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Purpose: To investigate regulatory T cells (Tregs) and subsets of the Treg population in patients
with neovascular age-related macular degeneration (AMD).

Patients and methods: Twenty-one neovascular AMD cases and 12 age-matched controls
without retinal pathology were selected. Patients were recruited from our outpatient retinal
clinic. Control individuals were typically spouses. The diagnosis of neovascular AMD was
confirmed using fluorescein and indocyaningreen angiography. Fresh venous blood was ana-
lyzed by flow cytometry using fluorochrome-conjugated antibodies to the Treg surface antigens
CD4, CD25, CD127, CD45RA, and CD31. Main outcome measures were the percentage of
CD25"e"CD127"" Tregs, the percentage of CD45RA* naive Tregs, and the percentage of CD3 1+
recent thymic emigrant Tregs.

Results: Comparing patients with neovascular AMD to controls, no significant differences
were found in the percentages of CD4* lymphocytes, CD25""CD 127" Tregs, CD45RA* naive
Tregs, or CD31* recent thymic emigrant Tregs.

Conclusion: Our data does not indicate an altered state of systemic Treg cells in neovascular
AMD.

Keywords: Tregs, macular degeneration, immunosenescence, CD45RA antigens, CD31
antigens

Introduction

Age-related macular degeneration (AMD) is the leading cause of visual impairment in
aged individuals worldwide. While early stages of the disease (dry AMD) are mostly
asymptomatic, late stages of the disease cause severe vision loss due to disruption of
the retinal anatomy and ultimately photoreceptor degeneration. Late stages of AMD
are characterized by the invasion of new choroidal blood vessels (choroidal neovas-
cularizations) into the subretinal space causing edema and rapid vision loss — denoted
neovascular AMD — or atrophy of the retinal pigment epithelium in the macula causing
irreversible degeneration of photoreceptors — denoted geographic atrophy.'

The pathogenesis of AMD is not known in detail, but research strongly suggests
an involvement of the immune system. The current belief is that dysregulation of the
immune system leading to overactivation of inflammatory processes is involved in
inducing and advancing the pathology found in AMD.? A contribution of the innate
immune responses, in particular the complement system, is well established. The
Y402H polymorphism of complement factor H has been found to account for 43% of
the disease heritability, and altered complement regulatory proteins have been described
in the blood.>* Some studies indicate that systemic alterations in the B and T cells
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of the adaptive immune system might be involved. Patients
with AMD have increased autoantibodies with affinity to
components of the retina in their peripheral blood, and age-
related changes in the T cell population in peripheral blood
is associated with AMD.>7Risk factors for developing AMD
include genes associated with the complement system as well
as behavioral factors such as cigarette smoking, obesity, and
sunlight exposure, but the major risk factor is age.> In the
immune system, the most drastic age-related change is the
involution of the thymus. The age-associated decline in thy-
mic function contributes to a general decline in the immune
system of older individuals known as immunosenescence.
This phenomenon is thought to lead to an increased suscep-
tibility to infections, cancer, and autoimmune diseases.'’ An
important quality of the immune system is the ability to initi-
ate an effective immune response to foreign antigens whilst
tolerating the organism’s own antigens. This mechanism of
self-tolerance is thought to be mediated by a lymphocyte of
thymic origin called the regulatory T cell or Treg.'"'> The
population of Tregs, found within the CD4* T helper cell
population, has been characterized by a high expression of
CD25 (interleukin [IL]-2-receptor alpha unit) and a low
expression of CD127 (IL-7-receptor alpha unit).'*!

Recent studies have found that Treg frequencies are
increased in the elderly, suggesting an association between
immunosenescence and Tregs.!®!” Further research into
the different subsets of the Treg population has shown that
although the total population of circulating Tregs is increased
or at least preserved in aged individuals, the prevalence of
naive Tregs declines with age as a consequence of decreased
thymic function.'®!"” The population of Tregs can be divided
into subsets based on different expressions of surface anti-
gens. The CD45RA isoform of the protein tyrosine phos-
phatase CD45 is located on the surface of naive T cells.
This can be used to distinguish between naive and memory
subsets of Tregs. Tregs expressing high levels of CD45RA
are naive Tregs (nTregs), whereas those expressing low levels
of CD45RA are memory or effector Tregs (mTregs)."* Naive
Tregs have been shown to proliferate both in and outside the
thymus. CD31 (PECAM-1) can be used to identify the subset
of naive Tregs generated in the thymus, known as recent
thymic emigrant Tregs (RTE-Tregs).?

We hypothesize that changes in the Tregs popula-
tion due to age-related involution of the thymus contribute
to the pathogenesis of neovascular AMD. Therefore, the
aim of this study was to investigate the frequencies of
circulating CD4* T-cells, CD4* CD25"¢"CD127"* Tregs,
CD45RA" naive Tregs, and CD31* RTE-Tregs in patients

with neovascular AMD compared with healthy, age-matched
controls.

Materials and methods
Study participants

During a period of 2 months, 39 individuals (patients and
relatives) attending the outpatient retinal clinic at the Depart-
ment of Ophthalmology, Copenhagen University Hospital,
Roskilde, Denmark were asked to participate in this case—
control study. We included non-smokers aged 70 years or
more. For the case group, we included patients with a history
of neovascular AMD. For the control group, we included
patients attending the outpatient clinic, but without a his-
tory of retinal disease, and relatives, typically spouses of
patients attending the outpatient clinic. The current study was
approved by the Regional Committee of Ethics in Research of
Region Zealand (SJ-142) and followed the tenets of the Dec-
laration of Helsinki. Informed oral and written consent was
obtained from all participants. After giving their informed
consent, participants were interviewed with regard to their
medical history, use of medications, alcohol use, prior smok-
ing habits, weight, height, and physical activity. Individuals
were excluded if they had a medical history with chronic
inflammatory diseases such as rheumatoid arthritis or dia-
betes; were current smokers; were taking anti-inflammatory
medications such as prednisolone; or had received intravitreal
treatment with the anti-vascular endothelial growth factors
ranibizumab (trade name Lucentis®; Novartis International
AG, Basel, Switzerland) or aflibercept (trade name Eylea®;
Bayer AG, Leverkusen, Germany) within the last 30 days.
We used C-reactive protein as a marker of systemic inflam-
mation and excluded patients with levels of 10 mg/L or more,
as elevated levels probably reflect ongoing inflammatory
processes other than AMD.

Visual acuity was assessed for both eyes using the
method from the Early Treatment Diabetic Retinopathy
Study (ETDRS),*' and weight and height was mea-
sured for participants unsure about their measurements.
In order to thoroughly assess retinal pathology in the
participants, we performed fundus photography (Carl
Zeiss Meditec AG, Jena, Germany) and spectral domain-
optical coherence tomography (SD-OCT) and fundus
autofluorescence imaging (Spectralis® Heidelberg retinal
angiography-OCT [HRA-OCT]; Heidelberg Engineer-
ing, Heidelberg, Germany), and graded our findings in
accordance with the clinical age-related maculopathy
grading system (CARMS).?? Participants were assigned
to the case group if they received a CARMS grade of
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5 (consistent with neovascular AMD) or to the control
group if they received a CARMS grade of 1 (consistent
with fewer than 10 drusen). The diagnosis of neovascular
AMD was confirmed using fluorescein and indocyaningreen
angiography. Participants with a CARMS grade between
2 and 4 were excluded. Sample size power calculation using
a significance level of 0.05 and a power of 80% suggested
that ten individuals from each group should be included.

Blood sample preparation

Venous blood samples were obtained from all participants
between 8 am and 11 am. Two 4 mL tubes containing eth-
ylenediaminetetraacetic acid were obtained for white blood
cell (WBC) count and flow cytometry, and one 4 mL tube
containing lithium-heparin was obtained for determining
levels of C-reactive protein.

We determined the WBC count, lymphocyte count, and
granulocyte count with a Sysmex® XE-5000 Hematology
Analyzer (Sysmex Corporation, Kobe, Japan). A “volume”
corresponding to 10x10° WBCs was transferred to a 50 mL
tube containing a 10% solution of red blood cell lysis buffer
(Novo Nordisk A/S, Bagsverd, Denmark) and was incubated
for 10 minutes at room temperature in the dark. The WBCs
were purified by centrifuge three times at 500 g for 5 minutes
each time, and the pellets were transferred to a tube contain-
ing a buffer solution. A volume corresponding to 500.000
WBCs was incubated for 30 minutes at room temperature in
the dark with the combination of fluorochrome-conjugated
antibodies needed for flow cytometry. We also prepared
tubes with a combination of fluorochrome-conjugated nega-
tive isotype controls to correct for unspecific binding. The
solutions were then centrifuged and washed.

Flow cytometry

Flow cytometry was performed less than 5 hours after
venipuncture. A Beckman Coulter FC500 flow cytometer
(Beckman Coulter Inc, Brea, CA, USA) was used to record
100.000 events from each sample. For determining the
frequency of Tregs and the various subtypes within this
population, we used the following fluorochrome-conjugated
antibodies: anti-CD4 phycoerythrin-Texas red conjugate
IgG1 (immunoglobulin G1), clone RTF-4G (AbCam,
Cambridge, MA, USA), anti-CD25 phycoerythrin-cyanine
5 conjugate IgG2a, clone B1.49.9 (Beckman Coulter),
anti-CD127 phycoerythrin conjugate IgG1, clone A019D5
(BioLegend, San Diego, CA, USA), anti-CD31 fluorescein
isothiocyanate conjugate IgG1, clone WMS59 (BioLegend),
and anti-CD45RA phycoerythrin-cyanine 7 conjugate

IgG2b, clone HI100 (BioLegend). Corresponding nega-
tive isotype- and fluorochrome-matched antibodies were
used to adjust for unspecific binding during data analysis
(Figure 1D-E). Kaluza® software (Beckman Coulter) was
used for the analysis of the flow cytometry data.

A gating strategy was designed to identify the Tregs and
the naive Treg and RTE-Treg subsets (Figure 1). Events were
first gated with an elliptical lymphocyte gate on the forward-
scatter/side-scatter plot. Then, a CD4/forward-scatter plot was
used to gate the CD4* lymphocytes. Finally, a CD25/CD127
plot was used to identify the CD4* CD25"e"CD127"" Tregs.
Within the population of Tregs, the percentage of the fol-
lowing subsets was measured: CD254e CD127°¥CD45RA*
nTregs and CD25""CD127"°% CD31* RTE-Tregs.

Statistical analysis

Statistical analysis was performed with IBM SPSS Statis-
tics version 19 (IBM Corporation, Armonk, NY, USA).
Demographics and clinical characteristics were compared
using Mann—Whitney U-test or independent samples #-test
for continuous variables and Pearson’s chi-square test for
categorical variables.

We compared percentages of lymphocytes in the periph-
eral blood in the two groups. For normally distributed data,
results were reported as mean * standard deviation (SD),
and the significance was tested with an independent samples
t-test. For non-normally distributed data, results were
reported as median * interquartile range, and the significance
was tested with the Mann—Whitney U-test.

Results

A total of 39 individuals were asked to participate in our
study. Four subjects were excluded because their C-reactive
protein levels exceeded the predefined cut-off value of
10 mg/L. One control subject was excluded on the basis
of a CARMS grading of 3 consistent with dry AMD. One
subject with neovascular AMD was excluded on the basis
of extremely low values of Tregs (0.01% CD25"ehCD127%v
Tregs in the CD4* lymphocyte population). Characteristics
of the study population are summarized in Table 1. The study
population (n=33) consisted of 21 patients with neovascular
AMD and 12 healthy controls. The neovascular AMD group
consisted of ten male and eleven female subjects with a
median age of 82 years (interquartile range 78—86 years).
The healthy control group consisted of six male and six
female subjects with a median age of 75 years (interquartile
range 72-79 years). Despite our effort to age-match case
and control subjects, case subjects were significantly older
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Figure | Flow cytometric identification of regulatory T cells (Tregs), nTregs (naive Tregs) and RTE-Tregs (recent thymic emigrant Tregs) in the peripheral blood of a patient
with AMD. Lymphocytes were identified and gated on a forward/side-scatter plot (A). CD4" lymphocytes were then identified and gated on a CD4/F8 plot (B), and the
percentage of CD4* cells within the lymphocyte population was measured. The CD25"&"CD | 27" Treg population was identified and gated on a CD25/CD 27 plot (C), and
the percentage of Tregs within the CD4" population was measured. Fluorochrome-matched negative isotype controls (IgG2b and IgG 1) were used to set a gate containing 1%
of the events, and the gates were transferred to a CD45RA histogram (D) and a CD31 histogram (E).The percentages of CD45RA"-naive Tregs and CD3|* RTE-Tregs within
the Treg population were measured. The letters A-D in figures 1D and |E mark the gates containing 1% of the events.

Abbreviations: IgG, immunoglobulin G; FS, forward-scatter; SS, side-scatter; AMD, age-related macular degeneration.

Table | Demographics and clinical characteristics of study participants with neovascular age-related macular degeneration and healthy
controls

Demographics and clinical characteristics Neovascular age-related Controls P-value
macular degeneration

(n=21) (n=12)
Median age (interquartile range), yrs 82 (78-86) 75 (72-79) 0.012 (Mann—Whitney U-test)
Sex, n (%) 0.895 (chi-square test)
Male 10 (47.6) 6 (50.0)
Female 11 (52.4) 6 (50.0)
Smoking history, n (%) 0.947 (chi-square test)
Never smoker 9 (42.9) 5(41.7)
Ever smoker 12 (57.1) 7 (58.3)
Risk factors
Alcohol consumption, units/week, median (interquartile range) 4 (0-7) 5(1-10) 0.840 (Mann—Whitney U-test)
BMI, kg/m?, median (interquartile range) 26 (24-27) 25 (22-28) 0.895 (Mann—-Whitney U-test)
Physically active, n (%) 10 (47.6) 8 (66.7) 0.290 (chi-square test)
Cardiovascular disease, n (%) 5(23.8) 4(33.3) 0.555 (chi-square test)
Hypertension, n (%) Il (52.4) 8 (66.7) 0.424 (chi-square test)
Dyslipidemia, n (%) 7 (33.3) 1 (8.3) 0.107 (chi-square test)
Markers of inflammation
Serum C-reactive protein, mg/L, median (interquartile range) 2.9 (2.9-29) 2.9 (2.9-3.0) 0.687 (Mann—Whitney U-test)
White blood cell count, 10?/L, mean (SD) 6.0 (1.3) 5.6 (1.3) 0.456 (independent samples
t-test)
Abbreviations: yrs, years; SD, standard deviation; BMI, body mass index.
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than control subjects (P=0.012, Mann—Whitney U-test).
To address the age difference, we performed a correlation
analysis of the age and expression of Treg surface mark-
ers. No such correlation was found when we analyzed all
individuals as a single group, as individual patients, and as
control individuals (data not shown). This finding suggests
that age in this age span does not significantly influence Treg
cell populations.

We found no significant differences in sex, prior smoking
habits, alcohol consumption, body mass index, physical activity,
cardiovascular disease, hypertension, or dyslipidemia. Biomark-
ers of inflammation — C-reactive protein level and leukocyte
count, did not differ significantly between the two groups.

Percentages of CD4* lymphocytes in the lymphocyte pop-
ulation and CD25"iCD 127" Tregs in the CD4* population
were normally distributed. We found no significant difference
in the percentage of CD4* lymphocytes in the lymphocyte
population between patients with neovascular AMD (mean
43.53, SD 13.37) and healthy controls (mean 39.7, SD 8.54)
(P=0.379, independent samples ¢-test) (Table 2, Figure 2A).
No significant difference was found in the percentage of
CD25"e"CD127"" Tregs in the CD4" population between
patients with neovascular AMD (mean 5.71, SD 1.80) and
healthy controls (mean 6.09, SD 1.71) (P=0.554, independent
samples r-test) (Figure 2B).

Percentages of CD45RA*-naive Tregs and CD31* RTE-
Tregs in the Treg population were not normally distributed. No
significant difference was found in the percentage of CD45RA*-
naive Tregs in the Treg population between patients with
neovascular AMD (median 17.28, interquartile range 14.04—
23.20) and healthy controls (median 14.38, interquartile range
11.37-15.93) (P=0.188, Mann—Whitney U-test) (Figure 2C).
Comparing the percentages of CD31* RTE-Tregs, we found
no significant difference in the percentage of RTE-Tregs in

the Treg population between patients with neovascular AMD
(median 2.82, interquartile range 2.28—4.07) and healthy con-
trols (median 2.63, interquartile range 1.18-4.05) (P=0.895,
Mann—Whitney U-test) (Figure 2D).

Percentages of CD45RA*-naive Tregs and CD31*
RTE-Tregs in the CD4" population were not normally
distributed. No significant difference was found in the
percentage of CD45RA*-naive Tregs in the CD4* popula-
tion between patients with neovascular AMD (median 1.09,
interquartile range 0.62—1.41) and healthy controls (median
0.87, interquartile range 0.58-1.21) (P=0.349, Mann-—
Whitney U-test) (Figure 2E). Comparing the percentages
of CD31* RTE-Tregs, we found no significant difference
in the percentage of RTE-Tregs in the CD4* population
between patients with neovascular AMD (median 0.16,
interquartile range 0.13—0.27) and healthy controls (median
0.14, interquartile range 0.09—0.23) (P=0.454, Mann—
Whitney U-test) (Figure 2F).

Discussion

The aim of our study was to investigate whether any change
in frequencies of different subsets of Tregs could be found
in patients with neovascular AMD. There are no previous
reports on the potential involvement of Tregs in neovascular
AMD pathogenesis, and there is limited knowledge of the
role of Tregs in eye disease in general. However, Tregs have
been implicated in the maintenance of the immune privilege
of the eye, and Tregs have been reported to be influenced by
the retinal pigment epithelium in vitro.*? Tregs induced by
retinal pigment epithelium cells effectively suppress inflam-
matory cells (monocytes, B cells, and T cells), and intraocular
T cells from the vitreous fluid of patients with acute uveitis,
acute retinal necrosis, and cytomegalovirus retinitis.?> Tregs
have been implicated in several neurodegenerative diseases.

Table 2 Percentages of lymphocytes in the peripheral blood of patients with neovascular age-related macular degeneration and healthy

controls
Cell population Neovascular age-related Controls P-value

macular degeneration
CD4, mean (SD) 43.53 (13.37) 39.7 (8.54) 0.379 (independent samples t-test)
CD25""CD 127"~ Tregs, mean (SD)° 5.71 (1.80) 6.09 (1.71) 0.554 (independent samples t-test)
CD45RA" naive Tregs, median (interquartile range)© 17.28 (14.04-23.20) 14.38 (11.37-15.93) 0.188 (Mann—Whitney U-test)
CD31* RTE-Tregs, median (interquartile range) 2.82 (2.28-4.07) 2.63 (1.18-4.05) 0.895 (Mann—-Whitney U-test)
CD45RA" naive Tregs, median (interquartile range)® 1.09 (0.62—-1.41) 0.87 (0.58-1.21) 0.349 (Mann—Whitney U-test)
CD3 1+ RTE-Tregs, median (interquartile range)’ 0.16 (0.13-0.27) 0.14 (0.09-0.23) 0.454 (Mann—Whitney U-test)

Notes: *Percentage of CD4" cells in the lymphocyte population. "Percentage of CD25""CD127°% Tregs in the CD4* population. ‘Percentage of CD45RA* naive Tregs in the
Treg population. ‘Percentage of CD31* RTE-Tregs in the Treg population. *Percentage of CD45RA" naive Tregs in the CD4" population. ‘Percentage of CD31* RTE-Tregs

in the CD4" population.

Abbreviations: SD, standard deviation; Tregs, regulatory T cells; RTE-Tregs, recent thymic emigrant Tregs.
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age-related macular degeneration and healthy controls.

Notes: A and B; Bars — means, whiskers — SD; C, D, E and F: Dots = medians, whiskers = interquartile ranges.
Abbreviations: AMD, age-related macular degeneration; SD, standard deviation; Tregs, regulatory T cells; RTE-Tregs, recent thymic emigrant Tregs.

In animal models of Parkinson’s disease, Tregs have been
shown to mediate neuroprotection through suppression of
microglial stimulation by aggregated nitrated o-synuclein,
the misfolded protein found in Parkinson’s disease Lewy
bodies.?® Interestingly, Tregs were later found to have
nigrostriatal neuroprotective properties when administered
to mice with an animal model of Parkinson’s disease.”’ In
humans, Tregs from patients with Parkinson’s disease have
been found to be dysfunctional, as their ability to suppress
effector T cell function is impaired.?® In Alzheimer’s disease
and mild cognitive impairment, the frequency of Tregs is

increased.?’ A shift from naive to memory phenotype simi-
lar to the previously described age-related changes within
subsets in the Treg population has been found in patients
with Alzheimer’s disease.*® The role of Tregs has also been
studied in multiple sclerosis, where the decrease in RTE-Treg
numbers and the suppressive function of the Tregs is more
pronounced in patients with relapse-remitting multiple scle-
rosis compared to age-matched controls.?*?' The changes in
Tregs numbers and function found in Alzheimer’s disease,
Parkinson’s disease, and multiple sclerosis support the theory
that dysfunction of the Treg population might be attributed to
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age-related involution of the thymus and subsequent decline
in naive Tregs and compensatory increase in memory Tregs.
Our hypothesis for the role of Tregs in AMD pathogenesis
was based on the idea that since the retina is a highly dif-
ferentiated neuro-ectodermal tissue related to the central
nervous system, changes in Tregs, similar to those found in
neurodegenerative diseases, could lead to dysregulation of
the immune system, causing overactivation of inflammatory
processes in the retina.

Our findings do not show systemic alterations of Tregs
in neovascular AMD, a finding that does not rule out a
local ocular role of Tregs in AMD pathogenesis. However,
studying Tregs is complicated by the challenge of identify-
ing the “true” population of Tregs. The concept of Tregs
was coined more than 30 years ago, when thymectomy
in mice was discovered to lead to autoimmune diseases,
and was confirmed when mice were selectively depleted
of T cells with the surface markers CD4 and CD25 (the
alpha unit of the [IL-2] receptor).? In humans, however,
these surface markers are not specific for Tregs alone.
Peripheral blood contains up to 30% CD4*CD25* T cells,
but only the 1%—2% cells with the highest CD25 expression
have suppressive capabilities; the rest therefore cannot be
considered regulatory. This led to the term CD4*CD25"eh
Tregs signifying the identification of Tregs by a high CD25
expression. The problem with this identification method
is that a population of CD4" T cells display a continuum
of CD25 expression (Figure 1C), making the boundary
between CD25"eh and CD25"" highly arbitrary. A bet-
ter marker was needed. The transcription factor FoxP3
was discovered to be essential for Tregs differentiation
and function, and it was deemed the master regulator of
Tregs.!! With FoxP3 being an intracellular marker, the
need for a Treg-specific surface marker led to the discovery
of the IL-7-receptor alpha unit, CD127, which by lack of
surface expression identifies around 90% of FoxP3 Tregs
in peripheral blood when combined with CD25"¢" expres-
sion.”? T cells identified as CD4*, CD25"¢", and CD127'"v
have excellent suppressive capabilities, which is why we
found this method of identification useful for this study.'
It should be noted, however, that both FoxP3 and CD25heh-
CD127"% CD4" T cells fail to exclude a non-regulatory
population of unknown size."" The search for the perfect
combination of Treg markers continues, and when found, a
consensus for the identification of Tregs will be a quantum
leap for Treg research by allowing the comparison of results
from different studies. These challenges make comparisons

and conclusions from different studies using different cell
type nomenclature difficult.

Our study has several strengths. The diagnosis was
established using detailed imaging, enabling us to exclude
control individuals with subretinal pathology suggestive of
AMD. In addition, blood samples were carefully collected
within a timespan of 3 hours, and flow cytometry was per-
formed no more than 5 hours after venipuncture. Our exclu-
sion criteria eliminated systemic inflammation as a source
of potential bias, making the case and the control groups
very comparable, but may also have made the sample less
representable of AMD patients, as some AMD patients, like
many aged individuals, have chronic diseases with systemic
inflammation.

Despite our efforts to age-match case and control
subjects, case subjects were significantly older than con-
trol subjects. This affects the validity of our findings, as
aging affects the composition of the Tregs population.!®!8
Therefore, the possibility exists that there are changes in the
Treg population associated with neovascular AMD, which
our study has been unable to detect. Better age-matching
and a larger sample size are needed to fully answer the
question.

Conclusion

We did not find any association between AMD and Tregs in
peripheral blood. Since we studied systemic changes, local
ocular changes involving Tregs cannot be ruled out.
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