immune system as one of the causative elements in the

etiology of retinal degeneration in this model.
Organo-specific dynamics of early Treg-
like cells and late Th17-like cells

We sought to investigate regulatory T cells (Treg) and Th17

cells as prototypic anti- and pro-inflammatory T cells in central

nervous system (CNS) inflammation, respectively. Recently studies

reported alterations of these T cell subsets in AMD patients and

animal models (16). In accordance with the literature, we observed a

retina-specific increase of Th17-like cells (CD3+ CD4+ CD196+) in

Cx3cr1 mice, whereas no frequency alteration was detected in

C57Bl/6J (Figure 2E). No trend was detected in systemic CD196+

Th17-like populations (Figure 2F).

Focusing on Treg (CD3+ CD4+ CD25high), we observed an

upregulation at 8 months, paralleled by the upregulation of central

memory and naïve memory T cells (Figure 2E) in Cx3cr1 mice.

Over time, ocular Treg decrease in Cx3cr1, whereas conversely a

systemic Treg increase became apparent (Figure 2F). No dynamic in

ocular nor systemic Treg population was detected in C57Bl/6J.

Overall, this pattern indicates an early anti-inflammatory

response that precedes the disease phenotype in the retina.

Importantly, this anti-inflammatory pattern was lost in the

diseased retinal states.
Ocular T cell populations express markers
for activation and tissue residency
throughout cytotoxic and helper T cells

Considering the changes in T cell surface markers KLRG1 and

CD69 in the aging retina, we sought to characterize the activation

status of cytotoxic and helper T cells. Specifically, within cytotoxic T

cells, CD69 and KLRG1 known markers for cell activation and

tissue residency were regulated in retinal immune populations.

In retinal tissue of Cx3cr1, we observed an increase KLRG1+ as

well as CD69+ KLRG1+ double positive cells over time. These changes
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1520188
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stürzbecher et al. 10.3389/fimmu.2025.1520188
were not found in C57Bl/6J; in contrast, we rather found a decrease of

KLRG1 from the timepoint 8 months to 12 months (Figures 3A, B).

In comparison, splenic CD8+ cells did not exhibit an alteration of

neither KLRG1 nor CD69 (Supplementary Figure S4B), indicating a

local retinal activation of the specific immune system in Cx3cr1mice.

For T helper cells, we found a similar pattern of activation and

antigen experience (Figures 3E, F). Systemically, we observed an

upregulation of activated CD69+ T helper cells in Cx3cr1 but no

alteration in C57Bl/6J (Supplementary Figure S4F).
Frontiers in Immunology 06
Since KLRG1 and CD69 are predominantly expressed in

effector memory T cells, we focused our analysis on these

subtypes. In C57Bl/6J and Cx3cr1, the number of cytotoxic

effector memory T cells increased during aging (Figures 3C, D).

This dynamic was specific for retinal populations, since the systemic

analysis exhibited stable frequencies of these memory populations

(Supplementary Figure S4D). Although both groups expressed the

activation marker CD69 at 12 months to a greater extent, only

Cx3cr1 mice displayed an elevation of KLRG1 within the cytotoxic
FIGURE 2

Retinal T cell subpopulations display age-related shifts in AMD. (A-D) Principal component analysis (PCA) using dimensional reduction on retinal and
splenic immune cells on flow cytometric data. X and Y axis showing the first and second most contributing dimensions. Along the axis representative
density plots are shown for the 8- and 12-month groups. Saturated symbol represents mean of a group. N= 5/group (A) PCA of systemic (spleen)
and ocular immune data reveal a specific retinal immune population in both wild-type C57Bl6/J, (top), and AMD Cx3cr1 mice (bottom). N= 10-12/
group. (B) PCA of ocular immune populations captures an age-dependent shift in C57Bl6/J (top) captured by Dim2 and Cx3cr1 (bottom) captured by
Dim1 and partly by Dim2. (C, D) Loading plots for Dim1 and Dim2 illustrate the contribution of individual immune populations in Cx3cr1.
Quantification of driver immune cells from the loading analysis originating from the eye (E) (N=4-5/group) and spleen (F) (N=10-12/group). Central
memory T cells defined as CD44+ CD62L+, naïve as CD44- CD62L+, tissue-resident memory as CD44+ CD62L+ CD69+ CD103+, Treg as CD25high
and Th17 as CD196+. All comparisons with Student’s T-test test or Mann-Whitney U test. *p>0.05, ** p>0.01.
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effector memory T cell population. In contrast, C57Bl/6J mice

showed a decrease KLRG1 expression over time. Additionally, we

found an increase in CD69+ KLRG1+ cells over time in Cx3cr1mice.

These activation status effects were reflected in the systemic analysis
Frontiers in Immunology 07
of CD8+ effector memory T cells in Cx3cr1 mice, whereas a

downregulation of CD69+ KLRG1+ population in C57Bl/6J

controls became apparent (Supplementary Figure S4D).

Regarding T helper cells, no changes in the frequency or
frontiersin.or
FIGURE 3

Altered KLRG1 and CD69 in retinal T cells. (A) Representative flow plots for CD69 and KLRG1 in ocular cytotoxic T cells from C57Bl6/J and Cx3cr1
mice. (B) Quantification of KLRG1+, CD69+ and double positive cytotoxic T cells. N= 4-5/group (C) Representative flow plots for CD44 and CD62L
in ocular cytotoxic T cells from C57Bl6/J and Cx3cr mice. (D) Quantification of effector memory (TMEM) cytotoxic T cells and KLRG1+, CD69+ and
double positive cytotoxic TMEM cells. N= 5/group. (E-H) Representative flow plots for CD69 and KLRG1 in ocular T helper cells from C57Bl6/J and
Cx3cr1 mice and their quantification. N= 5/group. All comparisons with Student’s T-test or Mann-Whitney U test. *p>0.05, ** p>0.01, ***p>0.001.
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activation markers of effector memory cells were detected in C57Bl/

6J (Figures 3G, H). However, the frequency of retinal CD4+ effector

memory population in Cx3cr1 increased over time. Retinal

KLRG1+cells as well as CD69 KLRG1 co-expressing populations

within the CD4+ effector memory T cells were dynamically

upregulated from timepoint 8 to 12 months. Systemically, we

observed an increase in the number of CD4+ effector memory T

cells in Cx3cr1 mice. Additionally, a systemic upregulation of

KLRG1 and CD69 can be observed in the CD4+ effector memory

compartment of the Cx3cr1mice. (Supplementary Figure S4H) This

again contrasts with the unaltered systemic effector memory T cells

of C57Bl/6J, corroborating a systemic impact of retinal activated T

cells in the Cx3cr1 animals.

In summary, our flow cytometric analysis reveals upregulation

of markers for tissue residency and effector function of T cells

specifically in the retina/RPE/choroid complex of Cx3cr1 mice.
Aging of Cx3cr1 mice shifts pro-
inflammatory gene expression of the RPE-
choroid complex and supports the
presence of local micro-inflammation

Immunophenotyping of T cell populations suggests the

recurrence of interactions among different cells, including

memory T cells and other pro- and anti-inflammatory

subpopulations. To provide further evidence for this active

immunomodulatory scenario specific to the retina and choroid,

we profiled gene expression of relevant genes involved in

inflammation in neuroretina and in RPE-choroid complex samples.

Globally, the inflammatory signature found in the neuroretina

was modest, showing only an upregulation of transcription factors

Il23 and Foxp3 in 12-month-old Cx3cr1 mice (Figure 4A). In the

RPE-choroid complexes, where most observed degenerative features

take place, we observed a transcriptomic activity ∽10-fold higher to

baseline (Figure 4B). Furthermore, we observed an age-dependent

dynamic shift (8 months to 12 months of age) only in Cx3cr1 mice,

and not in C57Bl/6J control. The most expressed interleukins found

in aged Cx3cr1 RPE-choroid samples were Il1b, Il2, Il6, Il7, Il8

(CXCL1), Il15 and Il23. Tcrb was strongly upregulated along with

genes coding for the adhesion and activation molecules Icam1 and

Itgb2 (CD18). Moreover, aging also influenced the expression of

genes known to contribute to AMD pathogenesis, including C3, Cfh,

Pgf, Tnf, Tgfb and CCL2 (1, 5). Other genes such as Ctla2a were also

increased over time in the Cx3cr1 RPE-choroid, whereas the

expression of Rbp3 was significantly decreased.
Discussion

The presence of lymphocytes and retinal autoantibodies in

AMD was firstly discussed in 1984 by Penfold and colleagues

(24–26). Two more decades were necessary to validate these data

histologically in patients with GA (9). Yet, the specific mechanisms

and contribution of the adaptive immune system to AMD have
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remained elusive. Here, we provide for the first time a

comprehensive and comparative analysis of T cell frequencies in

the context of AMD progression using mouse models and

validation in human samples. Importantly, we demonstrate that

the recruitment of memory T cells occurs at early stages of AMD

and prior to the degenerative hallmarks of AMD and GA. We also

show that retinal/choroidal cellular immune phenotype is distinct

from the systemic phenotype. While the numbers of regulatory T

cells decrease with age, CD196+ Th17-like cell populations

accumulate in the diseased retina and become effectors of

degeneration. Altogether, this work underscores a novel view on

the pathophysiology of AMD and sheds light onto potential new

therapeutic targets aiming at adaptive immunity players.

Under physiological circumstances, the RPE wields a strong

immunomodulatory ability to preserve an active barrier via multiple

soluble and membrane bound factors (27). Among its functions, the

RPE can suppress T cell activation and skew T cell populations towards

a regulatory phenotype (28–30). The control and interplay of the RPE

with the adaptive immune response following damage is, however, not

fully understood. In conditions such as aging or AMD, our group has

previously reported that FoxP3 expression can alter the

immunomodulatory functions of the RPE and affect its ability to

govern T cell populations (31). Herein, our data illustrates how the

transmigration and accumulation of T cells in the retina during early

AMD is associated to regions of the retina transitioning towards RPE

degenerative profiles. Specifically, T cells with a memory phenotype

exhibit highly activated cytotoxic features which contribute to long

lasting neuroinflammation (32–34). Phenotypic dendritic shaped T

cells are strongly suggestive of patrolling local tissue-resident memory

T cells (35–38), Additionally, the T cell morphology that includes a

bloated cell diameter, endocytic or diapedetic characteristics provides

fundamental evidence of the activated state of the adaptive immune

system (39–41). We observed the emergence of T cells in the diseased

retina prior to the significant RPE injuries, thus indicating that the

adaptive immune response is likely to take place at early stages of AMD

when the clinical manifestations are not evident yet. Cellular stress

from aging as well as chronic inflammation are known to render the

immunogenic properties of the RPE more permissive by altering their

secretory profile other plasma membrane receptors (42). Our findings

confirm that T cells invading ocular tissues express high levels of

molecules promoting adherence and transmigration such as Icam1 and

Itgb2 (43, 44). We also observed enrichment in cytokines participating

in T cell migration such as Ccl5 (45) and other immunomodulatory

factors like Foxp3 and Ctla2a (31, 46). In fact, T cells may bypass the

immune regulatory RPE monolayer upon antigen activation

independent of these classical adhesion and migration signals by

inducing apoptosis in RPE cells (47) and altering the interactions of

the RPE with the immune system (27, 48). Given that CX3CR1 is a key

regulator of the intercommunication of myeloid cells and the adaptive

immune system in the CNS (49), it remains the question whether

CX3CR1+ T cells have a higher migratory ability in other models as

well as in AMD patients. This, however, is unlikely, and others have

reported that cytotoxic T cells from blood of patients with neovascular

AMD display decreased frequencies of CX3CR1+ T cell populations,

whereas CX3CL1 plasma levels remained unaltered compared to
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control (50, 51). Considering the transgene background of our

experimental AMD model, we conclude that T cell adherence to the

RPE and transmigration relies on signaling alternative to the CX3CR1

migration pathway (52).

Albeit studying the adaptive immune system in the retina is

challenging due to the spatial and temporal dynamics of the

immune response, a number of studies attempted this approach

in peripheral blood of patients with AMD. To a certain extent,

analyses of human peripheral T cell frequencies provided evidence

for the significance of primed T cells in the pathology of AMD. One

study showed that in a 30-day period of the diagnosis neovascular

AMD, peripheral lymphocyte frequencies significantly raised

compared to a cohort of patients who received their diagnosis

longer than 30 days before or after blood sampling (53).

Additionally, studies using a mixed cohort of dry and neovascular
Frontiers in Immunology 09
AMD patients revealed that peripheral cytotoxic T cells are

enriched in CD56. Interestingly, the presence of CD56+ T cells

associated with an increased 3.2-fold risk of developing AMD,

which in patients harboring the AMD risk allele in the CFH gene

(the Y402H polymorphism in the FH protein) translated to a 13.3-

fold risk (54). Nevertheless, there is sufficient evidence supporting

the notion that cell-based inflammatory responses and core features

to AMD can directly originate in the RPE and choroid, even, at

earliest potential stages of AMD (55). Because of that, our

observations with regard the shifts in tissue-specific T cell

populations in the degenerating AMD-like retina showcase a

strong correlation to aging and suggest the intrinsic dependency

to gradual accumulation of damage by the RPE. More particularly,

the increase of CD69+KLRG1+ T cell populations in the diseased

retina underlines the immune activation inherent to the tissue and
FIGURE 4

Altered ocular gene expression in age-related macular degeneration. (A) Heatmap of z-scored gene expression for several inflammation and AMD-
related genes in the Neuro-Retina (top) and RPE-Choroid-Complex (bottom). Dot plot to the right indicates overall log2FC between 8 months and
12 months (N= 5-6/group). Alpha indicates significance. All comparisons with Student’s T-test. Gene expression for Ccl2 shown as boxplot for
Neuro-Retina (B) and RPE-Choroid-Complex (C). (N= 4-6/group). Comparisons with Student’s T-test. ** p>0.01.
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involving key adaptive immune players. Whereas KLRG1+ T cells

are typically short-living effector cytotoxic T cells with antigen

experience (56–60), the expression of KLRG1+ in T helper cells may

mark a proliferative history rather than an activation state (61).

Nevertheless, KLRG1+ T cells show a high capacity to transform

into functional memory T cells (62, 63). Moreover, this increase

of frequencies of CD69+KLRG1+ cells in the murine model (of note:

there was no difference in the CD4 subpopulations between WT

and Cx1cr3 knockout model excluding a model bias) and CD45RO+

cells in the human choroid also reflect a turnover of the T memory

compartment. The expression of these markers in effector memory

T cells points at the regulation of effector genes and transcription

factors with long-lasting properties (56). Additionally, KLRG1

expression facilitates formation of tissue-resident memory cells

(64). Correlating with that, we found an enrichment of IL-2, IL-7

and IL-15 as pivotal cytokines for development, homeostasis

and maintenance of memory T cells (65–68). Altogether,

these populations usher in processes of destruction of the RPE

integrity and the genesis of long-lasting T-cells that will, ultimately,

promote low-grade chronic inflammation through the innate

immune response.

Besides the striking activity that we have observed in the

memory T cel l compartment in experimental ret inal

degeneration, we also regarded CD196+ Th17-like and regulatory

T cells as potential disease-contributing cell populations in our

model and in AMD. In fact, we found that while the frequencies of

CD196+ Th17-like cells increased by time, the Treg cell frequencies

decreased in the degenerating retina. Others have suggested that a

decrease in Treg cell populations could be explained by the

immunomodulatory defects in the RPE, which can lead to

convert helper T cells to Treg cells in the presence of CTLA2A.

This mechanism, however, seems to fail with time in retinal

inflammation (30, 69). Additional in vivo models of chronic

inflammation in T cell-mediated uveitis showed that a pro-

inflammatory environment can dampen Treg functionality (70)

and lead to a reduction of Treg cell frequencies (71, 72). However,

comparing systemic Treg frequencies in patients with neovascular

AMD to healthy controls, Madelung and colleagues did not find a

significant difference (73). Conversely, Cx3cr1 mice showed a

systemic but not tissue-specific increase of Treg frequencies.

These features support our hypothesis that the observed shifts of

T cell profiles in the RPE and choroid are a product of the ongoing

retinal degeneration and no due to lack of expression of Cx3cr1.

Future studies are needed to further understand the balance of T

helper cell subtypes in AMD, including Th1, Th2, and others,

including the staining of specific transcription factors. While

CD25 captures Treg nicely, CD196 only indicates a Th17-like

population enriched for RORgt expression. Given our limitation

to access to additional human specimens, we were not able to screen

for CD44, CD69 and KLRG1 cell populations in ocular tissues as

observed in our murine model. Additional translational studies

should address this avenue.

Collectively, this work provides a comprehensive insight to the

dynamics of cell populations of the adaptive immune system at both

the retina and systemically in a model of early AMD. Our data
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corroborates preexisting literature findings and recognizes T cells,

especially of the T memory compartment, as potential drivers of

AMD at early stages. Altogether, our study leads to the presumption

of an “early hit” model by the adaptive immune system during AMD.

For the first time, we showed the presence of CD69+KLRG1+ cells prior

to RPE degeneration in an experimental GA mouse model as well as

CD3+CD45RO+ cells in human retinal specimens. The presence of

these populations of cells at early stages of AMD proves the

participation of the learning T cell-depending immune system.

Together with the recent notions on complement factors (74, 75),

the immunogenic associations of the adaptive immune system in AMD

foster the potential to become new therapeutic targets in the landscape

of immune players participating to retinal degeneration.
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of the Charité - Universitätsmedizin Berlin.
Acknowledgments

The authors greatly acknowledge Inga-Marie Pompös, Jana

Czychi and Gabriele N´diaye for their assistance.
Frontiers in Immunology 11
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1520188/

full#supplementary-material
References
1. Chen M, Xu H. Parainflammation, chronic inflammation, and age-related
macular degeneration. J Leukocyte Biol. (2015) 98:713–25. doi: 10.1189/jlb.3RI0615-
239R

2. Chen M, Luo C, Zhao J, Devarajan G, Xu H. Immune regulation in the aging
retina. Prog Retinal Eye Res. (2019) 69:159–72. doi: 10.1016/j.preteyeres.2018.10.003

3. Ambati J, Atkinson JP, Gelfand BD. Immunology of age-related macular
degeneration. Nat Rev Immunol. (2013) 13:438–51. doi: 10.1038/nri3459

4. Nussenblatt RB, Lee RW, Chew E, Wei L, Liu B, Sen HN, et al. Immune responses
in age-related macular degeneration and a possible long-term therapeutic strategy for
prevention. Am J Ophthalmol. (2014) 158:5–11.e2. doi: 10.1016/j.ajo.2014.03.014

5. Copland DA, Theodoropoulou S, Liu J, Dick AD. A perspective of AMD through
the eyes of immunology. Invest Ophthalmol Visual Sci. (2018) 59:Amd83–amd92.
doi: 10.1167/iovs.18-23893

6. Guillonneau X, Eandi CM, Paques M, Sahel JA, Sapieha P, Sennlaub F. On
phagocytes and macular degeneration. Prog Retinal Eye Res. (2017) 61:98–128.
doi: 10.1016/j.preteyeres.2017.06.002

7. Behnke V, Wolf A, Langmann T. The role of lymphocytes and phagocytes in age-
related macular degeneration (AMD). Cell Mol Life Sci: CMLS. (2020) 77:781–8.
doi: 10.1007/s00018-019-03419-4

8. Conedera FM, Runnels JM, Stein JV, Alt C, Enzmann V, Lin CP. Assessing the
role of T cells in response to retinal injury to uncover new therapeutic targets for the
treatment of retinal degeneration. J Neuroinflamm. (2023) 20:206. doi: 10.1186/s12974-
023-02867-x

9. Ezzat MK, Hann CR, Vuk-Pavlovic S, Pulido JS. Immune cells in the human
choroid. Br J Ophthalmol. (2008) 92:976–80. doi: 10.1136/bjo.2007.129742

10. Liu B, Wei L, Meyerle C, Tuo J, Sen HN, Li Z, et al. Complement component C5a
promotes expression of IL-22 and IL-17 from human T cells and its implication in age-
related macular degeneration. J Trans Med. (2011) 9:1–12. doi: 10.1186/1479-5876-9-111

11. Juel HB, Kaestel C, Folkersen L, Faber C, Heegaard NH, Borup R, et al. Retinal
pigment epithelial cells upregulate expression of complement factors after co-culture
with activated T cells. Exp Eye Res. (2011) 92:180–8. doi: 10.1016/j.exer.2011.01.003
12. Zhao Z, Xu P, Jie Z, Zuo Y, Yu B, Soong L, et al. gammadelta T cells as a major
source of IL-17 production during age-dependent RPE degeneration. Invest
Ophthalmol Visual Sci. (2014) 55:6580–9. doi: 10.1167/iovs.14-15166

13. Camelo S, Calippe B, Lavalette S, Dominguez E, Hur J, Devevre E, et al. Thinning
of the RPE and choroid associated with T lymphocyte recruitment in aged and light-
challenged mice. Mol Vision. (2015) 21:1051–9.

14. Camelo S, Lavelette S, Guillonneau X, Raoul W, Sennlaub F. Association of
choroidal interleukin-17-producing T lymphocytes and macrophages with geographic
atrophy. Ophthalmol J Int D’ophtalmol Int J Ophthalmol Z Fur Augenheilkunde. (2016)
236:53–8. doi: 10.1159/000446587

15. Deliyanti D, Figgett WA, Gebhardt T, Trapani JA, Mackay F, Wilkinson-Berka
JL. CD8(+) T cells promote pathological angiogenesis in ocular neovascular disease.
Arteriosclerosis Thrombosis Vasc Biol . (2023) 43:522–36. doi: 10.1161/
ATVBAHA.122.318079

16. Llorián-Salvador M, de Fuente AG, McMurran CE, Dashwood A, Dooley J,
Liston A, et al. Regulatory T cells limit age-associated retinal inflammation and
neurodegeneration. Mol Neurodegeneration. (2024) 19:32. doi: 10.1186/s13024-024-
00724-w

17. Khalatyan AS, Shishparenok AN, Avetisov KS, Gladilina YA, Blinova VG,
Zhdanov DD. Association of telomere length in T lymphocytes, B lymphocytes, NK
cells and monocytes with different forms of age-related macular degeneration.
Biomedicines. (2024) 12(8):1893. doi: 10.3390/biomedicines12081893

18. Wu M, Fletcher EL, Chinnery HR, Downie LE, Mueller SN. Redefining our
vision: an updated guide to the ocular immune system. Nat Rev Immunol. (2024) 24
(12):896–911. doi: 10.1038/s41577-024-01064-y

19. Combadiere C, Feumi C, Raoul W, Keller N, Rodero M, Pezard A, et al.
CX3CR1-dependent subretinal microglia cell accumulation is associated with
cardinal features of age-related macular degeneration. J Clin Invest. (2007) 117:2920–
8. doi: 10.1172/JCI31692

20. Raoul W, Feumi C, Keller N, Lavalette S, Houssier M, Behar-Cohen F, et al.
Lipid-bloated subretinal microglial cells are at the origin of drusen appearance in
CX3CR1-deficient mice. Ophthalmic Res. (2008) 40:115–9. doi: 10.1159/000119860
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1520188/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1520188/full#supplementary-material
https://doi.org/10.1189/jlb.3RI0615-239R
https://doi.org/10.1189/jlb.3RI0615-239R
https://doi.org/10.1016/j.preteyeres.2018.10.003
https://doi.org/10.1038/nri3459
https://doi.org/10.1016/j.ajo.2014.03.014
https://doi.org/10.1167/iovs.18-23893
https://doi.org/10.1016/j.preteyeres.2017.06.002
https://doi.org/10.1007/s00018-019-03419-4
https://doi.org/10.1186/s12974-023-02867-x
https://doi.org/10.1186/s12974-023-02867-x
https://doi.org/10.1136/bjo.2007.129742
https://doi.org/10.1186/1479-5876-9-111
https://doi.org/10.1016/j.exer.2011.01.003
https://doi.org/10.1167/iovs.14-15166
https://doi.org/10.1159/000446587
https://doi.org/10.1161/ATVBAHA.122.318079
https://doi.org/10.1161/ATVBAHA.122.318079
https://doi.org/10.1186/s13024-024-00724-w
https://doi.org/10.1186/s13024-024-00724-w
https://doi.org/10.3390/biomedicines12081893
https://doi.org/10.1038/s41577-024-01064-y
https://doi.org/10.1172/JCI31692
https://doi.org/10.1159/000119860
https://doi.org/10.3389/fimmu.2025.1520188
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stürzbecher et al. 10.3389/fimmu.2025.1520188
21. Sennlaub F, Auvynet C, Calippe B, Lavalette S, Poupel L, Hu SJ, et al. CCR2(+)
monocytes infiltrate atrophic lesions in age-related macular disease and mediate
photoreceptor degeneration in experimental subretinal inflammation in Cx3cr1
deficient mice. EMBO Mol Med. (2013) 5:1775–93. doi: 10.1002/emmm.201302692

22. Roubeix C, Nous C, Augustin S, Ronning KE, Mathis T, Blond F, et al. Splenic
monocytes drive pathogenic subretinal inflammation in age-related macular
degeneration. J Neuroinflammation. (2024) 21:22. doi: 10.1186/s12974-024-03011-z

23. Mattapallil MJ, Wawrousek EF, Chan CC, Zhao H, Roychoudhury J, Ferguson
TA, et al. The Rd8 mutation of the Crb1 gene is present in vendor lines of C57BL/6N
mice and embryonic stem cells, and confounds ocular induced mutant phenotypes.
Invest Ophthalmol Visual Sci. (2012) 53:2921–7. doi: 10.1167/iovs.12-9662

24. Penfold P, Killingsworth M, Sarks S. An ultrastructural study of the role of
leucocytes and fibroblasts in the breakdown of Bruch’s membrane. Aust J Ophthalmol.
(1984) 12:23–31.

25. Penfold PL, Killingsworth MC, Sarks SH. Senile macular degeneration: the
involvement of immunocompetent cells. Graefe’s Arch Clin Exp Ophthalmol. (1985)
223:69–76. doi: 10.1007/BF02150948

26. Penfold PL, Provis JM, Furby JH, Gatenby PA, Billson FA. Autoantibodies to
retinal astrocytes associated with age-related macular degeneration. Graefe’s Arch Clin
Exp Ophthalmol. (1990) 228:270–4. doi: 10.1007/BF00920033

27. Shechter R, London A, Schwartz M. Orchestrated leukocyte recruitment to
immune-privileged sites: absolute barriers versus educational gates. Nat Rev Immunol.
(2013) 13:206–18. doi: 10.1038/nri3391

28. Ishida K, Panjwani N, Cao Z, Streilein JW. Participation of pigment epithelium
in ocular immune privilege. 3. Epithelia cultured from iris, ciliary body, and retina
suppress T-cell activation by partially non-overlapping mechanisms. Ocular Immunol
Inflammation. (2003) 11:91–105. doi: 10.1076/ocii.11.2.91.15914

29. Sugita S, Futagami Y, Smith SB, Naggar H, Mochizuki M. Retinal and ciliary
body pigment epithelium suppress activation of T lymphocytes via transforming
growth factor beta. Exp Eye Res. (2006) 83:1459–71. doi: 10.1016/j.exer.2006.08.005

30. Sugita S, Horie S, Nakamura O, Futagami Y, Takase H, Keino H, et al. Retinal
pigment epithelium-derived CTLA-2alpha induces TGFbeta-producing T regulatory
cells. J Immunol (Baltimore Md: 1950). (2008) 181:7525–36. doi: 10.4049/
jimmunol.181.11.7525

31. Alfaar AS, Stürzbecher L, Diedrichs-Möhring M, Lam M, Roubeix C, Ritter J,
et al. FoxP3 expression by retinal pigment epithelial cells: transcription factor with
potential relevance for the pathology of age-related macular degeneration. J
Neuroinflammation. (2022) 19:260. doi: 10.1186/s12974-022-02620-w

32. Costantini E, D’Angelo C, Reale M. The role of immunosenescence in
neurodegenerative diseases. Mediators Inflammation. (2018) 2018:6039171.
doi: 10.1155/2018/6039171

33. DeMaio A, Mehrotra S, Sambamurti K, Husain S. The role of the adaptive
immune system and T cell dysfunction in neurodegenerative diseases. J
Neuroinflammation. (2022) 19:251. doi: 10.1186/s12974-022-02605-9

34. Borghesan M, Hoogaars WMH, Varela-Eirin M, Talma N, Demaria M. A
senescence-centric view of aging: implications for longevity and disease. Trends Cell
Biol. (2020) 30:777–91. doi: 10.1016/j.tcb.2020.07.002

35. Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, Heath WR, et al.
Different patterns of peripheral migration by memory CD4+ and CD8+ T cells. Nature.
(2011) 477:216–9. doi: 10.1038/nature10339

36. Ariotti S, Beltman JB, Chodaczek G, Hoekstra ME, van Beek AE, Gomez-Eerland
R, et al. Tissue-resident memory CD8+ T cells continuously patrol skin epithelia to
quickly recognize local antigen. Proc Natl Acad Sci U S A. (2012) 109:19739–44.
doi: 10.1073/pnas.1208927109

37. Dijkgraaf FE, Matos TR, Hoogenboezem M, Toebes M, Vredevoogd DW, Mertz
M, et al. Tissue patrol by resident memory CD8(+) T cells in human skin. Nat
Immunol. (2019) 20:756–64. doi: 10.1038/s41590-019-0404-3

38. Loi JK, Alexandre YO, Senthil K, Schienstock D, Sandford S, Devi S, et al.
Corneal tissue-resident memory T cells form a unique immune compartment at the
ocular surface. Cell Rep. (2022) 39:110852. doi: 10.1016/j.celrep.2022.110852

39. Negulescu PA, Krasieva TB, Khan A, Kerschbaum HH, Cahalan MD. Polarity of
T cell shape, motility, and sensitivity to antigen. Immunity. (1996) 4:421–30.
doi: 10.1016/S1074-7613(00)80409-4

40. Lin W, Suo Y, Deng Y, Fan Z, Zheng Y, Wei X, et al. Morphological change of
CD4(+) T cell during contact with DC modulates T-cell activation by accumulation of
F-actin in the immunology synapse. BMC Immunol. (2015) 16:49. doi: 10.1186/s12865-
015-0108-x

41. German Y, Vulliard L, Kamnev A, Pfajfer L, Huemer J, Mautner AK, et al.
Morphological profiling of human T and NK lymphocytes by high-content cell
imaging. Cell Rep. (2021) 36:109318. doi: 10.1016/j.celrep.2021.109318

42. Holtkamp GM, Kijlstra A, Peek R, de Vos AF. Retinal pigment epithelium-
immune system interactions: cytokine production and cytokine-induced changes. Prog
Retinal Eye Res. (2001) 20:29–48. doi: 10.1016/S1350-9462(00)00017-3

43. Verma NK, Kelleher D. Not just an adhesion molecule: LFA-1 contact tunes the
T lymphocyte program. J Immunol (Baltimore Md: 1950). (2017) 199:1213–21.
doi: 10.4049/jimmunol.1700495

44. Bertoni A, Alabiso O, Galetto AS, Baldanzi G. Integrins in T cell physiology. Int J
Mol Sci. (2018) 19(2):485. doi: 10.3390/ijms19020485
Frontiers in Immunology 12
45. Zeng Z, Lan T, Wei Y, Wei X. CCL5/CCR5 axis in human diseases and related
treatments. Genes Dis. (2022) 9:12–27. doi: 10.1016/j.gendis.2021.08.004

46. Busch C, Annamalai B, Abdusalamova K, Reichhart N, Huber C, Lin Y, et al.
Anaphylatoxins activate ca(2+), akt/PI3-kinase, and FOXO1/foxP3 in the retinal
pigment epithelium. Front Immunol. (2017) 8:703. doi: 10.3389/fimmu.2017.00703

47. Gregerson DS, Lew KL, McPherson SW, Heuss ND, Ferrington DA. RPE cells
resist bystander killing by CTLs, but are highly susceptible to antigen-dependent CTL
killing. Invest Ophthalmol Visual Sci. (2006) 47:5385–94. doi: 10.1167/iovs.06-0636

48. Zamiri P, Sugita S, Streilein JW. Immunosuppressive properties of the
pigmented epithelial cells and the subretinal space. Chem Immunol Allergy. (2007)
92:86–93. doi: 10.1159/000099259

49. Garcia JA, Pino PA, Mizutani M, Cardona SM, Charo IF, Ransohoff RM, et al.
Regulation of adaptive immunity by the fractalkine receptor during autoimmune
inflammation. J Immunol (Baltimore Md: 1950). (2013) 191:1063–72. doi: 10.4049/
jimmunol.1300040

50. Falk MK, Singh A, Faber C, Nissen MH, Hviid T, Sorensen TL. CX3CL1/
CX3CR1 and CCL2/CCR2 chemokine/chemokine receptor complex in patients with
AMD. PloS One. (2014) 9:e112473. doi: 10.1371/journal.pone.0112473

51. Choi YJ, Lim D, Byeon SH, Shin EC, Chung H. Chemokine receptor profiles of T
cells in patients with age-related macular degeneration. Yonsei Med J. (2022) 63:357–64.
doi: 10.3349/ymj.2022.63.4.357

52. Imai T, Hieshima K, Haskell C, Baba M, Nagira M, Nishimura M, et al.
Identification and molecular characterization of fractalkine receptor CX(3)CR1,
which mediates both leukocyte migration and adhesion. Cell. (1997) 91:521–30.
doi: 10.1016/S0092-8674(00)80438-9

53. Subhi Y, Lykke Sorensen T. New neovascular age-related macular degeneration
is associated with systemic leucocyte activity. Acta Ophthalmol. (2017) 95:472–80.
doi: 10.1111/aos.2017.95.issue-5

54. Faber C, Singh A, Krüger Falk M, Juel HB, Sørensen TL, Nissen MH. Age-related
macular degeneration is associated with increased proportion of CD56(+) T cells
in peripheral blood. Ophthalmology. (2013) 120:2310–6. doi: 10.1016/j.ophtha.
2013.04.014

55. Newman AM, Gallo NB, Hancox LS, Miller NJ, Radeke CM, Maloney MA, et al.
Systems-level analysis of age-related macular degeneration reveals global biomarkers
and phenotype-specific functional networks. Genome Med. (2012) 4:16. doi: 10.1186/
gm315

56. Renkema KR, Huggins MA, Borges da Silva H, Knutson TP, Henzler CM,
Hamilton SE. KLRG1(+) memory CD8 T cells combine properties of short-lived
effectors and long-lived memory. J Immunol (Baltimore Md: 1950). (2020) 205:1059–
69. doi: 10.4049/jimmunol.1901512

57. Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell
differentiation. Nat Rev Immunol. (2012) 12:749–61. doi: 10.1038/nri3307

58. Beyersdorf NB, Ding X, Karp K, Hanke T. Expression of inhibitory “killer cell
lectin-like receptor G1” identifies unique subpopulations of effector and memory CD8
T cells. Eur J Immunol. (2001) 31:3443–52. doi: 10.1002/1521-4141(200112)
31:12<3443::AID-IMMU3443>3.0.CO;2-J

59. Gerlach C, Moseman EA, Loughhead SM, Alvarez D, Zwijnenburg AJ, Waanders
L, et al. The chemokine receptor CX3CR1 defines three antigen-experienced CD8 T cell
subsets with distinct roles in immune surveillance and homeostasis. Immunity. (2016)
45:1270–84. doi: 10.1016/j.immuni.2016.10.018

60. Marcolino I, Przybylski GK, Koschella M, Schmidt CA, Voehringer D, Schlesier
M, et al. Frequent expression of the natural killer cell receptor KLRG1 in human cord
blood T cells: correlation with replicative history. Eur J Immunol. (2004) 34:2672–80.
doi: 10.1002/eji.200425282

61. Beyersdorf N, Ding X, Tietze JK, Hanke T. Characterization of mouse CD4 T cell
subsets defined by expression of KLRG1. Eur J Immunol. (2007) 37:3445–54.
doi: 10.1002/eji.200737126

62. Olson JA, McDonald-Hyman C, Jameson SC, Hamilton SE. Effector-like CD8+ T
cells in the memory population mediate potent protective immunity. Immunity. (2013)
38:1250–60. doi: 10.1016/j.immuni.2013.05.009

63. Herndler-Brandstetter D, Ishigame H, Shinnakasu R, Plajer V, Stecher C, Zhao J,
et al. KLRG1(+) effector CD8(+) T cells lose KLRG1, differentiate into all memory T cell
lineages, and convey enhanced protective immunity. Immunity. (2018) 48:716–29.e8.
doi: 10.1016/j.immuni.2018.03.015

64. Hochheiser K, Wiede F, Wagner T, Freestone D, Enders MH, Olshansky M, et al.
Ptpn2 and KLRG1 regulate the generation and function of tissue-resident memory CD8
+ T cells in skin. J Exp Med. (2021) 218(6):e20200940. doi: 10.1084/jem.20200940

65. Schluns KS, Lefrancois L. Cytokine control of memory T-cell development and
survival. Nat Rev Immunol. (2003) 3:269–79. doi: 10.1038/nri1052

66. Cui W, Kaech SM. Generation of effector CD8+ T cells and their conversion to
memory T cells. Immunol Rev . (2010) 236:151–66. doi: 10.1111/j.1600-
065X.2010.00926.x

67. Williams MA, Tyznik AJ, Bevan MJ. Interleukin-2 signals during priming are
required for secondary expansion of CD8+ memory T cells. Nature. (2006) 441:890–3.
doi: 10.1038/nature04790

68. Mitchell DM, Ravkov EV, Williams MA. Distinct roles for IL-2 and IL-15 in the
differentiation and survival of CD8+ effector and memory T cells. J Immunol (Baltimore
Md: 1950). (2010) 184:6719–30. doi: 10.4049/jimmunol.0904089
frontiersin.org

https://doi.org/10.1002/emmm.201302692
https://doi.org/10.1186/s12974-024-03011-z
https://doi.org/10.1167/iovs.12-9662
https://doi.org/10.1007/BF02150948
https://doi.org/10.1007/BF00920033
https://doi.org/10.1038/nri3391
https://doi.org/10.1076/ocii.11.2.91.15914
https://doi.org/10.1016/j.exer.2006.08.005
https://doi.org/10.4049/jimmunol.181.11.7525
https://doi.org/10.4049/jimmunol.181.11.7525
https://doi.org/10.1186/s12974-022-02620-w
https://doi.org/10.1155/2018/6039171
https://doi.org/10.1186/s12974-022-02605-9
https://doi.org/10.1016/j.tcb.2020.07.002
https://doi.org/10.1038/nature10339
https://doi.org/10.1073/pnas.1208927109
https://doi.org/10.1038/s41590-019-0404-3
https://doi.org/10.1016/j.celrep.2022.110852
https://doi.org/10.1016/S1074-7613(00)80409-4
https://doi.org/10.1186/s12865-015-0108-x
https://doi.org/10.1186/s12865-015-0108-x
https://doi.org/10.1016/j.celrep.2021.109318
https://doi.org/10.1016/S1350-9462(00)00017-3
https://doi.org/10.4049/jimmunol.1700495
https://doi.org/10.3390/ijms19020485
https://doi.org/10.1016/j.gendis.2021.08.004
https://doi.org/10.3389/fimmu.2017.00703
https://doi.org/10.1167/iovs.06-0636
https://doi.org/10.1159/000099259
https://doi.org/10.4049/jimmunol.1300040
https://doi.org/10.4049/jimmunol.1300040
https://doi.org/10.1371/journal.pone.0112473
https://doi.org/10.3349/ymj.2022.63.4.357
https://doi.org/10.1016/S0092-8674(00)80438-9
https://doi.org/10.1111/aos.2017.95.issue-5
https://doi.org/10.1016/j.ophtha.2013.04.014
https://doi.org/10.1016/j.ophtha.2013.04.014
https://doi.org/10.1186/gm315
https://doi.org/10.1186/gm315
https://doi.org/10.4049/jimmunol.1901512
https://doi.org/10.1038/nri3307
https://doi.org/10.1002/1521-4141(200112)31:12%3C3443::AID-IMMU3443%3E3.0.CO;2-J
https://doi.org/10.1002/1521-4141(200112)31:12%3C3443::AID-IMMU3443%3E3.0.CO;2-J
https://doi.org/10.1016/j.immuni.2016.10.018
https://doi.org/10.1002/eji.200425282
https://doi.org/10.1002/eji.200737126
https://doi.org/10.1016/j.immuni.2013.05.009
https://doi.org/10.1016/j.immuni.2018.03.015
https://doi.org/10.1084/jem.20200940
https://doi.org/10.1038/nri1052
https://doi.org/10.1111/j.1600-065X.2010.00926.x
https://doi.org/10.1111/j.1600-065X.2010.00926.x
https://doi.org/10.1038/nature04790
https://doi.org/10.4049/jimmunol.0904089
https://doi.org/10.3389/fimmu.2025.1520188
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stürzbecher et al. 10.3389/fimmu.2025.1520188
69. Keino H, Horie S, Sugita S. Immune privilege and eye-derived T-regulatory cells.
J Immunol Res. (2018) 2018:1679197. doi: 10.1155/2018/1679197

70. Muhammad F, Wang D, Montieth A, Lee S, Preble J, Foster CS, et al. PD-1(+)
melanocortin receptor dependent-Treg cells prevent autoimmune disease. Sci Rep.
(2019) 9:16941. doi: 10.1038/s41598-019-53297-w

71. Yeh S, Li Z, Forooghian F, Hwang FS, Cunningham MA, Pantanelli S, et al. CD4
+Foxp3+ T-regulatory cells in noninfectious uveitis. Arch Ophthalmol (Chicago Ill:
1960). (2009) 127:407–13. doi: 10.1001/archophthalmol.2009.32

72. Ruggieri S, Frassanito MA, Dammacco R, Guerriero S. Treg lymphocytes in
autoimmune uveitis. Ocular Immunol Inflammation. (2012) 20:255–61. doi: 10.3109/
09273948.2012.681830
Frontiers in Immunology 13
73. Madelung CF, Falk MK, Sorensen TL. The association between
neovascular age-related macular degeneration and regulatory T cells in
peripheral blood. Clin Ophthalmol (Auckland NZ). (2015) 9:1147–54. doi: 10.2147/
OPTH.S82116

74. Liao DS, Grossi FV, El Mehdi D, Gerber MR, Brown DM, Heier JS, et al.
Complement C3 inhibitor pegcetacoplan for geographic atrophy secondary to age-
related macular degeneration: A randomized phase 2 trial. Ophthalmology. (2020)
127:186–95. doi: 10.1016/j.ophtha.2019.07.011

75. Patel PN, Patel PA, Land MR, Bakerkhatib-Taha I, Ahmed H, Sheth V.
Targeting the complement cascade for treatment of dry age-related macular
degeneration. Biomedicines. (2022) 10(8):1884. doi: 10.3390/biomedicines
10081884
frontiersin.org

https://doi.org/10.1155/2018/1679197
https://doi.org/10.1038/s41598-019-53297-w
https://doi.org/10.1001/archophthalmol.2009.32
https://doi.org/10.3109/09273948.2012.681830
https://doi.org/10.3109/09273948.2012.681830
https://doi.org/10.2147/OPTH.S82116
https://doi.org/10.2147/OPTH.S82116
https://doi.org/10.1016/j.ophtha.2019.07.011
https://doi.org/10.3390/biomedicines10081884
https://doi.org/10.3390/biomedicines10081884
https://doi.org/10.3389/fimmu.2025.1520188
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Outer retina micro-inflammation is driven by T cell responses prior to retinal degeneration in early age-related macular degeneration
	Introduction
	Materials and methods
	Human ocular specimens
	Animal research
	Principal component analysis
	Statistical analysis

	Results
	Memory T cells accumulate in the human RPE and choroid of patients with early AMD
	Memory T cells infiltrate the murine retina prior to AMD-like degeneration and show a broad morphological activated-like spectrum
	Cx3cr1 mice display a specific ocular pro-inflammatory immunophenotype with high T cell frequencies prior to AMD-like degeneration
	Experimental AMD reveals organo-specific activation of cytotoxic and helper T cells in the retina
	Early hit of specific retinal T memory populations and priming of resident retinal memory T cells
	Organo-specific dynamics of early Treg-like cells and late Th17-like cells
	Ocular T cell populations express markers for activation and tissue residency throughout cytotoxic and helper T cells
	Aging of Cx3cr1 mice shifts pro-inflammatory gene expression of the RPE-choroid complex and supports the presence of local micro-inflammation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


