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PURPOSE. To test the hypothesis that retinal pericytes (RPCs)
are immunosuppressive; therefore, their loss of function under
hyperglycemic conditions favors retinal inflammation and con-
tributes to the pathogenesis of diabetic retinopathy (DR).

METHODS. Isolated mouse and human RPCs were tested in T
cell function assays to evaluate their capability of inhibiting T
cell responses. To elucidate the underlying mechanisms, trans-
well systems, blocking mAbs against PD-L1 and IL-10 were
used. The efficacy of RPCs in protecting retinal endothelial
cells (RECs) from inflammation-induced apoptosis was as-
sessed by apoptosis detection staining. Finally, to test whether
hyperglycemic conditions impair the immunomodulatory ac-
tivity of RPCs, RPCs pre-incubated in high glucose or methyl-
glyoxal (MGO) were evaluated using the T cell proliferation
assays.

RESULTS. RPCs profoundly inhibited activated T cell prolifera-
tion and inflammatory cytokine production. The T cell inhibi-
tory activity of RPCs was decreased, but was not abolished, in
transwell experiments. RPCs express PD-L1, and blocking
PD-L1 reduced RPCs’ efficacy of T cell inhibition. RPCs also
produce IL-10, and neutralization of IL-10 reduced their immu-
nosuppressive activity. There were significantly reduced num-
bers of inflammation-induced apoptosis-detected RECs in the
presence of RPCs. Incubation of RPCs with either high glucose
or MGO reduced the activity of RPCs to inhibit activated T cell
proliferation.

CONCLUSIONS. RPCs are highly immunosuppressive and they
protected RECs from inflammation-mediated apoptosis. Hyper-
glycemic conditions impaired the T cell inhibitory activity of
RPCs. These results reveal a new function of RPCs, and its
regulation under hyperglycemic conditions. This may repre-
sent a novel mechanism by which RPCs contribute to preser-
vation of retinal integrity in diseases, including DR. (Invest
Ophthalmol Vis Sci. 2011;52:9005–9010) DOI:10.1167/iovs.11-
8008

Pericytes are critical for maintaining vessel stability and
controlling endothelial cell proliferation.1,2 The retina has

the most abundant pericyte density in the entire body.3 The

loss of retinal pericytes (RPCs) is considered a hallmark of
early-stage diabetic retinopathy (DR) in patients and animal
studies.4 Although mice lacking pericytes die as a result of
microvascular leakage and hemorrhage,5,6 mice with reduced
numbers of pericytes developed microvascular lesions consis-
tent with DR.7 Despite all these intriguing discoveries, the
underlying mechanism by which RPCs contribute to retinal
health and integrity remains poorly understood.

Inflammation increases vascular permeability and induces
edema, tissue destruction, and neovascularization, features
shared by DR.8,9 Inflammation has been implicated in the
pathogenesis of DR.10 In retina/vitreous of patients/animals
with retinopathy, levels of inflammatory cytokines (e.g., IFN-�
and TNF-�) are increased,11,12 levels of adhesion molecules
(e.g., ICAM-1) that facilitate attachment and infiltration of leu-
kocytes are increased,13 and activated monocytes and granulo-
cytes are identified.14 All of this mounting evidence suggests
that inflammation and the immune system are integrally in-
volved in the development of DR.

In this report, using isolated human and mouse RPCs, we
demonstrated, for the first time, that RPCs are immunosuppres-
sive. These cells profoundly inhibited T cell proliferation and
reduced inflammatory cytokine production. Both the cell sur-
face proteins and released soluble factors were integrally in-
volved in the process. Incubation with high glucose or meth-
ylglyoxal (MGO) significantly impaired the T cell inhibitory
activity of RPCs, suggesting that loss of the immunosuppressive
activity of RPCs under chronic hyperglycemic conditions could
contribute to retinal inflammation and the development of DR.

MATERIALS AND METHODS

Human and Mouse RPC Isolation

Mouse RPCs and retinal endothelial cells (RECs) were isolated from
genetically engineered mice (Immortomice; Charles River Laborato-
ries, Wilmington, MA) expressing a temperature-sensitive simian virus
(SV) 40 large T antigen (Charles River Laboratories), and characterized
as previously described by Scheef et al.15 and Su et al.16 Human RPCs
were isolated from eyes of one nondiabetic donor (45 years of age;
Cleveland Eye Bank) and characterized as previously described by
Miller et al.17

T Cell Proliferation Assays

A conventional carboxyfluorescein succinimidyl ester (CFSE)– based
T cell proliferation assay was used to test the T cell inhibitory
activity of RPCs using previously described methods, with minor
modifications.18 For mouse-activated T cell proliferation assays,
naive C57BL/6 mouse spleen cells were first labeled by incubating
them with 0.3 �M of CFSE (Invitrogen, Carlsbad, CA) at 37°C for 8
minutes. After washing, 2.0 �g/mL of anti-CD3 mAb (BD Biosci-
ences, San Jose, CA) was added to the CFSE-labeled spleen cells to
activate T cells. The CFSE-labeled, anti-CD3 mAb-activated cells
were then aliquoted into wells of a 96-well plate at a concentration
of 0.4 � 106 cells/well, and incubated with different numbers of
RPCs (RPCs/T cell ratio: 0, 1:10, 1:20, 1:40, and 1:80) in triplicate.
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After 3 days of incubation, T cell proliferation was assessed by
measuring CFSE dilution using flow cytometry, gating on CD4� T
cells, and by checking under a microscope the numbers and sizes of
cell clusters formed by the proliferating cells. The human-activated

T cell proliferation assays were performed in a similar fashion. In
brief, T cells in freshly prepared human peripheral blood mononu-
clear cells (PBMCs; Stem Cell Facility at Case Western Reserve
University, Cleveland, OH) were activated by incubation with anti-

FIGURE 1. Mouse RPCs inhibit mouse
T cell responses. (A) Mouse RPCs inhib-
ited activated mouse T cell proliferation
as assessed under a microscope (arrows:
clusters formed from proliferating T
cells). Splenocytes from naive C57BL/6
mice were labeled with CFSE and incu-
bated with different numbers of RPCs
in the presence of 2 �g/mL anti-CD3 IgG
to activate T cells. Representative images
were taken under a microscope. (B)
Mouse RPCs inhibited activated mouse
T cell proliferation as assessed by flow
cytometry. Cells from the above-de-
scribed cocultures were analyzed by
flow cytometry, gating on CD4� T
cells. Numbers indicate percentages
of proliferated T cells. (C) Mouse
RPCs inhibited production of in-
flammatory cytokines. Supernatants
from the above-described cocul-
tures were analyzed by standard
IFN-� and TNF-� ELISAs.
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CD3/CD28 polystyrene spherical beads (Dynabeads; Invitrogen)
following the manufacturer’s provided protocols. After 96 hours of
incubation, the cells were analyzed by flow cytometry, gating on
CD4� T cells. For PD-L1 (programmed death ligand 1) blocking
experiments, 5 �g/mL of a function-neutralizing anti–PD-L1 mAb
(sodium azide–free, clone MIH5; eBioscience, Inc., San Diego, CA)
or its isotype control was added into the cocultures; for IL-10
neutralization experiments, 2 �g/mL of a function-neutralizing anti–
IL-10 mAb (sodium azide–free, clone JES5-16E3; eBioscience) or its
isotype control was used.

PD-L1 Expression Assays

Mouse RPC (1 � 105) were incubated without and with different
stimuli (100 ng/mL IFN-�, 300 ng/mL IL-6, 300 ng/mL IL-17, or 500
ng/mL lipopolysaccharide [LPS]) for 24 hours at 37°C, then the ex-
pression levels of PD-L1 were assessed by flow cytometry.

IFN-�, TNF-�, and IL-10 ELISAs

Concentrations of IFN-�, TNF-�, and IL-10 in the culture superna-
tants were measured by standard ELISAs using respective ELISA kits
(BD Biosciences), following the manufacturer’s provided protocols.

REC Apoptosis Assay

Murine RECs16 were cultured in wells of a 24-well plate (1 � 105/well).
In each well, a culture insert (0.4 �M pore size; BD Biosciences)
containing anti-CD3–activated T cells (4 � 106/well) and different
numbers of murine RPCs were cocultured with the RECs in wells of a
24-well plate. After 48 hours, the RECs at the bottom of the wells were
stained using an apoptosis detection kit (Annexin V; BD Biosciences)
and analyzed by flow cytometry following the manufacturer’s provided
protocol.

Glycation of RPCs

RPCs were cultured in complete Dulbecco’s modified Eagle’s medium
(DMEM) with low or high glucose (5 or 30 mM, respectively; Invitro-
gen) for a week with daily medium changes, or pre-incubated with 50
�M of MGO in complete DMEM for 16 hours at 37°C. After being
washed, the T cell inhibitory activity of these cells was assessed in the
same T cell proliferation assays as described earlier.

Statistical Analysis

All experiments were repeated at least twice with similar results.
The data were analyzed using an independent t-test. Probability
values of 0.05 were considered to be significant.

RESULTS

RPCs Inhibit T Cell Responses

To test whether mouse RPCs inhibit T cell responses, we
cocultured different numbers of mouse RPCs with anti-CD3
mAb-stimulated T cells, then assessed T cell proliferation by
analyzing the proliferating T cell–formed clusters directly un-
der a microscope, and by measuring CFSE dilution using a flow
cytometer. Microscopic analysis (Fig. 1A) showed that RPCs
inhibit T cell proliferation in a dose-dependent manner. At a
ratio of 1:10, RPCs almost completely inhibited T cell prolifer-
ation, as indicated by the sizes and numbers of the formed cell
clusters. The inhibitory effects of RPCs weaned down at the
ratio of 1:80, at which the size and numbers of activated T cell
clusters were comparable to those of controls. Flow cytometry
analysis of CFSE-labeled T cells showed the same pattern:
compared with 60.9% proliferating T cells in cultures without
RPCs, the number was reduced to 15% when RPCs were

FIGURE 2. Human RPCs inhibit both human (A) and mouse (B) T cell
response. Isolated primary human RPCs were tested in similar CFSE-
based T cell proliferating assays as described above. For human T cell
proliferation assays, T cells in the freshly prepared human PBMC were
activated by anti-CD3/CD28 polystyrene spherical beads following the
manufacturer’s provided protocol, and incubated with different num-
bers of RPCs for 96 hours. Cells from the above-described cocultures
were analyzed by flow cytometry, gating on CD4� T cells. Effects of
human RPCs on mouse T cells were assessed following the same
protocol described above. Numbers indicate percentages of prolifer-
ated T cells. Results are representative from three independent exper-
iments performed in duplicate.

FIGURE 3. Both cell–cell contact and soluble factors are involved in
RPC-mediated T cell inhibition. The same CFSE-based T cell prolifera-
tion assays were performed, except that RPCs were cultured in the
inserts, physically separated from the activated T cells in the bottom
wells. After 3 days of culture, T cell proliferation was assessed by flow
cytometry. Results are representative from three independent experi-
ments performed in duplicate.
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cocultured with T cells at a ratio of 1:10, 34.1% at a ratio of
1:20, 41.9% at a ratio of 1:40, and 53.6% at a ratio of 1:80 (Fig.
1B). In accordance with these results, ELISA experiments
showed that levels of IFN-� and TNF-� in the culture superna-
tants were significantly reduced in the presence of RPCs in a
dose-dependent manner (Fig. 1C). To verify that human RPCs
have the same T cell inhibitory activity as that of mouse RPCs,
we repeated the same T cell proliferation assays using isolated
primary human RPCs. These assays showed that human RPCs
inhibited both human (Fig. 2A) and mouse (Fig. 2B) activated
T cell proliferation. In light of this result, we kept using mouse
RPCs in the following studies to explore the potential under-
lying mechanisms.

T Cell Inhibitory Activity of RPCs Requires Both
Cell Surface Molecules and Soluble Factors

We next tried to explore the mechanisms by which RPCs
inhibit T cell proliferation using a transwell system. We cul-
tured RPCs in inserts (0.4 �M pore size; BD Biosciences) and
had the activated T cells in the lower wells, in which direct
cell–cell contact is not allowed, but soluble factors can be
freely exchanged. These assays (Fig. 3) showed that the activity
of RPCs to inhibit T cells was reduced without direct cell–cell
contact (7.5% vs. 26.3% at the ratio of 1:10; 18.7% vs. 34.8% at
the ratio of 1:20), but was not abolished (48.9% when no RPCs
were present), indicating that both cell surface molecules and
soluble factors produced by RPCs are required for efficient T
cell inhibition.

Because PD-L1 has been implicated in the immunosuppres-
sive activity of many cells, we examined whether RPCs express
PD-L1. Flow cytometry analysis showed that RPCs constitu-
tively express PD-L1 on the cell surface (Fig. 4A). To test the
effects of inflammatory stimuli on PD-L1 expression in RPCs,
we treated RPCs with IL-6, IL-17, LPS, or IFN-� for 24 hours and
compared the levels of PD-L1 again by flow cytometry. These
assays showed that at the time of detection, IL-6, IL-17, and LPS
had no significant effect on PD-L1 levels on RPCs, whereas
IFN-� upregulated PD-L1 expression (Fig. 4B). To test the role
of PD-L1 in the T cell inhibitory activity of RPCs, we repeated
the T cell proliferation assays after blocking the function of
PD-L1 using its neutralizing mAb. These assays (Fig. 4C)
showed that at ratios of 1:20 and 1:40, blocking PD-L1 reduces
the efficacy of T cell inhibition, indicating that PD-L1 is at least
one of the cell surface molecules responsible for the T cell
inhibitory activity of RPCs.

To begin to determine the potential soluble factors that
are involved in the T cell inhibitory activity of RPCs, we
examined whether IL-10, a potent immunosuppressive cyto-
kine, is produced by the RPCs using standard ELISA. These
assays showed that IL-10 is produced by RPCs (Fig. 5A). We

FIGURE 4. Role of PD-L1 in RPC-mediated T cell inhibition. (A) RPCs
express PD-L1. RPCs (0.5 � 106) were stained with 5 �g/mL PE-labeled
anti-PD-L1 IgG or matched isotype control, then analyzed by flow
cytometry. (B) PD-L1 on RPCs is upregulated by IFN-�. RPCs (1 �
105/mL) were incubated without and with IL-6, IL-17, LPS, or IFN-� for
24 hours. After washing, levels of PD-L1 were assessed by flow cytom-
etry (dotted line, isotype control; dashed line, without treatment; thin
line, with stimuli). (C) Blocking PD-L1 activity reduces the efficacy of
RPCs in inhibiting T cells. The same CFSE-based T cell proliferation
assays were performed using activated T cells and different numbers of
RPCs in the presence of 5 �g/mL anti-PD-L1 IgG or isotype controls
(azide free).

FIGURE 5. Role of IL-10 in RPC-mediated T cell inhibition. (A) RPCs produced IL-10 in interaction with
activated T cells. Supernatants were collected from cultures of 0.6 � 106 splenocytes, 0.6 � 105 RPCs, and
cocultures of 0.6 � 106 splenocytes and 0.6 � 105 RPCs; then IL-10 levels were measured using standard
ELISA. (B) Blocking IL-10 activity reduced the efficacy of RPCs in inhibiting T cells. The same CFSE-based
T cell proliferation assays were performed using activated T cells and different numbers of RPCs in the
presence of 2 �g/mL anti-IL-10 IgG or isotype controls (azide free). Results are representative of three
independent experiments performed in duplicate. Data are mean value � SD; *P � 0.01.
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then repeated the T cell inhibition assays in the presence of
an IL-10 neutralization mAb. These assays (Fig. 5B) showed
that blocking the activity of IL-10 significantly allowed T cell
proliferation in the presence of RPCs, indicating that IL-10 is
an important soluble factor that contributes to the T cell
inhibitory activity of RPCs.

RPCs Protect RECs from
Inflammation-Induced Apoptosis

To determine whether RPCs protect RECs from inflammation-
induced injury, we cultured RECs with culture inserts contain-
ing activated T cells and different numbers of RPCs, and as-
sessed REC apoptosis by detection staining (Annexin V). These
assays (Fig. 6) showed that activated T cells induce apoptosis of
RECs, and that RPCs protect RECs from the T cell–mediated
attack in a dose-dependent manner.

Hyperglycemia Impairs the T Cell Inhibitory
Activity of RPCs

We finally tested whether hyperglycemia or glycating condi-
tions could impair the T cell inhibitory activity of RPCs. We
cultured RPCs in medium containing both low and high con-
centrations of glucose for 7 days (with daily medium changes),
then assessed their efficacies in inhibiting T cell proliferation.
These assays showed that high-glucose culturing conditions
reduced the T cell inhibitory activity of RPCs by 20.9%,
30.2%, and 11.0% at ratios of 1:10, 1:20, and 1:40, respec-
tively (Fig. 7A). We next pre-incubated RPCs with 50 �M
MGO in complete media for 16 hours at 37°C, then repeated
the T cell proliferation assays. These studies (Fig. 7B)
showed that compared with 4.4%, 6.5%, and 22.5% prolifer-
ating T cells at different ratio settings, pre-incubating RPCs
with 50 �M MGO resulted in 14.7%, 29.5%, and 41.6% of
proliferating T cells. These data indicate that glycating con-
ditions found in diabetic patients can significantly impair the
T cell inhibitory activity of RPCs.

DISCUSSION

Here we demonstrated, for the first time, that RPCs are highly
immunosuppressive. RPCs inhibited T cell responses through
both cell surface molecules including PD-L1, and through sol-
uble factors including IL-10. RPCs protected RECs from inflam-
mation-mediated attack, and hyperglycemic conditions signifi-
cantly impaired the T cell inhibitory activity of RPCs.

The eye is an immunoprivileged organ. In addition to the
physical blood–retinal barrier, there are other mechanisms by
which ocular inflammation is controlled to preserve vision,
which is usually vital for host survival. One of the mechanisms

is that local retinal cells, including retinal pigmented epithelial
cells (RPEs), are able to inhibit immune responses.19,20 The
result that RPCs are highly immunosuppressive suggests that in
addition to RPEs, RPCs could also contribute to the immuno-
privileged status of the eye under normal conditions.

The loss of RPCs, which is the extreme of the loss of their
function, is considered a hallmark of early-stage DR.4,21 Al-

FIGURE 6. RPCs protect RECs from activated T cell–induced apoptosis. Mouse RECs were cultured in wells of a
24-well plate (5 � 105 per well), together with a culture insert containing 4 � 106 of anti-CD3–activated T cells and
different numbers of RPCs. RPCs cultured alone and cultured with quiescent T cells were included as controls. In
48 hours, apoptosis of the RECs was assessed by apoptosis detection kit staining. Representative results of two
individual experiments are shown.

FIGURE 7. Hyperglycemic conditions impair the efficacy of RPCs in
inhibiting T cells. (A) RPCs were cultured in complete DMEM medium
with low (5 mM) and high (30 mM) glucose for 7 days, with daily
medium changes, and then tested in the CFSE-based T cell proliferation
assays. (B) RPCs were pre-incubated with 50 �M MGO in complete
DMEM medium for 16 hours and then tested in the same T cell
proliferation assays. Results are representative from three independent
experiments performed in duplicate. Data are mean value � SD.
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though pericytes have been shown to be critical in maintaining
the integrity of blood vessels, the underlying mechanisms by
which RPCs contribute to DR are poorly understood. Mounting
evidence suggests that inflammation is integrally involved in
the development of DR.10 The result that RPCs protect RECs
from inflammation-induced apoptosis suggests a novel mecha-
nism by which RPCs might preserve the retinal vasculature in
DR. Hyperglycemic conditions in patients and animals contrib-
ute to the pathogenesis of DR; in addition, MGO formed under
hyperglycemic conditions behaves as an advanced glycation
end product (AGE) precursor, which forms adducts on pro-
teins and inhibits normal protein functions. The results that
MGO glycation or hyperglycemia impairs the immunosuppres-
sive activity of RPCs suggest an association between the novel
immunoregulatory role of RPCs and the development of DR.
Based on these insights, we propose that under physiological
conditions, RPCs inhibit immune responses by direct cell–cell
contact and by releasing immunosuppressive factors including
IL-10, which contribute to the immunoprivileged status of the
eye. In diabetic patients, hyperglycemic conditions impair
the immunosuppressive activity of RPCs, perhaps indepen-
dent of RPC death, which contributes to chronic, undercon-
trolled inflammation in the retina and, eventually, the devel-
opment of DR.
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