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Immune aging results in progressive loss of both protective immunity and T cell-mediated suppression, thereby
conferring susceptibility to a combination of immunodeficiency and chronic inflammatory disease. Here, we determined

that older individuals fail to generate immunosuppressive CD8*CCR7* Tregs, a defect that is even more pronounced in

the age-related vasculitic syndrome giant cell arteritis. In young, healthy individuals, CD8*CCR7* Tregs are localized in T
cell zones of secondary lymphoid organs, suppress activation and expansion of CD4 T cells by inhibiting the
phosphorylation of membrane-proximal signaling molecules, and effectively inhibit proliferative expansion of CD4 T cells
in vitro and in vivo. We identified deficiency of NADPH oxidase 2 (NOX2) as the molecular underpinning of CD8 Treg
failure in the older individuals and in patients with giant cell arteritis. CD8 Tregs suppress by releasing exosomes that
carry preassembled NOX2 membrane clusters and are taken up by CD4 T cells. Overexpression of NOX2 in aged CD8
Tregs promptly restored suppressive function. Together, our data support NOX2 as a critical component of the
suppressive machinery of CD8 Tregs and suggest that repairing NOX2 deficiency in these cells may protect older
individuals from tissue-destructive inflammatory disease, such as large-vessel vasculitis.

Find the latest version:

https://jci.me/84181/pdf



http://www.jci.org
http://www.jci.org/126/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI84181
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/10?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/84181/pdf
https://jci.me/84181/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

NADPH oxidase deficiency underlies dysfunction

of aged CD8* Tregs

Zhenke Wen,' Yasuhiro Shimojima, Tsuyoshi Shirai,' Yinyin Li," Jihang Ju,’ Zhen Yang," Lu Tian,?

Jorg ). Goronzy," and Cornelia M. Weyand'

"Division of Immunology and Rheumatology, Department of Medicine, Stanford University, Stanford, California, USA. “Department of Biomedical Data Science,

Stanford University School of Medicine, Stanford, California, USA.

inflammatory disease, such as large-vessel vasculitis.

Introduction

The immune system has evolved to protect the host against patho-
gens and cancerous cells, while keeping tissue-damaging inflam-
mation at a minimum (1). Tregs serve the imperative role of damp-
ening and halting immune responses to prevent autoimmunity
and chronic inflammation (1-3). Conversely, excess Treg activity
weakens host protection against microorganisms and tumors
(2-5). Understanding the details of Treg-mediated suppression
may enable elegant immune-regulatory therapy, both in enhanc-
ing immunity and suppressing unwanted immune activity.

With progressive age, infections and autoimmune diseases
prominently contribute to morbidity, particularly in vulnera-
ble older humans, as both protective and regulatory immunity
undergo aging-induced decline (6-8). Aging may affect the rep-
ertoire, frequency, subset distribution, and functional activity of
Tregs (6, 9, 10). Tregs are developmentally and functionally het-
erogeneous and suppress through a variety of mechanisms (1, 5,
11). Enhancing antiinflammatory Treg activity with age could
enable therapeutic management of inflammaging, a condition
tightly linked to all-cause morbidity and mortality.

While CD4FoxP3* T cells are considered quintessential sup-
pressor cells, their CD8 counterparts offer several advantages for
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Immune aging results in progressive loss of both protective immunity and T cell-mediated suppression, thereby conferring
susceptibility to a combination of immunodeficiency and chronic inflammatory disease. Here, we determined that older
individuals fail to generate immunosuppressive CD8*CCR7* Tregs, a defect that is even more pronounced in the age-
related vasculitic syndrome giant cell arteritis. In young, healthy individuals, CD8*CCR7* Tregs are localized in T cell zones
of secondary lymphoid organs, suppress activation and expansion of CD4 T cells by inhibiting the phosphorylation of
membrane-proximal signaling molecules, and effectively inhibit proliferative expansion of CD4 T cells in vitro and in
vivo. We identified deficiency of NADPH oxidase 2 (NOX2) as the molecular underpinning of CD8 Treg failure in the older
individuals and in patients with giant cell arteritis. CD8 Tregs suppress by releasing exosomes that carry preassembled
NOX2 membrane clusters and are taken up by CD4 T cells. Overexpression of NOX2 in aged CD8 Tregs promptly restored
suppressive function. Together, our data support NOX2 as a critical component of the suppressive machinery of CD8
Tregs and suggest that repairing NOX2 deficiency in these cells may protect older individuals from tissue-destructive

therapeutic exploitation (12). CD4*FoxP3* cells rapidly invade but
insufficiently suppress peripheral inflammatory lesions (13). Con-
versely, CD8 Tregs interfere with immune responses in second-
ary lymphoid tissues (14, 15). CD8 Treg-mediated suppression
affects T follicular helper cell expansion, enhances antitumor
immunity, and curbs antiviral immune responses (16, 17). Adop-
tively transferred CD8 Tregs suppress collagen-induced arthritis
and attenuate graft-versus-host disease (18, 19). The therapeutic
exploitation of phenotypically and functionally diverse human
CD8 Tregs has been hampered by insufficient knowledge of their
mechanism of action (6, 20, 21).

Here, we have defined molecular mechanisms through which
human CD8 Tregs contribute to immune homeostasis and have
identified molecular defects underlying aging-related failure of
CD8 Tregs. Human CD8 Tregs expressed CCR7, sought out the
T cell zones of secondary lymphoid organs, and inhibited expan-
sion of the CD4 T cell compartment. Their suppressive function
relies on NADPH oxidase 2-derived (NOX2-derived) ROS. Upon
activation, CD8 Tregs assembled bulky NOX2 membrane clusters
and released NOX2-containing microvesicles. Once absorbed by
contacting CD4 T cells, NOX2-derived ROS abrogates phospho-
rylation of the upstream signaling molecules ZAP70 and linker
of activated T cells (LAT). CD8 Tregs from older donors, particu-
larly those with the inflammatory vasculopathy giant cell arteritis
(GCA), failed to upregulate NOX2, and NOX2 overexpression was
sufficient to rescue their suppressive function. Implicating NOX2
in controlling T cell homeostasis and inflammaging defines the
oxidase as a critical immune regulator and identifies a druggable
target to correct uncontrolled inflammation in older individuals.
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Figure 1. CD8 Tregs express CCR7, home to secondary lymphoid tissues, and suppress CD4 T cell activation. (A) Expression of FoxP3 and CCR7 was
analyzed within gated peripheral blood CD8 T cells. One representative dot blot from 7 healthy donors. (B) Frozen sections from human tonsils were
stained with mouse anti-human FoxP3 and rabbit anti-human CD8 antibodies. CD8 T cells were visualized with Alexa Fluor 488 fluorescence-labeled
goat anti-rabbit antibodies. FoxP3 was detected with peroxidase-labeled goat anti-mouse antibodies. Merged images demonstrate CD8*FoxP3* T cells in
T cell-rich zones. Images are representative for 4 different tissues. Scale bar: 20 pm. (C-G) CD8 Tregs were isolated directly from PBMCs or generated ex
vivo. Noncultured, fresh CD8 T cells served as controls. Naive CD4 T cells were mixed with CD8 T cells (1:1 ratio) and activated with anti-CD3/CD28 beads.
(C) pZAP70 in CD4 T cells was measured by flow cytometry. A representative example of pZAP70 expression after 5 minutes of stimulation in the presence
and absence of CD8 Tregs. (D) Frequencies of pZAP70* CD4 T cells were monitored over a time span of 30 minutes following activation. Results are shown
as mean + SD from 4 independent experiments. (E) Frequencies of pZAP70* CD4 T cells were measured after 5 minutes of stimulation in 19 independent
experiments (mean + SD). (F) CD4 T cells were mixed with CD8 Tregs at different ratios, and pZAP70 in CD4 T cells was measured by flow cytometry. Date
are mean + SD from 4 independent experiments. (G) CD8*CD39*CD26" Tregs were sorted from peripheral blood and immediately tested for suppressive
function by mixing them with CD4 T cells. Percentages of pZAP70* CD4 T cells (mean + SD) were measured by flow cytometry in 3 independent experi-

ments. Unpaired 2-tailed Student’s t test was used for comparisons.

Results

CD8 Tregs localize to secondary lymphoid organs and suppress CD4
T cell activation. To understand how CD8 Tregs affect immunity
in humans, we traced CD8'FoxP3* T cells in the blood, in ton-
sils, in lymph nodes, and in inflammatory infiltrates. Circulating
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CD8'FoxP3* T cells accounted for 0.9% * 0.6% of peripheral
mononuclear cells (PBMCs) (n = 8 healthy donors) and expressed
the lymphoid homing receptor CCR7 (Figure 1A). In human ton-
sils and lymph nodes, CD8"FoxP3* localized to the T cell-rich
zones surrounding germinal centers (Figure 1B and Supplemental
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Figure 2. CD8 Tregs regulate CD4 T cell expansion in vitro and in vivo. (A) CD8 Tregs form an immune synapse when contacting CD4 T cells. CD8 Tregs
were labeled with CellTracker Red, mixed with naive CD4 T cells (1:1 ratio), and stimulated with anti-CD3/CD28 beads. Cells were fixed, permeabilized,
stained with Alexa Fluor 488-labeled anti-CD3 antibody, and analyzed by microscopy. Two representative samples are shown. Scale bar: 5 um. (B and C)
The suppressive effect of CD8 Tregs is long lasting. Naive CD4 T cells were CFSE labeled and incubated with or without CD8 Tregs (1:1 ratio) for 30 minutes.
CD8 Tregs were removed with magnetic beads, CD4 T cells were stimulated with anti-CD3/CD28 beads for 4 days, and proliferation was analyzed by
assessing CFSE dilution with flow cytometry. Data are mean + SD from 3 independent experiments. (D-F) CD8 Tregs were adoptively transferred into NSG
mice that were reconstituted with naive CD4 T cells and monocytes. Proliferative expansion of CD4 T cells was quantified after 9 days by enumerating

the frequency and number of human CD4 T cells in the murine spleen by flow cytometry. CD4 and CD8 T cells were derived from the same human donor.
Results from 5 independent experiments examining 5 different donors are shown as mean + SD. (G-1) NSG mice were reconstituted with CD4 T cells,
monocytes, and CD8 Tregs, as above. CD4 T cells were CFSE labeled prior to the transfer. Proliferation of CD4 T cells was assessed by flow cytometric analy-
sis of CFSE dilution in splenocytes harvested after 9 days. A representative CFSE dilution curve is shown, and results from 5 independent experiments are
summarized as mean * SD of division index and proliferation index. Unpaired 2-tailed Student’s t test was used for comparisons.

Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JCI84181DS1) but were explicitly infrequent in
inflammatory synovitis and essentially undetectable in the tissue
lesions of GCA (data not shown).

To characterize their mechanism of action, suppressive
kinetics of ex vivo-generated CD8*CCR7* Tregs (22) were ana-
lyzed. CD8 Tregs effectively prevented ZAP70 phosphorylation
(pZAP70) in neighboring CD4 T cells that were undergoing T cell
receptor-mediated (TCR-mediated) activation (Figure 1, C and
D). Suppression was fast, reaching maximal effect within 5 min-
utes. About 60% of TCR-dependent pZAP70 was sensitive to sup-

pression (Figure 1E). In contrast, freshly purified CD8 T cells could
not inhibit activation of CD4 T cells (Figure 1, D and E). Suppres-
sive activity was maintained even when one CD8 Treg was mixed
with 8 CD4 target cells (Figure 1F), suggesting that one Treg may
interact with several CD4 T cells.

To test whether naturally occurring CD8'CCR7FoxP3* cells
share suppressive function with ex vivo-induced CD8*CCR7*
Tregs, we devised a strategy to sort CD8"'CCR7*FoxP3* cells
directly from the blood. Treg function has been associated with
expression of the ectonucleoside triphosphate diphosphohydro-
lase 1 (known as CD39) (23), which hydrolyzes ATP/ADP to AMP.
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Figure 3. The suppressive function of CD8 Tregs is deficient in older individuals. (A) CD8 Tregs induced from young (age < 30 yrs) and older (age > 60 yrs)
healthy individuals were tested for their ability to suppress pZAP70 in naive CD4 T cells 10 minutes after stimulation. Results are shown as mean + SD MF|
from 9 independent experiments. (B) CD8 Tregs generated from young and older subjects were mixed with CD4 T cells at increasing ratios. pZAP70 in CD4
T cells was analyzed by flow cytometry. Results are shown as mean + SD from 4 independent experiments. (C) CD8*CD39*CD26- Tregs were sorted from
peripheral blood and immediately assessed for their suppressive activity by mixing them at increasing ratios with CD4 T cells. pZAP70 in CD4 T cells was
measured after 10 minutes stimulation. Results are shown as mean + SD from 6 independent experiments. (D and E) NSG mice were reconstituted with
naive CD4 T cells, monocytes, and CD8 Tregs generated from young or older donors. Nine days later, expansion of CD4 T cells was quantified by enumerat-
ing the (D) frequency and (E) number of human CD4 T cells in the murine spleen. Results from 7 independent experiments are shown as box-and-whisker
plots. Boxes represent the 25th and 75th percentile, and lines within the boxes are medians. The 10th and 90th percentiles are shown as whiskers. (F-H)
CD4 T cells were labeled with CFSE prior to the transfer. Proliferation of CD4 T cells was assessed by flow cytometric analysis of CFSE dilution in spleno-
cytes harvested after 9 days. (F) A representative image is shown, and results from 6 independent experiments are summarized as box-and-whisker plots
of (G) division index and (H) proliferation index. Unpaired 2-tailed Student's t test was used for comparisons.

Since CD39 is also upregulated on activated cells, we searched
for additional markers expressed on CD8*FoxP3* cells. We con-
firmed that CD26, the adenosine deaminase complexing protein
2, was absent on CD8*FoxP3* cells (24). We therefore sorted CD8*
CD39*CD26" cells and tested them immediately for their suppres-
sive capacity (Figure 1G). Freshly isolated CD8*CD39*CD26" cells
were effective suppressor cells, comparable to ex vivo-induced
CD8'CCR7* Tregs.

CD8 Tregs suppress the proliferative turnover and expansion of
CD4 T cells. T-T cell suppression involved close membrane con-
tact between both partners. CD8 Tregs reorganized CD3 mole-
cules into an immune synapse at the CD8-CD4 interface (Figure
2A). Of interest, the CD4-CD8 Treg interaction had lasting con-
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sequences for CD4 T cells. After CD8 Tregs were removed, CD4
T cells did not recover for several days, and proliferative expan-
sion remained impaired (Figure 2, B and C), reaching only 50% to
60% of that in control cultures. Thus, the suppressive mechanism
of CD8 Tregs relies on an extremely early, membrane-proximal
event, targeting the TCR activation cascade upstream of ZAP70
with long-lasting effects.

To test in vivo functions of CD8 Tregs, NSG mice were recon-
stituted with naive human CD4 T cells and autologous CD8 Tregs
at a 1:1 ratio. In such NSG chimeras, human T cells form orga-
nized lymphoid structures in the murine spleen. On day 9 after
reconstitution, human CD4 T cells in the spleen amounted to
100 x103to 200 x 10% cells, but expansion of these cells was sup-
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pressed in mice that had also received CD8 Tregs. Cotransferred
CD8 T cells freshly isolated from PBMCs had no effect (Figure 2,
D-F). Proliferative behavior of CD4 T cells was directly assessed
by CFSE dilution assays (Figure 2, G-I). The division and prolif-
eration indices of CD4 T cells were strongly influenced by CD8
Tregs, which considerably slowed down the turnover of CD4
T cells in the host.

Defective suppressive activity of CD8 Tregs in aging individuals.
Older individuals are at risk for inflammaging, a process involv-
ing systemic inflammation and tissue-destructive inflammatory
disease. Inflammatory biomarkers steadily increase with pro-
gressing age and, in the oldest inflammatory cytokines, are excel-
lent predictors of death (25). Young (<30 years) and older healthy
individuals (>60 years) have similar frequencies of circulating
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CD8*CCR7*FoxP3" Tregs (Supplemental Figure 2). However, ex
vivo-generated CD8 Tregs from older donors are much less effi-
cient at suppressing CD4 T cell activation (Figure 3A), having lost
almost all of their suppressive ability. At a ratio of CD8 Tregs to
CD4 target cells of 1:4, old CD8 Tregs were about half as efficient
as young counterparts (Figure 3B). At a 1:8 ratio, old CD8 Tregs
were essentially unable to suppress. CD8'CD39*CD26™ cells
sorted out of the blood of young and older donors yielded similar
results (Figure 3C). Only high numbers of old CD8*CD39*CD26"
cells were able to inhibit the activation process in CD4 T cells.

To compare CD8 Tregs from young and older donors in vivo,
NSG mice were reconstituted with naive CD4 T cells plus CD8
Tregs from young or older donors. Numbers and proliferation of
human CD4 T cells within the murine spleen were measured on
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day 9 after reconstitution. CD4 T cells cotransferred with young
CD8 Tregs were minimally expanded but grew to a 4-fold larger
size if the accompanying CD8 Tregs derived from healthy older
individuals (Figure 3, D and E). Monitoring in vivo CD4 prolifer-
ation through CFSE dilution studies confirmed the difference in
suppressive capacity of young and old CD8 Tregs (Figure 3, F-H).
CD8 Tregs originating from older subjects had essentially lost the
ability to suppress CD4 T cell proliferation in vivo.

CD8 Tregs from older individuals are NOX2 deficient. Guided by
pilot experiments that demonstrated sensitivity of the suppressive
mechanism to ROS scavenging, we proceeded with targeted gene
expression profiling for ROS-generating enzymes in young and
old CD8 Tregs. These experiments identified NOX2 as a gene of
interest. CD8 Tregs expressed low levels of the NOX isoforms 1,
3, 4, and 5 and DUOX]1 and moderate levels of DUOX2, but they
expressed abundant concentrations of NOX2 transcripts (Figure
4A). Ex vivo CD8 Treg induction was accompanied by robust
NOX2 upregulation (Figure 4B), which was markedly higher in
CD8 Tregs from young individuals. To seek confirmation in vivo,
NOX2 expression on CD8*CCR7" Tregs in the peripheral blood of
young and older healthy subjects was compared. Frequencies of
NOX2-expressing CD8*CCR7* Tregs were notably low in the older
individuals (Figure 4, C and D), and expression intensity of NOX2
was reduced by more than 50% (Figure 4E). These data suggested
that NOX2 expression is a biomarker for CD8 Tregs.

To evaluate whether systemic inflammatory disease in older
individuals is reflected in CD8 Treg availability, we examined a
cohort of patients with GCA. GCA occurs exclusively in the 6th to
9th decade of life and manifests with an inflammatory attack on
medium and large arteries (26, 27). NOX2*CD8*CCR7" Tregs were
distinctly infrequent in patients with biopsy-proven GCA (Figure
4, C-E). Loss of NOX2"CD8 Tregs in patients with GCA was inde-
pendent of treatment; untreated and steroid-treated patients both
had the defect, and treatment-induced reversal of the systemic
inflammatory syndrome was insufficient to reverse the deficiency
for CD8*CCR7*NOX2* cells. To test whether CD8 Treg deficiency
is a feature of all inflammatory diseases, we recruited middle-aged
and older patients with psoriatic arthritis (PsA), an aggressive
inflammatory syndrome of the skin and the joints (28). Middle-
aged patients with PsA were able to generate NOX2-express-
ing CD8 Tregs, and patients with PsA over 60 years of age were
indistinguishable from healthy older individuals (Figure 4, C-E).
To explore whether the inability to generate NOX2'CD8 Tregs
is shared among all types of vasculitic syndromes, we examined
patients with small-vessel vasculitis (SVV). Frequencies of NOX2*
CD8 Tregs were age appropriate in patients with SVV. Overall,
young healthy individuals expressed NOX2 on 40% to 50% of
their CD8*CCR7* Tregs, healthy older donors expressed NOX2
on 23% of their CD8*CCR7* Tregs, middle-aged patients with PsA
expressed NOX2 on 45% of their CD8*CCR7" Tregs, older patients
with PsA expressed NOX2 on 26% of their CD8'CCR7* Tregs,
middle-aged patients with SVV expressed NOX2 on 46% of their
CD8*CCR7* Tregs, and patients with GCA expressed NOX2 on
only 6% of their CD8*CCR7* Tregs (Figure 4, C-E).

Thus, CD8 Treg functionality is closely correlated with the
induction of membrane NOX2. Poorly suppressive CD8 Tregs
derived from the older individuals are typically NOX2 deficient,
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and patients with GCA essentially lack NOX2" CD8 Tregs. This
loss of NOX2*CDS8 Tregs appears to be disease specific and not
solely a result of systemic inflammation.

CD8 Treg-mediated suppression requires ROS production and
NOX function. The superoxide-generating enzyme NOX2 is a
critical component of the microbicidal defense machinery in
phagocytes (29, 30), but it also mediates tissue damage by ROS
production. When loaded with oxidation-sensitive fluorogenic
probes, CD8 Tregs and nonsuppressive, freshly isolated CD8 T
cells could be clearly distinguished in that only CD8 Tregs were
able to produce high levels of intracellular ROS (Figure 5, A and
B). To examine whether ROS production has a direct impact on
their suppressive activity, CD8 Tregs were pretreated with the
SOD mimetic tempol. ROS scavenging effectively rescued CD4
responsiveness (Figure 5, C and D), directly implicating ROS gen-
eration in T-T cell suppression. ROS originate from different cel-
lular sources, with mitochondria and dedicated NADPH oxidases
being the major suppliers (31). Pretreatment with neither rotenone
nor mitoTEMPO rescued pZAP70 in the CD4 T cells (Figure 5, E
and F), eliminating mitochondrial ROS as a functional element in
the CD8-mediated suppressive machinery.

To test whether NADPH oxidase is critically important for
enabling CD8 Tregs to function as suppressor cells, CD8 Tregs
were pretreated with the NADPH oxidase inhibitor diphe-
nyleneiodonium (DPI). Disabling NOX-dependent ROS pro-
duction essentially depleted all suppressive activity (Figure 5G).
Functional NOX2 requires assembly of a hetero-oligomeric mem-
brane complex, which can be inhibited by gp91ds-tat peptide (32).
Pretreatment of CD8 Tregs with gp91ds-tat dampened suppressor
function (Figure 5H). Finally, reducing NOX2 expression via inter-
fering RNA was sufficient to significantly impair suppressive capa-
bility (Figure 5I), confirming NOX2 as a crucial effector in CD8
Treg-mediated suppression.

To understand how NOX2 contributes to the overall ROS pro-
duction in CD8 Tregs and whether other oxidases could possibly
be part of the suppressive mechanism, we compared ROS levels in
CDS8 Tregs following three interventions: shRNA-mediated NOX2
knockdown, treatment with DPI, or treatment with gp91ds-tat.
To mimic conditions in young versus old CD8 Tregs (Figure 4),
we aimed at reducing NOX2 transcript levels to about 50%. This
reduction of NOX2 transcripts translated into a decline of intracel-
lular ROS levels by 60% (Supplemental Figure 3). DPI pretreatment
was the most effective in lowering ROS levels (Supplemental Figure
4), eliminating 80% to 90% of ROS and abrogating the suppressive
activity to a similar degree. Almost all ROS generation in CD8 Tregs
that was sensitive to DPI was also sensitive to gp91ds-tat treatment,
identifying NOX2 as the major source of ROS production in these
cells (Supplemental Figure 4). We used a second readout parameter
to confirm that CD8 Treg-mediated suppression of CD4 T cell acti-
vationis ROS and NOX2 dependent (Figure 5,] and K). TCR trigger-
ing initiates LAT phosphorylation by the ZAP70 protein kinase, and
phosphorylated LAT functions as a docking site for the assembly of
multimolecular complexes in the TCR signaling cascade. Untreated
CD8 Tregs efficiently reduced LAT phosphorylation accumulation
in CD4 T cells. Suppression was impaired after pretreatment of
CD8 Tregs with either gp91ds or NOX2 knockdown. DPI pretreat-
ment essentially abrogated the inhibitory capacity of CD8 Tregs.
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Figure 5. CD8 Treg-mediated suppression requires ROS production and NOX2 function. (A and B) CD8 Tregs were loaded with oxidation-sensitive CellROX
and analyzed by flow cytometry to detect ROS levels. Fresh CD8 T cells from the same donor were used as controls. (A) Representative histograms and (B)

a summary of 5 independent experiments (mean + SD) are shown. (C and D) CD8 Tregs were pretreated with or without the ROS scavenger tempol, mixed
with naive CD4 T cells, and stimulated with anti-CD3/CD28 beads. pZAP70 in CD4 T cells was analyzed. (C) One representative dot blot and (D) results (mean
+ SD) from 3 independent experiments are shown. (E) CD8 Tregs were pretreated with the mitochondrial complex | inhibitor rotenone (ROT) or (F) the mito-
chondrial ROS scavenger mitoTEMPO (mito-Temp) and tested for their suppressive activity by mixing them with naive CD4 T cells and quantifying pZAP70
after anti-CD3/CD28 stimulation. Frequencies of pZAP70* CD4 T cells (mean + SD) in 5 independent experiments are shown. (G) CD8 Tregs were pretreated
with the NADPH oxidase inhibitor DPI or (H) gp91ds-tat, an inhibitor of the NADPH oxidase complex assembly, or (I) were transfected with NOX2 shRNA or
control shRNA. CD8 Tregs were tested for their suppressive activity in a CD4-CD8 coculture assay by quantifying pZAP70 in CD4 T cells. Results are from (G
and H) 4 and (1) 5 independent experiments and are presented as mean + SD. (J and K) CD8 Tregs were pretreated with DPI, gp91ds-tat, or NOX2 knockdown,
as above, and their suppressive activity was assessed in CD4-CD8 coculture assays. CD4 activation was quantified by measuring the phosphorylation of the
signaling molecule LAT. Results are from 3 independent experiments (mean + SD). Unpaired 2-tailed Student’s t test was used for comparisons.

To examine whether interfering with NOX function was effec-
tive in altering downstream effects of the CD8 Treg-CD4 T cell
interaction, we quantified proliferative expansion of CD4 T cells
4 days after contact with CD8 Tregs in a CFSE dilution assay (Sup-
plemental Figure 5). DPI-pretreated CD8 Tregs lost almost all of
their ability to stop CD4 T cells from clonal expansion. Prolifer-

ative potential was restored in CD4 T cells cocultured with CD8
Tregs pretreated with gp91ds-tat or NOX2 shRNA.

CD8 Tregs function by transferring NOX2 onto CD4 T cells.
Immunostaining for NOX2/gp91 revealed that resting and stim-
ulated CD4 T cells are essentially negative for NOX2 expression
(Figure 6A). In contrast, the oxidase is abundantly expressed in
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Figure 6. CD8 Tregs function by transferring NOX2 onto CD4 T cells. (A-C) Resting and activated CD8 Tregs, naive CD4 T cells, and freshly isolated total
CD8 T cells were stained with anti-NOX2/gp91phox. Antibody binding was visualized with Alexa Fluor 488-labeled anti-rabbit antibody. (A) Representa-
tive images are shown. Scale bar: 5 pm. (B) Activation of CD8 Tregs induces clustering of membrane NOX2. A minimum of 45 cells from each of 3 indepen-
dent experiments was analyzed for the frequency of CD8 Tregs with circumferential versus clustered NOX2 expression patterns. (C) Activation of CD8 Tregs
increases the intensity of membrane NOX2 expression. CD8 Tregs were stained with anti-NOX2/gp391phox antibodies before and after stimulation. Stain-
ing intensity is expressed as pixel numbers. Each dot represents the data from a single cell. Unpaired 2-tailed Student’s t test was used for comparisons.
(D) CD8 Tregs were stained with NOX2/gp91phox and subsequently cocultured with naive CD4 T cells (marked with CellTracker Red) for 60 minutes with
(anti-CD3/CD28 beads) or without stimulation. Live-cell imaging demonstrates NOX2/gp91phox on the CD8 Tregs distributed in membrane-integrated
clusters. Small clusters of NOX2/gp91phox were transferred to CD4 T cells, where they appeared as yellow dots (CellTracker Red overlaying green NOX2/
gp91phox). Transfer of NOX2/gp91phox requires activation of the CD8 Tregs. Representative images are from 3 independent experiments. Scale bar: 5 um.

the membranes of resting and activated CD8 Tregs (Figure 6A).
Stimulation resulted in a striking redistribution of membrane
NOX2. About 60% of resting CD8 Tregs had a circumferential
NOX2 expression pattern. Upon activation, CD8 Tregs orga-
nized NOX2 into membrane clusters (Figure 6, A and B). Activa-
tion-induced clustering of membrane-integrated NOX2 caused
a marked increase of staining intensity (Figure 6C). Membrane
NOX2 expression was an exclusive feature of CD8 Tregs and was
not shared by unselected resting and activated CD8 T cells (Fig-
ure 6A). To understand whether NOX is universally encountered
on Treg populations, we analyzed CD4*FoxP3" cells in healthy
individuals (Supplemental Figure 6). Only a small proportion
(10%-15%) of CD4 Tregs had a low signal for NOX2 expression,
identifying NOX2 as a CD8 Treg marker.

Live-cell imaging demonstrated the transport of NOX2 clus-
ters from CD8 Tregs to contacting CD4 T cells (Figure 6D). Mem-
brane-residing NOX2 in CD8 Tregs was stained with anti-NOX2/
gp91 antibody, and CD4 T cells were labeled with CellTracker
Red. TCR stimulation promptly induced NOX2 clustering and
transfer of NOX2-containing clusters from the CD8 Tregs to the

jci.org  Volume126  Number5  May 2016

CD4 T cells. Such transfer occurred only if the CD8 Tregs were
attached to stimulatory anti-CD3/CD28 beads (Figure 6D).

CD8 Tregs produce NOX2-containing exosomes. To elucidate
mechanisms underlying the shuffling of membrane NOX2 in
CD4 T cell-CD8 Treg communication, we monitored the evo-
lution of immune synapse formation (Figure 2A) between the
two partners. These experiments revealed a transfer of labeled
cell membrane originating from CD8 Tregs to contacting CD4
T cells. We consistently observed small fragments of green
PKH67 (used to label CD8 Tregs) on CellTracker Red-labeled
CD4 T cells, creating a yellow signal (Figure 7A). In some
cases, larger green membrane fragments were moved from the
CD8 Tregs to the CD4 T cells (Figure 7A). The inverse event
of finding yellow membrane particles on the green CD8 Tregs
did not occur. Capture of membrane particles by CD4 T cells
was confirmed by flow cytometry (Figure 7B). CD4 T cells
incubated in the absence of CD8 Tregs were negative for mem-
brane-integrated PKH67, while coincubation of CD4 T cells and
PKH67-labeled CD8 Tregs consistently resulted in “chimeric”
CD4 T cells, carrying PKH67 stain (Figure 7B). Within 1 hour,
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Figure 7. CD4 T cells uptake NOX2-containing exosomes released by CD8 Tregs. (A) PKH67-labeled CD8 Tregs (green) and CellTracker Red-labeled naive
CD4 T cells (red) were mixed for 60 minutes. Transfer of PKH67-labeled membranes from CD8 Tregs into CD4 T cells (yellow) was observed by live-cell
microscopy. Scale bar: 5 um. (B) Uptake of PKH67-labeled membrane fragments by CD4 T cells was analyzed by flow cytometry. A representative histo-
gram of CD4 T cells that had or had not been in contact with PKH67-labeled CD8 Tregs cells is shown. (C) Frequencies of CD4 T cells that had taken up
PKH67-labeled membrane fragments from CD8 Tregs. Results are from 3 independent experiments (mean + SD). (D and E) Exosomes were isolated from
the supernatant of PKH67-labeled CD8 Tregs and added into the culture of naive CD4 T cells at the indicated ratios for 60 minutes. The frequency of CD4
T cells that had taken up PKH67-containing exosomes was determined by flow cytometry. Results are presented as mean + SD and are from 5 independent
experiments. (F and G) Exosomes isolated from the supernatant of CD8 Tregs were stained with anti-human NOX2/gp91phox antibody and analyzed by
flow cytometry. One representative image and results from 4 independent experiments (mean + SD) are shown. (H and I) CD8 Tregs and CD8 Treg-derived
exosomes were loaded with oxidation-sensitive fluorogens and analyzed by flow cytometry to detect ROS levels. Fresh CD8 T cells from the same donor
were used as controls. Representative histograms and a summary of 7 independent experiments (mean + SD) are shown. Unpaired 2-tailed Student’s t
test was used for comparisons.

almost 30% of the CD4 T cells had absorbed detectable PKH67  the supernatant of PKH67-labeled CD8 Tregs. Incubation of CD4
label from CD8 Tregs (Figure 7C). T cells with such exosomes at ratios of 1:250 and 1:2,500 was suf-

To explore whether only intact CD8 Tregs could transfer mem-  ficient to stably integrate exosomes into the recipient CD4 T cells.
brane to CD4 T cells, exosomes were produced and purified from  With the lower dose of exosomes, 8%-9% of CD4 T cells took up
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PKH67-containing membrane. Higher exosome doses rendered
15%-17% of CD4 T cells positive for a PKH67 signal (Figure 7, D and
E). Flow cytometry demonstrated that exosomes generated from
CD8 Tregs stained strongly positive for NOX2/gp91 and contained
high levels of ROS (Figure 7, F-I). In contrast, CD8 Treg-derived
exosomes lacked mitochondrial 12S rRNA (Supplemental Figure 7).

CD8 Treg-derived exosomes function through ROS production.
Functional activity of transferred exosomes was tested in sup-
pression assays using pZAP70 as a readout, as above (Figure 8, A
and B). Preincubation of CD4 T cells with CD8-derived exosomes
effectively inhibited pZAP70. CD8 Treg-derived exosomes sup-
pressed CD4 T cell activation in a dose-dependent manner (Fig-
ure 8B). Pretreatment of the CD8 Treg-derived exosomes with
the NOX inhibitor DPI abrogated CD4 T cell suppression (Figure
8C), whereas gp91lds-pretreated exosomes retained their inhib-
itory function (Figure 8D). Incubation of CD4 T cells with CD8
Treg-derived exosomes lead to a measurable increase of ROS lev-
els within the CD4 T cells (Supplemental Figure 8)

To examine whether CD8 Tregs actively released exosomes,
the membrane transport inhibitor brefeldin A was added to the
cells (refs. 33, 34, and Figure 8E). Brefeldin A-treated CD8 Tregs
could no longer inhibit the TCR signaling cascade in CD4 T cells.

In essence, CD8 Tregs function by transferring exosomes to
neighboring T cells, which effectively disrupts the TCR-depen-
dent signaling cascade.

jci.org  Volume126  Number5  May 2016

Forced overexpression of NOX2 rescues the suppressive activity of
CDS8 Tregs. If NOX2 deficiency is the primary defect of CD8 Tregs
from older individuals, then modulating enzyme expression could
be developed into a druggable approach for inflammaging. Trans-
fection of old CD8 Tregs with a NOX2 expression vector corrected
the low surface expression (Figure 9, A and B) and forced over-
expression. Restoring NOX2 surface expression was sufficient to
rescue the suppressive activity of age-impaired CD8 Tregs (Figure
9C). In 10 independent experiments, forced NOX2 overexpres-
sion repaired the suppressive capacity of old CD8 Tregs, render-
ing them equally effective as CD8 Tregs generated from the young
(Figure 1E and Figure 9C).

To determine whether upregulation of NOX2 was sufficient
to rebuild the regulatory function of CD8 Tregs in vivo, NOX2-
transfected CD8 Tregs originating from older subjects were adop-
tively transferred into chimeric mice reconstituted with CD4 T
cells. Expansion of CD4 T cells in the murine spleen was effec-
tively suppressed by the NOX2-transfected Tregs (Figure 9, D and
E), and homeostatic proliferation of CD4 T cells was effectively
inhibited in the presence of NOX2-overexpressing CD8 Tregs
(Figure 9, F-H). NOX2 overexpression was sufficient to rescue
suppressive function, producing division and proliferation indices
encountered with highly efficient young CD8 Tregs (Figure 3, G
and H, and Figure 9, G and H). In essence, the in vivo and ex vivo
defects of old CD8 Tregs are correctable by enforcing sufficient
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Figure 9. Overexpression of NOX2 rescues the suppressive activity of old CD8 Tregs. CD8 Tregs were induced from older individuals and transfected with
a control or NOX2 expression vector. (A and B) Surface expression of NOX2 was evaluated 24 hours after transfection by flow cytometry. (A) One represen-
tative image and (B) results (mean + SD) from 3 independent experiments are shown. (C) CD8 Tregs transfected with NOX2 expression vector or a control
vector were analyzed for their suppressive function by mixing them with naive CD4 T cells and quantifying stimulation-induced pZAP70. Frequencies of
pZAP70* CD4 T cells (mean + SD) from 10 independent experiments are shown. (D and E) Old CD8 Tregs were transfected with a control or NOX2 expression
vector and tested for in vivo-suppressive activity by injecting them into NSG mice that had been reconstituted with naive CD4 T cells and monocytes. Nine
days after transfer, expansion of CD4 T cells was quantified by enumerating the frequency and total numbers of human CD4 T cells in the murine spleen.
Results are shown as mean + SD from 6 independent experiments. (F-H) Old transfected CD8 Tregs were examined for in vivo function, as above. CD4 T
cells were labeled with CFSE prior to the transfer. Proliferation of CD4 T cells was assessed by flow cytometric analysis of CFSE dilution in splenocytes
harvested after 9 days. A representative image is shown, and results from 6 independent experiments are summarized as (mean + SD) division index and
proliferation index. Unpaired 2-tailed Student’s t test was used for comparisons.

expression of membrane NOX2, highlighting the critical role of
the enzyme in Treg function and pinpointing the aging-related
Treg deficiency to NOX2 regulation.

Discussion

Like proimmune T cells, Tregs are equally subject to immune
aging, leaving the aging host with an inflammation-biased
immune system susceptible to inflammatory disease. Older indi-
viduals fail to generate functionally intact CD8 Tregs, a defect
particularly pronounced in patients with the age-dependent
inflammatory vasculopathy GCA. The molecular defect lies in the
inefficient induction of NADPH oxidase, a critical element in the
suppressive machinery of CD8 Tregs, which function by shedding
NOX2-containing exosomes that are taken up by interacting CD4
T cells. The transfer of NADPH oxidase is fast, effective, and pro-

duces lasting effects, allowing CD8 Tregs to fundamentally shape
the intensity of CD4 T cell responses. Overexpression of NOX2
reinstates the suppressive activity of old CD8 Tregs, identifying
the oxidase as a potential therapeutic target in restoring immune
homeostasis in the older individuals.

Transferring membrane NOX2 to regulate activation of
neighboring T cells is a novel mechanism of T-T cell suppression
to our knowledge. Listed below are known mechanisms of Treg-
mediated suppression. Tregs release inhibitory cytokines (IL-10,
TGF-B, IL-35) (5), use granzyme B and perforin as effector mole-
cules (5, 35, 36), and kill target cells via granzyme A (5, 37). Tregs
express the ectoenzymes CD39 and CD73 to generate pericellu-
lar adenosine, a strong suppressor of adenosine A2A receptor-
expressing effector T cells (23, 38, 39). TIGIT* Tregs inhibit proin-
flammatory Thl and Th17 cell responses through fibrinogen-like
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protein 2 (40). Alternatively, Tregs can downregulate the costim-
ulatory molecules CD80 and CD86 on DCs (5, 41) or condition
DCs to express indoleamine 2,3-dioxygenase, a potent inducer of
tryptophan catabolism (42, 43).

In the current study, we have pinpointed extracellular vesicle
transfer as a highly efficient means of T-T cell communication.
Extracellular vesicles, including exosomes and microvesicles,
participate in intercellular communication through transferring
proteins, lipids, and RNAs (44, 45). Here, the suppressive principle
could be linked to ROS activity, empowering CD8 Tregs to rap-
idly disable CD4 cells in their immediate environment. Live-cell
microscopy studies indicated that transfer of a small-membrane
particle was sufficient to lastingly inhibit the TCR activation net-
work in CD4 T cells. CD8 Tregs have a large cell size and carry
multiple NADPH clusters on their surface, enabling them to reg-
ulate numerous CD4 T cells. Accordingly, even at a ratio of 1 sup-
pressor cell to 8 effector cells, the CD8 Tregs were highly efficient
in inhibiting surrounding CD4 T cells.

The NADPH oxidase complex catalyzes electron transfer
from NADPH to molecular oxygen and thus generates superoxide,
the precursor of H,0, and other ROS (29, 46). Genetic defects in
NADPH oxidase cause chronic granulomatous disease, an inher-
ited primary immunodeficiency associated with autoinflamma-
tion and autoimmunity (47-49). Nox27- mice are prone to hyper-
inflammatory responses and spontaneously develop arthritis (50).
NOX2-dependent ROS production in DCs negatively regulates
IL-12 expression by constraining p38-MAPK activity (51). Adop-
tive transfer of NOX2-deficient CD4 T cells into RAG-deficient
mice increases arthritic inflammation (50), suggesting that CD4 T
cells are subject to the antiinflammatory effect of NOX2. Deletion
of NOX2/gp91phox can limit the suppressive function of granu-
locytic myeloid-derived suppressor cells and contribute to anti-
tumor effects (52, 53). In studies of mice deficient in Ncfl (also
known as p47phox), both the CD4 Treg and targeted T effector cell
require functional p47phox for optimal suppression (54). Cumula-
tively, loss of NADPH oxidase worsens inflammation, identifying
the enzyme as an immunosuppressive mediator, which stands in
contrast to the concept that ROS-imposed oxidative stress gives
rise to injury-induced inflammation. A common mechanism may
lie in preventing immune cell activation, as ROS can rapidly inac-
tivate kinases and phosphatases that are necessary to propagate
cellular signaling pathways (55, 56). In support, NOX2 overex-
pression in CD4 T cells efficiently abrogates their activation in
response to TCR signaling (Supplemental Figure 9). Data reported
here identify NADPH oxidase as a highly effective immune modu-
lator, particularly when delivered in membrane fragments that are
easily absorbed by CD4 T cells.

The suppressive mechanism used by CD8 Tregs is strongly
dependent on ROS (Figure 5). We did consider the possibility that
ROS sources other than NOX contribute to the T-T cell suppres-
sion. With almost all intracellular ROS sensitive to DPI or gp91ds-
tat, NOX2 was identified as by far the most important ROS genera-
tor in intact CD8 Tregs (Supplemental Figure 4). Remarkably, part
of CD8 Treg-mediated suppression was preserved after gp91ds-
tat treatment, and the suppressive activity of CD8 Treg-derived
exosomes was unaffected by gp91ds-tat. These data support the
concept that multiunit NOX2 complexes in exosomes are firmly
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assembled and long-lived, whereas such complexes are constantly
reassembled in intact cells.

Data presented here demonstrate that the upregulation of
NOX2 membrane clusters is a selective feature of CD8 Tregs,
providing an excellent biomarker for this functional T cell sub-
set. Besides its usefulness as a biomarker, the oxidase is also
directly involved in the inhibitory function of CD8 Tregs. Fur-
ther studies are needed to understand how NOX2 expression
in CD8 Tregs is regulated. Available data are limited but sug-
gest that transcription factors, coactivators/corepressors, and
nuclear receptors all participate in this process. Epigenetic
regulation is now surfacing as an important mechanism in gov-
erning NOX function in cardiovascular disease (57). Proinflam-
matory transcription factors, such as NF-kB, activator protein 1
(AP-1), and members of the STAT family, have been implicated
in inducing NOX expression and thus oxidative stress (58-61).
In addition, NOX expression is subject to negative regulation
involving members of the PPAR family (62).

Most of the interest in NOX expression has been related
to attempts to avoid oxidative stress; the current project sheds
light on a beneficial immunoregulatory role of NOX2. Failure
of NOX2 expression in CD8 T cells is obviously detrimental to
the host, who is increasingly susceptible to this defect with pro-
gressive age. CD8 T cells are known to age faster than their CD4
counterparts (63). Given the expression of CCR7, the naive CD8
T cell compartment may actually contain the precursor cell for
CD8 Tregs. Aging imposes particular stress on the naive CD8
compartment, with multiple mechanisms converging to impair
CD8 immunity in the elderly (64).

In summary, CD8 Tregs mediate their immunosuppressive
functions by directly inhibiting membrane-proximal signaling in
CD4 T cells. The inhibitory mechanism involves the membrane
transfer of NOX2, which identifies this enzyme as a therapeutic
target inimmunomodulation. Clinical conditions characterized by
excessive T cell responses, specifically autoimmune disease, may
be amenable to enhancing the induction and assembly of NADPH
oxidase in CD8 Tregs. Functional insufficiency of CD8 Tregs in
older individuals, a possible risk factor for the chronic inflamma-
tory syndrome associated with immune aging (65), is associated
with age-related loss of NOX2. Here, optimizing NOX2 induction
should be pursued as a means to treat inflammaging. Vice versa,
hindering the ability of CD4 T cells to absorb the membrane frag-
ments from contacting CD8 T cells or dismantling the process
underlying exosome production may provide intersection points
to enhance CD4 T cell immunity. Equipped with a lymphoid hom-
ing receptor, CD8 Tregs meet CD4 T cells in the microenviron-
ment of secondary lymphoid tissues and thus can regulate antigen
dependent as well as homeostatic CD4 T cell proliferation. CD8
Treg hyperactivity could therefore undermine T cell replenish-
ment, and modulating the activity of CD8 Tregs would make this
process therapeutically accessible.

Methods

Study subjects and patients. Blood samples from 64 healthy adult
individuals (20 to 85 years of age) were obtained from the Stanford
Blood Center. Healthy donors were without a personal or family his-
tory of cancer or autoimmune disease. Young donors were 20 to 30
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Table 1. Primers for detection of NADPH oxidases

Forward Reverse

NOX1 CTGTTGCCTAGAAGGGCTCC ACAGGCCAATGTTGACCCAA
NOX2 GTCTCAGGCCAATCACTTTGC CATTATCCCAGTTGGGLCCGT
NOX3 ACCGGCTGGGATGAAAATCA CAATACTGCTGCTGGGGTGA
NOX4 AGTCTTTGACCCTCGGTCCT GAGAGCCAGATGAACAGGCA
NOX5 CCTGAAGGCTGTAGAGGCAC CGCTCTGCAAAGAAGGACTCT
puox1 GTATGTCTTTGCCTCCCACC GAAGAAGATGTGGAAACGGG
DUOX2 AGTGAGGGTGAAGGCAAGAAG CCAGTCAGAAGAGCTCCCAG

years old, and older donors had a minimal age of 60 years. Thirteen
patients (11 women, mean age of 72.3 years) with biopsy-positive
GCA were included in the study. Seven patients were untreated at
the time of testing. Patients on corticosteroids (n = 6) had received 10
to 50 mg of prednisone for at least 4 weeks. At initial diagnosis, the
average erythrocyte sedimentation rate was 59 mm/hr (range 14-138
mm/h). Two patients in the study cohort had visual loss, 7 patients
had polymyalgia rheumatica, one patient had fever, and 5 patients had
involvement of the aorta or subclavian/axillary arteries, diagnosed
by noninvasive imaging. Patients with PsA (mean age of middle-aged
group, 41.8 years, 80% men; mean age of older group, 64.6 years, 60%
men) were selected due to active disease at the time of enrollment.
Patients with SVV had biopsy-positive disease, lacked autoantibodies
to PR-3 or MPO, and were on corticosteroid doses of less than 10 mg/d
(mean age, 44.2 years, 56% men).

PBMCs were isolated by gradient centrifugation with Lympho-
cyte Separation Medium (Lonza) and cultured in RPMI 1640 medium
supplemented with 10% FCS (Hyclone) plus penicillin/streptomy-
cin/glutamine. Naive CD4 T cells were purified from PBMCs using
anaive CD4 T Cell Isolation Kit (Miltenyi Biotec). Fresh CD8 T cells
were derived from unstimulated, freshly isolated PBMCs and were
purified with a CD8 T Cell Isolation Kit (Miltenyi Biotec). To isolate
CD8 Tregs directly without culture, CD8 T cells were purified from
PBMCs using a CD8 T Cell Isolation Kit (Stemcell Technologies)
and stained with FITC-labeled CD39 plus PE-Cy7-labeled CD26
(Biolegend) (23, 24). CD8"CD39*CD26" cells were sorted with a
BD FACSAria cell sorter. Purity of cell populations was consistently
>90% by flow cytometry.

Reagents. Dynabeads Human T-Activator CD3/CD28, CellTrace
CFSE Cell Proliferation Kit, CellTracker Red CMTPX, and CellROX
Deep Red Reagent for oxidative stress detection were from Life Tech-
nologies. PKH67 Green Fluorescent Cell Linker, rotenone, and DPI
were obtained from Sigma-Aldrich. Brefeldin A was purchased from
MP Biomedicals. Tempol and mitoTEMPO were purchased from
Santa Cruz Biotechnology. gp91ds-tat was purchased from Anaspec.

Induction of CD8 Tregs. Induction of CD8 Tregs has been previ-
ously described (22). Briefly, PBMCs (1 x 106 cells/ml) were incubated
with 0.1 ng/ml anti-CD3/OKT3 and 5 ng/ml recombinant IL-15 for
6 days. CD8 Tregs with a naive phenotype were isolated with a naive
CD8 T Cell Isolation Kit (Miltenyi Biotec); >90% of purified cells had
a CD8*CCR7* phenotype.

T cell suppressor assay. Naive CD4 T cells were mixed with CD8*
CCRY7* Tregs or freshly isolated CD8 T cells at a 1:1 ratio and stimu-
lated with anti-CD3/CD28 beads at a ratio of 1:1 for 5 to 10 minutes.
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Phosphorylation of ZAP70 or LAT was quantified by flow cytometry.
For some experiments, CD8 Tregs were pretreated with brefeldin A
(10 pg/ml), tempol (50 uM), rotenone (2 uM), mitoTEMPO (10 pM),
DPI (10 uM), or gp91ds-tat (50 uM) for 18 to 20 hours and then exam-
ined in the suppressor assay. CFSE-labeled naive CD4 T cells were
incubated with or without CD8*CCR7* Tregs (CD4/CD8 = 1:1) for 30
minutes, stimulated with anti-CD3/CD28 beads at a ratio of 1:1 for
4 days, and then analyzed for proliferative activity by measuring CFSE
dilution by flow cytometry.

Flow cytometry. For detection of phosphorylated ZAP70 in CD4
T cells, cells were fixed with Fix Buffer I (BD Phosflow), permeabi-
lized with Perm Buffer ITI (BD Phosflow), and stained with FITC anti-
CD4 (BD, RPA-T4), PE anti-p-ZAP70 antibody (BD Phosflow, 17A/
p-ZAP70), or PE anti-p-LAT antibody (BD Phosflow, ]96-1238.58.93)
for 45 minutes at 4°C. Flow cytometry was performed on a LSR II flow
cytometer (BD Biosciences), and the data were analyzed with Flow]Jo
software (Tree Star Inc.).

Immunohistochemical staining. Localization of CD8*CCR7*FoxP3*
Tregs in human tonsils and human lymph nodes was performed with
in situ immunohistochemical staining (66). Briefly, human tonsils and
lymph nodes embedded in OCT were cut into 5-um sections, fixed
with pre-cold acetone for 15 minutes, and blocked and stained with
mouse anti-human FoxP3 antibody (10 pg/ml; Abcam, 236A/E7) plus
rabbit anti-human CD8 antibody (1 ug/ml; Abcam, SP239). To visual-
ize antibody binding, sections were incubated with goat anti-mouse
IgG biotinylated antibody (1:500; DAKO, E0433) and developed with
the VECTASTAIN ABC Kit (Vector) and ImmPACT DAB substrate
(Vector). To detect CD8* cells, Alexa Fluor 488-labeled goat anti-rab-
bit IgG secondary antibody (20 pg/ml; Life Technologies, A-11008)
was applied. Isotype control antibodies were used to control for non-
specific staining. Stained sections were analyzed using a Zeiss LSM
710 confocal microscopy system (Carl Zeiss).

Isolation of exosomes. CD8 Tregs were labeled with PKH67 and cul-
tured in RPMI-1640 with 10% FBS for 20 hours. CD8 Treg-derived
exosomes were isolated from the supernatant with a CD63 Exo-Flow
Capture Kit (System Biosciences) and quantified by using a CD63
ExoELISA Kit (System Biosciences).

Real-time PCR. Total RNA was extracted using a RNeasy Mini Kit
(Qiagen). cDNA was synthesized with Maxima First Strand cDNA Syn-
thesis Kits for RT-qPCR (Thermo Scientific). qPCR analyses were car-
ried out using Maxima SYBR Green qPCR Master Mixes (Thermo Sci-
entific). The primers for detection of NADPH oxidases are presented
in Table 1. 18S rRNA was used as an internal control.

Plasmid construction and cell transfection. The NOX2 shRNA
expression plasmid was constructed using the pSUPER system (Oligo-
engine). Briefly, sense and antisense oligonucleotides were annealed
and ligated into the pSUPER.retro.neo+GFP vector digested with BgIII
and HindIIIL The target sequences were as follows: NOX2-shRNA-250,
CTGCATGCTGATTCTCTTG; NOX2-shRNA-648, CCATCCGGAG-
GTCTTACTT; NOX2-shRNA-1635, GTCAACACCCTAATACCAG.
Lonza Nucleofection Kits were used for transfection.

Live-cell imaging. To visualize the exchange of membrane frag-
ments between CD8 Tregs and CD4 T cells, we performed live-cell
analysis with a 3D Zeiss microscopy-imaging system as previously
described (67). Cells were placed into 4-well chamber slides (Thermo
Scientific). Images were taken at multiple positions using the motor-
ized x-y stage precisely controlled by Metamorph software (Molecular
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Devices). Analyses were performed using Metamorph software and
Image] software (NIH).

Confocal microscopy. Expression of NOX2 on CD8 Tregs and CD4 T
cells was visualized by confocal microscopy. CD8 Tregs were incubated
with rabbit anti-human NOX2/gp91phox antibody (1 pg/ml, Abcam,
ab31092) overnight at 4°C and then stained with Alexa Fluor 488 goat
anti-rabbit IgG antibody (10 pg/ml, Life Technologies, A-11034) for
1hour at 4°C. Images were captured by a Zeiss LSM 710 confocal micro-
scope (Carl Zeiss) using x40 Plan-Neo/1.3 NA oil objective. LSM soft-
ware (Carl Zeiss) was used to analyze fluorescence intensities.

Invivo T cell proliferation. NOD/SCID IL-2 receptor y™!' (NSG) mice
were purchased from The Jackson Laboratory and maintained at Stan-
ford University’s animal facilities under specific pathogen-free condi-
tions. To investigate how CD8 Tregs affect the proliferation and expan-
sion of CD4 T cells in vivo, NSG mice were reconstituted by intravenous
injection of human naive CD4 T cells (5 x 10° cells), monocytes (5 x 10°
cells), and CD8'CCR7* Tregs (5 x 10° cells). Naive CD4 T cells were
labeled with CellTrace CFSE (Life Technologies) prior to injection. Nine
days later, mice were sacrificed and splenocytes were analyzed for the
percentage and proliferation of human CD4 T cells by flow cytometry
using division index (division number of original cell population) and
proliferation index (division number of responding cells).

Statistics. Data are presented as the mean * SD, and unpaired
2-tailed Student’s ¢ tests were used for statistical analyses using
PRISM 6.0 (GraphPad Software Inc.). To adjust for multiple compari-
sons, the Bonferroni method was applied as appropriate. P < 0.05 was
considered to be significant.
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Study approval. The human and animal experimental protocols
were approved by the Stanford Institutional Review Boards; appropri-
ate informed consent was obtained.
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