
The Journal of Immunology

Mitochondrial Deacetylase SIRT3 Plays an Important Role in
Donor T Cell Responses after Experimental Allogeneic
Hematopoietic Transplantation
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Allogeneic hematopoietic cell transplantation (allo-HCT) through its graft-versus-tumor (GVT) effects is a curative therapy

against many hematological malignancies. However, GVT is linked to harmful graft-versus-host disease (GVHD) after allo-

HCT. Both GVT and GVHD require allogeneic T cell responses, which is an energetically costly process that causes oxidative

stress. Sirtuin 3 (SIRT3), a mitochondrial histone deacetylase (HDAC), plays an important role in cellular processes through

inhibition of reactive oxygen species (ROS). Nonmitochondrial class of HDACs regulate T cell responses, but the role of mito-

chondrial HDACs, specifically SIRT3, on donor T cell responses after allo-HCT remains unknown. In this study, we report that

SIRT3-deficient (SIRT32/2) donor T cells cause reduced GVHD severity in multiple clinically relevant murine models. The GVHD

protective effect of allogeneic SIRT32/2 T cells was associated with a reduction in their activation, reduced CXCR3 expression,

and no significant impact on cytokine secretion or cytotoxic functions. Intriguingly, the GVHD protective effect of SIRT32/2

T cells was associated with a reduction in ROS production, which is contrary to the effect of SIRT3 deficiency on ROS production

in other cells/tissues and likely a consequence of their deficient activation. Notably, the reduction in GVHD in the gastrointestinal

tract was not associated with a substantial reduction in the GVT effect. Collectively, these data reveal that SIRT3 activity

promotes allogeneic donor T cell responses and ROS production without altering T cell cytokine or cytolytic functions and

identify SIRT3 as a novel target on donor T cells to improve outcomes after allo-HCT. The Journal of Immunology, 2018,

201: 3443–3455.

A
llogeneic hematopoietic cell transplantation (allo-HCT)
is a potentially curative therapy for many malignant
and nonmalignant hematological diseases. Unfortunately,

acute graft-versus-host disease (GVHD) is a major life-threatening
complication of allo-HCT (1, 2). The pathophysiology of acute
GVHD is complex, but it is well established that alloreactive
donor T cells play an important role in mediating acute GVHD
(3, 4). However, allogeneic T cells are also indispensable for the
therapeutic graft-versus-tumor (GVT) effect (5). For this reason,
meaningfully separating GVHD from the GVT effect is critical for

successful outcomes after allo-HCT. Prophylaxis against GVHD has
targeted T cells with calcineurin inhibitors; however, 30–60% of
patients continue to develop acute GVHD (6), suggesting that new
GVHD prophylaxis and treatment strategies are needed.
To meet the metabolic demands of activation, naive T cells alter

their metabolism by shifting from oxidation of free fatty acids to
glycolysis and glutaminolysis (7–10). Specifically, alloreactive
donor T cells demonstrate increased aerobic glycolysis (11, 12),
oxidative phosphorylation (13), and fatty acid metabolism
(14, 15), resulting in increased oxidative stress. Reactive oxygen
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species (ROS) production, and thus the degree of oxidative stress,
is controlled in part by sirtuins (SIRTs), which are class III histone
deacetylases (HDACs) (16) known to influence a variety of aging
related disorders, in part, by controlling mitochondrial functions,
including inhibition of ROS production (17, 18). However, little is
known regarding the immune functions of most SIRTs, but their
importance for T cell function is best illustrated by SIRT1, which
influences T cell activation, differentiation, and tolerance (19–27).
Interestingly, we and others have previously shown that inhibition
of HDACs, other than class III, including the mitochondrial
HDACs, mitigates GVHD (28–30). However, the role of mito-
chondrial HDACs, specifically SIRT3, in regulation of T cells
in vitro and in vivo during GVHD remains unknown.
SIRTs are ubiquitously expressed in mammals but exhibit a

distinct, predominant subcellular localization, including nuclear
(SIRT1, SIRT6, SIRT7), mitochondria (SIRT3, SIRT4, SIRT5), and
cytoplasm (SIRT1, SIRT2) (18). SIRT3 promotes generation of
energy by regulating the function of mitochondrial proteins in-
volved in oxidative phosphorylation, fatty acid oxidation, the urea
cycle, antioxidant responses, and stress responses (31–39). SIRT3
expression is greatest in metabolically active tissues and is in-
creased by metabolic stress and nutrient deprivation (40). Con-
sistent with this, SIRT3-deficient (SIRT32/2) animals show a 50%
reduction of ATP (33). Because of the high metabolic demand of
allogeneic T cells and their dependence on mitochondrial meta-
bolism, we hypothesized that SIRT3 would influence their func-
tion. In this report, we demonstrate that SIRT32/2 donor T cells in
experimental allogeneic models of bone marrow (BM) trans-
plantation (BMT) protect against GVHD without significantly
affecting GVT effect, indicating that selective SIRT3 inhibition in
donor T cells may provide a novel strategy for improving out-
comes after allo-HCT.

Materials and Methods
Mice

Female C57BL/6 (B6, H-2b), B6D2F1 (H-2b/d), and BALB/c (H-2d) mice
were purchased from National Cancer Institute (Frederick, MD). SIRT32/2

mice were generated as before (35). All animal studies were approved by
the University Committee on Use and Care of Animals of the University of
Michigan, based on university laboratory animal medicine guidelines.

BM transplantation

Splenic T cells from donor mice were enriched, whereas BM cells were
depleted of T cells by using CD90.2 magnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany). BALB/c and B6D2F1 recipient mice were
irradiated with 8 and 11 Gy ([137Cs] source), respectively, on day 21.
On day 0, recipient mice received via tail vein injection 5 3 106 T cell–
depleted BM (TCDBM) cells from either syngeneic or allogeneic B6 wild-
type (WT) mice as well as CD90.2+ splenic T cells from either syngeneic
or allogeneic B6 WT or SIRT32/2 mice.

Systemic and histopathological analysis of GVHD

We monitored survival after BMT daily and assessed the degree of clinical
GVHD weekly, as described previously (41). Histopathological analysis of
GVHD target organs (skin, liver, and gastrointestinal [GI] tract) was per-
formed using a semiquantitative scoring system by a single pathologist
(C. Liu), as described previously (42).

MLR

T cells (2 3 105 per well) were magnetically isolated from mice spleen
using CD90.2 microbeads (Miltenyi Biotec) and subsequently cultured
with irradiated (30 Gy) BALB/c BM-derived dendritic cells (DCs)
(BMDCs) at 40:1 (5 3 103 per well) for 72 and 96 h. BMDCs were
generated by culturing for 7 d in the presence of 20 ng/ml recombinant
GM-CSF (PeproTech, Rocky Hill, NJ). For the exogenous ROS MLRs,
T cells were negatively isolated using the PanT Cell Kit (Miltenyi Biotec)
after first undergoing RBC lysis (Sigma-Aldrich). The non–T cell fraction
from the PanT Cell Kit was collected, irradiated (30 Gy), mixed with the

T cell fraction at a ratio of 2:1 (T cells/stimulator cells), and cocultured for
96 h. Incorporation of [3H]thymidine (1 mCi/well) by proliferating T cells
during the final 6 h of culture was measured by a TopCount instrument
(PerkinElmer, Waltham, MA).

Regulatory T suppression assay

CD4+CD25– and CD4+CD25+ T cells were isolated from the spleen of
B6-WT or SIRT32/2 mice using CD4+CD25+ Regulatory T Cell Isolation
Kit (Miltenyi Biotec) with MACS by the manufacturer’s protocol. The
purity of each type of cells was .90%. CD4+CD25+ T cells were serially
diluted from 2 3 104 to 2500 cells per well and incubated with 2 3 104

CD4+CD25– T cells and 2.53 103 irradiated BALB/c-derived BMDCs for
120 h. Incorporation of [3H]thymidine (1 mCi/well) by proliferating cells
was measured during the last 18 h of culture.

FACS analysis

Flow cytometry analysis was performed with fluorescein-labeled mAbs to
mouse CD4, CD8a, CD25, H-2Kb, H-2Kd, Foxp3, IFN-g, CXCR3, KLRG,
CD44, CD62L, CD69, CD127, granzyme B, and IL-17A (eBioscience, San
Diego, CA), as described previously (42). For intracellular staining
(Foxp3, IFN-g, and IL-17A), permeabilization buffer (eBioscience) was
used. IFN-g and IL-17A production by donor T cells was assessed fol-
lowing in vitro restimulation for 5 h with Cell Stimulation Cocktail
(eBioscience), according to the manufacturer’s instructions. To measure
mitochondrial mass and matrix oxidant burden, cells, following MLR,
were incubated for 15 min at 37˚C in PBS supplemented with 25 nM of
Mitotracker Green FM and 1 mM of CellRox Deep Red (Invitrogen,
Carlsbad, CA), respectively. Fatty acid transport was assessed by staining
with BoDipyC1–C12 (Thermo Fisher Scientific, Waltham, MA). Cells were
analyzed using a BD Accuri C6 (BD Biosciences, San Jose, CA) or an
Attune NxT (Invitrogen) flow cytometer. Annexin V (Biolegend, San-
Diego, CA), 7-AAD (Biolegend), and CellRox Deep Red were used to
stain tissue culture cells according to manufacturer protocol.

Cell culture

Primary colonic BALB/c epithelial cells were purchased from Cell Bio-
logics and cultured in Epithelial Cell Media (Cell Biologics) on gelatin-
coated plates (Cell Biologics) per manufacturer protocol. P815, A20,
BCL1, and EL4 cells were obtained fromAmerican Type Culture Collection
and accommodated to Epithelial Cell Media for at least three passages
prior to experimentation. H2O2 (Sigma-Aldrich) was diluted in PBS (Life
Technologies, Cincinnati, OH) prior to application.

ELISA

Serum cytokines were measured by ELISAwith specific anti-mouse mAbs
for IL-2 (BD Biosciences), IFN-g (BD Biosciences), and IL-17A (Bio-
legend) according to the manufacturer’s protocol and read at 450 nm by
using a microplate reader (Model 3550; Bio-Rad Labs, Hercules, CA). All
samples and standards were run in duplicate.

Quantitative RT-PCR for SIRT3 mRNA expression

After isolation of total RNA using TRIZOL reagent (Life Technologies), 2
mg of RNA was reverse transcribed to cDNA using random primers
(Invitrogen) and M-MLV reverse transcriptase (Promega, Fitchburg, WI).
Quantitative RT-PCRs were performed in triplicate with SYBR Green PCR
Master Mix (Applied Biosystems, Carlsbad, CA) and then subjected to
melting curve analysis using an Eppendorf Realplex2 machine (Eppendorf,
Westbury, NY). The primer sequences of murine SIRT3 genes were as
follows: 59-ATCCCGGACTTCAGATCCCC-39 and 59-CAACATGAAA-
AAGGGCTTGGG-39. SIRT3 expression levels were normalized against
the GAPDH control levels using the comparative threshold cycle (DDCT)
method, as previously described (43).

51Cr release assay

Splenic T cells (23 106/ml) were isolated from both B6-WTand SIRT32/2

animals and cocultured with irradiated allogeneic BALB/c whole spleno-
cytes (5 3 106/ml) for 5 d. Activated T cells were harvested and used as
effector cells. Syngeneic MBL-2 and allogeneic P815 target tumor cells
were labeled by incubating 2 3 106 cells with 2 MBq of Na2

51CrO4

(PerkinElmer, Boston, MA) for 2 h at 37˚C in a 5% CO2 atmosphere.
After washing, 5 3 103 labeled targets were resuspended and added to
triplicate wells at varying E:T ratios and then incubated for 4 h. Maximum
and minimum release was determined by the addition of Triton-X (MP
Biomedicals, Santa Ana, CA) or media alone to targets, respectively. Su-
pernatants were collected onto a LumaPlate (PerkinElmer) after 4 h, and
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51Cr activity was determined using an auto gamma counter (Packard,
Meridian, CT).

Statistical analysis

The Mann–Whitney U test was used for the statistical analysis of in vitro
data and clinical scores. We plotted survival curves using Kaplan–Meier
estimates, and the Wilcoxon rank test was used to analyze survival data.
A p value ,0.05 was considered statistically significant. All statistical
analyses were performed using GraphPad Prism (GraphPad Software).

Results
Absence of SIRT3 does not alter T cell development and
differentiation at steady state

T cells were harvested from 8- to 12-wk-old naive WT and SIRT3-
deficient C57BL/6 animals and analyzed for naive, regulatory, and
memory T cell subsets. We found that absence of SIRT3 did not have
any impact on the numbers or distribution of CD4+ T cells, CD8+

T cells, naive T cells, effector memory T cells, central memory
T cells, regulatory T (Treg) cells, or memory precursor effector cells
(Fig. 1A–E). There was a higher percentage of short-lived effector
T cells (SLECs) in SIRT3-deficient animals; however, there was no
difference in absolute numbers of SLECs (Fig. 1F). Absence of
SIRT3 expression did not affect the expression of activation
markers, such as CD25 and CD69 (Fig. 1G, 1H). These data show
that SIRT3 has no large impact on T cell development, differenti-
ation, and activation under resting, in vivo homeostatic conditions.

SIRT3 promotes T cell responses in vitro

Because SIRT3 expression is known to be induced under conditions
that cause increased metabolic demand (40), we first examined
whether T cell activation via nonspecific TCR signaling affects
SIRT3 expression in splenic T cells from B6 WT mice. We found
that nonspecific TCR stimulation with anti-CD3 (1–10 mg/ml) and
-CD28 (1 mg/ml) Abs transiently induced Sirt3 mRNA expression
after 30 min (Fig. 2A).
Next, to specifically test whether SIRT3 functionally regulates

in vitro naive T cell nonspecific TCR and/or allogeneic T cell
activation, we stimulated WT or SIRT3-deficient (SIRT32/2)
T cells with anti-CD3/CD28 Abs or allogeneic BALB/c BMDCs
and measured their proliferation and cytokine production in MLR.
We found that proliferation (Fig. 2B, 2C) was reduced in SIRT32/2

T cells in response to both nonspecific TCR and allogeneic stim-
ulation. In addition, the decreased proliferation of allostimulated
SIRT32/2 T cells was associated with reduction in IL-2 production
and a trend toward less IFN-g production (Fig. 2D, 2E). We next
explored whether SIRT3 affects the functions of Treg cells by
comparing the function of SIRT32/2 Treg cells with WT Treg cells in
regulating allogeneic naive T cell responses (44, 45) in vitro. We
found that SIRT32/2 Treg cells equally suppressed allogeneic WT
naive conventional T cell proliferation when compared with WT
Treg cells, suggesting that reduced allogeneic T cell response in the
absence of SIRT3 is not due to Treg-intrinsic suppression (Fig. 2F).

Absence of SIRT3 in donor T cells mitigates
experimental GVHD

We next determined whether SIRT3 regulates T cell responses
in vivo. To do so, we tested in vivo allogeneic T cell function using
the well-characterized major histocompatibility Ag–mismatched
B6→BALB/c model of allogeneic BMT (allo-BMT). Briefly,
BALB/c animals were lethally irradiated and transplanted with
either syngeneic BALB/c, allogeneic WT, or SIRT32/2 splenic
T cells along with TCDBM from either syngeneic BALB/c or
allogeneic B6 WT donors. We found that the absence of SIRT3
in donor T cells ameliorated GVHD mortality and severity
(Fig. 3A–C). To eliminate strain-dependent factors, we tested our

findings in other BMT models, namely major histocompatibility
Ag–mismatched haploidentical B6→B6D2F1 and major histo-
compatibility Ag–mismatched B6→B10.BR models. In both sys-
tems, the allorecipients of SIRT32/2 T cells demonstrated
significantly less GVHD mortality than those that received B6 WT
T cells (Fig. 3D–F). It is important to note that, although signif-
icant, the changes observed in GVHD clinical scores are modest
relative to overall survival. This likely reflects the less-sensitive
and specific nature of GVHD clinical scoring relative to overall
survival and GVHD-specific pathology (see below) and as such
remains a limitation. Altogether, these data indicate that SIRT3
augments GVHD in vivo.
In an effort to elucidate why SIRT3 augments GVHD, we an-

alyzed donor T cell characteristics, inflammatory cytokine levels,
and GVHD-specific histopathological scores in target organs after
allo-BMT in the B6→BALB/c model. We found that decreased
GVHD severity 10 d after allo-BMT was associated with de-
creased expression of the activation marker CD25 primarily on
donor CD8+ T cells; however, there was no effect on CD69 ex-
pression (Fig. 3G, 3H). Interestingly, the expression of CXCR3
was decreased in allogeneic SIRT32/2 relative to B6 WT T cells
(Fig. 3I). CXCR3 is a marker of T cell activation and a chemokine
receptor known to be operant in allogeneic effector T cell traf-
ficking to GVHD target organs, especially the gut (46, 47). As
would be predicted by decreased CXCR3 expression on allogeneic
T cells, we also observed decreased donor CD8 T cell accumu-
lation within intraepithelial lymphocytes (IELs) of the GI tract
(Fig. 3J). Furthermore, CD8+ IELs demonstrated decreased ex-
pression of CD25 and CXCR3 (Supplemental Fig. 1A, 1B).
Corresponding with the decreased donor T cell accumulation in
IELs, we also observed a decrease in gut GVHD histopathological
score and a trend toward decreased liver histopathological score
10 d after allo-BMT in allogeneic SIRT32/2 donor T cell group
relative to WT T cells (Fig. 3K). Interestingly, there was no in-
creased T cell accumulation in the liver or colon between allo-
geneic B6 WT and SIRT32/2 donor T cell groups (Supplemental
Fig. 1C, 1D). Furthermore, donor splenic CD4+, CD8+, and Treg

expansion was not altered between allogeneic groups (Fig. 3L,
Supplemental Fig. 1E, 1F).
Analysis of cytokines after BMT demonstrated a decrease in

serum levels of IFN-g (Fig. 3M) in the allogeneic SIRT32/2 rel-
ative to the B6 WT donor T cell group. However, the decrease in
serum levels of IFN-g appeared to be independent of T cell pro-
duction as we observed no difference of IFN-g+ T cells between
allogeneic groups (Supplemental Fig. 1G). Similarly, there was no
difference in IL-17A or granzyme B–expressing donor T cells
between the allogeneic groups (Supplemental Fig. 1H, 1I). Alto-
gether, these data indicate that the absence of SIRT3 on donor
T cells attenuates GVHD especially within the GI tract, which
may be due to decreased CXCR3-dependent CD8 T cell traf-
ficking to the GI tract, but did not attenuate cytokine and cytotoxic
granzyme expression.

SIRT32/2 T cells show reduced ROS production

SIRT3 is a major mitochondrial deacetylase and regulates meta-
bolic homeostasis and ROS production via deacetylation of mi-
tochondrial proteins (40, 48). T cells increase ROS production
upon allostimulation (13); hence, we wondered whether the de-
creased GVHD observed with allogeneic donor SIRT32/2 T cells
was associated with increased and potentially T cell–harmful
oxidative stress. To test this, we examined whether the absence of
SIRT3 in T cells alters the levels of mitochondrial ROS in non-
specifically activated and allostimulated T cells in vitro. Surpris-
ingly, we found that SIRT32/2 CD4+ and CD8+ T cells showed
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reduced production of ROS compared with WT T cells after both
nonspecific TCR and allogeneic stimulation (Fig. 4A, 4C). This
was dependent on T cell activation because there was no differ-
ence in ROS production between WT or SIRT32/2 naive T cells at
steady state in vivo (Supplemental Fig. 2A).

Cellular stress, including allogeneic T cell stimulation (13),
affects mitochondrial accumulation (49). To assess whether the
decrease in ROS production in nonspecifically activated and
allostimulated SIRT32/2 T cells was due to a deficiency in mi-
tochondrial content, we stained T cells with MitoTracker Green.

FIGURE 1. Phenotypic analysis of T cell subsets and activation markers in naive B6 WT and SIRT32/2 mice. (A–H) Splenocytes were isolated from B6

WT or SIRT32/2 mice (n = 6 mice per group) and analyzed for absolute total splenocyte numbers (A); the percentages and absolute numbers of CD4+ and

CD8+ T cells (B); naive (CD442CD62L+), effector memory (EM) T cell (EM: CD44+CD622), and central memory (CM) T cell (CM: CD44+CD62L+)

subsets (C); Treg cells (CD4+Foxp3+) (D); memory precursor effector cells (CD8+KLRGlowCD127high) (E); terminal differentiated SLECs

(CD8+KLRGhiCD127low) (F); and activation marker expression (CD25 and CD69) in CD4+ or CD8+ T cells (G and H). Error bars show the mean 6 SEM

from three independent experiments. *p , 0.05.
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Interestingly, there was no difference in mitochondrial abundance
in SIRT32/2 T cells relative to WT T cells when stimulated with
nonspecific or allogeneic stimulators in vitro (Fig. 4B, 4D) or in
naive T cells at steady state in vivo (Supplemental Fig. 2B). SIRT3
is also an important regulator of mitochondrial fatty acid oxidation

(36), and allogeneic effector T cells rely on fatty acids for the
optimal promotion of murine GVHD (14). However, we observed
no dependence on SIRT3 for fatty acid transport in nonspecifically
activated T cells in vitro as measured by BoDipyC1–C12 uptake
(Supplemental Fig. 3). These data demonstrate that ROS levels are

FIGURE 2. Absence of SIRT3 in T cells reduced nonspecific TCR as well as allogeneic responses in vitro. (A) Naive CD90.2+ T cells were isolated from

B6 WT spleen with MACS and stimulated with anti-CD3 (1–10 mg/ml)/CD28 (1 mg/ml) Abs. The expression of SIRT3 at various time points after

stimulation was evaluated with real-time quantitative PCR. Data presented are representative of one of three independent experiments. (B) Isolated splenic

CD90.2+ T cells from either B6 WT or SIRT32/2 mice were incubated with anti-CD3 (2 mg/ml) and anti-CD28 (1 mg/ml) Abs for 48 h and analyzed for

proliferation following [3H]thymidine incorporation during the last 6 h of incubation. (C) In vitro MLR. Isolated splenic CD90.2+ T cells from either B6

WT or SIRT32/2 mice were cultured with BMDCs from syngeneic B6 or allogeneic BALB/c mice for 96 h and analyzed for proliferation following [3H-]

thymidine incorporation during the last 16 h of incubation. (D and E) IFN-g (D) and IL-2 (E) production from allogeneic-stimulated T cells from (C) was

measured by ELISA. (F) Treg suppression assay. BMDCs from BALB/c mice were used as stimulators, cocultured with effector T cells (CD4+CD252) and

Treg cells (CD4
+CD25+) from either B6-WT or SIRT32/2 mice at different ratios in an MLR, and analyzed for T cell proliferation following [3H]thymidine

incorporation during the last 16 h of incubation. Error bars show the mean 6 SEM. Three independent experiments were performed for (B–F). *p , 0.05,

**p , 0.01, ***p , 0.001.

The Journal of Immunology 3447

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800148/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800148/-/DCSupplemental


FIGURE 3. Absence of SIRT3 in donor T cells ameliorates GVHD. (A–C) BALB/c mice received 8.5 Gy on day 21 and were transplanted with

0.5 3 106 CD90.2+ splenic T cells from either syngeneic BALB/c or allogeneic major histocompatibility Ag–mismatched B6-WT or SIRT32/2 mice along

with 5 3 106 TCDBM cells from either BALB/c or B6 donors (n = 10–23 mice per group). Data are pooled from two independent experiments. (A) Overall

survival; p = 0.009 when B6-WT versus SIRT32/2 mice were compared. (B) GVHD clinical score. (C) Percent weight loss. ***p , 0.001, **p , 0.01,

*p, 0.05 when B6-WT versus SIRT32/2 mice were compared. (D and E) B6D2F1 mice were used as recipients and received 11 Gy on day21 and 33 106

CD90.2+ T cells along with 5 3 106 TCDBM cells from either syngeneic B6D2F1 or allogeneic B6 donors on day 0. (D) Overall survival (n = 10–28 mice

per group). Data are pooled from three independent experiments. (E) Clinical GVHD score. **p , 0.01 when B6-WT versus SIRT32/2 mice were

compared. (F) B10.BR mice were used as recipients and received 9.5 Gy on day 21 and 1 3 106 CD90.2+ T cells along with 5 3 106 TCDBM cells from

either syngeneic B10.BR or allogeneic B6 donors on day 0. Overall survival is displayed (n = 6–14 mice per group). Data are pooled from two inde-

pendent experiments. *p , 0.05 when B6-WT versus SIRT32/2 mice were compared. (G–M) Used the B6 into BALB/c (Figure legend continues)
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lower in alloantigen or nonspecific TCR-stimulated SIRT3-
deficient T cells, which is contrary to SIRT3’s known inhibition
of ROS production in other cells (37, 50).

SIRT32/2 T cells retain their GVT effect

GVHD is tightly linked with the GVT effect. Hence, we next
explored whether SIRT32/2 donor T cells preserved enough re-
activity to sustain GVT activity. To accomplish this, we used the
B6→BALB/c model of allo-BMT but added syngeneic mastocytoma
P815 tumor cells at the time of BMT. Vitally, the mice that re-
ceived SIRT32/2 T cells showed equivalent GVT responses as the
mice that received WT T cells as measured by overall survival,
tumor-related mortality, and tumor growth determined by biolu-
minescence (Fig. 5A–C). Furthermore, B6 WT and SIRT32/2

T cells showed equivalent killing of allogeneic P815 tumor cells in
an in vitro cytotoxic T cell killing assay (Fig. 5D). These data
demonstrate that despite SIRT3’s requirement for optimal T cell
activation and enhancement of GVHD, it did not substantially
affect cytotoxic effects and in vivo GVT responses.

Exogenous ROS does not rescue allogeneic SIRT32/2 T cell
proliferation, expression of CD25, CD69, or CXCR3

Mitochondrial-derived ROS are required for T cell activation and
proliferation (9, 10, 51). Therefore, we questioned whether the
lower levels of ROS in stimulated SIRT3-deficient T cells directly
contributed to their deficient proliferation and activation pheno-
types or if they were an indirect effect of insufficient T cell ac-
tivation. To test this, we asked if exogenous ROS in the form of
H2O2 could rescue SIRT32/2 T cell proliferation and expression
of CD25, CD69, and CXCR3 in an MLR. Varying concentrations
of H2O2 spanning the previously reported ranges for its effects on
both T cell viability and activation were applied to the MLRs at
hour 2 and replenished at hour 48. The lower concentrations of
exogenous H2O2 had no effect on WT or SIRT32/2 allogeneic or
syngeneic T cell proliferation, whereas the higher concentrations
of H2O2 were inhibitory (Fig. 6A). Similarly, exogenous H2O2

failed to increase the absolute number of CD25+, CD69+, or
CXCR3+ lymphocytes (Fig. 6B). Altogether, these data suggest
that the lower levels of ROS in allogeneic SIRT32/2 T cells were
an indirect consequence of blunted T cell activation.

Primary colonic epithelial cells resist exogenous
ROS-mediated cell death

Many types of cancer have increased levels of ROS, which often
renders them selectively sensitive to exogenous ROS stress (52,
53). Therefore, we wondered if GVHD target tissues were more
resistant to exogenous ROS stress than tumor cells lines. If so, this
may be one factor contributing to why GVT was preserved and
GVHD was attenuated by SIRT3 deficiency in donor T cells
whose activation status and ROS levels were blunted. To test this,
we used primary colonic epithelial cells as a relevant GVHD
target tissue because GI GVHD pathology scores were most
affected by loss of SIRT3 in allogeneic T cells (Fig. 3K). As
representative tumor cell lines, we chose P815 (mastocytoma),
BCL1 (B cell leukemia), A20 (B cell lymphoma), and EL4

(T cell lymphoma) cells and adapted them to the identical media
required for primary colonic epithelial cell culture. We then ex-
posed the tumor cell lines and epithelial cells to increasing con-
centrations of H2O2 and assessed viability by exclusion of annexin
Vand 7-AAD 20 h later. Interestingly, there was no significant loss
of colonic epithelial cell viability even at the highest H2O2 con-
centration tested (Fig. 7A). In addition, there was no increased
sensitivity of the colonic epithelial cells to H2O2 following a
noncytotoxic dose of irradiation in an attempt to approximate the
conditioning regimen used in our above in vivo experiments. In
contrast, all of the tumor cell lines tested showed reduced viability
following H2O2 treatment, with the most dramatic loss of viability
observed in P815 and BCL1 cells (Fig. 7A). The increased sen-
sitivity of the tumor cell lines to H2O2 was accompanied by a
reduced ability to maintain cellular ROS levels following exposure
to H2O2, whereas colonic epithelial cells showed no significant
changes in cellular ROS levels (Fig. 7B). These data suggest that
colonic epithelial cells are better able to maintain cellular ROS
homeostasis following an exogenous ROS insult than tumor cell
lines, which may contribute to why GVHD was attenuated, yet
GVT was preserved by SIRT32/2 allogeneic T cells.

Discussion
Allogeneic donor–derived T cells are required for both the bene-
ficial GVT effect and harmful GVHD following allo-HCT (54).
Therefore, identifying potential therapeutic strategies that separate
the GVT effect from GVHD may improve allo-HCT outcomes and
make it widely available. In this study, we found that SIRT3-
deficient donor T cells ameliorate GVHD severity and mortality
while preserving the GVT effect. Our data suggest that targeting
SIRT3 in donor T cells may be a useful strategy for GVHD pre-
vention and treatment.
The influence of SIRTs on T cell functions has been charac-

terized in the context of SIRT1, which regulates T cell activation,
proliferation, and tolerance (19–27). Overall, SIRT1 acts to
dampen T cell activity, and its absence is associated with in-
creased inflammation and autoimmunity (20, 26). In contrast to
the role of SIRT1 in T cells, we demonstrate in this study that
SIRT3 augments T cell activation and proliferation but did not
substantially affect cytokine production in response to nonspecific
TCR signaling or an allogeneic stimulus in vitro. Furthermore,
SIRT3 had no impact on ex vivo cytotoxic functions. The acti-
vation defect in SIRT32/2 T cells was validated in vivo in response
to an allogeneic stimulus, as evidenced by reduced expression of the
activation markers CD25 and CXCR3 and lower levels of ROS.
Furthermore, this defect in T cell activation correlated with pro-
tection from GVHD. The preservation of sufficient GVT might be a
consequence of retention of significant cytotoxicity and cytokine
secretion functions despite the absence of SIRT3 in T cells. In
addition, our data suggest that GVT may also be maintained be-
cause of relative differences in susceptibility of tumor cells to re-
sidual levels of exogenous ROS. However, the GVT models are
subject to limitations, and our results should be interpreted
within the context of limitations. Whether SIRT3 is required for

GVHD model described in (A–C). (G–I) CD25+(G), CD69+ (H), and CXCR3+ (I) expression in splenic donor T cells at day 10 after allo-BMT (n = 7–8 mice

per group, pooled from two experiments). *p , 0.05 when B6-WT versus SIRT32/2 mice were compared. (J) Donor T cell (H-2kb+CD4+CD8+) expansion

in intestinal epithelial lymphocytes of the GI tract on day 10 after allo-BMT (n = 7–8 mice per group, pooled from two experiments). *p , 0.05 when

B6-WT versus SIRT32/2 mice were compared. (K) The histopathological GVHD grade in GI tract (small and large intestine) and liver on day 10 and day 43

after allo-BMT (n = 8–10 mice per group, pooled from three experiments). **p = 0.038 for GI GVHD and p = 0.07 for liver GVHD; recipients of B6-WT

versus SIRT32/2 mice. (L) Donor T cell (H-2kb+CD4+CD8+) expansion in the spleen on day 10 after allo-BMT (n = 7–8 mice per group, pooled from two

experiments) (M) Serum IFN-g levels on day 10 after allo-BMT (n = 8–10 mice per group, pooled from three experiments). *p, 0.05 when B6-WT versus

SIRT32/2 mice were compared. Error bars show the mean 6 SEM.
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FIGURE 4. SIRT 3 augments ROS production in activated T cells. (A and B) Splenic CD90.2+ T cells were isolated from both B6 WT and SIRT32/2

mice via MACS and stimulated with anti-CD3 (2 mg/ml)/CD28 (1 mg/ml) Abs for 24 or 48 h. ROS levels and mitochondrial accumulation were measured

using CellROX staining and Mito Tracker Green Probe, respectively. (A) ROS levels in nonspecific TCR-stimulated CD4+ or CD8+ T cells. Representative

FACS profiles (percentage of CD4 or CD8 CellROX-positive cells in upper right quadrant) are shown on the left, and average percentage of CellROX-

positive CD8 and CD4 T cells are shown on the right. (B) Mitochondrial accumulation in nonspecific TCR-stimulated CD4+ or CD8+ T cells. Representative

FACS profiles are shown on the left (percentage of CD4 or CD8 Mito Tracker–positive cells in upper right quadrant), and (Figure legend continues)
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nonallogeneic T cell responses in vivo is an intriguing unan-
swered question.
CXCR3 is an early marker of T cell activation and is also

important for the trafficking of mainly CD8+ allogeneic effector
T cells to the GI tract (46, 47, 55, 56). In addition, CXCR3
expression in T cells positively correlates with GVHD severity,

and inhibiting CXCR3 ameliorates GVHD in an experimental
model (47). As would be predicted by its known role for allo-
geneic T cell trafficking to the GI tract, reduced expression of
CXCR3 on allogeneic SIRT32/2 T cells was associated with
decreased accumulation of donor T cells in IELs of the GI tract
but not in the liver or spleen. The decreased accumulation of

FIGURE 5. SIRT32/2 T cells retain their GVT effect. BALB/c animals received 8.5 Gy on day21 and were transplanted with 0.53 106 CD90.2+ splenic

T cells from either syngeneic BALB/c or allogeneic major histocompatibility Ag–mismatched B6 WTor SIRT32/2 mice along with 5 3 106 TCDBM cells

from either BALB/c or B6 donors concurrently with syngeneic 1 3 102 P815 tumor cells at the same time of allo-BMT (n = 4–8 mice per group, data are

pooled from two experiments). (A) Overall survival. (B) Tumor related mortality. (C) Tumor growth was monitored using bioluminescence imaging on day

14 after allo-BMT (n = 2–5 mice). Representative data from two independent experiments are shown. (D) 51Cr release assay. Splenic T cells were isolated

from either B6 WT or SIRT32/2 mice and cocultured with allogeneic splenocytes from BALB/c for 5 d and used as effector T cells against syngeneic

MBL-2 or allogeneic P815 target tumor cells. Target killing was measured by release of 51Cr into the supernatant. One representative experiment from three

independent experiments is shown. The error bars represent mean 6 SEM.

average percentages of CellROX-positive CD8 and CD4 T cells are shown on the right. (C and D) Isolated splenic CD90.2+ T cells from either B6 WT or

SIRT32/2 mice were cultured with BMDCs from allogeneic BALB/c mice for 72 or 96 h. The cells were stained as above. (C) ROS levels in allogeneic-

stimulated CD4+ or CD8+ T cells. Representative FACS profiles are shown on the left, and average percentages are shown on right. (D) Mitochondrial

accumulation in allogeneic-stimulated CD4+ or CD8+ T cells. Representative FACS profiles are shown on the left, and average percentages are shown on

right. Representative data are from one of three independent experiments, and summarized data were combined from three independent experiments. Error

bars show the mean 6 SEM. *p , 0.05, **p , 0.01.
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SIRT32/2 T cells in IELs of the GI tract also correlated with a
decrease of GVHD histopathological damage in the GI tract
and to a lesser degree in the liver. All of these observations,
including the decreased expression of CD25 in SIRT32/2

T cells, were more pronounced in CD8+ allogeneic T cells,
consistent with previous reports showing that CXCR3 mainly
augments CD8+ T cell–dependent model of GVHD (46).
Nonetheless, to confirm SIRT3 exerts its GVHD-augmenting

effect primarily in CD8+ T cells and is dependent on CXCR3
will require further investigation.
SIRT3 is a deacetylase located in the mitochondrial matrix where

it regulates cellular metabolism and survival (35). In response to
cellular stress, SIRT3 negatively regulates ROS production by
enhancing ROS scavenging through the activation of antioxidants
(37, 50). Importantly, 90% of cellular ROS are mitochondrial
derived, cause mitochondrial damage (57), and mediate allogeneic

FIGURE 6. Exogenous ROS does not

rescue Sirt32/2 allogeneic T cell prolifera-

tion, CD25 expression, CD69 expression, or

CXCR3 expression. (A) Negatively selected

B6 or Sirt32/2 T cells were cocultured with

lethally irradiated (30 Gy) syngeneic (B6) or

allogeneic (BALB/c) positively selected nu-

cleated splenocytes for 4 d. Varying con-

centrations of H2O2 were applied to the

MLRs at hour 2 and replenished at hour 48.

Proliferation was measured by [3H]thymi-

dine incorporation during the last 6 h. (B)

CD25, CD69, and CXCR3 expression in

CD4 or CD8 single-positive splenic T cells

described in (A) was assessed via flow

cytometry after 4 d of coculture. Absolute

numbers (cells per microliter) are depicted.

Data represent the mean from two indepen-

dent experiments (n = 4 mice per group), and

error bars represent the SEM.
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T cell–dependent GVHD (13, 58). In contrast to these reports
showing that SIRT3 negatively regulates ROS production in
response to metabolic stress (59), we found that SIRT3 augments
ROS production in nonspecific TCR and allostimulated T cells,
likely because of incomplete T cell activation resulting in limited
ROS production given that exogenous ROS could not complement
SIRT32/2 allogeneic T cell activation. It is feasible that SIRT3
contributes to TCR-mediated signaling given that mitochondria are
known to translocate to the immunological synapse and that mito-
chondrial proteins participate in TCR-mediated signaling (9, 60).
Importantly, we saw no confounding change in mitochondrial

abundance or fatty acid transport in SIRT3-deficient allogeneic
T cells as alternative explanations for their decreased levels of
ROS. Certainly, SIRT3’s role in TCR-mediated signaling and
T cell activation will need further validation and additional studies
to elucidate the molecular mechanisms involved.
Our and others’ data suggest that SIRT3 regulates ROS pro-

duction in a tissue and context-dependent fashion. For instance,
SIRT3 in models of systemic sclerosis decreases ROS, resulting in
less skin and lung fibrosis, which may also prove relevant for
chronic GVHD pathogenesis given its similarities with systemic
sclerosis (61). In contrast to this and consistent with our

FIGURE 7. Primary colonic epi-

thelial cells resist exogenous ROS-

mediated cell death. (A) Primary

BALB/c colonic epithelial cells,

P815, BCL1, A20, and EL4 cells

were treated with 1 Gy of irradiation

or mock irradiated. Two hours later,

varying concentrations of H2O2 were

applied for 20 h followed by staining

for annexin V and 7-AAD and anal-

ysis via flow cytometry. Percent via-

bility (Annexin2/7-AAD2) is shown.

(B) Cells were treated as described in

(A), except 30 min after H2O2 was

applied, the cells were stained with

5 mM of CellROX Deep Red and

then analyzed via flow cytometry.

Fold change from PBS-treated con-

trols is depicted. Data represent the

mean from at least three independent

experiments, and error bars represent

the SEM. *p , 0.05.
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observation of SIRT3 augmenting ROS production, K562 leuke-
mic cells require SIRT3 for optimal ROS production (62). Hence,
the regulation of ROS by SIRT3 appears more complicated than
uniform induction of anti-oxidant mechanisms.
We and others previously showed that HDAC inhibition miti-

gates GVHD by potentially modulating IDO expression in DCs (63,
64), reducing activated T cell function (65) through HDAC6 in-
hibition (66), and/or increasing Treg expansion (67). Because of
this, it is tempting to speculate that because SIRT3 possesses
deacetylase activity (35), the GVHD-inhibiting effect of allo-
geneic SIRT32/2 T cells may approximate that of HDAC in-
hibitors (63, 64). However, the HDAC inhibitors that were
used inhibit classes I, II, and IV but do not affect class III
deacetylases, such as SIRTs. Thus, the impact of SIRT3 is in-
dependent of the effects observed with previous reports of
HDAC inhibitors on Treg cells. Furthermore, our in vitro data
suggest that SIRT3 had no impact on Treg suppressive func-
tions. However, whether the deacetylase activity of SIRT3 is
required for augmentation of T cell activation or GVHD and
what the relevant deacetylated protein targets are for these
processes will need further investigation.
In conclusion, our data demonstrate several novel features. We

demonstrate that SIRT3 positively regulates T cell functions after
allo-HCT enough to partially mitigate GVHD but not GVT. The
effects are not because of similar effects noted from HDAC in-
hibitor studies as these drugs do not affect the deacetylase activity
of SIRT3. In addition, our data highlight the differing effects of
SIRT3 on T cell function with regards to its reported effects in
other cells and tissues in its ability to regulate ROS. Our data
suggest SIRT3 in donor T cells as a potential novel target for
improving outcomes after allo-HCT.
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