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Regulatory T cells (Tregs) are known to protect against ischemic stroke. However, the low frequency of Tregs restricts their clinical utility.
This study investigated whether expanding the number of Tregs in vivo with the IL-2/IL-2 antibody complex (IL-2/IL-2Ab) could improve
stroke outcomes and further elaborated the mechanisms of protection in male mice. C57BL/6 mice received IL-2/IL-2Ab or isotype IgG
(IsoAb) intraperitoneally for 3 d before (pretreatment) or starting 2 h after (posttreatment) 60 min middle cerebral artery occlusion
(MCAO). IL-2/IL-2Ab selectively increased the number of Tregs in the blood, spleen, and lymph nodes. The IL-2/IL-2Ab treatment
significantly reduced infarct volume, inhibited neuroinflammation, and improved sensorimotor functions, as manifested by rotarod test
and foot fault test, compared with IsoAb-treated stroke mice. Treg depletion was then achieved by diphtheria toxin (DT) injection into
transgenic mice expressing the DT receptor under the control of the Foxp3 promoter (DTR mice). The depletion of Tregs completely
eliminated IL-2/IL-2Ab-afforded neuroprotection. Interestingly, adoptive transfer of Tregs collected from IL-2/IL-2Ab-treated mice
demonstrated more potent neuroprotection than an equal number of Tregs prepared from IsoAb-treated mice, suggesting that IL-2/IL-
2Ab not only elevated Treg numbers, but also boosted their functions. Mechanistically, IL-2/IL-2Ab promoted the expression of CD39 and
CD73 in expanded Tregs. CD73 deficiency diminished the protective effect of IL-2/IL-2Ab-stimulated Tregs in stroke mice. The results
show that IL-2/IL-2Ab expands Tregs in vivo and boosts their immunomodulatory function. The activation of CD39/CD73 signaling in
Tregs may participate as a potential mechanism underlying IL-2/IL-2Ab-afforded neuroprotection against ischemic brain injury.
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Introduction
Recent research findings have shown that regulatory T cells
(Tregs) may serve as endogenous regulators to control immune

responses in the ischemic brain (Liesz et al., 2009; Li et al., 2013;
Wang et al., 2015). Tregs are a specialized subset of T lympho-
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Significance Statement

Regulatory T cells (Tregs) are known to protect against ischemic stroke. However, the low frequency of Tregs restricts their clinical
utility. This study reported that systemic administration of the IL-2/IL-2 antibody complex (IL-2/IL-2Ab) robustly and selectively
expanded the number of Tregs after stroke. IL-2/IL-2Ab pretreatment or posttreatment significantly improved stroke outcomes in
a rodent model of ischemic stroke. We further discovered that IL-2/IL-2Ab not only elevated Treg numbers, but also boosted their
functions and enhanced the expression of CD39 and CD73. Using CD73-deficient mice, we confirmed the importance of CD73 in the
protective effect of IL-2/IL-2Ab-stimulated Tregs in stroke mice. These results shed light on IL-2/IL-2Ab as a clinically feasible
immune therapy to boost endogenous Treg responses and ameliorate ischemic brain injury.
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cytes, described originally as CD4� T cells that constitutively
express CD25. Functional Tregs are further defined by the ex-
pression of a key transcription factor known as forkhead box P3
(FoxP3) (Hori et al., 2003; Fontenot and Rudensky, 2005). Tregs
play a key role in suppressing the activation of the immune sys-
tem and thereby maintain immune homeostasis, prevent auto-
immunity, and modulate inflammation induced by pathogens or
environmental toxins. Disruptions of Treg function result in a
shift of immune homeostasis toward inflammation and autoim-
munity. Clinical studies have shown that the number of circulat-
ing Tregs decreases soon after stroke, which is followed by a
significant increase for several weeks (Urra et al., 2009; Yan et al.,
2009; Mao et al., 2017). In support of a protective role of Tregs in
stroke, depletion of Tregs from the circulation resulted in en-
hanced tissue loss and worsened functional outcomes 7 d after
middle cerebral artery occlusion (MCAO) (Liesz et al., 2009).
Later studies demonstrated the neuroprotective effects of adop-
tive Treg therapy that are mediated through restricting inflam-
matory dysregulation, ameliorating neurovascular disruption,
and enhancing brain repair (Li et al., 2013; Wang et al., 2015).
Remarkably, the early protective effect of Tregs does not require
passage across the blood– brain barrier. Tregs provide early CNS
protection by ameliorating the deleterious activities of peripheral
immune cells rather than directly affecting CNS cells (Li et al.,
2013, 2014).

The clinical application of Tregs as a cell therapy requires the
isolation of sufficient numbers of cells from the blood. However,
the Treg subset represents only 5–10% of circulating CD4� T
cells (Battaglia et al., 2006; Trzonkowski et al., 2009). The low
number of Tregs restricts their clinical utility as a cell therapy for
stroke. There is considerable interest in the idea of transferring
Tregs after ex vivo or in vivo expansion (Tang et al., 2004; Gol-
shayan et al., 2007). IL-2 is a cytokine known to induce T-cell
proliferation (Shevach, 2012). Interestingly, the complex of IL-2
with a specific anti-IL-2 antibody JES6 –1 (2:1 molar ratio) can
induce selective expansion of Tregs by blocking the binding site
on IL-2 that is needed for the expansion of other T cells (Shevach,
2012). In addition, the IL-2/IL-2Ab complex extends the half-life
of IL-2 and results in enhanced biological activity (Tomala et al.,
2009). Injection of IL-2/IL-2Ab for a short period of time has
been shown to expand the number of Tregs in multiple organs. In
vivo-expanded Tregs are effective in treating autoimmune dis-
eases and reducing transplantation rejection (Webster et al.,
2009; Koreth et al., 2011). The effect of IL-2/IL-2Ab complexes in
stroke has not been thoroughly evaluated.

In this study, we evaluated the protective effect of IL-2/IL-2Ab
on a mouse model of stroke and further explored the mechanisms
of protection. We found that IL-2/IL-2Ab treatment reduced
brain infarct and ameliorated neurological deficits after transient
MCAO (tMCAO). Furthermore, our results revealed that IL-2/
IL-2Ab complex not only increased the number of Tregs, but also
significantly enhanced their function. The elevation of CD73 ex-
pression on expanded Tregs is critical for the protective effects of
the IL-2/IL-2Ab complex in the ischemic brain. Our findings
suggest that IL-2/IL-2Ab treatment is a novel and clinically feasi-
ble immunotherapy to boost Treg population in vivo and to pro-
tect against ischemic brain injury.

Materials and Methods
Animal model. All animal experiments were approved by the University
of Pittsburgh Institutional Animal Care and Use Committee and were
performed in accordance with the standards outlined in the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals.

Wild-type (WT) C57BL/6, CD73 knock-out (KO), or Foxp3-DTR male
mice (8 –12 weeks of age, 25–30 g body weight; The Jackson Laboratory)
were randomly assigned to sham or tMCAO groups with different treat-
ments using a lottery drawing box. Selective Foxp3 � Treg depletion was
achieved in Foxp3-DTR mice by diphtheria toxin (DT, i.p., 0.05 �g/g
body weight) administration (Kim et al., 2007). The murine ischemic
model was induced by 60 min MCAO as described previously (Yang et
al., 2017). Sham-operated animals underwent the same procedure with-
out MCAO induction. Rectal temperature was maintained at 37.0 �
0.5°C during the entire procedure using a temperature-controlled heat-
ing pad. Regional cerebral blood flow (rCBF) was monitored using laser
Doppler flowmetry. Animals that died or failed to reduce at least 75% of
rCBF were excluded from further experiments. Experiments were per-
formed by an investigator blinded to experimental group assignments.

A grand total of 293 mice (23 sham-operated and 270 ischemic mice)
were used in this study, including 22 mice that were excluded from
further assessments either because of death after ischemia or failure of
ischemia induction. Mortality during tMCAO surgery was 5.2% in WT
mice (11/213), 5.9% in CD73 KO mice (1/17), and 14.7% in DTR mice
(5/34).

Intraperitoneal injection of IL-2/IL-2-Ab complex. Recombinant mu-
rine IL-2 protein and anti-mouse IL-2 mAbs (JES6 –1) were purchased
from eBioscience. IL-2 protein was mixed with anti-IL-2 at a 2:1 molar
ratio (1 �g of recombinant murine IL-2 protein and 5 �g of anti-IL-2
mAbs) (Shevach, 2012) and incubated at 37°C for 30 min. Complex or rat
IgG isotype control was intraperitoneally injected into mice for 3 consec-
utive days.

Single-cell suspension and flow cytometry. Single-cell suspensions were
prepared from spleen, lymph nodes, blood, and brain (Li et al., 2013).
Isolated cells were resuspended at 1 � 10 6/ml and stained with
fluorophore-labeled antibodies (CD4, CD3, CD8, Gr1, B220, CD25,
Foxp3, CD73, or CD39) following the manufacturer’s instructions
(eBioscience). For Foxp3 intracellular staining, cells were surface stained
with anti-CD4, anti-CD25, anti-CD39, or anti-CD73. Cells were then
permeabilized with the intracellular staining kit (eBioscience), followed
by staining with anti-Foxp3. Flow cytometric analysis was performed
using an LSRII flow cytometer (BD Biosciences).

Treg isolation and adoptive transfer. Spleen, inguinal, and axillary
lymph nodes were harvested to prepare single-cell suspensions.
CD4 �CD25 � Tregs were isolated using a mouse Treg isolation kit
(Miltenyi Biotec) according to the manufacturer’s instructions. A total of
1 � 10 6 freshly isolated Tregs were transferred intravenously to recipient
mice 2 h after tMCAO through tail vein.

Measurement of brain infarct. Brain infarct volume was measured by
2,3,5-triphenyltetrazolium (TTC) or MAP2 staining. Images were ana-
lyzed using ImageJ by an investigator who was blinded to experimental
group assignment. Infarct volume was calculated by adding up the infarct
areas (contralateral area � ipsilateral side noninfarct area) of seven con-
secutive slices.

Behavioral tests. The rotarod test was used to evaluate motor func-
tional change as described previously (Yang et al., 2017). Briefly, mice
were forced to run on a rotating drum (IITC Life Science) with speeds
starting at 4 rpm and accelerating to 40 rpm in 300 s. Three consecutive
trials were conducted for each mouse with an interval of 15 min. The time
at which a mouse fell off the drum was recorded as the latency to fall. The
foot fault test was performed to assess forelimb and hindlimb function.
Mice placed their paws on a wire while moving on an elevated grid
surface. A foot fault was recorded when a paw slipped. Each animal was
tested for 3 trials lasting 1 min each. The data are expressed as the per-
centage of errors made by the contralateral limbs versus the total steps.

Immunohistochemistry and analysis. Brain sections (25 �m) were in-
cubated with primary antibodies at 4°C overnight. Primary antibodies
included: rabbit anti-CD3 (Abcam), rat anti-F4/80 (BM8, BioLegend),
rabbit anti-NeuN (Millipore), and rabbit anti-MAP2 (Santa Cruz Bio-
technology). After three washes in PBS, sections were incubated with
fluorescently labeled secondary antibody (Jackson ImmunoResearch
Laboratories) for 1 h at room temperature. The process was repeated
once for double staining. Sections were then washed and mounted with
DAPI Fluoromount-G (Southern Biotech). For neuronal death analysis,
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terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
was processed after NeuN labeling according to instructions from the
manufacturer (In Situ Cell Death Detection Fluorescein, Roche, catalog
#11684795910). Fluorescence images were acquired using confocal mi-
croscopy (FV1000, Olympus). Images were processed with ImageJ by a
blinded observer for the unbiased counting of automatically recognized
cells. Positively stained cells were counted from one microscopic field in
the cortex and two in the striatum of each section. Three sections were
analyzed for each brain. Data are expressed as mean numbers of cells per
square millimeter.

RT-PCR. Total RNA was extracted from cerebral tissues (ischemic
hemisphere or sham) using the RNeasy Lipid Tissue Mini Kit (Qiagen)
and reverse transcribed into cDNA using the Superscript III First-Strand
Synthesis Supermix (Invitrogen) according to the manufacturer’s in-
structions. PCR was conducted on the Opticon 2 Real-Time PCR Detec-
tion System (Bio-Rad) using corresponding primers and SYBR gene PCR
Master Mix (Invitrogen). All data were normalized to GAPDH mRNA
levels as an internal control. Primers were as follows: TNF-�: forward:
agaagttcccaaatggcctc; reverse: ccacttggtggtttgctacg. IL-6: forward: agttgc
cttcttgggactga; reverse: tccacgatttcccagagaac. IL-17: forward: agaagt
tcccaaatggcctc; reverse: ccacttggtggtttgctacg; GAPDH: forward: aagatgg
tgaaggtcggtg; reverse: gttgatggcaacaatgtccac.

Teff suppression assay. CD4 �CD25 � Treg and CD4 �CD25 � T effec-
tor cells (Teffs) were isolated with the Treg isolation kit as described
above. Teffs were stained with CFSE (1 �M) for 10 min in an incubator at
37°C. After washing, Teffs were transferred to a 96-well plate and cocul-
tured with Tregs at a ratio of 1:1, 2:1, 4:1, 8:1, 16:1, 32:1, or 64:1 in the
presence of anti-CD3- and anti-CD28-bounded beads. Suppression of
Teff proliferation was determined by CFSE dilution on a flow cytometer
3 d after coculture.

Experimental design and statistical analysis. Data are expressed as
mean � SEM. Sample sizes for animal studies were determined by power
calculations (SAS) based on pilot studies or the literature (power 80%, �
0.05). GraphPad Prism software (version 6.0) was used for statistical
analyses. The difference in means between two groups was assessed by the
Student’s t test. Significant differences between means among multiple
groups were assessed by one-way ANOVA. Differences in means across
multiple groups over time were analyzed using two-way repeated-
measures ANOVA. When the ANOVA revealed significant differences,
the post hoc Bonferroni test was used for pairwise comparisons
between means. Detailed information about statistical analysis is in-
cluded in the Results and summarized in Table 9-1, available at https://
doi.org/10.1523/JNEUROSCI.3411-17.2018.t9-1. p � 0.05 was consid-
ered significant.

Results
IL-2/IL-2Ab treatment greatly increases the number of Tregs
after tMCAO
We first evaluated the effect of IL-2/IL-2Ab complex on Treg
(CD4�CD25�Foxp3�) abundance in the blood, spleen, and
lymph nodes using flow cytometry (Fig. 1A). C57BL/6 mice re-
ceived IL-2/IL-2Ab (JES6 –1) complex (1 �g of IL-2 plus 5 �g of
IL-2Ab, i.p.) for 3 d starting 2 d before surgery. Control animals
received injections of 5 �g of isotype IgG (IsoAb) for 3 d. After the
last injection, animals were subjected to 60 min tMCAO or sham
operation. Consistent with previous publications (Webster et al.,
2009; Koreth et al., 2011; McDonald-Hyman et al., 2016), IL-2/
IL-2Ab treatment robustly induced the Treg number (blood: t(6) �
3.2, p � 0.0186; spleen: t(9) � 5.618, p � 0.0003; lymph nodes:
t(6) � 7.042, p � 0.0004; unpaired t test) and percentage (blood:
t(6) � 5.803, p � 0.0011; spleen: t(9) � 9.509, p � 0.0001; lymph
nodes: t(6) � 3.805, p � 0.0089; unpaired t test) in sham animals
(Fig. 1B,C). The numbers (blood: t(9) � 3.438, p � 0.0074;
spleen: t(10) � 3.539, p � 0.0054; unpaired t test) and percentages
(blood: t(9) � 5.417, p � 0.0004; spleen: t(10) � 2.816, p � 0.0183;
unpaired t test) of Tregs in CD4� cells significantly decreased in
blood and spleen 3 d after tMCAO compared with sham controls.

IL-2/IL-2Ab treatment robustly elevated Treg numbers (blood:
t(9) � 9.127, p � 0.0001; spleen: t(10) � 5.089, p � 0.0005; lymph
nodes: t(6) � 2.803, p � 0.031; unpaired t test) and percentages
(blood: t(9) � 9.479, p � 0.0001; spleen: t(10) � 6.37, p � 0.0001;
lymph nodes: t(6) � 2.831, p � 0.0299; unpaired t test) in blood,
spleen, and lymph nodes (Fig. 1B,C). Immunohistochemical
staining for Foxp3 confirmed that the number of Foxp3� Tregs
increased in the spleen in IL-2/IL-2Ab-treated stroke mice (Fig.
1D, t(4) � 4.276, p � 0.0129; unpaired t test). We did not observe
significant infiltration of Tregs into the brain at 1 or 3 d after
stroke. Tregs were found to infiltrate into brain parenchyma at
5 d after stroke (Fig. 1E, 5d: t(7) � 13.13, p � 0.0001; unpaired t
test). IL-2/IL-2Ab treatment did not result in brain infiltration of
Tregs at 3 d after stroke (Fig. 1F). These results suggest that Tregs
may confer neuroprotection against ischemic brain injury inde-
pendent of their brain penetration.

The frequencies of other immune cells (Fig. 2A), including
CD3�B220� B cells (blood: t(14) � 0.1343, p � 0.8951; spleen:
t(15) � 0.3594, p � 0.7243; unpaired t test), CD3�CD8� T cells
(blood: t(14) � 0.33, p � 0.7463; spleen: t(14) � 0.1514, p �
0.8818; unpaired t test), CD3�CD4� T cells (blood: t(14) � 1.247,
p � 0.2329; spleen: t(15) � 1.684, p � 0.1129; unpaired t test),
NK1.1� NK cells (blood: t(8) � 1.152, p � 0.2826; spleen: t(10) �
2.074, p � 0.0648; unpaired t test), and Gr1� neutrophils (blood:
t(10) � 0.5648, p � 0.5847; spleen: t(10) � 0.1882, p � 0.8545;
unpaired t test), CD115� monocytes/macrophages (blood: t(12) �
0.1512, p � 0.8823; spleen: t(11) � 0.1548, p � 0.8798; unpaired t
test), were not affected by IL-2/IL-2Ab injection in blood (Fig.
2B,C) or spleen (Fig. 2D,E) 3 d after stroke, suggesting a selective
expansion of Tregs by IL-2/IL-2Ab complex. The expression of
Ly6C, a phenotypic marker (ElAli and LeBlanc, 2016) of CD115�

monocytes, was then assessed. No significant difference was ob-
served in the percentages of Ly6C�CD115� monocytes/macro-
phages in IL-2/IL-2Ab-treated mice (blood: t(8) � 0.7619, p �
0.4680; spleen: t(8) � 0.6348, p � 0.5433; unpaired t test) 3 d after
stroke (Fig. 2C,D), suggesting a minimal effect of IL-2/IL-2Ab on
monocytes/macrophages in the periphery early after stroke.

Treatment with IL-2/IL-2Ab complex reduces brain injury
and improves sensorimotor functions after stroke
Next, we investigated whether pre-treatment with IL-2/IL-2Ab
protects against ischemic brain injury. TTC staining showed that
IL-2/IL-2Ab injection significantly attenuated brain infarct 3 d
after tMCAO (Fig. 3A, t(15) � 3.149, p � 0.0066, unpaired t test).
TUNEL staining revealed reduced total cell death (TUNEL�,
t(7) � 4.077, p � 0.0047, unpaired t test) and reduced number of
dead/dying neurons (TUNEL�NeuN�, t(7) � 3.793, p � 0.0068,
unpaired t test) in peri-infarct areas in IL-2/IL-2Ab-treated
stroke mice compared with IsoAb-treated controls (Fig. 3B).
Tregs inhibit inflammatory responses after stroke (Liesz et al.,
2009; Li et al., 2013). We therefore measured the expression of
several inflammatory cytokines that are known to exacerbate
stroke outcomes in IsoAb- and IL-2/IL-2Ab-treated stroke mice.
IL-2/IL-2Ab markedly inhibited the otherwise elevated inflam-
matory cytokines, including IL-6 (F(2,14) � 8.083, p � 0.0046;
sham vs IsoAb, p � 0.0348; IsoAb vs IL-2/IL-2Ab, p � 0.0055;
one-way ANOVA followed by Bonferroni post hoc), TNF-
�(F(2,14) � 13.32, p � 0.0006; sham vs IsoAb, p � 0.0003; IsoAb
vs IL-2/IL-2Ab, p � 0.0356; one-way ANOVA followed by Bon-
ferroni post hoc) and IL-17 (F(2,14) � 5.604, p � 0.0163; sham vs
IsoAb, p � 0.0368; IsoAb vs IL-2/IL-2Ab, p � 0.0173; one-way
ANOVA followed by Bonferroni post hoc) in ischemic brain (Fig.
3C). Consistent with reduced inflammation, the infiltration of
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CD3� T cells to the ischemic brain significantly decreased (Fig.
3D, striatum: t(9) � 3.415, p � 0.0077; cortex: t(9) � 3.892, p �
0.0037; unpaired t test) in IL-2/IL-2Ab-treated stroke mice. The
number of F4/80� monocyte/macrophages and microglia in
striatum also was reduced (Fig. 3D, striatum: t(12) � 2.192, p �
0.0446; cortex: t(12) � 1.853, p � 0.0887; unpaired t test) in IL-2/
IL-2Ab-treated stroke mice. FACS (Fig. 3E) confirmed that the
number of CD45 highCD11b� macrophages (t(8) � 2.579, p �

0.0327, unpaired t test) was reduced in the ischemic brain in
IL-2/IL-2Ab-treated stroke mice (Fig. 3F,H). IL-2/IL-Ab treat-
ment did not change the number of CD45 intermediateCD11b� mi-
croglia (t(8) � 1.26, p � 0.2430, unpaired t test) in the ischemic
area (Fig. 3F,G). The IL-2/IL-2Ab-afforded protection lasted un-
til at least 7 d after stroke, as revealed by reduced tissue loss in
MAP2-stained brain slices (Fig. 3I, t(16) � 2.889, p � 0.0107,
unpaired t test).

Figure 1. IL-2/IL-2Ab treatment greatly expands the Treg population. A–C, C57BL/6 mice were treated with IL-2/IL-2Ab complex or IsoAb intraperitoneally for 3 d before 60 min MCAO or sham
operation. Blood, spleen, and lymph node (LN) cells were analyzed for the expression of CD4, CD25, and Foxp3 by flow cytometry. A, Gating strategy for CD4 �CD25 �Foxp3 � Tregs. B,
Representative flow cytometry plots of CD4 �CD25 �Foxp3 � Tregs derived from the blood, spleen, and LN of sham (left) or MCAO (right) mice. C, Percentages of CD25 �Foxp3 � Tregs among
CD4 � T cells in blood, spleen, and LNs and the number of CD4 �CD25 �Foxp3 � Tregs in 10 5 lymphocytes in blood, spleen, and LNs significantly increased in IL-2/IL-2Ab-treated group compared
with IsoAb-treated group 3 d after MCAO or sham operation. n � 4 –7/group. *p � 0.05, **p � 0.01, ***p � 0.001, IL-2/IL-2Ab versus IsoAb; #p � 0.05, ##p � 0.01, ###p � 0.001, IsoAb MCAO
versus IsoAb sham. D, Immunostaining (left) and quantification (right) of Foxp3 � cells in the spleen demonstrating increased Treg number after IL-2/IL-2Ab treatment. n � 3/group. Scale bar, top,
200 �m; bottom, 50 �m. E, CD4 �CD25 �FoxP3 � Treg infiltration into the ischemic brain was detected by flow cytometry at the indicated time points after 60 min tMCAO. n�3–5/group. ***p�
0.001 ipsilateral versus contralateral at the indicated time point after tMCAO. F, No significant infiltration of Tregs was detected in the ischemic brain 3 d after stroke in either IsoAb or IL-2/IL-2Ab-
treated mice. n � 5– 6/group.
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To further evaluate the therapeutic potential of IL-2/IL-2Ab,
we injected the complex 2 h after stroke and repeated once per
day for the following 2 d. The IL-2/IL-2Ab posttreatment reduced
brain infarct 7 d after tMCAO (Fig. 4A, t(17) � 3.636, p � 0.002,
unpaired t test). The sensorimotor functions, as measured by
rotarod test (F(1,15) � 6.032, p � 0.0267; 2-way ANOVA repeated
measurement), and foot fault test (F(1,14) � 25.83, p � 0.0002;
2-way repeated-measures ANOVA) (Fig. 4B), were improved in
IL-2/IL-2Ab-treated mice compared with IsoAb-treated mice af-
ter stroke.

Tregs are essential for IL-2/IL-2Ab
complex-afforded neuroprotection
To confirm whether IL-2/IL-2Ab complex-provided protection
against ischemic stroke was indeed mediated through Treg ex-
pansion, we selectively depleted Tregs by DT injection into DTR
transgenic mice that express DT receptor under the control of
Foxp3 promoter. Mice received DT or the same volume of PBS
before IL-2/IL-2Ab or IsoAb treatment. Efficacy of depletion was
evaluated by flow cytometry. Approximately 90% of CD4�

CD25�Foxp3� Tregs were depleted in both blood and spleen
and the IL-2/IL-2Ab complex failed to stimulate a growth in Treg
population (Fig. 5A,B), suggesting efficient depletion of Tregs
in DT-treated DTR mice. Consistent with previous studies
(Liesz et al., 2009; Ren et al., 2011; Li et al., 2013), depletion of
endogenous Tregs did not change the size of infarct 3 d after
tMCAO. IL-2/IL-2Ab treatment reduced infarct volume in
DTR mice without DT injection; however, this protection was
abolished when DT was injected (Fig. 5C,D, F(3,25) � 5.039,

p � 0.0072; DTR-DT IsoAb vs DTR-DT IL-2/IL-2Ab, p �
0.0280; one-way ANOVA followed by Bonferroni post hoc). In
summary, these results indicate a crucial role of Tregs in IL-2/
IL-2Ab complex-induced neuroprotection against ischemic
stroke.

IL-2/IL-2Ab complex enhances the protective functions of
expanded Tregs
To determine whether IL-2/IL-2Ab only increases the number of
Tregs or also enhances their functions, equal numbers (1 � 10 6)
of Tregs were isolated from isotype-treated or IL-2/IL-2Ab-
treated mice and transferred into stroke mice 2 h after tMCAO
(Fig. 6A). Consistent with our previous study (Li et al., 2013),
adoptive transfer of 1 � 10 6 Tregs (which was lower than the
therapeutic dose of 2 � 10 6/mouse) prepared from IsoAb-
treated mice slightly, but not significantly, reduced infarct vol-
ume compared with PBS-treated stroke mice. Interestingly, an
equal number of Tregs isolated from IL-2/IL-2Ab-treated mice
resulted in a significant attenuation of brain infarct compared
with PBS- and IsoAb-treated Tregs (Fig. 6B,C, F(2,24) � 6.812,
p � 0.0045; PBS vs IL-2/IL-2Ab Treg, p � 0.0052; IsoAb Treg vs
IL-2/IL-2Ab Treg, p � 0.0367; one-way ANOVA followed by
Bonferroni post hoc). These results suggest that IL-2/IL-2Ab com-
plex not only expands the number of Tregs, but also enhances the
functions of Tregs. In vitro studies confirmed that Tregs isolated
from IL-2/IL-2Ab-treated mice have stronger capacities to in-
hibit the proliferation of Teffs compared with Tregs isolated from
IsoAb-treated mice (Fig. 6D).

Figure 2. IL-2/IL-2Ab treatment has little influence on non-Treg populations. A, Gating strategy for CD3 �B220 � B cells, CD3 �CD4 � T cells, CD3 �CD8 � T cells, NK1.1 � NK cells, Gr1 �

neutrophils, and CD115 � monocytes. B–E, Percentages of peripheral B cells, CD4 � T cells, CD8 � T cells, NK cells, neutrophils, and monocytes in blood (B, C) and spleen (D, E) showed no change
after IL-2/IL-2Ab treatment. n � 5–9/group.
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IL-2/IL-2Ab complex enhances CD39/CD73 signaling
in Tregs
We also sought to elucidate the mechanism for IL-2/IL-2Ab-
induced functional change in Tregs. CD39 and CD73 are ex-
pressed on activated Foxp3� Tregs (Sakaguchi et al., 2010). The
CD39/CD73 axis catalyzes the conversion of ATP to ADP and
AMP, which is followed by the generation of adenosine that me-
diates the immunosuppressive and anti-inflammatory functions
of Tregs (Antonioli et al., 2013). We therefore investigated
whether the enhancement of Treg function by the IL-2/IL-2Ab
complex is related to an elevation of CD39/CD73 expression on

Tregs. CD39 and CD73 were expressed on CD4�CD25�Foxp3�

Tregs in blood, spleen, and lymph nodes in the IsoAb-treated
group 3 d after tMCAO (Fig. 7A–D). With IL-2/IL-2Ab treat-
ment, the percentages of CD39� Tregs (Fig. 7B,C, blood: t(12) �
5.563, p � 0.0001; spleen: t(11) � 6.548, p � 0.0001; lymph nodes:
t(6) � 1.999, p � 0.0925; unpaired t test) and CD73� Tregs (Fig.
7B,C, blood: t(12) � 3.491, p � 0.013; spleen: t(11) � 7.76, p �
0.0001; lymph nodes: t(6) � 2.271, p � 0.0636; unpaired t test)
were increased. The absolute numbers of CD39� Tregs (Fig. 7D,
blood: t(12) � 5.012, p � 0.0003; spleen: t(11) � 4.436, p � 0.0008;
lymph nodes: t(6) � 4.513, p � 0.004; unpaired t test) and CD73�

Figure 3. IL-2/IL-2Ab treatment reduces ischemic brain injury. C57BL/6 mice were pretreated with IL-2/IL-2Ab complex or IsoAb intraperitoneally for 3 d before tMCAO. A, Quantification of TTC
staining for brain infarct 3 d after ischemic stroke. n � 8 –9/group. Scale bar, 1 mm. B, Quantification of cell death (TUNEL �) and neuronal death (TUNEL �NeuN �) in peri-infarct areas (shown in
the schematic) 3 d after tMCAO. n � 4 –5/group. Scale bar, 100 �m. C, mRNA expression of IL-6, TNF-�, and IL-17 in sham and ischemic brains was quantified using RT-PCR 3 d after tMCAO. n �
5– 6/group. D, Top, Representative images of CD3 (green)/DAPI (blue) T cells and F4/80 (green)/DAPI (blue) monocyte/macrophages and microglia in striatum and cortex in the peri-infarct areas.
Scale bar, 100 �m. Bottom, Quantification of the mean fluorescent intensity (MFI) for CD3 � staining (n � 5– 6/group) and F4/80 � staining (n � 6 – 8/group). Data are normalized to the
contralateral levels. E–H, Flow cytometric analysis of CD45 highCD11b � macrophages and CD45 intermediateCD11b � microglia in the ischemic brain. E, Gating strategy. F, Representative FACS plots
for microglia and macrophages in the brains of IsoAb or IL-2/IL-2Ab-treated stroke mice. G, H, Quantification of the numbers of CD45 intermediateCD11b � microglia (G) and CD45 highCD11b �

macrophages (H ) per ischemic brain of IsoAb or IL-2/IL-2Ab-treated stroke mice. n � 5/group. I, Infarct volume was measured by MAP2 immunostaining 7 d after tMCAO. n � 9/group. Scale bar,
1 mm. *p � 0.05, **p � 0.01 versus IsoAb; #p � 0.05, ###p � 0.001 versus sham.
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Tregs (Fig. 7D, blood: t(12) � 4.177, p � 0.0013; spleen: t(11) �
3.745, p � 0.0027; lymph nodes: t(6) � 2, p � 0.0407; unpaired t
test) were also significantly increased in the IL-2/IL-2Ab group
compared with the IsoAb group.

We then conducted an in vitro experiment to confirm the
effect of IL-2/IL-2Ab complex on CD39 and CD73 expression on

Tregs. Splenocytes were isolated and treated with IsoAb, IL-2, or
IL-2/IL-2Ab for 3 d. Consistent with in vivo data, the numbers of
CD39� Tregs (Fig. 7E, F(3,12) � 45.44, p � 0.0001; Non vs IL-2,
p � 0.0029; non- vs IL-2/IL-2Ab, p � 0.0001; IsoAb vs IL-2, p �
0.0045; IsoAb vs IL-2/IL-2Ab, p � 0.0001; one-way ANOVA
followed by Bonferroni post hoc) and CD73� Tregs (Fig. 7F,

Figure 4. IL-2/IL-2Ab poststroke treatment reduces ischemic brain injury and improves sensorimotor functions after tMCAO. C57BL/6 mice were posttreated with IL-2/IL-2Ab complex or IsoAb
intraperitoneally for 3 d starting from 2 h after tMCAO. A, Infarct volume was measured by MAP2 immunostaining 7 d after tMCAO. n�9 –10/group. Scale bar, 1 mm. B, Sensorimotor functions were
accessed by rotarod test and foot fault test after stroke. n � 6 –9/group. *p � 0.05, **p � 0.01, ***p � 0.001.

Figure 5. Tregs are essential for IL-2/IL-2Ab-afforded neuroprotection against ischemic stroke. DTR mice were injected with DT intraperitoneally for 3 d to deplete Tregs. Control DTR mice
received the same amount of PBS. IL-2/IL-2Ab complex or IsoAb was intraperitoneally injected after DT for 3 d before tMCAO. Animals were killed 3 d after tMCAO. A, B, Blood and spleen cells were
stained with CD4, CD25, and Foxp3 antibodies to evaluate the Treg population. A, Representative flow cytometry plots of CD25 �Foxp3 � Tregs among CD4 � T cells. B, Percentages of
CD25 �Foxp3 � Tregs among CD4 � T cells in blood (top) and spleen (bottom). n �6 –7/group. C, D, Brain slices were stained with MAP2 for infarct volume measurement. C, Representative images
of MAP2 staining for DTR mice without DT treatment (DTR�DT) or DTR mice with DT treatment (DTR�DT) 3 d after tMCAO. Scale bar, 1 mm. D, Quantification of MAP2 staining showing that
IL-2/IL-2Ab treatment decreased brain infarct in DTR�DT mice, whereas the protection effect was abolished in DTR�DT mice. n � 6 – 8/group. *p � 0.05, ***p � 0.001 IL-2/IL-2Ab versus IsoAb
in DTR-DT mice.
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F(3,12) � 50.22, p � 0.0001; non- vs IL-2, p � 0.0012; non- vs
IL-2/IL-2Ab, p � 0.0001; IsoAb vs IL-2, p � 0.0038; IsoAb vs
IL-2/IL-2Ab, p � 0.0001; one-way ANOVA followed by Bon-
ferroni post hoc) were expanded in both IL-2- and IL-2/IL-
2Ab-treated groups compared with no treatment control or
IsoAb-treated groups. Importantly, IL-2/IL-2Ab treatment sig-
nificantly increased the numbers of CD39� Tregs (F(3,12) �
45.44, p � 0.0001; IL-2 vs IL-2/IL-2Ab, p � 0.0009; one-way
ANOVA followed by Bonferroni post hoc) and CD73� Tregs
(F(3,12) � 50.22, p � 0.0001; IL-2 vs IL-2/IL-2Ab, p � 0.0007;
one-way ANOVA followed by Bonferroni post hoc) compared
with IL-2 alone. In summary, these data suggest that IL-2/IL-2Ab
treatment not only expands the number of Tregs, but also en-
hances the expression of CD39 and CD73 on Tregs.

CD73 deficiency reduces the protective effect of adoptively
transferred Tregs
To confirm that CD39/CD73 signaling in Tregs is important for
IL-2/IL-2Ab-afforded protection against stroke, we injected IL-
2/IL-2Ab or IsoAb into CD73 KO mice. Although IL-2/IL-2Ab
was able to expand the number (Fig. 8D, blood: t(4) � 10.08, p �
0.0005, unpaired t test; spleen: t(4) � 5.046, p � 0.0073, unpaired
t test) and percentage (Fig. 8C,E, blood: t(4) � 13.48, p � 0.0002,
unpaired t test; spleen: t(4) � 5.121, p � 0.0069, unpaired t test) of
Tregs in CD73 KO mice, it failed to protect the brain against
tMCAO (Fig. 8A,B, t(14) � 0.8008, p � 0.4367, unpaired t test).
We then compared the effect of CD4�CD25� Tregs isolated
from IsoAb-treated or IL-2/IL-2Ab-treated WT or CD73 KO
mice. Four types of Tregs were prepared in this experiment: (1)
IsoAb-treated WT (WT-IsoAb), (2) IL-2/IL-2Ab-treated WT
(WT-IL-2/IL-2Ab), (3) IsoAb-treated CD73KO (KO-IsoAb),

and (4) IL-2/IL-2Ab-treated CD73KO (KO-IL-2/IL-2Ab). WT
recipient mice treated with WT-IL-2/IL-2Ab Tregs showed a sig-
nificant attenuated infarct volume compared with WT-IsoAb
Tregs-treated stroke mice, whereas Tregs prepared from CD73
KO mice failed to show protection (Fig. 8F, F(3,24) � 8.032, p �
0.0007; WT-IsoAb Treg vs WT-IL-2/IL-2Ab Treg: p � 0.0215;
WT-IL-2/IL-2Ab Treg vs KO-IL-2/IL-2Ab Treg: p � 0.0011; KO-
IsoAb Treg vs KO-IL-2/IL-2Ab Treg: p � 0.9999, one-way
ANOVA followed by Bonferroni post hoc). Together, these data
suggest that CD73 expression on Tregs plays a crucial role in
IL-2/IL-2Ab-afforded protection.

Discussion
This study investigated the protective effect of IL-2/IL-2Ab
against ischemic stroke. Our data demonstrated that IL-2/IL-2Ab
significantly reduced brain infarction and improved neurological
functions after stroke. We further identified that IL-2/IL-2Ab not
only expanded the number of Tregs, but also promoted their
functions and enhanced the expression of CD39/CD73.

Selective Treg expansion with IL-2/IL-2Ab was initially re-
ported by Boyman et al. (2006). Specifically, the JES6 –1 IL-2
mAb in the complex blocks the CD122-binding epitope (for
CD8� T-cell and NK cell recognition) on IL-2 and therefore
endorses the specificity of this complex for Treg stimulation. Ac-
cumulating studies have confirmed that the IL-2/IL-2Ab
(JES6 –1) complex expands the number of Tregs without causing
significant changes in total CD4� T cells, CD8� T cells, or the NK
cell population in normal mice (Webster et al., 2009; Dinh et al.,
2012). This IL-2/IL-2Ab complex has been used in different ani-
mal models to reduce transplantation rejection (Webster et al.,
2009; Koreth et al., 2011) and to treat experimental autoimmune

Figure 6. IL-2/IL-2Ab enhances the protective effect of Tregs. Tregs were isolated from donor C57BL/6 mice that were pretreated with IL-2/IL-2Ab (IL-2/IL-2Ab Tregs) or IsoAb (IsoAb Tregs) for
3 d. A total of 1 � 10 6 IsoAb Tregs or IL-2/IL-2Ab Tregs was transferred into recipient C57BL/6 mice through tail vein 2 h after tMCAO. Control mice received the same volume of PBS. Animals were
killed 3 d after tMCAO. A, Schematic images for experimental design. B, Representative images of MAP2 staining. Scale bar, 1 mm. C, Quantification of infarct volume. n � 9/group. **p � 0.01
IL-2/IL-2Ab Treg versus PBS. #p � 0.05 IL-2/IL-2Ab Tregs versus IsoAb Tregs. D, Suppressive function of IL-2/IL-2Ab or IsoAb-treated Tregs. Teffs were labeled with CFSE (1 �M, 37°C, 10 min). Tregs
prepared from IL-2/IL-2Ab or IsoAb-treated mice were added at a ratio of 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, or 1:64 to the number of Teffs. Cells were incubated for 3 d. Suppression of Teff proliferation
was determined by CFSE dilution on a flow cytometer. Top, Representative plots of suppression assay using CFSE-labeled Teffs incubated with Tregs at various ratios. Bottom, Bar graph indicating
CFSE dilution in CD4 �CD25 � gated Teffs. The percentage of suppression was calculated as 100 � (% divided with Tregs/% divided without Tregs) � 100. Data are shown as mean � SEM of three
independent experiments. **p � 0.01, ***p � 0.001 versus IsoAb, unpaired t test; #p � 0.05, ###p � 0.001 versus Teff alone, one-way ANOVA followed by Bonferroni post hoc.
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Figure 7. IL-2/IL-2Ab enhances CD39/CD73 signaling in expanded Tregs. A–C, C57BL/6 mice were pretreated with IL-2/IL-2Ab or IsoAb intraperitoneally for 3 d before tMCAO. Mice were killed
3 d after tMCAO. Blood, spleen, and lymph nodes (LNs) were collected for flow cytometry analysis. A, Gating strategy for CD39 and CD73 expression on CD4 �CD25 �Foxp3 � Tregs. B, Representative
flow cytometry plots for CD39 (left) and CD73 (right) expression on CD4 �CD25 �Foxp3 � Tregs in blood, spleen, and LNs. C, D, Percentages of CD39 � cells and CD73 � cells among
CD4 �CD25 �Foxp3 � Tregs (C) and the number of CD39 � Tregs and CD73 � Tregs in 10 5 lymphocytes (D) in blood, spleen, and LNs were higher in the IL-2/IL-2Ab treatment group than those in
the IsoAb treatment group. n � 7/group for blood; n � 6 –7/group for spleen; n � 4/group for LNs. *p � 0.05, **p � 0.01, ***p � 0.001 IL-2/IL-2Ab versus IsoAb. E, F, Equal numbers of
splenocytes were treated with IsoAb, IL-2, IL-2/IL-2Ab, or without any treatment (Non) for 3 d. Representative histogram plots for CD39 (E) and CD73 (F ) expression on CD4 �CD25 �Foxp3 � Tregs
are shown. The numbers of CD39 � Tregs (E) and CD73 � Tregs (F ) were quantified. n � 4/group. **p � 0.01, ***p � 0.001 versus IsoAb and nontreated control; ###p � 0.001 versus IL-2.

Figure 8. CD73 deficiency reduces the protective effect of Tregs. A–E, CD73 KO mice were pretreated with IL-2/IL-2Ab or IsoAb intraperitoneally for 3 d before tMCAO. A, B, Infarct volume was
measured by MAP2 immunostaining 3 d after tMCAO. n � 7–9/group. Scale bar, 1 mm. C–E, Number of CD4 �CD25 �Foxp3 � Tregs in 10 5 lymphocytes (D) and percentages of CD25 �Foxp3 �

Tregs among CD4 � T cells (E) in blood and spleen significantly increased in the IL-2/IL-2Ab-treated group compared with the IsoAb-treated group 3 d after tMCAO in CD73 KO mice. n � 3/group.
**p � 0.01, ***p � 0.001, IL-2/IL-2Ab versus IsoAb. F, Donor Tregs were isolated from C57BL/6 or CD73 KO mice pretreated with IL-2/IL-2Ab or IsoAb. Tregs were then transferred into recipient
C57BL/6 WT mice through the tail vein 2 h after tMCAO. Animals were killed 3 d after ischemic stroke for infarct volume measurement. Left, Representative images of MAP2 staining. Scale bar, 1 mm.
Right, Quantification of infarct volume. n � 7/group. *p � 0.05, **p � 0.01.
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diseases such as diabetes (Manirarora and Wei, 2015) and lupus
nephritis (Yan et al., 2017) and other disorders such as allergic
contact dermatitis (El Beidaq et al., 2016), atherosclerosis (Dinh
et al., 2012), congestive heart failure (Wang et al., 2016), and
traumatic brain injury (Gao et al., 2017). Our study extended the
application of IL-2/IL-2Ab into a CNS disease model and discov-
ered a significant and selective boost in Treg numbers 3 d after
tMCAO by IL-2/IL-2Ab treatment. Such Treg elevation is essen-
tial for the protective effect of IL-2/IL-2Ab against stroke because
Treg depletion in DT-treated DTR mice eliminated IL-2/IL-2Ab-
afforded protection against brain infarct.

Although our data show Treg-specific actions of IL-2/IL-2Ab
with very limited off-target effects, the potential influence of IL-
2/IL-2Ab on other immune cell populations apart from Tregs
should be considered. It was reported in an animal model of
herpetic stromal keratitis that IL-2/IL-2Ab may increase the
numbers of splenic NK cells (Gaddipati et al., 2015). However, we
observed no change in the number of NK cells after IL-2/IL-2Ab
treatment in stroke mice. Furthermore, because NK cells are re-
ported to be detrimental to the ischemic brain (Gan et al., 2014),
it is most unlikely that the protective effect of IL-2/IL-2Ab is due
to increased number of NK cells. In addition, our results show
that IL-2/IL-2Ab had no effect on the number of monocyte/mac-
rophages in the periphery or the number of microglia in the
ischemic brain 3 d after stroke. Interestingly, the number of in-
filtrating CD45 highCD11b� macrophages was reduced in the
ischemic brain in IL-2/IL-2Ab-treated mice. Such a decrease may
reflect alterations in the migratory ability and other functions of
macrophages. Our data revealed no significant difference in the
percentages of Ly6C�CD115� monocytes/macrophages in the
blood of IL-2/IL-2Ab-treated stroke mice, suggesting a minimal
influence of IL-2/IL-2Ab on monocytes/macrophage pheno-
types. Further functional studies are warranted to elucidate the
influence of IL-2/IL-2Ab or IL-2/IL-2Ab-stimulated Tregs on
monocytes/macrophages.

With increased knowledge about the beneficial roles of Tregs
in the ischemic brain (Liesz et al., 2009; Li et al., 2013; Wang et al.,
2015), more and more neuroprotective agents or approaches
have been shown to possess the capacity to increase Treg popu-

lation. For example, the adjustment of commensal microbiota
before stroke attack led to an elevation of Tregs, which contrib-
uted to a prevention of stroke (Benakis et al., 2016). Consistent
with this study, we showed that pretreatment with IL-2/IL-2Ab
could reduce the severity of ischemic brain injury. We also eval-
uated the therapeutic potential of IL-2/IL-2Ab and showed that it
ameliorated brain infarct and improved sensorimotor functions
with treatment 2 h after stroke. Previous studies have revealed
multifaceted mechanisms for Treg-afforded neuroprotection, in-
cluding inhibition of Teffs (Liesz et al., 2009), regulation of mi-
croglia/macrophage activity (Zhao et al., 2012), and protection of
the blood– brain barrier (Li et al., 2013). Here, we showed that
IL-2/IL2Ab exerted potent anti-inflammatory effects in the isch-
emic brain. IL-2/IL2Ab treatment significantly reduced the infil-
tration of inflammatory cells and inhibited the elevation of
cerebral inflammatory cytokines after stroke. There are contro-
versial results in the literature showing either no effect (Ren et al.,
2011) or even a detrimental effect (Kleinschnitz et al., 2013) of
Tregs in the stroke model. It is likely that the therapeutic effects of
Tregs rely on the type of stroke (transient or permanent, location,
etc), the variance in stroke severity, and the dynamic nature of
poststroke immunity (Liesz et al., 2015; Liesz and Kleinschnitz,
2016). Interestingly, two recent studies documented the effect of
Tregs on neurogenesis (Wang et al., 2015) and myelination
(Dombrowski et al., 2017) after CNS injury. Therefore, the effect
of IL-2/IL-2Ab on long-term stroke recovery warrants further
exploration.

We also discovered that IL-2/IL-2Ab not only expanded the
number of Tregs, but also enhanced Treg function. Adoptive
transfer of Tregs isolated from IL-2/IL-2Ab-treated mice pro-
vided more potent neuroprotection than an equal number of
Tregs prepared from IsoAb-treated mice. In vitro studies con-
firmed that Tregs isolated from IL-2/IL-2Ab-treated mice have
better immunosuppressive properties and a stronger capacity to
inhibit the proliferation of Teffs compared with Tregs isolated
from IsoAb-treated mice. We further found that IL-2/IL-2Ab
may enhance Treg functions by increasing their expression of
CD39 and CD73. The CD39/CD73 signaling axis, as a critical
checkpoint for the balance of the immune-stimulating ATP and

Figure 9. Schematic illustration of the mechanisms for IL-2/IL-2Ab-afforded protection to the ischemic brain. IL-2/IL-2Ab treatment protects against ischemic brain injury by selectively
expanding the number of Tregs in vivo and boosts the immunomodulatory function of Tregs. Elevated expression of CD39/CD73 on Tregs is important for IL-2/IL-2Ab-afforded neuroprotection.
Detailed information about statistical analysis for each experiment is summarized in Table 9-1, available at https://doi.org/10.1523/JNEUROSCI.3411-17.2018.t9-1.
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the immunosuppressive adenosine (Beavis et al., 2012), plays a
critical role in the maintenance of immune homeostasis (Anto-
nioli et al., 2013). CD39 and CD73 are both highly expressed on
Foxp3� Tregs (Mandapathil et al., 2009; Sakaguchi et al., 2010;
Schuler et al., 2011). IL-2/IL-2Ab treatment significantly in-
creased the numbers of CD39� Tregs and CD73� Tregs in blood,
spleen, and lymph nodes. It is known that adenosine produced by
Tregs inhibits the generation of proinflammatory cytokines and
chemokines from Teffs (Deaglio et al., 2007). In addition, aden-
osine could further promote Treg expansion (Ohta et al., 2012).
Accordingly, the improved functions of IL-2/IL-2Ab-stimulated
Tregs could be explained, at least partially, by their enhanced
expression of CD39/CD73. Consistent with this notion, IL-2/IL-
2Ab injection into CD73 KO mice, although it still expanded the
number of Tregs, failed to show protection against ischemic
stroke. Furthermore, genetic ablation of CD73 diminished the
protective effect of IL-2/IL-2Ab-stimulated Tregs in stroke mice.
The present study does not exclude the involvement of other
mechanisms in the neuroprotective effect of IL-2/IL-2Ab-
stimulated Tregs. For example, IL-2/IL-2Ab injection has been
shown to increase the expression of some suppressive molecules
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
and glucocorticoid-induced TNFR-related protein (GITR) on
splenic Tregs (Lee et al., 2012). Whether these molecules are in-
duced by IL-2/IL-2Ab in stroke mice and their contribution to
IL-2/IL-2Ab-afforded neuroprotection need to be explored in
future studies.

Thymus-derived natural Tregs (nTregs) and induced Tregs
(iTregs) are two main subsets of Tregs. nTregs and iTregs have
similar phenotypic characteristics (they both express the canon-
ical Treg markers, CD25, Foxp3, GITR, and CTLA4) and sup-
pressive functions against T-cell-mediated immune responses
and diseases. These two subsets may exhibit some differences,
such as different mRNA transcripts and protein expression. He-
lios and Nrp1 are the two markers that are expressed at high levels
in nTregs and could therefore distinguish nTregs and iTregs un-
der normal conditions (Yadav et al., 2012). However, there are
conflicting data demonstrating that neither Nrp1 nor Helios can
unequivocally identify Treg clones of thymic or peripheral origin
(Szurek et al., 2015). The effect of IL-2/IL-2Ab on Treg subsets
under normal conditions has been reported previously (El Beidaq
et al., 2016). IL-2/IL-2Ab significantly increased the percentages
of Foxp3�Nrp� nTregs and Foxp3�Nrp-1� iTregs among
CD4� T cells (El Beidaq et al., 2016). Under inflammatory con-
ditions, iTreg expresses some level of Nrp1 and become undistin-
guishable from nTregs (Singh et al., 2015). Therefore, whereas
distinguishing between the functions of nTregs and iTregs might
be important in the stroke setting, it is not practical due to the
paucity of specific markers and may introduce confusion into
data interpretation.

In summary, the current study demonstrates that IL-2/IL-2Ab
protects against ischemic brain injury by selectively expanding
the number of Tregs in vivo and also boosts the immunomodu-
latory function of Tregs by activating CD39/CD73 signaling (Fig.
9). Our results suggest that in vivo expansion of Tregs using IL-
2/IL-2Ab is a possible immune therapeutic strategy for stroke.
Several recent clinical trials have shown promising results of low-
dose human recombinant IL-2 to expand Tregs in vivo for the
treatment of hepatitis C vasculitis and graft versus host disease
(Saadoun et al., 2011; Rosenzwajg et al., 2015). The clinical trials
also showed the safety of low-dose IL-2 in multiple autoimmune
diseases. However, some off-target effects were reported in some
clinical trials even using a very low dose of IL-2 (Pham et al.,

2015). The addition of a specific IL-2 antibody that enhances the
Treg-specific action might be an approach to increase the effec-
tiveness and reduce the side effects of IL-2 treatment. So far, there
have been no clinical trials of the influence of IL-2/IL-2Ab com-
plex in human diseases. Further studies are warranted to under-
stand the immunological differences between rodents and
humans and to evaluate the translational potential of the IL-2/IL-
2Ab complex for clinical stroke treatment.
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